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I, Ingrid Hsieh-Yee, Ph.D., do hereby declare as follows: 

I. INTRODUCTION

1. I have been retained as an independent expert witness on behalf of

International Business Machines Corporation (“IBM”) for an Inter Partes Review 

(“IPR”) of U.S. Patent No. 9,893,262 (“the ’262 patent”). 

2. I am being compensated for my work in this matter at my accustomed

hourly rate. I am also being reimbursed for reasonable and customary expenses 

associated with my work and testimony in this investigation. My compensation is 

not contingent on the results of my study, the substance of my opinions, or the 

outcome of this matter. 

3. In the preparation of this declaration, I have reviewed the exhibits

referenced below, each of these is a type of material that experts in my field would 

reasonably rely upon when forming their opinions: 

(1) Hatridge, M. et al., (“Hatridge”), “Quantum Back-Action of an

Individual Variable-Strength Measurement,” in Science, Vol. 339,

Issue 6116 (January 2013), available at

https://science.sciencemag.org/content/339/6116/178/tab-pdf,

obtained from the website of Science, Exhibit 1004;

(2) Hatridge, M. et al., (“Hatridge”), “Quantum Back-Action of an

Individual Variable-Strength Measurement,” in Science, Vol. 339,

Issue 6116 (January 2013), obtained from the Library of Congress,

IBM CORPORATION v. RIGETTI & COMPANY 
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Appendix 1004-A; 

(3) Hatridge, M. et al., (“Hatridge”), “Quantum Back-Action of an

Individual Variable-Strength Measurement,” in Science, Vol. 339,

Issue 6116 (January 2013), obtained from the University of

Wisconsin-Madison Libraries, Appendix 1004-B;

(4) MARC Record Information for Science, which contains Hatridge,

available at the online catalog of the University of Wisconsin-

Madison Libraries at

https://search.library.wisc.edu/serial/999482621202121 (select

“Staff View” for the MARC record), Appendix 1004-C;

(5) Bibliographic Record Information for Science, which contains

Hatridge, available at the online catalog of the University of

Wisconsin-Madison Libraries at

https://search.library.wisc.edu/serial/999482621202121, Appendix

1004-D; 

(6) Abstract format of PubMed record for Hatridge, available at

https://www.ncbi.nlm.nih.gov/pubmed/?term=Quantum+Back-

Action+of+an+Individual+Variable-Strength+Measurement,

Appendix 1004-E;

(7) MEDLINE Record for Hatridge, available at PubMed at

Action+of+an+Individual+Variable-

Strength+Measurement&report=medline&format=text, Appendix

1004-F;

(8) Hatridge, M. et al., (“Hatridge”), “Quantum Back-Action of an

Individual Variable-Strength Measurement,” in Science, Vol. 339,

IBM CORPORATION v. RIGETTI & COMPANY 
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Issue 6116 (January 2013), obtained from the webpage for the 

Hatridge article on the Science website 

(http://science.sciencemag.org/content/339/6116/178?panels_ajax_

tab_trigger=tab-

pdf&panels_ajax_tab_tab=jnl_sci_tab_pdf&_=1545417642403&ss

o=1&sso_redirect_count=1&oauth-code=f4f7216a-2815-4734-

9c3d-d091a8dbeb4f), document PDF available at 

http://science.sciencemag.org/content/sci/339/6116/178.full.pdf, 

Appendix 1004-G; 

(9) Selected citations of Hatridge, Appendix 1004-H;

(10) Geerlings, K., Shankar, S., Edwards, E., Frunzio, L., Schoelkopf,

R. J., & Devoret, M. H., (“Geerlings”), “Improving the Quality

Factor of Microwave Compact Resonators by Optimizing Their

Geometrical Parameters”, Applied Physics Letters, vol. 100, no. 19

(2012), article 192601, available at

https://aip.scitation.org/doi/pdf/10.1063/1.4710520?class=pdf,

obtained from the website of Applied Physics Letters, Exhibit

1005;

(11) Geerlings, K., Shankar, S., Edwards, E., Frunzio, L., Schoelkopf,

R. J., & Devoret, M. H., (“Geerlings”), “Improving the Quality

Factor of Microwave Compact Resonators by Optimizing Their

Geometrical Parameters”, Applied Physics Letters, vol. 100, no. 19

(2012), article 192601, obtained from the British Library,

Appendix 1005-A;

(12) Bibliographic record for Applied Physics Letters, whose vol. 100,

IBM CORPORATION v. RIGETTI & COMPANY 
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no. 19 (2012) contains Geerlings, available at the online catalog of 

British Library at http://explore.bl.uk/BLVU1:LSCOP-

ALL:BLL01014532647, Appendix 1005-B; 

(13) MARC record for Applied Physics Letters, whose vol. 100, no. 19

(2012) contains Geerlings, available at the online catalog of British

Library at

http://primocat.bl.uk/F/?func=direct&local_base=PRIMO&doc_nu

mber=014532647&format=001&con_lng=eng, Appendix 1005-C; 

(14) Copyright registration record for Applied Physics Letters, vol. 100,

no. 19 (2012) that contains Geerlings, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=254&ti=251,254&Search%5FArg=applied

%20physics%20letters&Search%5FCode=TALL&CNT=25&PID

=Vzxeihwz6ZLpSqJizG5xYZ87_9yM&SEQ=20190803160347&

SID=1, Appendix 1005-D;

(15) Public availability date confirmation letter for Geerlings obtained

from the British Library, Appendix 1005-E;

(16) Supporting pages for the Public availability date confirmation

letter for Geerlings obtained from the British Library, Appendix

1005-F;

(17) Selected early citations to Geerlings, Appendix 1005-G;

(18) Pozar, D. M., (“Pozar”), MICROWAVE ENGINEERING, 4th edition,

2012, obtained from the Library of Congress, Exhibit 1006;

IBM CORPORATION v. RIGETTI & COMPANY 
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(19) Bibliographic record for Pozar, available at the online catalog of

the Library of Congress at https://lccn.loc.gov/2011033196,

Appendix 1006-A;

(20) MARC record for Pozar, available at the online catalog of the

Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=3968&recPoint

er=0&recCount=25&searchType=2&bibId=16910802, Appendix 

1006-B; 

(21) Copyright registration record for Pozar, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=1&ti=1,1&Search%5FArg=Microwave%2

0engineering&Search%5FCode=TALL&CNT=25&PID=7Y1AW

D7EkpwZqS9YFSycPuqWg7i3&SEQ=20190803161921&SID=1, 

Appendix 1006-C; 

(22) Selected citations to Pozar, Appendix 1006-D;

(23) Stubbins, W. F., (“Stubbins”), ESSENTIAL ELECTRONICS, John

Wiley & Sons, Inc., 1986, obtained from the Library of Congress,

Exhibit 1007;

(24) Bibliographic record for Stubbins, available at the online catalog of

the Library of Congress at https://lccn.loc.gov/85009447,

Appendix 1007-A;

(25) MARC record for Stubbins, available at the online catalog of the

Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=3949&recPoint

IBM CORPORATION v. RIGETTI & COMPANY 
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er=0&recCount=25&searchType=2&bibId=2859348, Appendix 

1007-B; 

(26) Copyright registration record for Stubbins, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=3&ti=1,3&Search%5FArg=Essential%20el

ectronics&Search%5FCode=TALL&CNT=25&PID=_BG21W2Tv

Zp0jWq4Shkg52ppI5YU&SEQ=20190803163034&SID=1, 

Appendix 1007-C; 

(27) Simons, R., & Simons, R. N., (“Simons”), COPLANAR WAVEGUIDE

CIRCUITS, COMPONENTS, AND SYSTEMS, John Wiley, 2001, obtained

from the Library of Congress, Exhibit 1009;

(28) Bibliographic record for Simons, available at the online catalog of

the Library of Congress at https://lccn.loc.gov/00043812,

Appendix 1009-A;

(29) MARC record for Simons, available at the online catalog of the

Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=3944&recPoint

er=0&recCount=25&searchType=2&bibId=12139501, Appendix 

1009-B; 

(30) Copyright registration record for Simons, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?Search_Arg=COPLANAR+WAVEGUIDE+CI

RCUITS%2C+COMPONENTS%2C+AND+SYSTEMS&Search_

IBM CORPORATION v. RIGETTI & COMPANY 
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Code=TALL&PID=Rf81-

XgAx16ZiIBPNRS4v44G1Sdw&SEQ=20190803163616&CNT=2

5&HIST=1, Appendix 1009-C; 

(31) Selected citations to Simons, Appendix 1009-D;

(32) Vissers, M. R., Weides, M. P., Kline, J. S., Sandberg, M., &

Pappas, D. P., “Identifying Capacitive and Inductive Loss in

Lumped Element Superconducting Hybrid Titanium

Nitride/Aluminum Resonators,” Applied Physics Letters, vol. 101,

no. 2 (2012), article 022601, available at

https://aip.scitation.org/doi/pdf/10.1063/1.4730389?class=pdf,

obtained from the website of Applied Physics Letters, Exhibit

1010;

(33) Vissers, M. R., Weides, M. P., Kline, J. S., Sandberg, M., &

Pappas, D. P., (“Vissers”), “Identifying Capacitive and Inductive

Loss in Lumped Element Superconducting Hybrid Titanium

Nitride/Aluminum Resonators,” Applied Physics Letters, vol. 101,

no. 2 (2012), article 022601, obtained from the British Library,

Appendix 1010-A;

(34) Bibliographic record for Applied Physics Letters, whose vol. 101,

no. 2 (2012) contains Vissers, available at the online catalog of

British Library at http://explore.bl.uk/BLVU1:LSCOP-

ALL:BLL01014532647, Appendix 1010-B;

(35) MARC record for Applied Physics Letters, whose vol. 101, no. 2

(2012) contains Vissers, available at the online catalog of British

Library at

IBM CORPORATION v. RIGETTI & COMPANY 
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http://primocat.bl.uk/F/?func=direct&local_base=PRIMO&doc_nu

mber=014532647&format=001&con_lng=eng, Appendix 1010-C; 

(36) Public availability date confirmation letter for Vissers obtained

from the British Library, Appendix 1010-D;

(37) Supporting pages for the Public availability date confirmation

letter for Vissers obtained from the British Library, Appendix

1010-E;

(38) Copyright registration record for Applied Physics Letters, vol. 101,

no. 2 (2012), available at the public catalog of the United States

Copyright Office at https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=261&ti=251,261&Search%5FArg=applied

%20physics%20letters&Search%5FCode=TALL&CNT=25&PID

=9V81tE_cvfCuE0qjc5QymCNNzn-

e&SEQ=20190803164416&SID=1, Appendix 1010-F; 

(39) Selected early citations to Vissers, Appendix 1010-G;

(40) Kim, Z., Suri, B., Zaretskey, V., Novikov, S., Osborn, K. D.,

Mizel, A., ... & Palmer, B. S., “Decoupling a Cooper-Pair Box to

Enhance the Lifetime to 0.2 ms,” in Physical review letters, vol.

106, no. 12 (2011), article 120501, available at

https://journals.aps.org/link/73509d3a-0131-4558-882e-

37abada8f2d6, obtained from the website of “Physical Review

Journals” published by American Physical Society Exhibit 1011;

(41) Kim, Z., Suri, B., Zaretskey, V., Novikov, S., Osborn, K. D.,

Mizel, A., ... & Palmer, B. S., (“Kim”), “Decoupling a Cooper-Pair

Box to Enhance the Lifetime to 0.2 ms,” in Physical review

IBM CORPORATION v. RIGETTI & COMPANY 
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letters, vol. 106, no. 12 (2011), article 120501, obtained from the 

University of Michigan Libraries, Appendix 1011-A; 

(42) Bibliographic record for Physical review letters, whose vol. 106,

no. 12 (2011) contains Kim, available at the online catalog of the

University of Michigan Libraries at

https://search.lib.umich.edu/catalog/record/004528039, Appendix

1011-B; 

(43) MARC record for Physical review letters, whose vol. 106, no. 12

(2011) contains Kim, available at the online catalog of the

University of Michigan Libraries at

https://search.lib.umich.edu/catalog/record/004528039, select

“View MARC data”, Appendix 1011-C; 

(44) Copyright registration record for Physical review letters, whose

vol. 106, no. 12 (2011) contains Kim, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=223&ti=201,223&Search%5FArg=Physica

l%20review%20letters&Search%5FCode=TALL&CNT=25&PID

=btGhSWnXXVmcNlPgvDwA8F5mcnF&SEQ=20190803165744

&SID=1, Appendix 1011-D; 

(45) Selected citations to Kim, Appendix 1011-E;

(46) Bahl, I. J., (“Bahl”), Lumped Elements for RF and Microwave

Circuits, Artech House, 2003, obtained from the Library of

Congress, Exhibit 1013;

(47) Bibliographic record for Bahl, available at the online catalog of the

IBM CORPORATION v. RIGETTI & COMPANY 
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Library of Congress at https://lccn.loc.gov/2003048102, Appendix 

1013-A; 

(48) MARC record for Bahl, available at the online catalog of the

Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=8125&recPoint

er=0&recCount=25&bibId=13134921, Appendix 1013-B; 

(49) Copyright registration record for Bahl, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?Search_Arg=Lumped+Elements+for+RF+and+

Microwave+Circuits&Search_Code=TALL&PID=E0eDYQwupE

87nzox7Xa6Uxc-

5a6&SEQ=20190803170347&CNT=25&HIST=1, Appendix 

1013-C; 

(50) Selected citations to Bahl, Appendix 1013-D;

(51) Blais, A., Huang, R. S., Wallraff, A., Girvin, S. M., & Schoelkopf,

R. J., “Cavity Quantum Electrodynamics for Superconducting

Electrical Circuits: An Architecture for Quantum

Computation,” Physical Review A, vol. 69, no. 6 (2004), article

062320 (14 pages), available at

https://journals.aps.org/link/b44d1e15-f60e-40d1-b272-

50a6b1a76e64, obtained from obtained from the website of

“Physical Review Journals” published by American Physical

Society Exhibit 1015;

(52) Blais, A., Huang, R. S., Wallraff, A., Girvin, S. M., & Schoelkopf,

IBM CORPORATION v. RIGETTI & COMPANY 
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R. J., (“Blais”), “Cavity Quantum Electrodynamics for

Superconducting Electrical Circuits: An Architecture for Quantum

Computation,” Physical Review A, vol. 69, no. 6 (2004), article

062320 (14 pages), obtained from Library of Congress, Appendix

1015-A;

(53) Bibliographic record for Physical Review A, whose vol. 69, no. 6

(2004) contains Blais, available at the online catalog of the Library

of Congress at https://lccn.loc.gov/90656533, Appendix 1015-B;

(54) MARC record for Physical Review A, whose vol. 69, no. 6 (2004)

contains Blais, available at the online catalog of the Library of

Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=18128&recPoin

ter=3&recCount=25&bibId=11376368, Appendix 1015-C;

(55) Copyright registration record for vol. 69, no. 6 (2004) of Physical

Review A that contains Blais, available at the public catalog of the

United States Copyright Office at https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=45&ti=26,45&Search%5FArg=physical%2

0review%20A&Search%5FCode=TALL&CNT=25&PID=6ZOvL

Fl5zSmL1ahdY5GALk9PCFS0&SEQ=20190803230518&SID=1,

Appendix 1015-D;

(56) Selected citations of Blais, Appendix 1015-E;

(57) Barends, R., Kelly, J., Megrant, A., Sank, D., Jeffrey, E., Chen, Y.,

... & O’Malley, P., “Coherent Josephson Qubit Suitable for

Scalable Quantum Integrated Circuits,” Physical Review

Letters, vol. 111, no. 8 (August 2013), article 080502, available at

IBM CORPORATION v. RIGETTI & COMPANY 
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https://journals.aps.org/link/f3f1de1e-3c72-4807-b81c-

6268b041c1d4, obtained from the website of “Physical Review 

Journals” published by American Physical Society Exhibit 1019; 

(58) Barends, R., Kelly, J., Megrant, A., Sank, D., Jeffrey, E., Chen, Y., 

... & O’Malley, P., (“Barends”), “Coherent Josephson Qubit 

Suitable for Scalable Quantum Integrated Circuits,” Physical 

Review Letters, vol. 111, no. 8 (August 2013), article 080502, 

obtained from the Library of Congress, Appendix 1019-A; 

(59) Bibliographic record for Physical Review Letters, whose vol. 111, 

no. 8 (August 2013) contains Barends, available at the online 

catalog of the Library of Congress at 

https://lccn.loc.gov/59037543, Appendix 1019-B; 

(60) MARC record for Physical Review Letters, whose vol. 111, no. 8 

(August 2013) contains Barends, available at the online catalog of 

the Library of Congress at 

https://catalog.loc.gov/vwebv/staffView?searchId=9273&recPoint

er=0&recCount=25&bibId=11152495, Appendix 1019-C; 

(61) Copyright registration record for vol. 111, no. 8 (August 2013) of 

Physical Review Letters that contains Barends, available at the 

public catalog of the United States Copyright Office at 

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=351&ti=351,351&Search%5FArg=physical

%20review%20letters&Search%5FCode=TALL&CNT=25&PID=

H5vCo5QaTI8fZN7CBoGJNmSK3TER&SEQ=20190803225715

&SID=2, Appendix 1019-D; 
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(62) Selected citations of Barends, Appendix 1019-E;

(63) Paik, H., Schuster, D. I., Bishop, L. S., Kirchmair, G., Catelani, G.,

Sears, A. P., ... & Girvin, S. M., “Observation of High Coherence

in Josephson Junction Qubits Measured in a Three-Dimensional

Circuit QED Architecture,” Physical Review Letters, vol. 107, no.

24 (December 2011), article 240501, available at

https://journals.aps.org/link/80786b6d-bff7-47b3-8505-

318e04c6fbca, obtained from the website of “Physical Review

Journals” published by American Physical Society Exhibit 1020;

(64) Paik, H., Schuster, D. I., Bishop, L. S., Kirchmair, G., Catelani, G.,

Sears, A. P., ... & Girvin, S. M., (“Paik”), “Observation of High

Coherence in Josephson Junction Qubits Measured in a Three-

Dimensional Circuit QED Architecture,” Physical Review

Letters, vol. 107, no. 24 (December 2011), article 240501,

obtained from the Library of Congress, Appendix 1020-A;

(65) Bibliographic record for Physical Review Letters, whose vol. 107,

no. 24 (December 2011) contains Paik, available at the online

catalog of the Library of Congress at

https://lccn.loc.gov/59037543, Appendix 1020-B;

(66) MARC record for Physical Review Letters, whose vol. 107, no. 24

(December 2011) contains Paik, available at the online catalog of

the Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=9273&recPoint

er=0&recCount=25&bibId=11152495, Appendix 1020-C;

(67) Copyright registration record for vol. 107, no. 24 (December 2011)
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of Physical Review Letters that contains Paik, available at the 

public catalog of the United States Copyright Office at 

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=259&ti=251,259&Search%5FArg=physical

%20review%20letters&Search%5FCode=TALL&CNT=25&PID=

h3g_ND3UTGNmtVSbLZlpuNCCedOz&SEQ=20190803225426

&SID=2, Appendix 1020-D; 

(68) Selected citations of Paik, Appendix 1020-E;

(69) Griffiths, David J., (“Griffiths”), INTRODUCTION TO

ELECTRODYNAMICS, 4th edition, Pearson, 2013, obtained from the

University of Wisconsin Libraries, Exhibit 1021;

(70) Bibliographic and MARC records for Griffiths, available at the

online catalog of the University of Wisconsin Libraries at

https://search.library.wisc.edu/catalog/9910134691602121,

Appendix 1021-A;

(71) MARC record for Griffiths, available at the online catalog of the

Library of Congress at

https://catalog.loc.gov/vwebv/staffView?searchId=9353&recPoint

er=3&recCount=25&bibId=17463252, Appendix 1021-B;

(72) Copyright registration record for Griffiths, available at the public

catalog of the United States Copyright Office at

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=1&ti=1,1&Search%5FArg=introduction%2

0to%20electrodynamics&Search%5FCode=TALL&CNT=25&PI

D=LAxDS2JGrUS4aXEOSpJQ-
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VVTwoGI&SEQ=20190803225036&SID=1, Appendix 1021-C; 

(73) Selected citations of Griffiths, Appendix 1021-D; 

(74) Houck, A. A., Koch, J., Devoret, M. H., Girvin, S. M., & 

Schoelkopf, R. J., “Life after charge noise: Recent results with 

transmon qubits,” Quantum Information Processing, vol. 8, nos. 

2/3 (June 2009), 105-115, available at 

https://link.springer.com/content/pdf/10.1007%2Fs11128-009-

0100-6.pdf, obtained from the website of Springer Link, Exhibit 

1025; 

(75) Houck, A. A., Koch, J., Devoret, M. H., Girvin, S. M., & 

Schoelkopf, R. J., “Houck,” “Life after charge noise: Recent 

results with transmon qubits,” Quantum Information 

Processing, vol. 8, nos. 2/3 (June 2009), 105-115, obtained from 

the Library of Congress, Appendix 1025-A; 

(76) Bibliographic record for Quantum Information Processing 

whose vol. 8, nos. 2/3 (June 2009) contains Houck, available at the 

online catalog of the Library of Congress at 

https://lccn.loc.gov/2004242011, Appendix 1025-B; 

(77) MARC record for Quantum Information Processing whose vol. 

8, nos. 2/3 (June 2009) contains Houck, available at the online 

catalog of the Library of Congress at 

https://catalog.loc.gov/vwebv/staffView?searchId=13367&recPoin

ter=0&recCount=25&searchType=1&bibId=14234500, Appendix 

1025-C; 

(78) Copyright registration record for vol. 8, nos. 2/3 (June 2009) of 
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Quantum Information Processing that contains Houck, available at 

the public catalog of the United States Copyright Office at 

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=1&ti=1,1&Search%5FArg=quantum%20in

formation%20processing&Search%5FCode=TALL&CNT=25&PI

D=D-

VtwFU3Swk7nO3IAYQ6J0sUV&SEQ=20190903153906&SID=1

, Appendix 1025-D; 

(79) August 2009-June 2015 Citation of Houck, Appendix 1025-E;

(80) Gambetta, J. M., Ketchen, M. B., Rigetti, C. T., & Steffen, M.,

inventors; International Business Machines Corp, assignee. Array

of Quantum Systems in a Cavity for Quantum Computing. United

States Patent US 8,642,998. 2014 Feb. 4, Appendix 1025-F;

(81) Archived page of vol. 8, nos. 2/3 (June 2009) of Quantum

Information Processing, which contains Houck, available from

Internet Archive at

https://web.archive.org/web/20150425042303/http://link.springer.c

om/journal/11128/8/2/page/1, Appendix 1025-G.

4. In forming the opinions expressed within this declaration, I have

considered: 

(1) The documents listed above;

(2) The reference materials cited herein; and

(3) My own academic background and professional experiences, as
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described below.  

II. BACKGROUND AND QUALIFICATIONS

5. My complete qualifications and professional experience are described

in my curriculum vitae, a copy of which is provided as Appendix A. The 

following is a brief summary of my relevant qualifications and professional 

experience. 

6. I am currently a Professor in the Department of Library and

Information Science at the Catholic University of America. I have experience 

working in an academic library, a medical library, and a legislative library and 

have been a professor for more than 25 years. I hold a Ph.D. in Library and 

Information Studies from the University of Wisconsin-Madison and a Masters in 

Library and Information Studies from the University of Wisconsin-Madison.  

7. I am an expert on library cataloging and classification and have

published two books on this subject, Organizing Audiovisual and Electronic 

Resources for Access: A Cataloging Guide (2000, 2006). I teach a variety of 

courses, including Cataloging and Classification, Advanced Cataloging and 

Classification, Organization of Internet Resources, Organization of Information, 

Digital Content Creation and Management, Internet Searches and Web Design, 

Information Literacy Instruction, Advanced Information Retrieval and Analysis 
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Strategies, and The Information Professions in Society. My research interests cover 

cataloging and classification, information organization, metadata, information 

retrieval, information architecture, digital collections, scholarly communication, 

user interaction with information systems, and others. 

III. LIBRARY RECORDS

A. MARC

8. I am fully familiar with a library cataloging encoding standard known 

as the “Machine-Readable Cataloging” standard, also known as “MARC,” which 

became the national standard for sharing bibliographic data in the United States by 

1971 and the international standard by 1973. MARC is the primary 

communications protocol for the transfer and storage of bibliographic metadata in 

libraries. Experts in my field would reasonably rely upon MARC records when 

forming their opinions. 

9. A MARC record comprises several fields, each of which contains 

specific data about the work. Each field is identified by a standardized, unique, 

three-digit code corresponding to the type of data that follows. Appendix B is a 

true and correct copy of Parts 7 to 10 of “Understanding MARC Bibliographic: 

Machine-Readable Cataloging” (http://www.loc.gov/marc/umb/) from the Library 

of Congress that explains commonly used MARC fields. For example, the personal 

author of the work is recorded in Field 100, the title is recorded in Field 245, 
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publisher information is recorded in Field 260, the physical volume and 

characteristics of a publication are recorded in Field 300, and topical subjects are 

recorded in the 650 fields. 

B. OCLC

10. The Online Computer Library Center (OCLC) is the largest

bibliographic network of the world, with more than 449 million records and 

thousands of libraries from more than 100 countries. According to the “Third 

Article, Amended Articles of Incorporation of OCLC Online Computer Library 

Center, Inc.,” OCLC was created “to establish, maintain and operate a 

computerized library network and to promote the evolution of library use, of 

libraries themselves, and of librarianship, and to provide processes and products 

for the benefit of library users and libraries, including such objectives as increasing 

availability of library resources to individual library patrons and reducing the rate 

of rise of library per-unit costs, all for the fundamental public purpose of furthering 

ease of access to and use of the ever-expanding body of worldwide scientific, 

literary and educational knowledge and information.” The Third Article, Amended 

Articles of Incorporation of OCLC Online Computer Library Center, Inc. was last 

revised on November 30, 2016 and is available at 

https://www.oclc.org/content/dam/oclc/membership/articles-of-incorporation.pdf 

(Appendix C) 
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11. OCLC members can contribute original cataloging records in MARC

to the system or derive cataloging records from existing records, an activity 

referred to as “copy cataloging.” When an OCLC participating institution acquires 

a work, it can create an original MARC record for the work in OCLC’s Connexion 

system (a system for catalogers to create and share MARC records), and the 

system will automatically generate a code for the date of record creation in the 

yymmdd format, and the creating library’s OCLC symbol is recorded in subfield 

“a” of the 040 field. Once the MARC record is in Connexion, it becomes available 

to other OCLC members for adoption to their local online catalogs (i.e., copy 

cataloging).  

12. After a MARC record is created in Connexion, it also becomes

searchable and viewable on WorldCat, which is a web portal to more than 10,000 

libraries worldwide. The record in WorldCat, however, is not presented in MARC 

fields. Instead, the data elements are labeled to help users interpret the record.  

C. WorldCat

13. WorldCat (http://www.worldcat.org) is “the world’s largest network

of library content and services” and its features are summarized in “What is 

WorldCat” (http://www.worldcat.org/whatis/default.jsp). Through WorldCat, users 

can search for information in their local libraries and libraries around the world. 

WorldCat allows users to search for books, CDs, videos, and many new types of 
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digital content, such as audiobooks, in many languages. Users can also retrieve 

research materials and article citations with links to their full text. After an item is 

retrieved, WorldCat helps users identify a library nearby that holds the item or all 

the libraries that hold the item. WorldCat is an efficient way to explore the content 

held by more than 10,000 libraries around the world.  

14. Library online catalogs are based on MARC records that represent

their collections in order to help the public understand what materials are publicly 

accessible in those libraries. Most libraries with online catalogs have made their 

catalogs freely available on the Web. These online catalogs offer user-friendly 

search interfaces. Strong user interest in keyword searches and the popularity of 

Google have led to the “googlization” of library search systems. As a result, many 

library catalogs now provide a single search box for users to conduct keyword 

searches, with additional support for searches by author, title, subject terms, and 

other data elements such as ISBN (International Standard Book Number). Library 

catalogs these days also offer features for users to narrow their search results by 

language, year, format, and other elements. Many libraries display MARC records 

on their online catalogs with labels for the data elements to help the public 

interpret MARC records. Many libraries also offer the option to display MARC 

records in MARC fields.  
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15. Libraries create MARC records for works they acquire, including 

books, serials, motion pictures, and publications in other formats. The cataloging 

of monographs is a fairly common activity, and most academic libraries make 

newly cataloged books available to users soon after the cataloging work is 

completed, usually within a week. The cataloging of serials and the serial check-in 

process are discussed here to show how libraries usually provide access to newly 

received serial issues. According to the glossary of the RDA: Resource Description 

and Access cataloging standard, a serial is “a mode of issuance of a manifestation 

issued in successive parts, usually bearing numbering, that has no predetermined 

conclusion. A serial includes a periodical, monographic series, newspaper, etc.” 

Because the publisher of a serial makes new issues of the serial available 

successively, a customary cataloging practice is to create one bibliographic record 

for the serial, and the MARC serial record typically provides information on the 

beginning date and frequency of the serial, not the dates of individual issues. In 

other words, libraries typically do not create MARC records for individual issues 

of a serial. Instead, they rely on a serial check-in system to track the receipt of new 

issues. A common check-in practice is to date stamp a new issue when it arrives. 

This practice has become automated since the late 1990s, and libraries now vary in 

how they share the receipt date of a new serial issue with the public. Some libraries 

use a date stamp, some affix a label to indicate the receipt date, some pencil in the 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 28 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

29 

receipt date, and some do not provide the information to the public. 

16. The serial check-in process usually takes less than an hour, and one of

the steps involves placing a date stamp on the new issue to document the date the 

issue is checked in. After that, the holdings information of the serial is updated in 

the library’s catalog so that users know which issues are available for request or 

access. After serial check-in is completed, the new issue is placed on the shelf with 

the previous issues of the serial. Libraries with a public periodical room typically 

place new issues in the periodical room for easy user access. Because information 

presented in serials often reflects latest discovery, a general practice of libraries is 

to make new issues of serials available for user access soon after they are checked 

in, usually within a week.  

17. I am personally familiar with many online catalogs, databases, and

search engines. In preparing for this declaration I used authoritative information 

systems, including WorldCat (https://www.worldcat.org), the online catalog of the 

Library of Congress (https://catalog.loc.gov), the online catalog of the University 

of Wisconsin-Madison (https://search.library.wisc.edu), the online catalog of the 

British Library 

(http://explore.bl.uk/primo_library/libweb/action/search.do?vid=BLVU1), the 

online catalog of the University of Michigan Libraries 
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(https://search.lib.umich.edu/everything), and Google Scholar to search for 

records. These records are identified and discussed in this declaration. Experts in 

the field would reasonably rely on the data described herein to form their opinions. 

IV. PRINTED PUBLICATIONS

A. Exhibit 1004 (Hatridge)

1. Authentication

18. Exhibit 1004 is a true and correct copy of “Quantum Back-Action of

an Individual Variable-Strength Measurement” by Hatridge et al. in Science, Vol. 

339, Issue 6116 (January 2013) that I obtained from the website of Science. I also 

located a copy of the Hatridge article from the print journal at the Library of 

Congress (Appendix 1004-A), compared the electronic copy and the Library of 

Congress copy closely, and concluded that Exhibit 1004 and Appendix 1004-A 

contain the same article. The differences are that Exhibit 1004 includes a page of 

links to supplemental materials at the end of the file, while Appendix 1004-A 

includes the front matter of the journal issue that contains the Hatridge article.    

19. Appendix 1004-A is a true and correct copy of “Quantum Back-

Action of an Individual Variable-Strength Measurement” (“Hatridge”) by Hatridge 

et al. in Science, Vol. 339, Issue 6116 (January 2013) that I made during my 

personal visit to the Library of Congress. When I was originally asked to prepare 

this declaration, I searched WorldCat for the title of Hatridge, “Quantum back-
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action of an individual variable-strength measurement,” and the search results 

identified the Library of Congress as one of the libraries that hold this periodical. I 

then searched the Library of Congress online catalog to confirm the holdings 

information. The search results informed me that the Library of Congress provides 

access to the issue of Science that contains Hatridge. I obtained Appendix 1004-A 

at the Library of Congress and personally scanned the front matter (the front cover 

and the table of contents) and select content pages, specifically, pages 178-181, of 

this periodical.  

20. To locate a copy of Hatridge from a periodical issue that carries a date

stamp, I sent a request to Wisconsin TechSearch (WTS), a document delivery 

service based in the University of Wisconsin-Madison, for them to “find the print 

version of this issue to scan the cover, the page with the date stamp, they copyright 

page, the table of contents pages, and the Hatridge article.”  

21. Appendix 1004-B is a true and correct copy of the pages WTS

delivered to me, pursuant to my request. It consists of the cover, table of contents 

and the Hatridge article from Vol. 339, Issue 6116 of Science. The address label on 

the cover shows that this issue was mailed to the University of Wisconsin 

Memorial Library, and a stamp on the table of contents page shows it was 

“Received Jan 24 2013 University Library.” I have compared Appendix 1004-A 
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(the Library of Congress copy) with Appendix 1004-B (the University of 

Wisconsin copy) closely. These two documents appear to be identical copies of 

select portions of Vol. 339, Issue 6116 that contains Hatridge.  

22. Appendix 1004-A and Appendix 1004-B show that volume 339 of 

Science was published on “11 January 2013” and the end of the table of contents 

area shows the ISSN (International Standard Serial Number) of Science is “0036-

8075” and that the periodical is published “weekly on Friday, except for the last 

week of December, by the American Association for the Advancement of 

Science.”  

2. University of Wisconsin-Madison Records 

23. Appendix 1004-C contains two MARC records for the Science 

periodical. The first MARC record represents the print version of the periodical 

and includes some data on the online and microform versions of this periodical. 

The second MARC record represents the HTML version of the periodical and is 

not included in the discussion below.   

24. The first MARC record in Appendix 1004-C is a true and correct 

copy of the MARC record for the Science periodical (Appendix 1004-B) that I 

retrieved from the online catalog of the University of Wisconsin-Madison libraries 

after conducting a periodical title search by “Science.”  I personally identified and 
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located this record, which experts in my field would reasonably rely upon when 

forming their opinions.  

25. Appendix 1004-D is a true and correct copy of the bibliographic

record for the Science periodical (Appendix 1004-B) that I retrieved from the 

online catalog of the University of Wisconsin-Madison libraries, which experts in 

my field would reasonably rely upon when forming their opinions. Appendix 

1004-D shows that the library holds “new ser.:v.123=no.3184(1956:Jan. 6)- new 

ser.:v.358=no.6361(2017:Oct.21),” including volume 339, no. 6116, the issue that 

contains Hatridge. The first page of Appendix 1004-B is the work sheet of WTS 

and the “Library/Supplier” field shows “Mem AP S415 A102,” which matches the 

call number for Science in the Memorial Library of the University of Wisconsin-

Madison, noted as “AP S415 A102,” in the bibliographic record (Appendix 1004-

D). 

26. Field 130 of the MARC record (Appendix 1004-C) and the title at the

top of the bibliographic record (Appendix 1004-D) identify the uniform title of the 

periodical as “Science (New York, N.Y.),” which is created according to the 

cataloging standard to distinguish this periodical from other periodicals with the 

same title. Field 245 of the MARC record and the title field of the bibliographic 

record show the title presented on individual issues of “Science”. The first six 
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digits of Field 008 of the MARC record show that the record for the periodical was 

first created and entered into the OCLC Connexion on “750921” (i.e., September 

21, 1975). Field 040 identifies MUL as the creator of the record and Field 049 

shows GZM is the holding library. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), MUL is the OCLC symbol for 

MULS, a library network located in Minneapolis, Minnesota, and GZM is the 

OCLC symbol for the University of Wisconsin-Madison, General Library System. 

Field 022 of the MARC record and the International Standard Serial Number 

(ISSN) field of the bibliographic record inform me that the ISSN of the periodical 

is “0036-8075,” which matches the information from the copy I obtained from the 

Library of Congress (Appendix 1004-A) and the scanned pages obtained from the 

University of Wisconsin-Madison Libraries (Appendix 1004-B). Field 260 of the 

MARC record and the publication field of the bibliographic record inform me that 

the periodical has been published in “New York, N.Y.” since 1880 but the 

publisher is not identified. Field 310 of the MARC record indicates the current 

publication frequency is “Weekly (except last week in December),” which matches 

the data presented in the table of contents area of Appendix 1004-A and Appendix 

1004-B. Field 362 of the MARC record and the publication history field of the 

bibliographic record inform me that the Science periodical began publication with 

“Vol. 1, no. 1” on July 3, 1880. The “contributors” field of the bibliographic record 
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and Field 710 of the MARC record identify “American Association of the 

Advancement of Science” as a contributing organization.  

27. Field 050 of the MARC record (Appendix 1004-C) informs me the

Science periodical is assigned a Library of Congress Classification (LCC) number 

of “Q1,” which represents the science periodicals category; and Field 082 informs 

me the periodical is also assigned a Dewey Decimal Classification (DDC) number 

of “505,” which represents the science periodicals category. The first two 650 

Fields show a Library of Congress subject heading and a National Library of 

Medicine subject heading that indicate the periodical is about “Science” and is 

published in the form of “periodicals” (represented by a form subdivision in 

subfield “v”). Users interested in topics in science would be able to use this subject 

heading string to locate this periodical. The MARC record (Appendix 1004-C) of 

the University of Wisconsin-Madison Libraries makes the Science periodical, 

including Vol. 339, Issue 6116 that contains Hatridge (Appendix 1004-B), 

searchable in the online catalog of the University of Wisconsin-Madison Libraries 

by the periodical title, the American Association for the Advancement of Science, 

the LCC number, the DDC number, and the subject headings assigned to it.  

28. Based on the information above, it is my opinion that Science is a long

running periodical that has been made discoverable at the online catalog of the 
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University of Wisconsin-Madison libraries catalog, meaning that anyone who was 

interested in the topic would be able to search for and access the Science 

periodical.  

3. University of Wisconsin-Madison Date Stamp 

29. The Table of Contents page of vol. 339, issue 6116 in Appendix 

1004-B bears a stamp of “RECEIVED JAN 24 2013 UNIVERSITY LIBRARY.” 

The stamp has the appearance and distinctive characteristics of a typical check-in 

date stamp utilized by libraries to indicate the date a particular periodical issue was 

received by the library. As I noted above, it is ordinary and regular practice for a 

library, as part of its regularly conducted activity, to maintain intake records, 

including date stamping periodical issues during the check-in process, and to make 

an issue of a periodical available to the public in the library shortly after the library 

receives and date stamps the issue for serial check-in, usually within a week. In 

this case, it is my understanding that the University of Wisconsin-Madison 

libraries, upon receiving the issue that contains Hatridge (Appendix 1004-B), date 

stamped it on January 24, 2013 (as shown in Appendix 1004-B), and, shortly 

thereafter, would have placed it with other recent issues of this periodical so as to 

make the issue findable and accessible to the public. 

30.  Based on the date stamp placed on the Table of Contents page in 

Appendix 1004-B, which has a date of January 24, 2013, and my understanding of 
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the ordinary and customary check-in practices of libraries, it is my opinion that the 

issue that contains Hatridge (Appendix 1004-B) (and, therefore, Hatridge included 

therein) was accessible through the University of Wisconsin-Madison Libraries to 

the public shortly after being checked in on January 24, 2013, meaning vol. 339, 

issue 6116 would have been available for public access by January 31, 2013. If 

workload was unusually heavy it might take more than one week for the issue to 

become publicly available. My conservative estimate is that Hatridge would be 

available no later than February 24, 2013, at the latest, which would be one month 

after serial check-in of this issue was completed. 

4. PUBMED Records

31. In addition to investigating the earliest public availability of vol. 339,

issue 6116 of the Science periodical in libraries, I also searched for records that 

index Hatridge. Due to the nature of the Hatridge article, I chose to search PubMed 

for records. PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) is developed and 

maintained by the National Center for Biotechnology Information (NCBI) at the 

U.S. National Library of Medicine. It is an authoritative free database of more than 

28 million citations for biomedical literature from MEDLINE, life science 

journals, and online books. PubMed records often contain links to full-text articles 

on the publishers’ websites and/or in PubMed Central, a free archive for full-text 

biomedical and life sciences journal articles. Experts in the field would reasonably 
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rely on the data described herein to form their opinions.  

32. I searched for “Quantum Back-Action of an Individual Variable-

Strength Measurement” in PubMed to determine if this article was indexed. The 

search results indicate that the record was indexed soon after publication.  

33. Appendix 1004-E is a true and correct copy of the PubMed record in

the abstract format that I personally retrieved and obtained from PubMed, which 

experts in my field would reasonably rely upon when forming their opinion. It 

presents the title of the Hatridge article, the authors, the issue of Science in which 

the article was published, and an abstract. It also shows the article’s PubMed ID 

number is “23307736” and indicates its digital object identifier (DOI) is 

“10.1126/science.1226897.” Appendix 1004-E also includes a note indicating full 

text can be obtained for free. It provides a direct link to the Science website for 

users to access the full text of Hatridge at 

http://science.sciencemag.org/content/339/6116/178.full. Users will need to create 

an account on the website to view the article. I followed the link to obtain a PDF 

version of Hatridge from the Science website (Appendix 1004-G) and closely 

compared this PDF version with the Hatridge article I personally scanned from the 

Library of Congress (Appendix 1004-A) and the Hatridge article obtained from 

WTS (Appendix 1004-B). I have found these three documents to have the same 
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content. The differences are that Appendix 1004-B is not colored and has a 

statement “This material may be protected by Copyright law (Title 17 U.S. Code) 

at the top of the page, and Appendix 1004-G has the download date stamp 

“Downloaded from http://science.sciencemag.org/ on December 21, 2018” on the 

side and a list of supplementary materials at the end. Appendix 1004-G, which I 

obtained via a link in the PubMed record, is the same as the Hatridge article I 

obtained from the website of Science (Exhibit 1004).  

34. Appendix 1004-F is a true and correct copy of the PubMed record in

the MEDLINE format that I personally retrieved from PubMed, which experts in 

my field would reasonably rely upon when forming their opinion. MEDLINE is the 

primary component of PubMed. According to the MEDLINE Fact Sheet 

(https://www.nlm.nih.gov/pubs/factsheets/medline.html ), “MEDLINE is the U.S. 

National Library of Medicine® (NLM) premier bibliographic database that 

contains more than 24 million references to journal articles in life sciences with a 

concentration on biomedicine.” The PubMed search result indicated Hatridge was 

indexed by MEDLINE.  

35. Appendix 1004-F shows the Hatridge record in MEDLINE format,

with “23307736” as the PubMed record id and “20130124” (i.e., January 24, 2013) 

as DCOM, the date when the record was completed. “MEDLINE: PubMed Data 
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Element (Field) Descriptions” 

(https://www.nlm.nih.gov/bsd/mms/medlineelements.html) is used to identify the 

data elements. The IS field identifies “0036-8075” as the International Standard 

Serial Number, which matches the data in Appendix 1004-A and Appendix 1004-

B. The VI field shows the volume containing Hatridge is “339,” the IP field shows 

the issue containing Hatridge is “6116” and the DP field shows the date of 

publication is “2013 Jan 11.” The TI field shows “Quantum back-action of an 

individual variable-strength measure” as the title of the article. The PG field shows 

the article runs from page 178 to page 81. The FAU field identifies “Hatridge, M” 

as the full author. The JT field shows “Science (New York, N.Y.)” as the journal 

title. The “SO” (source) field shows the full citation information and the doi 

(digital object identifier) of Hatridge is “Science. 2013 Jan 11;339(6116):178-81. 

doi: 10.1126/science.1226897.” 

36. This PubMed MEDLINE record (Appendix 1004-F) informs my 

opinion that the MEDLINE record was completed on January 24, 2013 to index 

Hatridge. This record makes Hatridge searchable in MEDLINE by authors, article 

title, journal title and terms in the abstract field. Because MEDLINE records are 

added to PubMed seven days a week, it is my opinion that this PubMed MEDLINE 

record would have been available for searching in PubMed as early as January 25, 
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2013. If workload was very heavy at the time and it took more than a week for the 

record to be uploaded to PubMed, my conservative estimate is that interested users 

would have been able to search for this article in PubMed and MEDLINE no later 

than February 24, 2013, one month after the MEDLINE index record was 

completed. This index record of Hatridge makes the article directly discoverable in 

PubMed. Interested users could locate the record in PubMed, then follow the link 

to the Science website to view the full text for free. Or, users could use the 

information presented in this record to locate a library that holds vol. 339, issue 

6116 of the Science periodical to obtain a physical copy of Hatridge. 

37. Because the MEDLINE record for Hatridge (Appendix 1004-F) is not 

assigned subject headings, I selected keywords from the abstract to simulate the 

search experience of users who were interested in this topic in 2013. My first 

keyword search used “quantum variable-strength measurement” and PubMed 

responded with the record for the Hatridge article (Appendix 1004-E). My second 

keyword search used “quantum back-action measurement” with the publication 

period limited to 2013, and PubMed responded with six records. My third keyword 

search used “quantum qubit measurement” with the publication period limited to 

2013, and PubMed responded with 29 records. For the second and third keyword 

searches I limited the time period to 2013 because a user searching for publications 

with these keywords in 2013 would be very likely to want to focus on new articles 
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published in 2013. The search results of these three keyword searches informed me 

that a user conducting keyword searches on this topic in PubMed in 2013 would 

have received search results that they could browse quickly to discover Hatridge.  

5. Actual Usage Records

38. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar for Hatridge shows that it 

has been cited 207 times and 28 citations were published in 2013. Appendix 1004-

H presents 15 citations published in 2013 to demonstrate early usage and show that 

the earliest citation of Hatridge was published in March 2013, further supporting 

my opinion that Hatridge was available in 2013.  

6. Summary on Hatridge

39. Taken together, Hatridge (Appendix 1004-A), the MARC record

(Appendix 1004-C), the bibliographic record (Appendix 1004-D), the date stamp 

for the Science periodical (Appendix 1004-B), the PUBMED record (Appendix 

1004-E and F), and ten selected citations of Hatridge published in 2013 

(Appendix 1004-H) support my opinion that Hatridge was publicly accessible 

soon after it was indexed by MEDLINE on January 24, 2013, and soon after vol. 

339, issue 6116 of the Science periodical that contains Hatridge was date stamped 

by the University of Wisconsin-Madison Libraries on January 24, 2013. My 

estimate is that the MEDLINE index record would have been available for 
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searching as early as January 25, 2013, and the physical copy of Hatridge would 

have been available to the public as early as January 31, 2013 at the University of 

Wisconsin-Madison Libraries. If heavy workload contributed to added time for 

processing, the physical copy would have been available for public access no later 

than February 24, 2013, one month after serial check in was completed. The 

citation history of Hatridge shows that the earliest citation was published in March 

2013.  

B. Exhibit 1005 (Geerlings)

1. Authentication

40. Exhibit 1005 is a true and correct copy of “Improving the Quality

Factor of Microwave Compact Resonators by Optimizing Their Geometrical 

Parameters” by Geerlings et al., in Applied Physics Letters, vol. 100, no. 19 (2012), 

article 192601 that I obtained from the website of Applied Physics Letters. I also 

obtained a copy of the Geerlings article from the British Library (Appendix 1005-

A), compared these the electronic copy and the print copy closely, and concluded 

that Exhibit 1005 and Appendix 1005-A contain the same article. The differences 

are that Exhibit 1005 is colored and includes a cover page for the Geerlings article, 

while Appendix 1005-A is black and white and includes the front matter of the 

journal issue that contains the Geerlings article.  

41. Appendix 1005-A is a true and correct copy of “Improving the
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Quality Factor of Microwave Compact Resonators by Optimizing Their 

Geometrical Parameters” (“Geerlings”) by Geerlings et al., in Applied Physics 

Letters, vol. 100, no. 19 (2012), article 192601. When I was originally asked to 

prepare this declaration, I searched WorldCat for records by the article title. The 

search results informed me that the British Library held Applied Physics Letters 

that published Geerlings. I then requested a copy of the article through Wisconsin 

TechSearch (WTS), a document delivery service based in the University of 

Wisconsin, and then received the scanned pages from the British Library. These 

pages include the front matter of vol. 100, no. 19 (2012) of Applied Physics Letters 

(the front cover, table of contents, copyright page) and Geerlings (three pages). 

42. Page 1 of Appendix 1005-A is the front cover of an issue of Applied

Physics Letters that shows this issue is “Volume 100, Number 19” that was 

published on “7 May 2012.” The cover also shows a check-in label indicating 

“18/06/12 Boston Spa LS23 7BQ” (i.e., checked in on June 18, 2012 at the Boston 

Spa site of the British Library) and “1576.400000 BLSDD Volume 100:Number 

19(2012:May 07)” that has the appearance of a shelfmark and numerical and 

chronological designations of this issue. The table of contents shows that article 

192601 has three pages, is published in the “Superconductivity and 

superconducting electronics” section of this issue, and has a title of “Improving the 

quality factor of microwave compact resonators by optimizing their geometrical 
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parameters” and six authors. At the end of the table of contents on Page 8 of 

Appendix 1005-A a note indicates this journal is “a publication of the American 

Institute of Physics” in Melville, New York. Page 9 of Appendix 1005-A is the 

copyright page that shows the journal’s ISSN (International Standard Serial 

Number) is “0003-6951” and its CODEN (a six character alphanumeric 

bibliographic code that provides unique identification of periodicals and non-serial 

publications) is “APPLAB.” It also indicates that content of the journal is 

“published online daily and collected into weekly online and printed issues (52 

issues per year).” The copyright page shows a “2012” copyright date for this issue 

and “American Institute of Physics” as the copyright holder. The first page of 

article 192601 shows the authors and title information and the publication history 

of the article, indicating it was “received 27 March 2012; accepted 16 April 2012; 

published online 7 May 2012.” At the end of the abstract, a note shows the abstract 

has a “2012” copyright date and “American Institute of Physics” is the copyright 

holder. The DOI (digital object identifier, a unique code to permanently identify 

documents on the Web) of the article is presented as a link 

http://dx.doi.org/10.1063/1.4710520. The bottom of the page shows a “2012” 

copyright date for this article and “American Institute of Physics” as the copyright 

holder. It also shows a note of “0003-6951/2012/100(19)/192601/3” that indicates 

article 192601 has three pages, is published in vol. 100, no. 19 in 2012 in the 
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journal with an ISSN of 0003-6951, which is Applied Physics Letters.   

2. British Library Records

43. Appendix 1005-B is a true and correct copy of the bibliographic

record for the journal Applied Physics Letters whose vol. 100, no. 19 (May 7 2012) 

issue contains Geerlings. I retrieved the record from the online catalog of the 

British Library by searching for the journal’s ISSN “0003-6951.” I personally 

located, identified and obtained this bibliographic record, which experts in my field 

would reasonably rely upon when forming their opinion. As indicated earlier, a 

customary library cataloging practice is to create one bibliographic record for a 

serial and create no records for individual issues of the serial. The bibliographic 

record (Appendix 1005-B) shows that “Applied Physics Letters” is the journal 

title, and the American Institute of Physics of New York has been publishing this 

journal since 1962. The identifier shows the ISSN of this journal is “0003-6951” 

and a note indicates the current publication frequency is “Fortnightly.” The 

holdings notes show that the British Library keeps this journal in its Science 

Technology and Business section and holds issues since volume 1 in 1962. The 

shelfmark shows a Document Supply number of “1676.400000.” The title, 

publisher, and ISSN match the information presented in Appendix 1005-A.  

44. The bibliographic record has a link for “MARC Display,” which

brings up the MARC record for Applied Physics Letters. This is the type of record 
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experts in my field would reasonably rely upon when forming their opinion. 

45. Field 245 of the MARC record (Appendix 1005-C) shows the journal

title is “Applied physics letters,” Field 022 shows the ISSN of this journal is 

“0003-6951,” Field 040 shows “Uk” is the original creator of this serial record. 

According to the MARC codes for organizations in the UK and its dependencies 

(http://www.bl.uk/bibliographic/pdfs/marc-codes-directory.pdf ), “UK” is the code 

for the British Library. The first six digits of Field 008 show the record was added 

to the system on “840320” (i.e., March 20, 1984) and the “c19629999” code 

following these digits indicates that the journal began publication in 1962 and is an 

ongoing publication. Field 260 shows the American Institute of Physics is the 

publisher, and Field 310 shows the current publication frequency is “Fortnightly.” 

Field 852 shows information needed to locate this journal, with subfield “j” 

indicating the shelf control number is “1576.400000.” and subfield “j” since 

February 1976 has been “weekly.” Field 082 shows the subject of this journal is 

represented by a “621” Dewey Decimal Classification (DDC) number, which 

represents the “Applied physics” category. Field 710 shows the American Institute 

of Physics, the journal publisher, is another access point for this journal.  

46. This MARC record (Appendix 1005-C) makes Applied Physics

Letters, whose vol. 100, no. 19 (May 2012) contains Geerlings, searchable in the 
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online catalog of the British Library. As a result, users interested in journals in the 

field of applied physics are able to search for and retrieve this journal by the DDC 

number. Users can also search for this journal by its title, ISSN, and the publisher.  

3. British Library Date Stamp

47. The front cover of the journal in Appendix 1005-A bears a date stamp

of “18/06/12 BOSTON SPA” with “1576.400000.” The stamp has the appearance 

and distinctive characteristics of a typical check-in date stamp utilized by libraries 

to indicate the date a particular publication was received by the library. Based on 

my knowledge and understanding of library serial check-in practice and the effort 

to make new journal issues available to users as soon as possible, it is my opinion 

that vol. 100, no. 19 (May 2012) of Applied Physics Letters that contains Geerlings 

would have been publicly accessible soon after it was checked in at the British 

Library on June 18, 2012. Most libraries make newly checked-in journal issues 

available on the same day of check-in or within a week after check-in is completed. 

If the workload was very heavy at that time, it might take more than one week for 

the new issue to become available to users. My estimate is that this issue would 

have been available to users at the British Library as early as June 18, 2012, and no 

later than July 18, 2012, which would be one month after serial check-in was 

completed. 
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4. British Library Public Availability Date Confirmation Letter

48. Appendix 1005-E is a true and accurate copy of a confirmation letter

regarding vol. 100, no. 19 (May 2012) of Applied Physics Letter that contains 

Geerlings (Appendix 1005-A). I received the letter from the British Library. This 

is the type of record experts in my field would reasonably rely upon when forming 

their opinions. Appendix 1005-E includes a confirmation letter stating that 

regarding Geerlings, “according to our records, this item was receipted by The 

British Library on June 18, 2012. It was then catalogued and would have been 

available for public use from that date.” It further indicates that “copies of the date 

stamps indicating the dates of availability have been attached” (presented as 

Appendix 1005-F). The letter also states that “Please note that we can only 

provide the date that the British Library made this item available for public use; for 

the actual date of publication, please contact the publisher.” These statements 

inform my opinion that vol. 100, no. 19 (May 2012) of Applied Physics Letter that 

contains Geerlings (Appendix 1005-A) was received by the British Library on 

June 18, 2012, and became accessible to the public soon after the receipt.  

5. United States Copyright Registration Records

49. Appendix 1005-D is a true and accurate copy of the copyright

registration record for the Vol. 100, no. 19 (May 7 2012) issue of Applied Physics 

Letters that I obtained from the public catalog of the United States Copyright 
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Office in the Library of Congress. I obtained Appendix 1005-D by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the journal title to retrieve the record. I 

personally identified and located this record, which experts in my field would 

reasonably rely upon when forming their opinions.   

50. The copyright registration record (Appendix 1005-D) shows that the

title of this serial is “Applied Physics Letters” whose ISSN is “0003-6951” and it is 

published “Weekly” by the American Institute of Physics. The record also shows 

that this “vol. 100, no. 19, 7 May 2012” issue was “created 2012; Pub. 2012-05-24. 

Reg. 2012-06-04” (i.e., published on May 24, 2012 and registered with the 

copyright office on June 4, 2012). The journal title, ISSN, numerical and 

chronological designations, publisher and publication year match the information 

contained in Appendix 1005-A.  

51. Taken together, the “18/06/2012” date stamp in Appendix 1005-A,

the bibliographic record (Appendix 1005-B), the MARC record (Appendix 1005-

C), the copyright registration record (Appendix 1005-D), the public availability 

date letter (Appendix 1005-E) and supporting documents from the British Library 

(Appendix 1005-F), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that Applied 
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Physics Letters is a long-running journal that has been made available at the British 

Library, and that the vol. 100, no. 19 (May 2012) issue that contains Geerlings 

(Appendix 1005-A) would have been accessible to the public on June 18, 2012, 

and by July 18, 2012 at the latest.  

6. Actual Usage Records

52. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Geerlings has been 

cited at least 77 times, and 15 citations were published in 2012 and 2013. 

Appendix 1005-G presents seven citations published in 2012 and 2013 to 

demonstrate early usage of Geerlings. The earliest citing document was published 

on October 9, 2012, further demonstrating public availability of Geerlings in 2012. 

7. Summary on Geerlings

53. Taken together, the “18/06/2012” date stamp in Appendix 1005-A,

the bibliographic record (Appendix 1005-B), the MARC record (Appendix 1005-

C), the copyright registration record (Appendix 1005-D), the public availability 

date letter (Appendix 1005-E) and supporting documents from the British Library 

(Appendix 1005-F), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that Geerlings 

(Appendix 1005-A) would have been available for public access in June, 2012. In 

fact, the earliest citing article to Geerlings was published on October 9, 2012, 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 51 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

52 

(Appendix 1005-G) further demonstrating public availability of Geerlings in 2012.   

C. Exhibit 1006 (Pozar)

1. Authentication

54. Exhibit 1006 is a true and correct copy of portions of the 4th edition

of MICROWAVE ENGINEERING (“Pozar”) that I made during my personal visit to the 

Library of Congress. When I was asked to prepare this declaration, I searched the 

Library of Congress online catalog for records because books published in the 

United States tend to be registered with the Copyright Office of the Library of 

Congress and cataloged by the Library of Congress. The search results informed 

me that the Library of Congress provided access to Pozar. The “Item Availability” 

area of the library records shows that the book’s call number is “TK7876 .P69 

2012” and that it is “stored offsite” and can be requested in the “Jefferson or 

Adams Building Reading Rooms.” I requested access to this title and received the 

book at the Science and Technology Reading Rooms in the Library of Congress 

Adams Building.  

55. Exhibit 1006 is a true and correct copy of portions of Pozar that I

made on while the book was in my possession at the Library of Congress. I 

obtained Exhibit 1006 by personally scanning the front matter (the front cover, 

title page, copyright page, table of contents), pages 147 to 161, page 732 (the last 

numbered page of this volume), the back cover and spine of this volume.  
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56. The first page of Exhibit 1006 shows “MICROWAVE

ENGINEERING” as the title on the cover. It also shows “DAVID M. POZAR” as 

the author and identifies the book as the “FOURTH EDITION.” The second page 

of Exhibit 1006 is the title page that shows the same title, author and edition 

information as the cover and shows “John Wiley & Sons, Inc.” as the publisher. 

Page 3 of Exhibit 1006 is the copyright page that shows “2012” as the copyright 

date and “John Wiley & Sons, Inc.” as the copyright holder. The copyright page 

also shows a record identified as the “Library of Congress Cataloging-in-

Publication Data” that includes a number of “2011033196,” which has the 

appearance of a Library of Congress Control Number. Page 29 of Exhibit 1006 is 

the back cover that shows “978-0-470-63155-3” as the ISBN (International 

Standard Book Number) assigned to this book and a barcode label of “LC CIP 0 

028 866 209 5.”   

2. Library of Congress Records

57. Appendix 1006-A a true and correct copy of the bibliographic record

for the fourth edition of MICROWAVE ENGINEERING (“Pozar”). I personally 

identified, located, and obtained this record from the online catalog of the Library 

of Congress for this declaration. This is the type of record experts in my field 

would reasonably rely upon when forming their opinion. Appendix 1006-A shows 

that the main title is “Microwave engineering,” the author is “Pozar, David M.”, 
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the edition is “4th ed.” and Wiley of Hoboken, NJ is the publisher of this book 

with a “2012” copyright date. The ISBN field shows “9780470631553” is the 

number assigned to this title, and the LCCN (Library of Congress Control Number) 

field shows “2011033196” as the number assigned to this title. The author, title, 

edition number, publisher, publication year, ISBN and LCCN match the 

information contained in Exhibit 1006. The “Item Availability” area shows that 

the book’s call number is “TK7876 .P69 2012 CABIN BRANCH” and it is “stored 

offsite.” Users can request this title at the “Jefferson or Adams Building Reading 

Rooms.” The “status” field indicates the copy is “not charged,” meaning it is 

available. 

58. Appendix 1006-B is a true and correct copy of the MARC record for

the fourth edition of MICROWAVE ENGINEERING (“Pozar”). I personally identified, 

located, and obtained this record from the online catalog of the Library of 

Congress for this declaration. This is the type of record experts in my field would 

reasonably rely upon when forming their opinion.  

59. The first six digits of Field 008 show the MARC record was created

on “110809” (i.e., August 9, 2011). Field 955, the local note field for cataloging 

activity dates, shows that “2012-03-13 1 copy rec'd., to CIP ver.” (i.e., one copy 

was received on March 13, 2012 and sent to the Cataloging in Publication Program 
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for verification). Two other dates show the copy was CIP verified on March 15, 2012 

(“2012-03-15 Z-CipVer”) and sent to the Binding and Collections Care Division 

(BCCD) for processing on March 15, 2012 (“2012-03-15 to BCCD”). The last date 

in Field 955 shows “2012-04-11 copy 2 added,” meaning copy 2 was added to the 

collection on April 11, 2012. The Cataloging in Publication Program (CIP) at the 

Library of Congress is responsible for cataloging books in advance of publication to 

alert the library community to forthcoming publications and to facilitate acquisition. 

The initial CIP record is created based on information submitted by the publisher. 

When the CIP record is ready, it is sent to the publisher for inclusion in the 

publication.   

60. Field 040 subfield “a” shows that “DLC” is the library that created the 

original MARC record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC symbol for 

the Library of Congress. These data inform my opinion that the MARC record 

(Appendix 1006-B) was first created on August 9, 2011, as a Cataloging-in-

Publication record based on the information presented by the publisher. After the CIP 

record was completed, it was sent to the publisher for inclusion in the physical 

volume. The Cataloging-in-Publication data printed on the copyright page of Exhibit 

1006 reflects this practice. After the physical volume was received by the Library of 

Congress, catalogers of the Cataloging-in-Publication Program used the volume 
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to verify the CIP MARC record on March 15, 2012. After that, the physical 

volume was sent to the processing unit. On April 11, 2012, a second copy of this 

title was added to the Library of Congress collection.  

61. Field 010 of the MARC record (Appendix 1006-B) shows the Library

of Congress control number of this book is “2011033196,” which matches the 

number on the copyright page of Exhibit 1006. Field 020 shows the ISBN 

assigned to this publication is “9780470631553,” which matches the ISBN printed 

on the back cover of Exhibit 1006. Field 245 shows the title is “Microwave 

engineering” and the author is “David M. Pozar.” Field 100 presents the author’s 

name in the authorized form “Pozar, David M.” and makes it an access point for 

this book. Field 250 shows the edition number as “4th ed.” and Field 260 shows 

that Wiley of Hoboken, NJ published this book in 2012. Field 300 indicates that 

the book has 732 pages. The number “732” matches the last numbered page 

included in Exhibit 1006.  

62. Field 050 of the MARC record (Appendix 1006-B) shows this book

has a Library of Congress Classification (LCC) number of “TK7876,” which is the 

class number for “Microwaves.” Field 082 shows the book has a Dewey Decimal 

Classification (DDC) number of “621.381/3,” which is the class number for 

“Microwave electronics.” Users interested in the topic represented by the LCC 
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number or the DDC number could search it as a keyword in the Library of 

Congress catalog to retrieve materials that have been assigned the same 

classification number. The subject of this book is also represented in three 650 

fields by three Library of Congress subject headings, “Microwaves,” “Microwave 

devices,” and “Microwave circuits.” This MARC record (Appendix 1006-B) 

shows that the fourth edition of MICROWAVE ENGINEERING by David M. Pozar is a 

book that has been made searchable at the online catalog of the Library of 

Congress, and users interested in the topics of the book can find it by the LCC and 

DDC numbers and by subject terms assigned to it. Users can also find this book by 

its title, author, and ISBN.  

63. Based on the information above, it is my opinion that the fourth

edition of MICROWAVE ENGINEERING by David M. Poza is a book that has been 

made available by the Library of Congress, meaning that members of the public 

with an interest in the topics covered by the book would be able to search for and 

access the fourth edition of MICROWAVE ENGINEERING.  

64. Field 008 and the cataloging dates in Field 955 of the MARC record

(Appendix 1006-B) inform my opinion that the MARC record was created by 

Library of Congress catalogers on “110809” (i.e., August 9, 2011) as a CIP record, 

that the physical volume was received by Library of Congress on March 13, 2012, 
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and that CIP catalogers used the physical volume to verify the record on “2012-03-

15” (i.e., March 15, 2012), then sent it to the processing unit the same day. In most 

academic libraries a newly cataloged book would become available for the public 

soon after the cataloging record is completed, usually within a week. Considering 

the volume of materials the Library of Congress needs to catalog and process, my 

conservative estimate is that Pozar would have become available for public access 

by June 15, 2012, three months after the cataloging record was verified and the 

physical volume was sent to the processing unit.  

65. Based on the bibliographic record (Appendix 1006-A), the MARC

record (Appendix 1006-B), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries, it is my opinion that Pozar 

(Exhibit 1006) was cataloged and the record became searchable as early as August 

9, 2011, and the physical item would have become accessible to the public by June 

2012, three months after the cataloging record was verified in March 2012.  

3. United States Copyright Registration Records

66. Appendix 1006-C is a true and accurate copy of the copyright

registration record for the fourth edition of MICROWAVE ENGINEERING by David M. 

Poza obtained from the public catalog of the United States Copyright Office in the 

Library of Congress. I obtained Appendix 1006-C by first accessing the 

http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 
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Records,” and performing a search by the title to retrieve the record for 

“microwave engineering.” I personally identified and located this record, which 

experts in my field would reasonably rely upon when forming their opinions.   

67. The copyright registration record shows that the title of this book is

“Microwave Engineering, 4th Edition (9780470631553),” “David M. Pozar” is the 

author, and “John Wiley & Sons, Inc.” is the copyright claimant. The record shows 

the date of creation is “2011,” the date of publication is “2011-11-04” (i.e., 

November 4, 2011), and the copyright registration number and date are 

“TX0007478448 / 2012-01-27” (i.e., January 27, 2012). The title, author, edition 

number, publisher, publication date, and the copyright holder match the 

information contained in Exhibit 1006. The copyright record also shows that Pozar 

has 732 pages, which matches the last numbered page of this book recorded in 

Field 300 of the MARC record (Appendix 1006-B) and the page number of the 

last page of Pozar (Exhibit 1006), which I personally scanned at the Library of 

Congress.  

4. Actual Usage Records

68. Actual usage of a publication is reflected by the papers that make

reference to it. My research on Google Scholar has found Pozar cited more than 

200 times. Appendix 1006-D presents five citations selected to demonstrate early 

usage from 2013 to 2015. The earliest citing document was published in February 
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2013. 

5. Summary on Pozar

69. Taken together, the bibliographic record (Appendix 1006-A), the

MARC record (Appendix 1006-B), the copyright record (Appendix 1006-C), and 

my understanding of the ordinary and customary cataloging and processing 

practices of libraries inform my opinion that Pozar (Exhibit 1006) would have 

been cataloged and discoverable by the public at the online catalog of the Library 

of Congress by August 2011 when the CIP cataloging record was created, and the 

physical item would have been available for public access by June 15, 2012, three 

months after the CIP record was verified. Citation history (Appendix 1006-D) 

shows that the earliest citation was published in February 2013, further 

demonstrating the availability of Pozar in 2012. 

D. Exhibit 1007 (Stubbins)

1. Authentication

70. Exhibit 1007 is a true and correct copy of portions of ESSENTIAL

ELECTRONICS (“Stubbins”) that I made during my personal visit to the Library of 

Congress. When I was asked to prepare this declaration, I searched the Library of 

Congress online catalog for records because books published in the United States 

tend to be registered with the Copyright Office of the Library of Congress and 

cataloged by the Library of Congress. The search results informed me that the 
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Library of Congress provided access to Stubbins. The “Item Availability” area of 

the library records shows that the book’s call number is “TK7816 .S74 1986” and 

Copy 1 is available for user request at the “Jefferson or Adams Building Reading 

Rooms” while Copy 2 is “stored offsite” at the Fort Meade facility. I requested 

access to this title and received the book at the Science and Technology Reading 

Rooms in the Library of Congress Adams Building.  

71. Exhibit 1007 is a true and correct copy of portions of Stubbins that I

made while the book was in my possession at the Library of Congress. I obtained 

Exhibit 1007 by personally scanning the front matter (the front cover, title page, 

copyright page, dedication page, and table of contents), pages 193, 195, 196 and 

505 (the last numbered page of this volume), the back cover and spine of this 

volume.  

72. The first page of Exhibit 1007 shows “ESSENTIAL

ELECTRONICS” as the title on the cover. It also shows “Warren Fenton Stubbins” 

as the author. Page 2 of Exhibit 1007 is the title page that shows the same title and 

author information, and further indicates “John Wiley & Sons” of New York is the 

publisher. Page 3 of Exhibit 1007 is the copyright page that shows “1986” as the 

copyright date and “John Wiley & Sons, Inc.” as the copyright holder. The 

copyright page also shows a record identified as the “Library of Congress 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 61 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

62 

Cataloging in Publication Data” that includes a number of “85-9447,” which has 

the appearance of a Library of Congress Control Number. This page also shows a 

date stamp of “LIBRARY OF CONGRESS. JAN 24 1986 CIP” and a hand-written 

call number of “TK7816 .S74 1986.” Page 4 Exhibit 1007 is the dedication page 

that shows two hand-written notes--“CIP/bc73 4/18/85” and “br14 2/6/86”--that 

indicate activities related to the Cataloging in Publication Program. Page 16 of 

Exhibit 1007 shows an ISBN ((International Standard Book Number) of “0-471-

88604-1” on the back cover, and page 17 shows the spine with a label of “TK 7816 

.S74 1986.”   

2. Library of Congress Records

73. Appendix 1007-A a true and correct copy of the bibliographic record

for ESSENTIAL ELECTRONICS (“Stubbins”). I personally identified, located, and 

obtained this record from the online catalog of the Library of Congress for this 

declaration. This is the type of record experts in my field would reasonably rely 

upon when forming their opinion. Appendix 1007-A shows that the main title is 

“Essential electronics,” the author is “Stubbins, Warren Fenton,” and Wiley of 

New York is the publisher of this book with a “1986” copyright date. The ISBN 

field shows “0471886041” is the number assigned to this title, and the LCCN 

(Library of Congress Control Number) field shows “85009447” as the number 

assigned to this title. The author, title, publisher, publication year, ISBN and 
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LCCN match the information contained in Exhibit 1007. The “Item Availability” 

area shows that the book’s call number is “TK7816 .S74 1986” and the Library of 

Congress holds two copies, with Copy 1 stored on site and Copy 2 stored offsite at 

the Fort Meade facility. The “status” field indicates both copies are “not charged,” 

meaning available for user requests. 

74. Appendix 1007-B is a true and correct copy of the MARC record for

ESSENTIAL ELECTRONICS (“Stubbins”). I personally identified, located, and 

obtained this record from the online catalog of the Library of Congress for this 

declaration. This is the type of record experts in my field would reasonably rely 

upon when forming their opinion. The first six digits of Field 008 show the MARC 

record was created on “850426” (i.e., April 26, 1985). Field 040 subfield “a” 

shows that “DLC” is the library that created the original MARC record. According 

to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC symbol for 

the Library of Congress. Because ESSENTIAL ELECTRONICS was published by Wiley 

with a copyright date of 1986, the date information from Field 008 informs my 

opinion that the original record was completed on April 26, 1985 as a Cataloging-

in-Publication record based on the information presented by the publisher. After 

the CIP record was completed, it was sent to the publisher for inclusion in the 

physical volume. The Cataloging-in-Publication data printed on the copyright page 
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of Exhibit 1007 reflects this practice.  

75. Field 010 of the MARC record (Appendix 1007-B) shows the Library 

of Congress control number of this book is “85009447,” which matches the 

number on the copyright page of Exhibit 1007. Field 020 shows the ISBN 

assigned to this publication is “0471886041,” which matches the ISBN printed on 

the back cover of Exhibit 1007. Field 245 shows the title is “Essential electronics” 

and the author is “Warren Fenton Stubbins.” Field 100 presents the author’s name 

in the authorized form “Stubbins, Warren Fenton” and makes it an access point for 

this book. Field 260 shows that Wiley of New York published this book with a 

copyright date of 1986. Field 300 indicates that the book has 505 pages. The 

number “505” matches the last numbered page included in Exhibit 1007.  

76. Field 050 of the MARC record (Appendix 1007-B) shows this book 

has a Library of Congress Classification (LCC) number of “TK7816,” which is the 

class number for “Elementary textbooks on electronics.” Field 082 shows the book 

has a Dewey Decimal Classification (DDC) number of “621.381,” which is the 

class number for “Electronics.” Users interested in the topic represented by the 

LCC number or the DDC number could search it as a keyword in the Library of 

Congress catalog to retrieve materials that have been assigned the same 

classification number. The subject of this book is also represented by a Library of 
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Congress subject heading, “Electronics.” This MARC record (Appendix 1007-B) 

shows that ESSENTIAL ELECTRONICS by Warren Fenton Stubbins is a book that has 

been made searchable at the online catalog of the Library of Congress, and users 

interested in the topics of the book can find it by the LCC and DDC numbers and 

by the subject term assigned to it. Users can also find this book by its title, author, 

and ISBN.  

77. Based on the information above, it is my opinion that ESSENTIAL

ELECTRONICS by Warren Fenton Stubbins is a book that has been made available 

by the Library of Congress, meaning that members of the public with an interest in 

the topics covered by the book would be able to search for and access it.  

3. Library of Congress Date Stamp Records

78. The copyright page of Stubbins in Exhibit 1007 bears a stamp of

“LIBRARY OF CONGRESS JAN 24 1986 CIP” that indicates the date when the 

Cataloging in Publication Program received the physical volume of Stubbins. The 

stamp has the appearance and distinctive characteristics of a typical check-in date 

stamp utilized by libraries to indicate the date a particular publication was received 

by the library. The date stamp and the dates on the dedication page of Exhibit 

1007 in inform my opinion that Library of Congress received the physical volume 

of Stubbins on January 24, 1986, the CIP record was created on April 26, 1985, 

and CIP catalogers verified the CIP record on February 6, 1986. In most academic 
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libraries a newly cataloged book would become available for the public soon after 

the cataloging record is completed, usually within a week. Considering the volume 

of materials the Library of Congress needs to catalog and process, my conservative 

estimate is that Stubbins would have become available for public access by May 6, 

1986, three months after CIP catalogers verified the cataloging record.  

79. Based on the January 24, 1986 date stamp placed on the copyright

page of Stubbins (Exhibit 1007), the CIP verification date of February 6, 1986 on 

the dedication page of Stubbins, the bibliographic record (Appendix 1007-A), the 

MARC record (Appendix 1007-B), and my understanding of the ordinary and 

customary cataloging and processing practices of libraries, it is my opinion that 

Stubbins (Exhibit 1007) was cataloged and became searchable as early as April 

26, 1985, when the CIP record was completed, and the physical volume became 

accessible to the public by May 6, 1986 at the latest, which is three months after 

the CIP record was verified.  

4. United States Copyright Registration Records

80. Appendix 1007-C is a true and accurate copy of the copyright

registration record for ESSENTIAL ELECTRONICS by Warren Fenton Stubbins 

obtained from the public catalog of the United States Copyright Office in the 

Library of Congress. I obtained Appendix 1007-C by first accessing the 

http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 
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Records,” and performing a search by the title to retrieve the record for “essential 

electronics.” I personally identified and located this record, which experts in my 

field would reasonably rely upon when forming their opinions.   

81. The copyright registration record shows that the title of this book is

“Essential electronics,” “Warren Fenton Stubbins” is the author, and “J. Wiley” of 

New York published the book with a “1986” copyright date. The record shows the 

date of creation is “1985,” the date of publication is “1986-02-10” (i.e., February 

10, 1986), and the copyright registration number and date are “TX0001793448 / 

1986-04-01” (i.e., April 1, 1986). The title, author, publisher, publication date, and 

the copyright holder information match the information contained in Exhibit 1007. 

The copyright registration record also shows that Stubbins has 505 pages, which 

matches the last numbered page of this book recorded in Field 300 of the MARC 

record (Appendix 1007-B) and the page number of the last page of Stubbins 

(Exhibit 1007), which I personally scanned at the Library of Congress.  

5. Summary on Stubbins

82. Taken together, the date stamp and CIP dates in Exhibit 1007, the

bibliographic record (Appendix 1007-A), the MARC record (Appendix 1007-B), 

the copyright registration record (Appendix 1007-C), and my understanding of the 

ordinary and customary cataloging and processing practices of libraries inform my 

opinion that Stubbins (Exhibit 1007) would have been cataloged and discoverable 
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by the public at the online catalog of the Library of Congress by April 1985 when 

the CIP cataloging record was created, and the physical item would have been 

available for public access by May 1986, three months after the CIP record was 

verified.  

E. Exhibit 1009 (Simons)

1. Authentication

83. Exhibit 1009 is a true and correct copy of portions of COPLANAR

WAVEGUIDE CIRCUITS, COMPONENTS, AND SYSTEMS (“Simons”) obtained from the 

Library of Congress. When I was asked to prepare this declaration, I searched the 

Library of Congress online catalog for records because books published in the 

United States tend to be registered with the Copyright Office of the Library of 

Congress and cataloged by the Library of Congress. The search results informed 

me that the Library of Congress provides access to Simons. The “Item 

Availability” area of the library records indicates that Copy 1 is on site and Copy 2 

is “stored offsite” at the Fort Meade facility, and both can be requested at the 

“Jefferson or Adams Building Reading Rooms.” I requested access to this title and 

received the book at the Science and Technology Reading Rooms in the Library of 

Congress Adams Building. 

84. Exhibit 1009 is a true and correct copy of portions of Simons that I

made while the book was in my possession at the Library of Congress. I obtained 
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Exhibit 1009 by personally scanning the front matter (the front cover, the series 

title pages, the title page, the copyright page, and the table of contents page), pages 

17 to 21, and page 439 (the last numbered page), the back cover, and the spine of 

this book.  

85. Page 1 of Exhibit 1009 is the cover that shows that “COPLANAR

WAVEGUIDE CIRCUITS, COMPONENTS, AND SYSTEMS” is the title, 

“RAINEE N. SIMONS” is the author, and the book is part of the “Wiley Series in 

Microwave and Optical Engineering.” Pages 2 and 3 of Exhibit 1009 are the series 

title pages that list “COPLANAR WAVEGUIDE CIRCUITS, COMPONENTS, 

AND SYSTEMS” as a volume in the “Wiley series in microwave and optical 

engineering.” Page 4 of Exhibit 1009 is the title page that shows the same title and 

author information as the cover and also indicates “Wiley-Interscience” of New 

York as the publisher. Page 5 of Exhibit 1009 is the copyright page that shows a 

date stamp of “LIBRARY OF CONGRESS APR-2 2001” and a “2001” copyright 

date with “John Wiley & Sons” as the copyright holder. The copyright page also 

shows a record identified as the “Library of Congress Cataloging-in-Publication 

Data” that includes a number of “00-043812,” which has the appearance of a 

Library of Congress Control Number. Page 24 of Exhibit 1009 is the back cover 

that shows “0-471-16121-7” as the ISBN (International Standard Book Number) 

assigned to this book and a barcode label. Page 25 shows the spine of the book has 
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a label with the call number “TK 7876 .S572 2001 Copy 1.”  

2. Library of Congress Records

86. Appendix 1009-B is a true and correct copy of the MARC record for

Simons and Appendix 1009-A is a true and correct copy of the bibliographic 

record for Simons. I personally identified, located, and obtained these records from 

the online catalog of the Library of Congress for this declaration. These are the 

types of records experts in my field would reasonably rely upon when forming 

their opinions.  

87. Field 245 of the MARC record (Appendix 1009-B) and the title field

of the bibliographic record (Appendix 1009-A) identify the title of the book as 

“Coplanar waveguide circuits, components, and system.” Field 100 of the MARC 

record and the personal name field of the Bibliographic record identify the author 

as “Simons, Rainee, 1949- ” Field 260 of the MARC record and the 

published/created field of the bibliographic record show that John Wiley of New 

York published this book in 2001. Field 300 shows the book has 439 pages and 

Field 440 of the MARC record shows the book is part of the “Wiley series in 

microwave and optical engineering.” Field 020 of the MARC record and the ISBN 

field of the bibliographic record show “0471161217” is the International Standard 

Book Number assigned to Simons. The title, author, publisher, publication date and 

the ISBN in the MARC record and the Bibliographic record match the information 
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contained in Exhibit 1009.  

88. The first six digits of Field 008 of the MARC record (Appendix

1009-B) inform me that the record for this book was created on “000811” (i.e., 

August 11, 2000). Field 955, the local note field for cataloging activity dates, 

includes two important dates: “CIP ver … 06/13/01” (i.e., verified by CIP on June 

13, 2001) and “to BCCD 06-14-01” (i.e., sent to the Binding and Collections Care 

Division on June 14, 2001). Field 040 subfield “a” shows that “DLC” is the library 

that created the original MARC record. According to the Directory of OCLC 

Members (https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC 

symbol for the Library of Congress. These data inform me that the MARC record 

(Appendix 1009-B) was first created on August 11, 2000, as a Cataloging-in-

Publication record based on the information presented by the publisher. After the 

CIP record was completed, it was sent to the publisher for inclusion in the physical 

volume. The Cataloging-in-Publication data printed on the copyright page of 

Exhibit 1009 reflects this practice. After the physical volume was received by the 

Library of Congress, catalogers of the Cataloging-in-Publication Program used the 

volume to verify the CIP MARC record on June 13, 2001, and sent the volume to 

the processing unit on June 14, 2001.  

89. Field 050 of the MARC record (Appendix 1009-B) shows this
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publication has been assigned a Library of Congress Classification (LCC) number, 

“TK7876,” which is the class number for “general works” on microwaves. Field 

082 shows the Dewey Decimal Classification (DDC) Number assigned to this 

publication is “621.381/331,” which is the class number for “components and 

devices” of Microwave electronics. The subjects of this publication are also 

represented by three Library of Congress subject headings in Field 650: 

Microwave transmission lines, Wave guides, and Antennas (Electronics). This 

MARC record (Appendix 1009-B) shows that COPLANAR WAVEGUIDE CIRCUITS, 

COMPONENTS, AND SYSTEMS by Rainee N. Simons is a book that has been made 

searchable at the online catalog of the Library of Congress, and users interested in 

the topics of the book can find it by the LCC and DDC numbers and by the subject 

terms assigned to it. Users can also find this book by its title, author, series, and 

ISBN.     

90. Based on the information above, it is my opinion that COPLANAR

WAVEGUIDE CIRCUITS, COMPONENTS, AND SYSTEMS (Exhibit 1009) is a book that 

has been made available by the Library of Congress, meaning that members of the 

public with an interest in the topics covered by the book would be able to search 

for and access COPLANAR WAVEGUIDE CIRCUITS, COMPONENTS, AND SYSTEMS.  

3. Library of Congress Date Stamp

91. The copyright page of Simons in Exhibit 1009 bears a stamp of
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“LIBRARY OF CONGRESS APR-2 2001 CIP” that indicates the date when the 

Cataloging in Publication Program of the Library of Congress received this 

physical volume. The stamp has the appearance and distinctive characteristics of a 

typical check-in date stamp utilized by libraries to indicate the date a particular 

publication was received by the library. The date stamp and the cataloging dates in 

Field 008 and Field 955 of the MARC record (Appendix 1009-B) inform my 

opinion that a CIP record was created for Simons on August 11, 2000, the CIP 

Program received the physical copy on April 2, 2001, and CIP catalogers used the 

physical copy to verify the record on “06/13/01” (i.e., June 13, 2001) and then sent 

it to the processing unit on “06-14-01” (i.e., June 14, 2001). In most academic 

libraries a newly cataloged book would become available for the public soon after 

the cataloging record is completed, usually within a week. Considering the volume 

of materials the Library of Congress needs to catalog and process, my conservative 

estimate is that copy 1 of Simons would have become available for public access 

by September 14, 2001 at the latest, which would be three months after the volume 

was sent to the processing unit.  

92. Based on the April 2, 2001 date stamp placed on the copyright page of

Simons (Exhibit 1009), the MARC record (Appendix 1009-B), the bibliographic 

record (Appendix 1009-A), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries, it is my opinion that Simons 
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(Exhibit 1009) was cataloged and became searchable as early as August 2000, and 

the physical item would become accessible to the public by September 2001, three 

months after the cataloging record was verified and the volume was sent to the 

processing unit. 

4. United States Copyright Registration Records

93. Appendix 1009-C is a true and accurate copy of the copyright

registration record obtained from the public catalog of the Copyright Office of the 

Library of Congress. I obtained Appendix 1009-C by first accessing the 

http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the title then I personally identified and 

located this record, which experts in my field would reasonably rely upon when 

forming their opinions.   

94. The copyright registration record shows that the title of this book is

“Coplanar waveguide circuits, components, and systems,” “Rainee N. Simons” is 

the author, and “Wiley-Interscience” of New York published this book with a 

“2001” copyright date. It also shows “John Wiley & Sons, Inc.” as the copyright 

Claimant and indicates the book is part of the “Wiley series in microwave and 

optical engineering.” The record shows that the date of creation is “2000,” the date 

of publication is “2001-03-23” (i.e., March 23, 2001) and the copyright registration 

date is “2001-05-22” (i.e., May 22, 2001). The author, title, publisher, publication 
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date and the copyright holder information on the copyright registration record 

match the information contained in Exhibit 1009. The copyright registration 

record also shows that Simons has 439 pages, which matches the last numbered 

page of this book recorded in Field 300 of the MARC record (Appendix 1009-B) 

and is consistent with the page number of the last page of Simons (Exhibit 

1009), which I personally scanned at the Library of Congress.  

5. Actual Usage Records

95. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Simons has been 

cited at least 1,391 times, and 29 citations were published in 2002 and 2003. 

Appendix 1009-D presents ten citations selected to demonstrate early usage of 

Simons. The earliest citing document was published in August 2002.  

6. Summary on Simons Records

96. Taken together, the “APR-2 2001” date stamp on the copyright page

of Simons (Exhibit 1009), the MARC record (Appendix 1009-B), the 

bibliographic record (Appendix 1009-A), the copyright registration record 

(Appendix 1009-C), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that Simons 

(Exhibit 1009) would have been cataloged and discoverable by the public at the 

online catalog of the Library of Congress by August 2000 when the CIP record 
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was created, and the physical item would have been available for public access by 

September 2001, three months after the CIP record was verified. Actual usage of 

Simons took place as early as August 2002 (Appendix 1009-D) when the earliest 

citing document of Simons was published.  

F. Exhibit 1010 (Vissers)  

1. Authentication  

97. Exhibit 1010 is a true and correct copy of “Identifying capacitive and 

inductive loss in lumped element superconducting hybrid titanium 

nitride/aluminum resonators” by Vissers et al., article 022601 in Applied Physics 

Letters, vol. 101, no. 2 (2012) that I obtained from the website of Applied Physics 

Letters. I also obtained a copy of the Vissers article from the British Library 

(Appendix 1010-A), compared the two documents closely, and concluded that 

Exhibit 1010 and Appendix 1010-A contain the same article. The differences are 

that Exhibit 1010 is colored and includes a cover page for the article, while 

Appendix 1010-A is black and white and includes the front matter of the journal 

issue that contains the Vissers article.  

98. Appendix 1010-A is a true and correct copy of “Identifying 

capacitive and inductive loss in lumped element superconducting hybrid titanium 

nitride/aluminum resonators” (“Vissers”) by Vissers et al., article 022601 in 

Applied Physics Letters, vol. 101, no. 2 (2012). When I was originally asked to 
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prepare this declaration, I searched WorldCat for records by the article title. The 

search results informed me that the British Library held Applied Physics Letters 

that published Vissers. I then requested a copy of the article through Wisconsin 

TechSearch (WTS), a document delivery service based in the University of 

Wisconsin, and received the scanned pages from the British Library. These pages 

include the front matter of vol. 101, no. 2 (2012) of Applied Physics Letters (the 

front cover, table of contents, copyright page) and Vissers (five pages). 

99. Page 1 of Appendix 1010-A is the front cover of an issue of Applied

Physics Letters that shows this issue is “Volume 101, Number 2” that was 

published on “9 July 2012.” The cover also shows a check-in label indicating 

“03/08/12 Boston Spa LS23 7BQ” (i.e., checked in on August 3, 2012 at the 

Boston Spa site of the British Library) and “1576.400000 BLSDD Volume 

101:Number 2(2012:Jul. 09),” which has the appearance of a shelfmark and 

numerical and chronological designations of this issue. The table of contents shows 

that article 022601 has five pages, is published in the “Superconductivity and 

superconducting electronics” section of this issue, and has a title of “Identifying 

capacitive and inductive loss in lumped element superconducting hybrid titanium 

nitride/aluminum resonators” and five authors. Page 7 of Appendix 1010-A is the 

copyright page that shows the journal’s ISSN (International Standard Serial 

Number) is “0003-6951” and its CODEN (a six character alphanumeric 
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bibliographic code that provides unique identification of periodicals and non-serial 

publications) is “APPLAB.” It also indicates that content of the journal is 

“published online daily and collected into weekly online and printed issues (52 

issues per year).” The copyright page shows a “2012” copyright date for this issue 

and “American Institute of Physics” as the copyright holder. The first page of 

article 022601 shows the authors and title information and the publication history 

of the article, indicating it was “received 21 March 2012; accepted 7 June 2012; 

published online 9 July 2012.” At the end of the abstract, the DOI (digital object 

identifier, a unique code to permanently identify documents on the Web) of the 

article is presented as a link http://dx.doi.org/10.1063/1.4730389. The bottom of 

the page shows a note of “0003-6951/2012/101(2)/022601/5” that indicates article 

022601 has five pages, is published in vol. 101, no. 2 in 2012 in the journal with an 

ISSN of 0003-6951, which is Applied Physics Letters.   

2. British Library Records

100. Appendix 1010-B is a true and correct copy of the bibliographic

record for the journal Applied Physics Letters whose vol. 101, no. 2 (July 9 2011) 

issue contains Vissers. I retrieved the record from the online catalog of the British 

Library by searching for the journal’s ISSN “0003-6951.” I personally located, 

identified and obtained this bibliographic record, which experts in my field would 

reasonably rely upon when forming their opinion. As indicated earlier, a customary 
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library cataloging practice is to create one bibliographic record for a serial and 

create no records for individual issues of the serial. The bibliographic record 

(Appendix 1010-B) shows that “Applied Physics Letters” is the journal title, and 

the American Institute of Physics of New York has been publishing this journal 

since 1962. The identifier shows the ISSN of this journal is “0003-6951” and a 

note indicates the current publication frequency is “Fortnightly.” The holdings 

notes show that the British Library keeps this journal in its Science Technology 

and Business section and holds issues since volume 1 in 1962. The shelfmark 

shows a Document Supply number of “1576.400000.” The title, publisher, and 

ISSN match the information presented in Appendix 1010-A.  

101. The bibliographic record has a link for “MARC Display,” which 

brings up the MARC record for Applied Physics Letters. This is the type of record 

experts in my field would reasonably rely upon when forming their opinion. 

102. Field 245 of the MARC record (Appendix 1010-C) shows the journal 

title is “Applied physics letters,” Field 022 shows the ISSN of this journal is 

“0003-6951,” Field 040 shows “Uk” is the original creator of this serial record. 

According to the MARC codes for organizations in the UK and its dependencies 

(http://www.bl.uk/bibliographic/pdfs/marc-codes-directory.pdf ), “UK” is the code 

for the British Library. The first six digits of Field 008 show the record was added 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 79 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

80 

to the system on “840320” (i.e., March 20, 1984) and the “c19629999” code 

following these digits indicates that the journal began publication in 1962 and is an 

ongoing publication. Field 260 shows American Institute of Physics is the 

publisher, and Field 310 shows the current publication frequency is “Fortnightly.” 

Field 852 shows information needed to locate this journal, with subfield “j” 

indicating the shelf control number is “1576.400000.” and subfield “j” since 

February 1976 has been “weekly.” Field 082 shows the subject of this journal is 

represented by a “621” Dewey Decimal Classification (DDC) number, which 

represents the “Applied physics” category. Field 710 shows the American Institute 

of Physics, the journal publisher, is another access point for this journal.  

103. This MARC record (Appendix 1010-C) makes Applied Physics

Letters, whose vol. 101, no. 2 (July 9 2012) issue contains Vissers, searchable in 

the online catalog of the British Library. As a result, users interested in journals in 

the field of applied physics are able to search for and retrieve this journal by the 

DDC number. Users can also search for this journal by its title, ISSN, and the 

publisher.  

3. British Library Date Stamp

104. The front cover of the journal in Appendix 1010-A bears a date stamp

of “03/08/12 BOSTON SPA” with “1576.400000.” The stamp has the appearance 

and distinctive characteristics of a typical check-in date stamp utilized by libraries 
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to indicate the date a particular publication was received by the library. Based on 

my knowledge and understanding of library serial check-in practice and the effort 

to make new journal issues available to users as soon as possible, it is my opinion 

that vol. 101, no. 2 (July 9 2012) of Applied Physics Letters that contains Vissers 

would have been publicly accessible soon after it was checked in at the British 

Library on August 3, 2012. Most libraries make newly checked-in journal issues 

available on the same day of check-in or within a week after check-in is completed. 

If the workload was very heavy at that time, it might take more than one week for 

the new issue to become available to users. My estimate is that this issue would 

have been available to users at the British Library as early as August 3, 2012, and 

no later than September 3, 2012, which would be one month after serial check-in 

was completed. 

4. British Library Public Availability Date Confirmation Letter

105. Appendix 1010-D is a true and accurate copy of a confirmation letter

regarding vol. 101, no. 2 (July 9, 2012) of Applied Physics Letter that contains 

Vissers (Appendix 1010-A). I received the letter from the British Library. This is 

the type of record experts in my field would reasonably rely upon when forming 

their opinions. Appendix 1010-D includes a confirmation letter stating that 

regarding Vissers, “according to our records, this item was receipted by The 

British Library on August 3, 2012. It was then catalogued and would have been 
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available for public use from that date.” It further indicates that “copies of the date 

stamps indicating the dates of availability have been attached” (presented as 

Appendix 1010-E). The letter also states that “Please note that we can only 

provide the date that the British Library made this item available for public use; for 

the actual date of publication, please contact the publisher.” These statements 

inform my opinion that vol. 101, no. 2 (July 9 2012) of Applied Physics Letter that 

contains Vissers (Appendix 1010-A) was received by the British Library on 

August 3, 2012, and became accessible to the public from that day on. 

5. United States Copyright Registration Records

106. Appendix 1010-F is a true and accurate copy of the copyright

registration record for the vol. 101, no. 2 (July 9 2012) issue of Applied Physics 

Letters that I obtained from the public catalog of the United States Copyright 

Office in the Library of Congress. I obtained Appendix 1010-F by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the journal title to retrieve the record. I 

personally identified and located this record, which experts in my field would 

reasonably rely upon when forming their opinions.   

107. The copyright registration record (Appendix 1010-F) shows that the

title of this serial is “Applied Physics Letters” whose ISSN is “0003-6951” and it is 

published “Weekly” by the American Institute of Physics. The Issues Registered 
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field of the record shows the “vol. 101, no. 2, 9 July 2012” issue was “created 

2012; Pub. 2012-07-26. Reg. 2012-08-06” (i.e., published on July 26, 2012 and 

registered with the copyright office on August 6, 2012). The journal title, ISSN, 

numerical and chronological designations, publisher and publication year match 

the information contained in Appendix 1010-A.  

108. Taken together, the “03/08/2012” date stamp in Appendix 1010-A,

the bibliographic record (Appendix 1010-B), the MARC record (Appendix 1010-

C), the public availability date confirmation letter from the British Library 

(Appendix 1010-D) and supporting documents (Appendix 1010-E), the copyright 

registration record (Appendix 1010-F), and my understanding of the ordinary and 

customary cataloging and processing practices of libraries inform my opinion that 

Applied Physics Letters is a long-running journal that has been made available at 

the British Library, and that the vol. 101, no. 2 (July 9 2011) issue that contains 

Vissers (Appendix 1010-A) would have been accessible to the public on August 3, 

2012. 

6. Actual Usage Records

109. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Vissers has been 

cited at least 16 times, and seven citations were published in 2012 and 2013. 

Appendix 1010-G presents five citations published in 2012 and 2013 to 
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demonstrate early usage of Vissers. The earliest citing document was published in 

November 2012. 

7. Summary on Vissers

110. Taken together, the “03/08/2012” date stamp in Appendix 1010-A,

the bibliographic record (Appendix 1010-B), the MARC record (Appendix 1010-

C), the public availability date letter (Appendix 1010-D) and supporting 

documents from the British Library (Appendix 1010-E), the copyright registration 

record (Appendix 1010-F), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that Vissers 

(Appendix 1010-A) would have been available for public access in August 3, 

2012. In fact, as shown by actual usage (Appendix 1010-G), the earliest citing 

article to Vissers was published on November 2012, further demonstrating public 

availability of Vissers in 2012.     

G. Exhibit 1011 (Kim)

1. Authentication

111. Exhibit 1011 is a true and correct copy of “Decoupling a Cooper-Pair

Box to Enhance the Lifetime to 0.2 ms” by Kim et al., published in Physical 

Review Letters, vol. 106, no 12 (2011), as article 120501 that I obtained from the 

website of “Physical Review Journals” published by the American Physical 

Society. I also obtained a copy of the Kim article from the University of Michigan 
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Libraries (Appendix 1011-A), compared these two documents closely, and 

concluded that Exhibit 1011 and Appendix 1011-A contain the same article. The 

differences are that Exhibit 1011 is colored while Appendix 1011-A has some 

colored graphs and includes the front matter of the journal issue that contains the 

Kim article. 

112. Appendix 1011-A is a true and correct copy of “Decoupling a

Cooper-Pair Box to Enhance the Lifetime to 0.2 ms” (“Kim”) by Kim et al., 

published in Physical Review Letters, vol. 106, no 12 (2011), as article120501. 

When I was originally asked to prepare this declaration, I searched WorldCat for 

records by the article title. The search results informed me that the University of 

Michigan Libraries held the journal Physical Review Letters that published “Kim.” 

I then requested a copy of the article through Wisconsin TechSearch (WTS), a 

document delivery service based in the University of Wisconsin, and received the 

scanned pages from the University of Michigan Libraries. These pages include the 

front matter (the front cover of vol. 106, no. 12 (March 25, 2011) of Physical 

Review Letters, the copyright page, the table of contents, the page with a date 

stamp) and the Kim article (four pages).  

113. Page 1 of Appendix 1011-A is the front cover of an issue of Physical

Review Letters that shows this issue is “Volume 106, Number 12” that contains 
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“articles published week ending 25 March 2011” published by American Physical 

Society. It also carries a label of “SCIENCE QC1 .P5813 v. 106 no. 12” and a date 

stamp of “APR 11 2011.” Page 2 of Appendix 1011-A is the copyright page that 

shows the journal “is published weekly by the American Physical Society” of 

Ridge, New York, and its ISSN (International Standard Serial Number) is 0031-

9007. The copyright page shows this issue has a “2011” copyright date and 

American Physical Society holds the copyright. Page 3 of Appendix 1011-A 

shows a date stamp of “APR 11 2011” on the first page of the first article in this 

issue. Page 4 of Appendix 1011-A shows the table of contents of vol. 106, no. 12 

(25 March 2011) that shows “Decoupling a Cooper-Pair Box to Enhance the 

lifetime to 0.2 ms” by Kim et al. is article “120501” in this journal. The first page 

of Kim shows the article was “received 21 September 2010; published 22 March 

2011.” It also shows “10.1103/PhysRevLett.106.120501” as the DOI (digital object 

identifier, a unique code to permanently identify documents on the Web) of this 

article, and “03.67.Lx, 42.50.Pq, 84.40.Dc, 85.25.Cp” as the PACS numbers. 

PACS is the Physics and Astronomy Classification Scheme developed by the 

American Institute of Physics to identify fields and sub-fields of physics. The 

copyright page of Appendix 1011-A instructs authors to “provide indexing codes 

according to the PAC scheme (available at http://publish.asp.org/PACS/).” The 

bottom of the page shows a “2011” copyright date with American Physical Society 
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as the copyright holder, and a note of “0031-9007/11/106(12)/120501(4)” that 

indicates article 120501 has four pages, is published in vol. 106, no. 12 in 2011 in 

the journal with an ISSN of 0031-9007 (i.e., Physical Review Letters).   

2. University of Michigan Libraries Records 

114. Appendix 1011-B is a true and correct copy of the bibliographic 

record for the journal Physical Review Letters whose vol. 106, no. 12 (March 

2011) contains Kim. I retrieved the record from the online catalog of the 

University of Michigan Libraries by searching for “physical review letters.” I 

personally located, identified and obtained this bibliographic record, which experts 

in my field would reasonably rely upon when forming their opinion. As indicated 

earlier, a customary library cataloging practice is to create one bibliographic record 

for a serial and create no records for individual issues of the serial. The 

bibliographic record (Appendix 1011-B) shows that “Physical Review Letters” is 

the journal title, which is published by the American Physical Society, and the 

University of Michigan Libraries hold volumes from vol. 1 (1958) on, and v. 92-

117 (2004-2016) are shelved by title and “on shelf” for user access. By selecting 

“View MARC data” I retrieved the MARC record (Appendix 1011-C) for this 

journal. This is the type of record experts in my field would reasonably rely upon 

when forming their opinion. 

115. Field 245 of the MARC record (Appendix 1011-C) shows the journal 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 87 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

88 

title is “Physical review letters,” Field 022 shows the ISSN of this journal is “0031-

9007,” and Field 010 shows the Library of Congress Control Number for this 

journal is “59037543.” Field 040 subfield “a” shows “DLC” is the original creator 

of the serial record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC symbol for 

the Library of Congress. This means the University of Michigan Libraries used the 

Library of Congress serial record to create their copy cataloging record for this 

journal. The first six digits of Field 008 show the copy cataloging record was 

added to the system on “940310” (i.e., March 10, 1994) and the “c19589999” code 

following these digits indicates that the journal began publication in 1958 and is an 

ongoing publication. Field 260 shows American Physical Society is the publisher, 

Field 362 shows the journal began publication with “v. 1- “ in “July 1958” and 

Field 310 shows the publication frequency since February 1976 has been 

“weekly.” Field 510 shows this journal is indexed by Nuclear science abstracts. 

Field 710 shows the American Physical Society, the journal publisher, is another 

access point for this journal. 

116. Field 050 of the MARC record (Appendix 1011-C) shows that this

journal is assigned a Library of Congress Classification (LCC) number, “QC,” 

which is the class number for “periodicals” in the field of physics. Field 082 shows 

the Dewey Decimal Classification number assigned to this journal is “530.5,” 
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which represents periodicals in the field of physics. The subject of this journal is 

also represented by one Library of Congress subject heading in Field 650, with 

“Physics” as the main heading and “Periodicals” encoded in subfield “x” to 

indicate the form of this publication. This MARC record (Appendix 1011-C) 

makes Physical Review Letters, whose vol. 106, no. 12 (March 2011) contains 

Kim, searchable in the online catalog of the University of Michigan Libraries. As a 

result, users interested in journals in the field of physics are able to search for and 

retrieve this journal by the LCC number, the DDC number and the subject term in 

Field 650. Users can also search for this journal by its title, ISSB, and the 

publisher.  

3. University of Michigan Libraries Date Stamp

117. The front cover of the journal in Appendix 1011-A bears a date stamp

of “APR 11 2011” and the first page of the first article in vol. 106, no. 12 of 

Physical Review Letters carries the same date stamp. The stamp has the appearance 

and distinctive characteristics of a typical check-in date stamp utilized by libraries 

to indicate the date a particular publication was received by the library. Based on 

my knowledge and understanding of library serial check-in practice and the effort 

to make new journal issues available to users as soon as possible, it is my opinion 

that vol. 106, no. 12 (March 2011) of Physical Review Letters that contains Kim 

would have been publicly accessible by April 18, 2011, a week after it was 
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checked in at the University of Michigan Libraries. If the workload was very heavy 

at that time, it might take more than one week for the new issue to become 

available to users. My conservative estimate is that this issue would have been 

available to users no later than May 11, 2011, one month after serial check-in was 

completed. 

4. United States Copyright Registration Records 

118. Appendix 1011-D is a true and accurate copy of the copyright 

registration record for the Vol. 106, no. 12 (25 March 2011) issue of Physical 

Review Letters that I obtained from the public catalog of the United States 

Copyright Office in the Library of Congress. I obtained Appendix 1011-D by first 

accessing the http://www.copyright.gov/ website, selecting the hyperlink “Search 

Copyright Records,” and performing a search by the journal title, to retrieve the 

record. I personally identified and located this record, which experts in my field 

would reasonably rely upon when forming their opinions.   

119. The copyright registration record shows that the title of this serial is 

“Physical Review Letters” whose ISSN is “0031-9007” and it is published 

“Weekly” by the American Physical Society or Ride, NY. The record also shows 

this particular issue was “created 2001; Pub. 2011-04-04. Reg. 2011-08-24” (i.e., 

published on April 4, 2011 and registered with the copyright office on August 24, 

2011). The journal title, ISSN, issue number and chronological designation, 
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publisher and publication year match the information contained in Appendix 

1011-A.  

120. Taken together, the April 11, 2011 date stamp in Appendix 1011-A,

the bibliographic record (Appendix 1011-B), the MARC record (Appendix 1011-

C), the copyright registration record (Appendix 1011-D), and my understanding of 

the ordinary and customary cataloging and processing practices of libraries inform 

my opinion that Physical Review Letters is a long-running journal that has been 

made available at the University of Michigan Libraries, and that vol. 106, no. 12 

(March 2011) of this journal that contains Kim (Appendix 1011-A) would have 

been accessible to the public by May 11, 2011, at the latest.  

5. Actual Usage Records

121. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Kim has been cited at 

least 78 times, and eight citations were published in 2011. Appendix 1011-E 

presents seven citations published in 2011 to demonstrate early usage of Kim. The 

earliest citing document was published in July 2011. 

6. Summary on Kim

122. Taken together, the “April 11 2011” date stamp in Appendix 1011-A,

the bibliographic record (Appendix 1011-B), the MARC record (Appendix 1011-

C), the copyright registration record (Appendix 1011-D), and my understanding of 
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the ordinary and customary cataloging and processing practices of libraries inform 

my opinion that Kim (Appendix 1011-A) would have been available for public 

access in April 2011 and no later than May 2011. In fact, as shown by actual usage 

(Appendix 1011-E), the earliest citing article to Kim was published in July 2011, 

further demonstrating public availability of Kim in 2011.   

H. Exhibit 1013 (Bahl)  

1. Authentication  

123. Exhibit 1013 is a true and correct copy of portions of LUMPED 

ELEMENTS FOR RF AND MICROWAVE CIRCUITS (“Bahl”) that I made during my 

personal visit to the Library of Congress. When I was asked to prepare this 

declaration, I searched the Library of Congress online catalog for records because 

books published in the United States tend to be registered with the Copyright 

Office of the Library of Congress and cataloged by the Library of Congress. The 

search results informed me that the Library of Congress provided access to Bahl. 

The “Item Availability” area of the library records shows that the book’s call 

number is “TK7874.54 .B34 2003” and Copy 1 is available for user request at the 

“Jefferson or Adams Building Reading Rooms” while Copy 2 is “stored offsite” at 

the Fort Meade facility. I requested access to this title and received the book at the 

Science and Technology Reading Rooms in the Library of Congress Adams 

Building. 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 92 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

93 

124. Exhibit 1013 is a true and correct copy of portions of Bahl that I

made while the book was in my possession at the Library of Congress. I obtained 

Exhibit 1013 by personally scanning the front matter (the front cover, title page, 

copyright page, and table of contents), pages 121 to 124, 229 to 235, and 488 (the 

last numbered page of this volume), the back cover and spine of this volume. 

125. The first page of Exhibit 1013 shows “Lumped Elements for RF and

Microwave Circuits” as the title on the cover and “Inder Bahl” as the author. Page 

2 of Exhibit 1013 is the title page that shows the same title and author information, 

and further indicates that “Artech House” of Boston is the publisher. Page 3 of 

Exhibit 1013 is the copyright page that shows “2003” as the copyright date and 

“ARTECH HOUSE, INC.” as the copyright holder. The copyright page also shows 

“1-58053-309-4” as the International Standard Book Number of this book and 

“2003048102” as the Library of Congress Catalog Card Number for this book. The 

copyright page also shows a record identified as the “Library of Congress 

Cataloging-in-Publication Data” and another record identified as the “British 

Library Cataloguing in Publication Data.” The copyright page also carries a date 

stamp of “LIBRARY OF CONGRESS JUN 18 2003 CIP.” Page 26 of Exhibit 

1013 shows an ISBN (International Standard Book Number) of “1-58053-309-4” 

on the back cover, and page 17 shows the spine with a label of “TK 7874.54 .B34 

2003 COPY 1.”  
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2. Library of Congress Records

126. Appendix 1013-A a true and correct copy of the bibliographic record

for LUMPED ELEMENTS FOR RF AND MICROWAVE CIRCUITS (“Bahl”). I personally 

identified, located, and obtained this record from the online catalog of the Library 

of Congress for this declaration. This is the type of record experts in my field 

would reasonably rely upon when forming their opinion. Appendix 1013-A shows 

that the main title is “Lumped elements for RF and microwave circuits,” the author 

is “Bahl, I. J.,” and “Artech House” of Boston published this book with a “2003” 

copyright date. The ISBN field shows “1580533094” is the number assigned to this 

title, and the LCCN (Library of Congress Control Number) field shows 

“2003048102” as the number assigned to this title. The author, title, publisher, 

publication year, ISBN and LCCN match the information contained in Exhibit 

1013. The “Item Availability” area shows that the book’s call number is 

“TK7874.54 .B34 2003” and the Library of Congress holds two copies, with Copy 

1 stored on site and Copy 2 stored offsite at the Fort Meade facility. The “status” 

field indicates both copies are “not charged,” meaning available for user requests. 

127. Appendix 1013-B is a true and correct copy of the MARC record for

LUMPED ELEMENTS FOR RF AND MICROWAVE CIRCUITS (“Bahl”). I personally 

identified, located, and obtained this record from the online catalog of the Library 

of Congress for this declaration. This is the type of record experts in my field 
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Field 008 show the MARC record was created on “030324” (i.e., March 24, 2003). 

Field 040 subfield “a” shows that “DLC” is the library that created the original 

MARC record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC symbol for 

the Library of Congress. Field 955, the local note field that record cataloging 

activity dates, shows that “2003-06-27 2 copies rec’d., to CIP ver.” (meaning two 

copies were received by CIP for verification on June 27, 2003) and “2003-07-17 

CIP ver to BCCD 2 copies” (meaning two copies verified by the CIP were sent to 

the Binding and Collections Care Division on July 17, 2003). These dates from 

Field 008 and Field 955 inform my opinion that the original record was completed 

on March 24, 2003 as a Cataloging-in-Publication record based on the information 

provided by the publisher. After the CIP record was completed, it was sent to the 

publisher for inclusion in the physical volume. The Cataloging-in-Publication data 

printed on the copyright page of Exhibit 1013 reflects this practice.  

128. Field 010 of the MARC record (Appendix 1013-B) shows the Library

of Congress control number of this book is “2003048102,” which matches the 

number on the copyright page of Exhibit 1013. Field 020 shows the ISBN assigned 

to this publication is “1580533094,” which matches the ISBN printed on 

the copyright page and the back cover of Exhibit 1013. Field 245 shows the title is 
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“Lumped elements for RF and microwave circuits” and the author is “Inder Bahl.” 

Field 100 presents the author’s name in the authorized form “Bahl, I. J.” and makes 

it an access point for this book. Field 260 shows that Artech House of Boston 

published this book with a copyright date of 2003. Field 300 indicates that the 

book has 488 pages. The number “488” matches the last numbered page included 

in Exhibit 1013. Field 440 shows the book is part of the “Artech House microwave 

library” series.  

129. Field 050 of the MARC record (Appendix 1013-B) shows this book

has a Library of Congress Classification (LCC) number of “TK7874.54,” which is 

the class number for “Lumped elements.” Field 082 shows the book has a Dewey 

Decimal Classification (DDC) number of “621.381/32,” which is the class number 

for “Circuits of microwave electronics.” Users interested in the topic represented 

by the LCC number or the DDC number could search it as a keyword in the 

Library of Congress catalog to retrieve materials that have been assigned the same 

classification number. The subjects of this book are also represented by four 

Library of Congress subject heading in Field 650s, “Lumped elements 

(Electronics),” “Microwave integrated circuits,” “Radio frequency integrated 

circuits,” and “Passive components.” This MARC record (Appendix 1013-B) 

shows that LUMPED ELEMENTS FOR RF AND MICROWAVE CIRCUITS by Inder Bahl is a 

book that has been made searchable at the online catalog of the Library of 
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Congress, and users interested in the topics of the book can find it by the LCC and 

DDC numbers and by the subject terms assigned to it. Users can also find this book 

by its title, author, ISBN, and the Artech House microwave library series.  

130. Based on the information above, it is my opinion that LUMPED

ELEMENTS FOR RF AND MICROWAVE CIRCUITS by Inder Bahl is a book that has been 

made available by the Library of Congress, meaning that members of the public 

with an interest in the topics covered by the book would be able to search for and 

access it.  

3. Library of Congress Date Stamp

131. The copyright page of Bahl in Exhibit 1013 bears a stamp of

“LIBRARY OF CONGRESS JUN 18 2003 CIP” that indicates the date when the 

Cataloging in Publication Program received the physical volume of Bahl. The 

stamp has the appearance and distinctive characteristics of a typical check-in date 

stamp utilized by libraries to indicate the date a particular publication was received 

by the library. This date stamp and the dates in Field 955 of the MARC record 

(Appendix 1013-B) inform my opinion that the Library of Congress received the 

physical volume of Bahl on June 18, 2003, that the CIP catalogers received the 

copies for verification on June 27, 2003, and that after CIP verification was 

completed, two copies were sent to the processing unit on July 17, 2013. In most 

academic libraries a newly cataloged book would become available for the public 
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soon after the cataloging record is completed, usually within a week. Considering 

the volume of materials the Library of Congress needs to catalog and process, my 

conservative estimate is that Bahl would have become available for public access 

by October 17, 2013, three months after two copies were sent to the processing 

unit after the original CIP record was verified.  

132. Based on the June 18, 2003 date stamp placed on the copyright page

of Bahl (Exhibit 1013), the CIP verification date, the date two copies were sent to 

the processing unit, the bibliographic record (Appendix 1013-A), the MARC 

record (Appendix 1013-B), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries, it is my opinion that Bahl (Exhibit 

1013) was cataloged and became searchable as early as March 24, 2003, when the 

CIP record was completed, and the physical volume became accessible to the 

public by October 17, 2013 at the latest, which would be three months after the 

CIP record was verified and two copies were sent to the processing units.  

4. United States Copyright Registration Records

133. Appendix 1013-C is a true and accurate copy of the copyright

registration record for LUMPED ELEMENTS FOR RF AND MICROWAVE CIRCUITS by 

Inder Bahl obtained from the public catalog of the United States Copyright Office 

in the Library of Congress. I obtained Appendix 1013-C by first accessing the 

http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 
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Records,” and performing a search by the first few words of the title, to retrieve the 

record for “lumped elements for RF and microwave circuits.” I personally 

identified and located this record, which experts in my field would reasonably rely 

upon when forming their opinions.   

134. The copyright registration record shows that the title of this book is

“Lumped elements for RF and microwave circuits,” “Inder Bahl” is the author, and 

“Artech House” of Norwood, MA published the book with a “2003” copyright date 

and is the copyright claimant. The record shows the date of creation is “2003,” the 

date of publication is “2003-05-30” (i.e., May 30, 2003), and the copyright 

registration number and date are “TX0005754523 / 2003-06-20.” The title, author, 

publisher, publication date, and the copyright holder information match the 

information contained in Exhibit 1013. The copyright registration record also 

shows that Bahl has 488 pages, which matches the last numbered page of this book 

recorded in Field 300 of the MARC record (Appendix 1013-B) and the page 

number of the last page of Bahl (Exhibit 1013), which I personally scanned at the 

Library of Congress.  

5. Actual Usage Records

135. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows that Bahl has been 

cited more than 890 times and 33 citing papers were published between 2004 and 
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2005. Appendix 1013-D presents 10 citing documents selected from Google 

Scholar to demonstrate early usage of Bahl. The earliest citing document was 

published in January 2004.  

6. Summary on Bahl

136. Taken together, the date stamp in Exhibit 1013, the bibliographic

record (Appendix 1013-A), the MARC record (Appendix 1013-B), the copyright 

registration record (Appendix 1013-C), and my understanding of the ordinary and 

customary cataloging and processing practices of libraries inform my opinion that 

Bahl (Exhibit 1013) would have been cataloged and discoverable by the public at 

the online catalog of the Library of Congress by March 24, 2003 when the CIP 

cataloging record was created, and the physical item would have been available for 

public access by October 17, 2003, three months after the CIP record was verified 

and two copies were sent to the processing unit. The citation history of Bahl 

(Appendix 1013-D) shows that the earliest citing document was published in 

January 2004, further demonstrating public availability of Bahl in 2003.  

I. Exhibit 1015 (Blais)

1. Authentication

137. Exhibit 1015 is a true and correct copy of “Cavity Quantum

Electrodynamics for Superconducting Electrical Circuits: An Architecture for 

Quantum Computation” by Blais et al. in Physical Review A, vol. 69, no. 6 (2004), 
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as article 062320 (14 pages) that I obtained from the website of “Physical Review 

Journals” published by the American Physical Society. I also obtained a copy of 

the Blais article from the Library of Congress (Appendix 1015-A), compared these 

two documents closely, and concluded that Exhibit 1015 and Appendix 1015-A 

contain the same article. The differences are that Exhibit 1015 has some colored 

illustrations, while Appendix 1015-A contains the front matter of the journal issue 

that contains the Blais article and a page that carries a date stamp and a copyright 

registration mark. 

138. Appendix 1015-A is a true and correct copy of “Cavity Quantum

Electrodynamics for Superconducting Electrical Circuits: An Architecture for 

Quantum Computation” (“Blais”) by Blais et al. in Physical Review A, vol. 69, no. 

6 (2004), as article 062320 (14 pages), that I obtained from Library of Congress. 

As I prepared this declaration, I searched WorldCat for records by the article title. 

The search results informed me that the Library of Congress held Physical Review 

A that published Blais. I then requested access to vol. 69, no. 6 (2004) of Physical 

Review A and received the volume at the Library of Congress Business and Science 

Reading Room in the Adams Building. While the copy was in my possession I 

personally scanned the front matter (cover, copyright page, date stamped page, and 

table of contents) and “Cavity Quantum Electrodynamics for Superconducting 

Electrical Circuits: An Architecture for Quantum Computation” by Blais et al. 
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These pages are presented as Appendix 1015-A in this declaration. 

139. Page 1 of Appendix 1015-A is the front cover of an issue of Physical

Review A that shows this issue is “Volume 69, Third Series, Number 6,” that 

contains “articles published in JUNE 2004” by “The American Physical Society”, 

and the journal title has “Atomic, Molecular, and Optical Physics” as a subtitle. 

Page 2 of Appendix 1015-A is the copyright page that shows “1050-2947” as the 

journal’s ISSN (International Standard Serial Number) and “PLRAAN” as its 

CODEN (a six-character alphanumeric code that permanently identifies a serial or 

non-serial publication). It also shows that the journal is published “monthly by The 

American Physical Society through the American Institute of Physics” and Vol. 69, 

no. 6 carries a “2004” copyright date, with The American Physical Society shown 

as the copyright holder. Page 3 of Appendix 1015-A is the page that carries a date 

stamp of “LIBRARY OF CONGRESS AUG 06 2004 COPYRIGHT OFFICE” and 

a stick of “TX 6-012-968” that has the appearance of a copyright registration 

number and barcode. Page 4 of Appendix 1015-A is the first page of “Cavity 

Quantum Electrodynamics for Superconducting Electrical Circuits: An 

Architecture for Quantum Computation” by Blais et al. It shows the article was 

“received 7 February 2004; published 29 June 2004.” The page also shows that the 

article’s DOI (digital object identifier) is “10.1103/PhysRevA.69.062320”, the 

PACS (Physics and Astronomy Classification Scheme) numbers provided by 
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authors to indicate the article’s subject matters are “03.67.Lx, 73.23.Hk, 74.50.+r, 

32.80.-t” and the article has a “2004” copyright date with the American Physical 

Society as the copyright holder. The bottom of this page shows “1050-

2947/2004/69(6)/062320(14)” as an identifier that means article 062320 has 14 

pages, and was published in vol. 69, number 6 in 2004, in the journal whose ISSN 

is “1050-2947” (i.e., Physical Review A). Physical Review A places its table of 

contents on the back cover of the issue. Page 18 of Appendix 1015-A shows that it 

is the table of contents of “third series, volume 69, number 6” of Physical Review 

A whose ISSN is “1050-2947”, and pages 19 and 20 show that article 062320 is 

placed in the “Quantum Information” section, authored by Blais et al. with a title 

“Cavity quantum electrodynamics for superconducting electrical circuits: An 

architecture for quantum computation” and is 14 pages long. 

2. Library of Congress Records

140. Appendix 1015-B is a true and correct copy of the bibliographic

record for the journal Physical Review A whose vol. 69, no. 7 (2004) contains 

Blais. I retrieved the record from the online catalog of the Library of Congress by 

searching for the journal’s ISSN “1050-2947.” I personally located, identified and 

obtained this bibliographic record, which experts in my field would reasonably rely 

upon when forming their opinion. As indicated earlier, a customary library 

cataloging practice is to create one bibliographic record for a serial and create no 
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records for individual issues of the serial. The bibliographic record (Appendix 

1015-B) shows that “Physical review. A, Atomic, molecular, and optical physics” 

is the journal title, and the American Physical Society of New York has been 

publishing this journal since 1990. The ISSN field shows “1050-2947” as the ISSN 

of this journal, the CODEN field shows “PLRAAN” as the journal’s CODEN 

identifier, and a current frequency note indicates the journal has been published 

“monthly” since 1993. The Item Availability area shows the journal’s call number 

at the Library of Congress is “QC1 .P42” and the Library of Congress holds several 

sets, including Set 1 that can be requested in the “Jefferson or Adams Building 

Reading Rooms” and the holdings include older receipts beginning with 

“ser.3:v.44:no.3-ser.3:v.76 (1991:Aug.-2007)” (i.e., series 3, vol. 44, no. 3 to series 

3, vol. 76, from 1991 to August 2007). The title, publisher, ISSN, CODEN, and 

publication frequency match the information presented in Appendix 1015-A, and 

the holdings information shows that Library of Congress holds vol. 69, no. 6 

(2004) that contains Blais.   

141. The bibliographic record has a link for “MARC Tags” that brings up

the MARC record for Physical Review A. This is the type of record experts in my 

field would reasonably rely upon when forming their opinion. 

142. Field 245 of the MARC record (Appendix 1015-C) shows the journal
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title is “Physical review. A, Atomic, molecular, and optical physics,” Field 022 

shows the ISSN of this journal is “1050-2947,” Field 030 shows the CODEN of 

this journal is “PLRAAN.” Subfield a of Field 040 shows “NYG” is the original 

creator of this serial record and subfield d shows “DLC” used the original record to 

create a copy cataloging record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “NYG” is the OCLC symbol for 

the New York State Library, and “DLC” is the symbol for the Library of Congress. 

The first six digits of Field 008 show this serial MARC record was created on 

“900326” (i.e., March 26, 1990) and the “d19902015” code following the record 

creation date indicates that the journal began publication in 1990 and ceased 

publication in 2015. Field 260 shows the journal has been “published by the 

American Physical Society through the American Institute of Physics” in New 

York since 1990. Field 310 shows the current publication frequency is “Monthly” 

since 1993, Field 362 shows this journal began with “Third ser., v. 41, no. 1 (1 Jan. 

1990)” and a second Field 362 shows the publication “ceased with v. 92, no. 6 

(Dec. 2015).”  

143. Field 050 of the MARC record (Appendix 1015-C) shows the Library

of Congress Classification (LCC) number assigned to this journal is “QC1,” which 

represents the “periodicals on physics” category, and Field 082 shows the Dewey 

Decimal Classification (DDC) number assigned to this journal is “530/.05,” which 
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represents the “periodicals on physics” category. Subjects are also represented by 

four Library of Congress subject headings in four 650 fields, with “Nuclear 

physics,” “Statistical physics,” “Plasma (ionized gases)” and “Fluids” as the main 

topical headings, and “periodicals” added as a form subdivision (encoded in 

subfield “v”) to indicate the main topics are published in a journal. Two 710 fields 

show the American Physical Society and the American Institute of Physics are 

related to this journal and users can use them to discover and access this journal.  

144. This MARC record (Appendix 1015-C) makes Physical Review A,

whose vol. 69, no. 6 (2004) contains Blais, searchable in the online catalog of the 

Library of Congress. As a result, users interested in the topics covered by this 

journal are able to search for and retrieve this journal by the LCC number, DDC 

number and subject terms assigned to it. Users can also search for this journal by 

its title, ISSN, two related organizations.  

3. Library of Congress Date Stamp

145. Page 3 of Appendix 1015-A bears a date stamp of “LIBRARY OF

CONGRESS AUG 06 2004 COPYRIGHT OFFICE”. The stamp has the 

appearance and distinctive characteristics of a typical check-in date stamp utilized 

by libraries to indicate the date a particular publication was received by the library. 

Based on my knowledge and understanding of library serial check-in practice and 

the effort to make new journal issues available to users as soon as possible, it is my 
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opinion that vol. 69, no. 6 (2004) of Physical Review A that contains Blais would 

have been publicly accessible by August 13, 2004, a week after it was checked in 

at the Library of Congress. If the workload was very heavy at that time, it might 

take more than one week for the new issue to become available to users. My 

conservative estimate is that this issue would have been available to users no later 

than September 6, 2004, one month after serial check-in was completed. 

4. United States Copyright Registration Records

146. Appendix 1015-D is a true and correct copy of the copyright

registration record for vol. 68, no. 6 (Dec03) to vol. 70, no. 5 (Nov04) of Physical 

Review A that I obtained from the public catalog of the United States Copyright 

Office in the Library of Congress. I obtained Appendix 1015-D by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the journal title to retrieve the record. I 

personally identified and located this record, which experts in my field would 

reasonably rely upon when forming their opinions. 

147. The copyright registration record (Appendix 1015-D) shows that the

record represents a serial, the serial title is “Physical Review. A : third series” and 

the title qualifier field shows “Atomic, molecular & optical physics AND 

Statistical physics, plasmas, fluids …” A note further clarifies that “numbers issued 

on the 1st of the month are called: Atomic, Molecular, and Optical physics.” The 
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copyright registration record shows that “1050-2947” is one of the ISSNs of this 

journal, that the journal began publication with “Vol. 41, no. 1, 1 Jan. 1990” and its 

publication frequency since 1993 has been “monthly.” It also shows the “American 

Physical Society” as the copyright claimant. The “issues registered” field shows 

that “v. 69, no. 6, Jun04.” was “created 2004; Pub. 2004-07-20; Reg. 2004-08-06; 

TX0006012968” meaning this particular issue was published on July 20, 2004 and 

registered with the Copyright Office on August 6, 2004, with “TX0006012968” as 

the registration number. The copyright registration date and number match the 

information on page 3 of Appendix 1015-A that carries a date stamp and a 

registration barcode. The journal title, ISSN, publication history, publication 

frequency, and copyright holder match the information presented in Appendix 

1015-A.  

148. Taken together, the date stamp page in Appendix 1015-A, the

bibliographic record (Appendix 1015-B), the MARC record (Appendix 1015-C), 

the copyright registration record (Appendix 1015-D), and my understanding of the 

ordinary and customary cataloging and processing practices of libraries inform my 

opinion that vol. 69, no. 6 (2004) of Physical Review A that contains Blais 

(Appendix 1015-A) was published on July 20, 2004, checked in by the Copyright 

Office on August 6, 2004, and registered with that Office on the same date. The 

physical issue would have been available in the Library of Congress periodical 
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reading room by August 13, 2004, a week after serial check in was completed. If 

workload caused some delay, the issue would have been available for public access 

by September 6, 2004, at the latest.  

5. Actual Usage Records

149. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Blais has been cited 

at least 2,400 times, and at least 13 citations were published in 2004. Appendix 

1015-E presents five citations published in 2004 to demonstrate early usage of 

Blais. They include a preprint deposited in February 2004, two journal articles in 

October 2004, and two dissertations completed in 2004. These citations support my 

opinion that Blais was publicly available in 2004.  

6. Summary on Blais

150. Taken together, the “AUG 06 2004” date stamp in Blais (Appendix

1015-A), the bibliographic record (Appendix 1015-B), the MARC record 

(Appendix 1015-C), the copyright registration record (Appendix 1015-D), and my 

understanding of the ordinary and customary cataloging and processing practices 

of libraries inform my opinion that Blais would have been available for public 

access by August 13, 2004, and no later than September 6, 2004. In fact, citations 

selected from 2004 (Appendix 1015-E) show that the earliest journal citation of 

Blais was published in October 2004, further demonstrating public availability of 
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Blais in 2004.     

J. Exhibit 1019 (Barends)

1. Authentication

151. Exhibit 1019 is a true and correct copy of “Coherent Josephson Qubit

Suitable for Scalable Quantum Integrated Circuits” by Barends et al., in Physical 

Review Letters, vol. 111, no. 8 (August 2013), as article 080502 that I obtained 

from the website of “Physical Review Journals” published by the American 

Physical Society. I also obtained a copy of the Barends article from the Library of 

Congress (Appendix 1019-A), compared these two documents closely, and 

concluded that Exhibit 1019 and Appendix 1019-A contain the same article. The 

differences are that Exhibit 1019 is colored, while Appendix 1019-A is black and 

white and includes the front matter of the journal issue that contains the Barends 

article.  

152. Appendix 1019-A is a true and correct copy of “Coherent Josephson

Qubit Suitable for Scalable Quantum Integrated Circuits” (“Barends”) by Barends 

et al., in Physical Review Letters, vol. 111, no. 8 (August 2013), as article 080502, 

that I obtained from the Library of Congress. As I prepared this declaration, I 

searched WorldCat for records by the article title. The search results informed me 

that the Library of Congress held Physical Review Letters that published Barends. I 

then requested access to vol. 111, no. 8 (august 2013) of this journal and received 
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the physical volume at the Library of Congress Business and Technology Reading 

Room in the Adams Building. While the volume was in my possession, I 

personally scanned the front matter (cover, copyright page, and table of contents) 

and article 080502. These pages are presented as Appendix 1019-A in this 

declaration.  

153. Page 1 of Appendix 1019-A is the front cover of an issue of Physical

Review Letters that shows this issue is “Volume 111, Number 8” that contains 

“articles published week ending 23 August 2013” and the American Physical 

Society is the publisher. The cover carries a check-in label showing the journal 

title, publisher, and issue number of this issue with “QC1 .P43” as the call number. 

Page 2 of Appendix 1019-A is the copyright page that shows a “2013” copyright 

date for this issue and the American Physical Society as the copyright holder. It 

also shows “0031-9007” as the journal’s ISSN (International Standard Serial 

Number), and “PRLTAO” as its CODEN (the six character alphanumeric code that 

uniquely identifies a serial or non-serial publication), and shows the journal is 

published “weekly” by the American Physical Society of Ridge, New York. Page 3 

of Appendix 1019-A is the first page of “Coherent Josephson Qubit Suitable for 

Scalable Quantum Integrated Circuits” by Barends et al. It shows the article was 

“received 5 April 2013; published 22 August 2013.” The page also shows that the 

article’s DOI (digital object identifier) is “10.1103/PhysRevLett.111.080502,” and 
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the PACS (Physics and Astronomy Classification Scheme) numbers provided by 

the authors to indicate the article’s subject matters are “03.67.Lx, 03.65.Yz, 

85.25.Cp.” The article has a “2013” copyright date with the American Physical 

Society as the copyright holder. The bottom of this page shows “0031-

9007/13/111(8)/080502(5)” as an identifier that means article 080502 has five 

pages, and was published in vol. 111, number 8 in 2013, in the journal whose ISSN 

is “0031-9007” (i.e., Physical Review Letters). Physical Review Letters places its 

table of contents on the back cover of the issue. Page 8 of Appendix 1019-A 

shows that it is the table of contents of “volume 111, number 8” that contains 

“articles published 17 August – 23 August 2013” and the issue publication date is 

“23 August 2013.” This table of contents page shows article 080502 is placed in 

the “General physics: Statistical and quantum mechanics, quantum information, 

etc.” section, has 16 authors, is entitled “Coherent Josephson Qubit Suitable for 

Scalable Quantum Integrated Circuits” and is five pages long. Page 11 of 

Appendix 1019-A is the spine of the volume containing Barends, indicating the 

bound volume includes “111 AUG 16-30 2013 7-9” meaning vol. 111, numbers 7 

to 9 published from August 16 to 30 of 2013, and the call number of this volume is 

QC 1 . P43 Set 1. Page 12 of Appendix 1019-A is the cover of the last issue in this 

bound volume, indicating it is vol. 111, no. 9 that contains “articles published week 

ending 30 AUGUST 2013.” Page 13 of Appendix 1019-A is the back cover of the 
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bound volume that shows a sticker with a binding date of “10/14/2014.”    

2. Library of Congress Records

154. Appendix 1019-B is a true and correct copy of the bibliographic

record for the journal Physical Review Letters whose vol. 111, no. 8 (August 2013) 

contains Barends. I retrieved the record from the online catalog of the Library of 

Congress by searching for the journal’s ISSN “0031-9007.” I personally located, 

identified and obtained this bibliographic record, which experts in my field would 

reasonably rely upon when forming their opinion. As indicated earlier, a customary 

library cataloging practice is to create one bibliographic record for a serial and 

create no records for individual issues of the serial. The bibliographic record 

(Appendix 1019-B) shows that “Physical review letters” is the journal title, and 

the American Physical Society of New York is the publisher. The ISSN field 

shows “0031-9007” as the ISSN of this journal, the CODEN field shows 

“PRLTAO” as the journal’s CODEN, and a current frequency note indicates the 

journal has been published “weekly” since “Feb. 1976.” The Item Availability area 

shows the journal’s call number at Library of Congress is “QC1 .P43” and Set 1 

can be requested at the “Jefferson or Adams Building Reading Rooms.” Set 1 

includes older receipts such as “v. 104:no.18-v.114:no.23 (2010:May-2015:June 

12). Library of Congress also has two copies of the unbound issues of this journal 

and makes them available to users at the Newspaper & Current Periodical Reading 
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Room. The title, publisher, ISSN, CODEN, and publication frequency in the 

bibliographic record (Appendix 1019-B) match the information presented on the 

copyright page of Appendix 1019-A, and the holdings information shows that 

Library of Congress holds vol. 111, no. 8 (August 2013) that contains Barends.   

155. The bibliographic record has a link for “MARC Tags” that brings up

the MARC record for Physical Review Letters. This is the type of record experts in 

my field would reasonably rely upon when forming their opinion. 

156. Field 245 of the MARC record (Appendix 1019-C) shows the journal

title is “Physical review letters,” Field 022 shows the ISSN of this journal is “0031-

9007,” Field 030 shows the CODEN of this journal is “PRLTAO.” Subfield a of 

Field 040 shows “DLC” is the original creator of this serial record. According to 

the Directory of OCLC Members (https://www.oclc.org/en/contacts/libraries.html), 

“DLC” is the OCLC symbol for the Library of Congress. The first six digits of 

Field 008 show this serial MARC record was created on “751019” (i.e., October 

19, 1975) and the “c19589999” code following the record creation date indicates 

that the journal began publication in 1958 and is an ongoing serial. Field 260 

shows the American Physical Society is the publisher. Field 310 shows the current 

publication frequency is “Weekly” since February 1973, Field 362 shows this 

journal began with “v. 1-July 1958.”  
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157. Field 050 of the MARC record (Appendix 1019-C) shows the Library

of Congress Classification (LCC) number assigned to this journal is “QC1,” which 

represents the “periodicals on physics” category in LCC, and Field 082 shows the 

Dewey Decimal Classification (DDC) number assigned to this journal is “530.5,” 

which represents the “periodicals on physics” category in DDC. Subject of this 

journal is represented by a Library of Congress subject heading in Field 650, with 

“Physics” as the main topical heading, and “periodicals” added as a form 

subdivision (encoded in subfield “v”) to indicate this publication is a journal. Field 

710 presents the American Physical Society as an access point to discover and 

access this journal.  

158. This MARC record (Appendix 1019-C) makes Physical Review

Letters, whose vol. 111, no. 8 (August 2013) contains Barends, searchable in the 

online catalog of the Library of Congress. As a result, users interested in the topics 

covered by this journal are able to search for and retrieve this journal by the LCC 

number, DDC number and the subject term assigned to it. Users can also search for 

this journal by its title, ISSN, and the publisher.  

3. Library of Congress Binding Date

159. Page 13 of Appendix 1019-A is the back cover of the bound volume

that contains vol. 111, no. 8 (August 2013) of Physical Review Letters. It carries a 

label with a binding date of “10/14/2014” that indicates the date the binding was 
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completed for this bound volume. As discussed earlier, the customary library 

practice in processing journal issues is to check them into the library system, then 

make the newly received issues available to users, usually within one week after 

serial check in. Libraries with a periodical reading room usually place unbound 

issues in the room for user access, and bind the loose issues into a bound volume 

when several issues have been received. As the bibliographic record (Appendix 

1019-B) shows, Library of Congress has two copies of unbound issues of Physical 

Review Letters in its Newspaper & Current Periodical Reading Room, meaning 

newly received loose issues are placed in this room for direct user access. After the 

issues are bound into one volume, the bound volume is then placed in the closed 

stacks and users can request them at the Jefferson or Adams Building Reading 

Rooms. When binding is completed, the bound volume is shelved in the closed 

stack areas. This process should not take much time. My conservative estimate is 

that the bound volume that contains vol. 111, no. 8 (August 2013) would have been 

available for user request by November 14, 2014, one month after binding was 

completed. 

4. United States Copyright Registration Records

160. Appendix 1019-D is a true and correct copy of the copyright

registration record for vol. 111, no. 8 (August 23 2013) of Physical Review Letters 

that I obtained from the public catalog of the United States Copyright Office in the 
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Library of Congress. I obtained Appendix 1019-D by first accessing the 

http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the title to retrieve the record. I personally 

identified and located this record, which experts in my field would reasonably rely 

upon when forming their opinions. 

161. The copyright registration record (Appendix 1019-D) shows that the

record represents a serial and the serial title is “Physical Review Letters.” The 

copyright registration record shows that “0031-9007” is the ISSN of this journal, 

the publication frequency is “weekly,” and the “American Physical Society” is the 

copyright claimant and the publisher. The “issues registered” field shows that “vol. 

111, no. 8, 23 August 2013” was “created 2013; Pub. 2013-09-03; Reg. 2014-02-

21; TX0007809526” meaning this particular issue was published on September 3, 

2013, and registered with the Copyright Office on February 21, 2014, with 

“TX0007809526” as the registration number. The title, ISSN, publication 

frequency, publisher and copyright holder match the information presented in 

Appendix 1019-A.  

162. Taken together, the binding date in Appendix 1019-A, the

bibliographic record (Appendix 1019-B), the MARC record (Appendix 1019-C), 

the copyright registration record (Appendix 1019-D), and my understanding of the 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 117 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

118 

ordinary and customary cataloging and processing practices of libraries inform my 

opinion that vol. 111, no. 8 (August 2013) of Physical Review Letters that contains 

Barends (Appendix 1019-A) was published on September 3, 2013 and registered 

with the Copyright Office on February 21, 2014. The issue was received by the 

Library of Congress and later bound with no. 7 and no. 9 of volume 111 into one 

physical volume, and the binding was completed on October 14, 2014. Based on 

my knowledge of library cataloging and processing practices, it is my opinion that 

the physical volume that contains vol. 111, no. 8 (August 2013) of Physical Review 

Letters would have been available to the public very soon after the binding was 

completed, meaning members of the public with an interest in this issue in the 

bound volume would have been able to access it by November 14, 2014, at the 

latest.  

5. Actual Usage Records

163. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Barends has been 

cited 403 times, and 15 citations were published in 2013. Appendix 1019-E 

presents five citations published in 2013 to demonstrate early usage of Barends. 

The earliest citation was published in September 2013, demonstrating public 

availability of Barends in 2013.  
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6. Summary on Barends

164. Taken together, the “10/14/2014” binding date in Barends (Appendix

1019-A), the bibliographic record (Appendix 1019-B), the MARC record 

(Appendix 1019-C), the copyright registration record (Appendix 1019-D), and my 

understanding of the ordinary and customary cataloging and processing practices 

of libraries inform my opinion that the physical copy of vol. 111, no. 8 (August 

2013) of Physical Review Letters that contains Barends would have been available 

for public access by November 14, 2014, at the latest. Citations selected from 2013 

(Appendix 1019-E) show that the earliest citation of Barends was published in 

September 2013, further demonstrating public availability of Barends in 2013.     

K. Exhibit 1020 (Paik)

1. Authentication

165. Exhibit 1020 is a true and correct copy of “Observation of High

Coherence in Josephson Junction Qubits Measured in a Three-Dimensional Circuit 

QED Architecture” by Paik et al. in Physical Review Letters, vol. 107, no. 24 

(December 2011), as article 240501 that I obtained from the website of “Physical 

Review Journals” published by the American Physical Society. I obtained a copy 

of the Paik article from the Library of Congress (Appendix 1020-A), compared 

these two documents closely, and concluded that Exhibit 1020 and Appendix 

1020-A contain the same article. The differences are that Exhibit 1020 is colored, 
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while Appendix 1020-A is black and white and includes the front matter, spine, 

and back cover of the bound volume containing the journal issue that contains the 

Paik article.  

166. Appendix 1020-A is a true and correct copy of “Observation of High

Coherence in Josephson Junction Qubits Measured in a Three-Dimensional Circuit 

QED Architecture” (“Paik”) by Paik et al. in Physical Review Letters, vol. 107, no. 

24 (December 2011), as article 240501 that I obtained from the Library of 

Congress. As I prepared this declaration, I searched WorldCat for records by the 

article title. The search results informed me that the Library of Congress held 

Physical Review Letters that published Paik. I then requested access to vol. 107, 

no. 24 (December 2011) of this journal and received the physical volume at the 

Library of Congress Business and Technology Reading Room in the Adams 

Building. While the volume was in my possession, I personally scanned the front 

matter (cover, copyright page, and table of contents), spine, back cover, and article 

240501. These pages are presented as Appendix 1020-A in this declaration.  

167. Page 1 of Appendix 1020-A is the front cover of an issue of Physical

Review Letters that shows this issue is “Volume 107, Number 24” containing 

“articles published week ending 9 December 2011” and the American Physical 

Society is the publisher. Page 2 of Appendix 1020-A is the copyright page that 
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shows a “2011” copyright date for this issue and the American Physical Society as 

the copyright holder. It also shows “0031-9007 (print)” as the print journal’s ISSN 

(International Standard Serial Number), and “PRLTAO” as its CODEN (the six 

character alphanumeric code that uniquely identifies a serial or non-serial 

publication), and shows the journal is published “weekly” by the American 

Physical Society of Ridge, New York. Page 3 of Appendix 1020-A is the first 

page of “Observation of High Coherence in Josephson Junction Qubits Measured 

in a Three-Dimensional Circuit QED Architecture” by Paik et al. It shows the 

article was “received 3 July 2011; revised manuscript received 15 September 2011; 

published 5 December 2011.” The page also shows that the article’s DOI (digital 

object identifier) is “10.1103/PhysRevLett.107.240501,” and the PACS (Physics 

and Astronomy Classification Scheme) numbers provided by the authors to 

indicate the article’s subject matters are “03.67.Lx, 42.50.Pq, 85-25.-j.” The article 

has a “2011” copyright date with the American Physical Society as the copyright 

holder. The bottom of this page shows “0031-9007/11/107(24)/240501(5)” as an 

identifier that means article 240501 has five pages, and was published in vol. 107, 

number 24 in 2011, in the journal whose ISSN is “0031-9007” (i.e., Physical 

Review Letters). Physical Review Letters places its table of contents on the back 

cover of the issue. Page 8 of Appendix 1020-A shows that it is the table of 

contents of “volume 107, number 24” that contains “articles published 3 December 
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– 9 December 2011” and the issue publication date is “3 December 2011.” This

table of contents page shows article 240501 is placed in the “General physics: 

Statistical and quantum mechanics, quantum information, etc.” section, has 13 

authors, is entitled “Observation of High Coherence in Josephson Junction Qubits 

Measured in a Three-Dimensional Circuit QED Architecture.” Page 11 of 

Appendix 1020-A is the spine of the volume containing Paik, indicating the bound 

volume includes “107 DEC 2-9 2011 23-24” meaning vol. 107, numbers 23 to 24, 

published from December 2 to 9, 2011, and the call number of this volume is “QC 

1 .P43 Set 1.” Page 12 of Appendix 1020-A is the back cover of the bound volume 

that shows a sticker with a binding date of “6/19/2012.”    

2. Library of Congress Records

168. The bibliographic record for Physical Review Letters (Appendix

1020-B) shows that “Physical review letters” is the journal title, and the American 

Physical Society of New York is the publisher. It also shows the journal’s ISSN 

“0031-9007,” its CODEN is “PRLTAO,” and the current publication frequency has 

been “weekly” since “Feb. 1976.” The Item Availability area shows the journal’s 

call number at the Library of Congress is “QC1 .P43” and Set 1 can be requested at 

the “Jefferson or Adams Building Reading Rooms.” Set 1 includes older receipts 

such as “v. 104:no.18-v.114:no.23 (2010:May-2015:June 12). The Library of 

Congress also has two copies of the unbound issues of this journal and makes them 
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available to users at the Newspaper & Current Periodical Reading Room. The title, 

publisher, ISSN, CODEN, and publication frequency in the bibliographic record 

for Physical Review Letters (Appendix 1020-B) match the information presented 

on the copyright page of vol. 107, no. 24 (December 2011) that contains Paik 

(Appendix 1020-A), and the holdings information shows that the Library of 

Congress holds vol. 107, no. 24 (December 2011) that contains Paik.   

169. The bibliographic record has a link for “MARC Tags” that brings up

the MARC record for Physical Review Letters. This is the type of record experts in 

my field would reasonably rely upon when forming their opinion. 

170. Field 245 of the MARC record for Physical Review Letters

(Appendix 1020-C) shows the journal title is “Physical review letters,” Field 022 

shows the ISSN of this journal is “0031-9007,” Field 030 shows the CODEN of 

this journal is “PRLTAO.” Subfield a of Field 040 shows “DLC” is the original 

creator of this serial record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “DLC” is the OCLC symbol for 

the Library of Congress. The first six digits of Field 008 show this serial MARC 

record was created on “751019” (i.e., October 19, 1975) and the “c19589999” code 

following the record creation date indicates that the journal began publication in 

1958 and is an ongoing serial. Field 260 shows the American Physical Society is 
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the publisher. Field 310 shows the current publication frequency is “Weekly” since 

February 1973, Field 362 shows this journal began with “v. 1-July 1958.”  

171. Field 050 of the MARC record for Physical Review Letters

(Appendix 1020-C) shows the Library of Congress Classification (LCC) number 

assigned to this journal is “QC1,” which represents the “periodicals on physics” 

category in LCC, and Field 082 shows the Dewey Decimal Classification (DDC) 

number assigned to this journal is “530.5,” which represents the “periodicals on 

physics” category in DDC. Subject of this journal is represented by a Library of 

Congress subject heading in Field 650, with “Physics” as the main topical heading, 

and “periodicals” added as a form subdivision (encoded in subfield “v”) to indicate 

this publication is a journal. Field 710 presents the American Physical Society as 

an access point to discover and access this journal.  

172. This MARC record for Physical Review Letters (Appendix 1020-C)

makes Physical Review Letters, whose vol. 107, no. 24 (December 2011) contains 

Paik, searchable in the online catalog of the Library of Congress. As a result, users 

interested in the topics covered by this journal are able to search for and retrieve 

this journal by the LCC number, DDC number and the subject term assigned to it. 

Users can also search for this journal by its title, ISSN, and the publisher.  
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3. Library of Congress Binding Date

173. Page 12 of Appendix 1020-A is the back cover of the bound volume

that contains vol. 107, no. 24 (December 2011) of Physical Review Letters. It 

carries a label with a binding date of “6/19/2012” that indicates the date the 

binding was completed for this bound volume. As discussed earlier, the customary 

library practice in processing journal issues is to check them into the library 

system, then make the newly received issues available to users, usually within one 

week after serial check in. Libraries with a periodical reading room usually place 

unbound issues in the room for user access, and bind the loose issues into a bound 

volume when appropriate. As the bibliographic record for Physical Review Letters 

(Appendix 1020-B) shows, the Library of Congress has two copies of unbound 

issues of Physical Review Letters in its Newspaper & Current Periodical Reading 

Room, meaning newly received loose issues are placed in this room for direct user 

access. After the issues are bound into one volume, the bound volume is then 

placed in the closed stacks and users can request them at the Jefferson or Adams 

Building Reading Rooms. When binding is completed, the bound volume is 

shelved in the closed stack areas. This process should not take much time. My 

conservative estimate is that the bound volume that contains vol. 107, no. 24 

(December 2011) would have been available for user request by July 19, 2012, at 

the latest, which would be one month after binding was completed. 
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4. United States Copyright Registration Records

174. Appendix 1020-D is a true and correct copy of the copyright

registration record for vol. 107, no. 24 (December 2011) of Physical Review 

Letters that I obtained from the public catalog of the United States Copyright 

Office in the Library of Congress. I obtained Appendix 1020-D by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the title to retrieve the record. I personally 

identified and located this record, which experts in my field would reasonably rely 

upon when forming their opinions. 

175. The copyright registration record (Appendix 1020-D) shows that the

record represents a serial and the serial title is “Physical Review Letters.” The 

copyright registration record shows that “0031-9007” is the ISSN of this journal, 

the publication frequency is “weekly,” and the “American Physical Society” is the 

copyright claimant and the publisher. The “issues registered” field shows that “vol. 

107, no. 24, 9 DECEMBER 2011” was “created 2011; Pub. 2011-12-19; Reg. 

2012-01-17; TX0007492725” meaning this particular issue was published on 

December 19, 2011, and registered with the Copyright Office on January 17, 2012, 

with “TX0007492725” as the registration number. The title, ISSN, publication 

frequency, publisher and copyright holder match the information presented in Paik 

(Appendix 1020-A).  
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176. As discussed earlier, the customary library cataloging of serials is to

create a library record for an entire serial and use the serial check-in process to 

keep track of the receipt of individual issues of the journal. After serial check-in is 

completed, a newly received issue is promptly placed in a public periodical reading 

room for easy user access if a library has such a reading room. After the library has 

received enough issues, the unbound issues are bound, and the bound volumes are 

usually shelved in the stacks.  

177. Taken together, the binding date in Appendix 1020-A, the

bibliographic record for Physical Review Letters (Appendix 1020-B), the MARC 

record for Physical Review Letters (Appendix 1020-C), the copyright registration 

record for vol. 107, no. 24 (December 2011) of Physical Review Letters 

(Appendix 1020-D), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that vol. 107, 

no. 24 (December 2011) of Physical Review Letters that contains Paik (Appendix 

1020-A) was published on December 19, 2011, and registered with the Copyright 

Office on January 17, 2012. The issue was received by the Library of Congress and 

later bound with no. 23 of volume 107 into one physical volume, and the binding 

was completed on June 19, 2012. Based on my knowledge of library cataloging 

and processing practices, it is my opinion that the bound volume that contains vol. 

107, no. 24 (December 2011) of Physical Review Letters, which contains Paik, 
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would have been available to the public very soon after the binding was completed, 

meaning members of the public with an interest in this issue would have been able 

to access it by July 19, 2012, at the latest, at Library of Congress.  

5. Actual Usage Records

178. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Paik has been cited 

856 times, and at least 91 citations were published in 2011 and 2012. Appendix 

1020-E presents 10 citations published in 2012 to demonstrate early usage of Paik. 

The earliest journal article citing Paik was published in February 2012, further 

demonstrating public availability of Paik in 2012.  

6. Summary on Paik Records

179. Taken together, the “6/19/2012” binding date in Paik (Appendix

1020-A), the bibliographic record for Physical Review Letters (Appendix 1020-B), 

the MARC record for Physical Review Letters (Appendix 1020-C), the copyright 

registration record for vol. 107, no. 24 (December 2011) of Physical Review 

Letters (Appendix 1020-D), and my understanding of the ordinary and customary 

cataloging and processing practices of libraries inform my opinion that the bound 

volume that contains vol. 107, no. 24 (December 2011) of Physical Review Letters, 

which contains Paik, would have been available for public access by July 19, 2012, 

at the latest, at Library of Congress. In fact, citations selected from 2011 and 2012 
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(Appendix 1020-E) show that the earliest citation of Paik was published in 

February 2012, further demonstrating public availability of Paik by 2012.     

L. Exhibit 1021 (Griffith)

1. Authentication

180. Exhibit 1021 is a true and correct copy of portions of INTRODUCTION

TO ELECTRODYNAMICS (“Griffiths”) that I obtained from the University of 

Wisconsin Libraries with the assistance of Wisconsin TechSearch (WTS), a 

document delivery service based at the University of Wisconsin. When I was asked 

to prepare this declaration, I searched WorldCat by the title of this book for records 

and the search results informed me that the Library of Congress and the University 

of Wisconsin Libraries held this book. I accessed the copy held by the Library of 

Congress but the copy did not have date stamp or check out data, so I asked WTS 

to obtain a copy from the University of Wisconsin Libraries. Exhibit 1021 

includes the cover, title page, checkout slip, copyright page, table of contents and 

pages 151-166 of INTRODUCTION TO ELECTRODYNAMICS.  

181. Page 2 of Exhibit 1021 shows on the title page that “Introduction to

Electrodynamics” is the title, “David J. Griffiths” of Reed College is the author, 

Pearson of Boston is the publisher, and the copy is the “Fourth Edition.” Page 3 is 

the checkout slip that shows the first due date for this book was “DEC 30 2014” 

(i.e., December 30, 2014). Page 4 is the copyright page that shows a copyright date 
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of “2013” and “Pearson Education, Inc.” as the copyright holder. It also shows that 

“Library of Congress Cataloging-in-Publication Data” is available upon request 

and the ISBNs (International Standard Book Numbers) assigned to this book are 

“0-321-85656-2” and “978-0-321-85656-2.” In addition, the copyright page carries 

two stamps that indicate ownership of this publication: “General Library System, 

University of Wisconsin – Madison, 728 State Street, Madison, WI 53706-1494, 

U.SA.” and “Steenbock Memorial Library, University of Wisconsin-Madison, 550

Babcock Drive, Madison, WI 53706-1293.” Page 5 is the table of contents that 

shows a hand-written call number “QC 680 G74 2013 c.2” with “STEE” above the 

number, and another number “9258383.”   

2. University of Wisconsin Libraries Records

182. Appendix 1021-A is a true and correct copy of the bibliographic and

MARC record for Griffiths. I retrieved this record from the online catalog of the 

University of Wisconsin-Madison Libraries after searching for “introduction to 

electrodynamics” for records. The top portion of Appendix 1021-A is the 

bibliographic record, followed by a “Staff View” link that leads users to the 

MARC record for this book. I personally identified and located this record, which 

experts in my field would reasonably rely upon when forming their opinions.  

183. Page 1 of Appendix 1021-A is the bibliographic record that shows

that “introduction to electrodynamics” is the title, “David J. Griffiths, Reed 
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College” is the creator, and Pearson of Boston published this “Fourth edition” in 

2013. The bibliographic record also shows four ISBNs assigned to this book (the 

first two are for the print version), and an OCLC number of “794711764” 

associated with this record. The “Physical Availability” area shows the book is 

held by the “Steenbock Library” with “QC680 G74 2013” as the call number. It 

also indicates the book was “unavailable for checkout … in transit” when I saved 

the record. The record also shows the content type of this book is “Textbooks.”  

184. Page 2 of Appendix 1021-A is the MARC record for the fourth

edition of INTRODUCTION TO ELECTRODYNAMICS by David J. Griffiths. The first six 

digits of Field 008 show the record was added to the system on “130220” (i.e., 

February 20, 2013) and the code “t20132013” following the record creation date 

indicates that the book has a publication date of 2013 and a copyright date of 2013. 

Subfield “a” of Field 040 shows that “DLC” (the OCLC symbol for the Library of 

Congress, according to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html)), created the original record, and 

Field 049 shows “GZMA,” the OCLC symbol for the University of Wisconsin 

Libraries holds this title. These data inform me that the University of Wisconsin 

MARC record is based on the original record created by the Library of Congress. I 

then searched for the original record in the online catalog of the Library of 

Congress at https://catalog.loc.gov.  
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185. Appendix 1021-B is a true and correct copy of the Library of

Congress MARC record for Griffiths that I personally identified, located, and 

obtained from their online catalog. The first six digits of Field 008 show the record 

was created on “120914” (i.e., September 14, 2012) and subfield “a” of Field 040 

shows “DLC” (i.e., the Library of Congress) created the 2012 record. The fact that 

a MARC record was created in September 2012 for a book with a “2013” 

publication date informs me that the original Library of Congress MARC record is 

a Cataloging-in-Publication (CIP) record. The Cataloging in Publication Program 

at the Library of Congress is responsible for cataloging books in advance of 

publication to alert the library community to forthcoming publications and to 

facilitate acquisition. The initial CIP record is created based on information 

submitted by the publisher. When the CIP record is ready, it is sent to the publisher 

for inclusion in the publication. The “Library of Congress Cataloging-in-

Publication Data” mentioned as “available upon request” on the copyright page of 

Exhibit 1021 reflects this practice and confirms my understanding of the nature of 

the original MARC record by the Library of Congress. The author name in Field 

100, the title in Field 245, the edition statement in Field 250, the ISBNs in Fields 

020 and the publisher information in Field 300 match the information contained in 

Exhibit 1021, confirming this MARC record is a representation of the fourth 

edition of INTRODUCTION TO ELECTRODYNAMICS by David J. Griffiths.   
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186. The record dates in field 008 of the University of Wisconsin

Libraries MARC record (Appendix 1021-A) and the Library of Congress MARC 

record (Appendix 1021-B) inform my opinion that the Library of Congress created 

a CIP record for INTRODUCTION TO ELECTRODYNAMICS on September 14, 2012, 

and the University of Wisconsin Libraries used that record to create a copy 

cataloging record on February 20, 2013. Field 245 of the University of Wisconsin 

MARC record (Appendix 1021-A) shows “Introduction to electrodynamics” as the 

title and “David J. Griffiths, Reed College” as the author. Field 250 identifies this 

version as the “Fourth edition” and two 264 fields show the publication date and 

the copyright date are “2013.” The first Field 264 identifies Pearson of Boston as 

the publisher. Four 020 fields show the book has two regular ISBNs and two 

ISBNs for the “Pearson international” edition. The author, title, edition statement, 

publisher, and the first two ISBNs match the information presented in Griffiths 

(Exhibit 1021). Field 035 shows the MARC record has an OCLC number of 

“794711764,” which makes the record searchable in WorldCat, a free portal to 

more than 10,000 library collections on the Internet.  

187. Field 050 of the University of Wisconsin MARC record (Appendix

1021-A) shows Griffiths has been assigned a Library of Congress Classification 

(LCC) number, “QC 680,” which is the class number for “General works, treatises, 

and textbooks” on Quantum electrodynamics. Field 082 shows the Dewey Decimal 
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Classification (DDC) Number assigned to Griffiths is “537.6,” which is the class 

number for “Electric currents (Electrodynamics) and thermoelectricity.” The 

subject of Griffiths is also represented in Field 650 by a Library of Congress 

subject heading, “Electrodynamics” with “Textbooks” added as a form subdivision 

to indicate the level of this publication. This MARC record (Appendix 1021-A) 

makes Griffiths (Exhibit 1021) searchable in the online catalog of the University 

of Wisconsin Libraries. As a result, users interested in electrodynamics would be 

able to search for and retrieve this book by the subject term in Field 650 and by the 

subject areas represented by the LCC number and the DDC number. Users would 

also be able to find this book by its title, author, and ISBNs.  

188. Based on the information above, it is my opinion that INTRODUCTION

TO ELECTRODYNAMICS (Exhibit 1021) is a book that has been made available by 

the University of Wisconsin Libraries and Library of Congress, meaning that 

anyone interested in the topics covered by the book would be able to search for and 

access INTRODUCTION TO ELECTRODYNAMICS.  

3. University of Wisconsin Libraries Checkout Slip

189. Page 3 of Exhibit 1021 is the checkout slip for the fourth edition of

INTRODUCTION TO ELECTRODYNAMICS that shows “DEC 30 2014” as the first due 

date when the book was due at the library. This checkout slip and the dates on it 

inform my opinion that Griffiths was available for public access prior to December 
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30, 2014. 

190. Based on the checkout slip for the University of Wisconsin copy of

INTRODUCTION TO ELECTRODYNAMICS (Exhibit 1021), the bibliographic and 

MARC records (Appendix 1021-A), the Library of Congress Cataloging in 

Publication record (Appendix 1021-B), and my knowledge and understanding of 

library cataloging and processing practices, it is my opinion that Griffiths (Exhibit 

1021) was first cataloged by the Library of Congress in September 2012 as a 

Cataloging in Publication record, and the University of Wisconsin Libraries used 

the Library of Congress MARC record to create their copy cataloging record in 

February 2013. The MARC record made the book searchable in the online catalog 

of the University of Wisconsin Libraries at that time, and the physical copy of 

INTRODUCTION TO ELECTRODYNAMICS became available for user access by 

December 2014.  

4. United States Copyright Registration Records

191. Appendix 1021-C is a true and accurate copy of the copyright

registration record obtained from the public catalog of the United States Copyright 

Office in the Library of Congress. I obtained Appendix 1021-C by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by “introduction to electrodynamics” to retrieve 

the record. I personally identified and located this record, which experts in my field 
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would reasonably rely upon when forming their opinions.   

192. The copyright record (Appendix 1021-C) shows that “Introduction to

Electrodynamics, 4/E” is authored by “Griffiths, David J.,” the ISBN is “0-321-

85656-2,” and “Pearson Education, Inc.” of Upper Saddle River, NJ is the 

copyright claimant of this edition. The date of creation was “2012,” the date of 

publication was “2012-09-26” (i.e., September 26, 2012) and the Registration 

Number and Date are “TX0007714182” and “2013-05-07” meaning the book was 

registered with the Copyright Office on May 7, 2013. The title, author, edition 

information, ISBN, copyright date and copyright holder information on the 

copyright registration record match the information contained in Exhibit 1021.  

5. Actual Usage Records

193. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar for INTRODUCTION TO

ELECTRODYNAMICS by David J. Griffith shows that this title has been cited more 

than 6,800 times. Appendix 1021-D presents ten early citations of the fourth 

edition of INTRODUCTION TO ELECTRODYNAMICS showing the earliest citation was 

published in December 2013, followed by citations in January and February 2014. 

These citations further demonstrating the availability of Griffiths in 2013.  

6. Summary on Griffiths

194. Taken together, the “DEC 30 2014” due date on the checkout slip of
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the University of Wisconsin copy of Griffiths (Exhibit 1021), the bibliographic 

and MARC records (Appendix 1021-A), the Library of Congress MARC record 

(Appendix 1021-B), the copyright record (Appendix 1021-C), and my 

understanding of the ordinary and customary cataloging and processing practices 

of libraries inform my opinion that Griffiths was first cataloged and made 

discoverable by the public at the online catalog of the Library of Congress in 

September 2012 when the Cataloging in Publication record was created; the book 

was published in late September of 2012; and the University of Wisconsin 

Libraries used the Library of Congress record to create their copy cataloging 

record in February 2013, making the book discoverable and accessible in their 

libraries. The checkout slip of their copy shows that the physical copy of Griffiths 

would have been available for public access by December 30, 2014, at the latest. 

The citation history (Appendix 1021-D) in fact shows that the earliest citation of 

Griffiths was published in December 2013, demonstrating that users were able to 

access INTRODUCTION TO ELECTRODYNAMICS in 2013.  

M. Exhibit 1025 (Houck)

1. Authentication

195. Exhibit 1025 is a true and correct copy of “Life After Charge Noise:

Recent Results with Transmon Qubits” by Houck et al. in Quantum Information 

Processing, vol. 8, (11 February 2009), pages 105-115, that I obtained from the 
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website of Springer Link. I also obtained a copy of the Houck article from the 

Library of Congress (Appendix 1025-A), compared these two documents closely, 

and concluded that Exhibit 1025 and Appendix 1025-A contain the same article. 

The differences are that Exhibit 1025 includes colored illustrations, while 

Appendix 1025-A is black and white and includes the front matter of the journal 

issue that contains the Houck article. 

196. Appendix 1025-A is a true and correct copy of “Life After Charge

Noise: Recent Results with Transmon Qubits” (“Houck”) by Houck et al. in 

Quantum Information Processing, vol. 8, nos. 2/3 (June 2009), pages 105-115, that 

I obtained from the Library of Congress with the assistance of Wisconsin 

TechSearch (WTS), a document delivery service based at the University of 

Wisconsin-Madison. As I prepared this declaration, I searched WorldCat for 

records by the article title. The search results informed me that the Library of 

Congress held Quantum Information Processing that published Houck. I searched 

the online catalog of the Library of Congress for this journal and the records 

confirmed the holdings information. I then asked WTS to obtain from the Library 

of Congress a scan copy of Houck and the front matter of vol. 8, nos. 2/3 (June 

2009) of Quantum Information Processing that contains Houck. I received the scan 

copy from WTS. The copy includes the cover, editorial page, table of contents, 

copyright page, and Houck. These pages are presented as Appendix 1025-A in this 
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declaration. 

197. Page 1 of Appendix 1025-A shows Quantum Information Processing

as the journal title on the cover. It identifies the issue as “Volume 8, Numbers 2/3 

June 2009” that contains pages “51-282” and shows the journal ISSN 

(International Standard Serial Number” as “1570-0755.” It also shows Springer as 

the publisher and indicates the journal is “available online” at 

www.springerlink.com. The cover carries a check-in label that shows the title, the 

numerical and chronological designations of this issue (“v. 8, no. 2/3 (2009 

June)”), the call number of this journal (“QA76.889 .Q855”), and a number of 

“2004-242011” that has the appearance of a Library of Congress control number. 

Page 3 of Appendix 1025-A is the table of contents that shows that this issue is a 

special issue on “Quantum Computing with Superconducting Qubits” and that 

“Life after charge noise: recent results with transmon qubits” by Houck et al. 

begins on page 105. The end of the table of contents (page 4 of Appendix 1025-A) 

shows this journal is abstracted/indexed in nine indexes, including “Chemical 

Abstracts Service, Compendex, Current Contents/Physical, Chemical and Earth 

Sciences, Inspect, Journal Citation Reports-Science, Mathematial Reviews, 

Science Citation Index Expanded, Zentralblatt Math,” which enable users to search 

for articles published in this journal directly. Page 5 of Appendix 1025-A is the 

copyright page that shows the journal is published “bimonthly by Spring 
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Science+Business Media, LLC (Springer),” vol. 8 , nos. 2/3 has a “2009” copyright 

date and the publisher holds the copyright. Page 1 of Houck identifies the authors, 

article title, and journal publisher, and shows the article has a “2009” copyright 

date. It also shows the article was “published online: 11 February 2009” and its 

DOI (digital object identifier) is “10.1007/s11128-009-0100-6.” The page also 

shows the article’s PACS (Physics and Astronomy Classification Scheme) 

numbers are “03.67.Lx. 85.25.-j. 42.50.-p.” that indicate the article’s subject 

matters.  

2. Library of Congress Records

198. Appendix 1025-B is a true and correct copy of the bibliographic

record for the journal Quantum Information Processing whose vol. 8, nos. 2/3 

(June 2009) contains Houck. I retrieved the record from the online catalog of the 

Library of Congress by searching for the journal’s title. I personally located, 

identified and obtained this bibliographic record, which experts in my field would 

reasonably rely upon when forming their opinion. As indicated earlier, a customary 

library serial cataloging practice is to create one bibliographic record for the entire 

serial and create no records for individual issues of the serial. The bibliographic 

record (Appendix 1025-B) shows that “Quantum information processing” is the 

journal title, and Springer of New York has been the publisher since 2013. The 

ISSN field shows “1570-0755” as the ISSN of this print journal, and a current 
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frequency note indicates the journal has been published “bimonthly.” The Item 

Availability area shows the journal’s call number at the Library of Congress is 

“QA76.889 .Q855” and the Library of Congress holds one set of bound volumes, 

which can be requested at the “Jefferson or Adams Building Reading Rooms,” and 

unbound issues are available at the “Newspaper & Current Periodical Reading 

Room” at LM133 of the Madison Building. The bound volumes include older 

receipts, including “v.7-v.8 (2008-2009).” The journal title, publisher, ISSN, and 

publication frequency match the information presented in Appendix 1025-A, and 

the holdings information shows that the Library of Congress holds vol. 8, nos. 2/3 

(June 2009) that contains Houck.  

199. The bibliographic record has a link for “MARC Tags” that brings up

the MARC record for Quantum Information Processing. This is the type of record 

experts in my field would reasonably rely upon when forming their opinion. 

200. Field 245 of the MARC record (Appendix 1025-C) shows the journal

title is “Quantum information processing,” Field 022 shows the ISSN of this 

journal is “1570-0755,” Subfield “a” of Field 040 shows “MYG” is the original 

creator of this serial record and subfield “d” shows “DLC” used the original record 

to create a copy cataloging record. According to the Directory of OCLC Members 

(https://www.oclc.org/en/contacts/libraries.html), “MYG” is the OCLC symbol for 
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the Massachusetts Institute of Technology, and “DLC” is the symbol for the 

Library of Congress. The first six digits of Field 008 show this serial MARC 

record was created at Library of Congress on “060118” (i.e., January 18, 2006) and 

the code of “c20029999” following the record creation date indicates that the 

journal began publication in 2002 and is ongoing. Field 955 keeps track of 

cataloging activities related to this journal and shows that the record was created 

on “2006-01-18” (i.e., January 18, 2006) and completed on “2006-02-13” (i.e., 

February 13, 2006), meaning this journal has been made accessible at the Library 

of Congress since 2006. Field 010 shows “2004242011” is the Library of Congress 

control number, which matches the number on the label of Houck (Appendix 

1025-A). Field 260 shows the journal has been published by Springer of New York 

since 2013. Field 310 shows the current publication frequency is “bimonthly,” 

Field 362 shows this journal began with “Vol. 1, issue ½ (Apr. 2002).” 

201. Field 050 of the MARC record (Appendix 1025-C) shows the Library

of Congress Classification (LCC) number assigned to this journal is “QA76.889,” 

which represents the “quantum computers” class, and subjects are also represented 

by two Library of Congress subject headings in two 650 fields, with “Quantum 

computers” and “Information theory” as the main headings, and “periodicals” 

added as a form subdivision (encoded in subfield “v”) to indicate the main topics 

are treated in a journal.  
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202. This MARC record (Appendix 1025-C) shows that Quantum

Information Processing is a long-running journal. The record makes Quantum 

Information Processing, whose vol. 8, nos. 2/3 (June 2009) contains Houck, 

searchable in the online catalog of the Library of Congress. As a result, users 

interested in the topics covered by this journal are able to search for and retrieve 

this journal by the LCC number and subject terms assigned to it. Users can also 

search for this journal by its title and ISSN.  

3. United States Copyright Registration Records

203. Appendix 1025-D is a true and correct copy of the copyright

registration record for vol. 8, nos. 2/3 (June 2009) of Quantum Information 

Processing that I obtained from the public catalog of the United States Copyright 

Office in the Library of Congress. I obtained Appendix 1025-D by first accessing 

the http://www.copyright.gov/ website, selecting the hyperlink “Search Copyright 

Records,” and performing a search by the journal title to retrieve the record. I 

personally located and identified this record, which experts in my field would 

reasonably rely upon when forming their opinions. 

204. The copyright registration record (Appendix 1025-D) shows that the

record represents a serial, the serial title is “Quantum information processing,” the 

journal’s ISSN is “1570-0755” and it is published “Bimonthly.” The record also 

shows that “Springer Science+Business Media, LLC” as the copyright claimant 
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and that “v. 8, no. 2-3, Jun09” was “Created 2009; Pub. 2009-03-24; Reg. 2009-

03-30; TX0006922040,” meaning this issue was created in 2009, published on

March 24, 2009, and registered with the Copyright Office on March 30, 2009 with 

“TX0006922040” as the registration number. The journal title, ISSN, publication 

frequency, and copyright holder match the information presented in Appendix 

1025-A.  

205. Taken together, the bibliographic record (Appendix 1025-B), the

MARC record (Appendix 1025-C), the copyright registration record (Appendix 

1025-D), and my understanding of the ordinary and customary cataloging and 

processing practices of libraries inform my opinion that the print version of vol. 8, 

nos. 2/3 (June 2009) of Quantum Information Processing that contains Houck 

(Appendix 1025-A) was published on March 24, 2009, and registered with that 

Office on March 30, 2009. Because the customary cataloging practice is not to 

create cataloging records for serial issues, vol. 8, nos. 2/3 (June 2009) would have 

been made available in the Library of Congress Newspapers and Current Periodical 

Reading Room as an unbound issue soon after it was registered with the Copyright 

Office on March 30, 2009 and was checked in at the Library of Congress. My 

conservative estimate is that vol. 8, nos. 2/3 (June 2009) would have been available 

for public access by December 2009, at the latest.   
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4. Actual Usage Records

206. Actual usage of a publication is reflected by the papers that make

reference to it. The citation history on Google Scholar shows Houck has been cited 

at least 122 times. Appendix 1025-E presents 58 citations published from August 

2009 to June 2015 to demonstrate usage of Houck. The earliest citing documents 

include an article deposited in ArXiv (an authoritative depository for preprints in 

physics, mathematics and other fields) in August 2009 and a doctoral dissertation 

completed at the University of Colorado at Boulder in 2009.  

207. Additionally, Appendix 1025-F shows that Houck has been cited by

the examiner on January 7, 2013, during prosecution of IBM's US Pat. No. 

8,642,998 and appears on the face of the patent, which was issued on February 4, 

2014.   

208. These citations support my opinion that vol. 8, nos. 2/3 (June 2009) of

Quantum Information Processing, which contains Houck, was accessible to the 

public in 2009. 

5. Archived Webpage

209. Appendix 1025-G is a true and correct copy of the publisher’s

webpage for volume 8, nos. 2/3 (June 2009) of Quantum Information Processing 

that was archived by the Internet Archive. I personally located, identified and 

obtained this webpage, which experts in my field would reasonably rely upon 

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 145 of 566



Declaration of Dr. Hsieh-Yee under 37 C.F.R. § 1.68 in support of 
Petition for Inter Partes Review of U.S. Patent No. 9,893,262 

146 

when forming their opinions. 

210. Page 1 of Appendix 1025-G shows this webpage is for “Volume 8,

Issue 2-3, June 2009” of Quantum Information Processing, which has 12 articles, 

including “Life after charge noise: recent results with transmon qubits” by “A. A. 

Houck, Jens Koch, M. H. Devoret, S. M. Girvin” and others that runs from pages 

105 to 115. The webpage shows the ISSN of the print version is “1570-0755” and 

the ISSN of the online version is “1573-1332.” It also shows the URL of the 

original webpage is http://link.springer.com/journal/11128/8/2/page/1 and that the 

webpage was captured by the Internet Archive once on “25 Apr 2015.” The URL 

at the bottom of page 1 of Appendix 1025-G shows the URL of the archived 

webpage is 

https://web.archive.org/web/20150425042303/http://link.springer.com/journal/111

28/8/2/page/1. According to the URL convention of the Internet Archive, the URL 

of an archived webpage or website begins with the Internet Archive’s URL 

(https://web.archive.org/web), followed by the date a webpage or website was 

archived, and the URL of the original webpage. The archived webpage’s URL 

means the webpage was archived on “20150425042303” (i.e., April 25, 2015, 4 

a.m., 23 minutes, and 3 seconds). This date informs my opinion that the webpage

for vol. 8, nos. 2/3 (June 2009) of Quantum Information Processing that contains 

Houck was available on the Internet at least by April 25, 2015, meaning users 
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interested in this issue would have been able to find it by April 25, 2015, on the 

Internet, at the latest.  

6. Summary on Houck

211. Taken together, Houck (Exhibit 1025), the bibliographic record

(Appendix 1025-B), the MARC record (Appendix 1025-C), the copyright 

registration record (Appendix 1025-D), and my understanding of the ordinary and 

customary cataloging and processing practices of libraries inform my opinion that 

Houck 1025 would have been available for public access by February 2009 when 

Houck was published online, and no later than January 7, 2013 when Houck was of 

record with the United States Patent and Trademark Office. (Appendix 1025-F). 

Citations selected from August 2009 to June 2015 (Appendix 1025-E) show that 

the earliest citations of Houck appeared in 2009, further demonstrating public 

availability of Houck in 2009. Furthermore, the Internet Archive of Houck 

(Appendix 1025-G) demonstrates public availability as of April 25, 2015.    

V. CONCLUSION

212. In signing this declaration, I recognize that the declaration will be

filed as evidence in a contested case before the Patent Trial and Appeal Board of 

the United States Patent and Trademark Office. I also recognize that I may be 

subject to cross-examination in the case. If cross-examination is required of me, I 

will appear at a reasonable time and place to be agreed upon. 
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213. I hereby declare that all statements made herein on my own 

knowledge are true and that all statements made on information and belief are 

believed to be true, and further, that these statements were made with the 

knowledge that willful false statements and the like so made are punishable by fine 

or imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code. 

Date: /- I 7 - ,:;). r: a~l Executed: \.k2u?,vU.:·<-." I d~J'.._- 77/V __ _ 
Ingrid,'i-fsieh-Y ee, Ph.D. / 
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 Ingrid Hsieh-Yee 
Professor 

Dept. of Library and Information Science 
Catholic University of America 

Washington, D.C.  20064 
E-mail:  hsiehyee@cua.edu 

Phone:  (202) 319-5085 
Fax:  (202) 319-5574 

 
Education 
 
Ph.D. Library and Information Studies, University of Wisconsin-Madison 
 Minors: Sociology and Psychology 
 
M.A. Library and Information Studies, University of Wisconsin-Madison. 
 
M.A. Comparative Literature, University of Wisconsin-Madison. 
 
B.A.  Foreign Languages and Literature, National Taiwan University. 
 
 
Work Experience 
 
Professor, School/Dept. of Library and Information Science, Catholic University of America, 

2004- (Assistant Professor, 1990-1996; Associate Professor, 1997-2004) 
 
Co-Chair, Dept. of Library and Information Science, Catholic University of America, June 2015-

August 2016. 
 
Acting Dean, School of Library and Information Science, Catholic University of America, 

January 2010-June 2012. 
 
Cataloger, Dept. of Legislative Reference Library, Annapolis, Maryland, 1989-1990. 
 
Lecturer, School of Library and Information Studies, University of Wisconsin-Madison, 1988. 
 
Teaching Assistant, School of Library and Information Studies, University of Wisconsin-

Madison, 1986-1988. 
 
Cataloger, Health Sciences Library, University of Wisconsin-Madison, 1984-1986. 
 
Areas of Teaching and Research Interests 
 
Information Organization and Access; Metadata; Cataloging & Classification; Information 
Architecture; Information Retrieval; Digital Collections; Scholarly Communication; Information 
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Behavior; Health Informatics; Human Computer Interaction; Usability Studies 
 
Grants & Honors 
 
Cultural Heritage Information Management Project. IMLS grant. Amount: $498,741. Period: 

Aug. 2012 to July 2015. Co-PI with Dr. Youngok Choi. 
 
D.C. Health Information Technology (HIT4):  Building Capacity & Providing Access in Our 

Nation’s Capital. Dept. of Labor H2B Training Grant. Grant amount: $4,175,500. Grant 
period: Nov. 2011 to Dec. 2015. Partner with the Metropolitan School of Professional 
Studies of the Catholic University of America, Children’s National Medical Center, D.C. 
Department of Employment Services, Holy Cross Hospital, Howard University, Center 
for Urban Progress, Providence Hospital, and Sibley Memorial Hospital. 

 
Capital Health Careers Project. Department of Labor Healthcare Sector and Other High Growth 

and Emerging Industries Grant. Grant amount: $4,953,999. Grant period: March 2010 – 
February 2013. Awarded to a group of healthcare organizations and educational 
institutions in Washington, D.C. Providence Health Foundation of Providence Hospital 
(Lead institution). Part of the grant supported the development of a Master’s degree 
program in Information Technology with a concentration in Health Information 
Technology offered by the School of Library and Information Science.  

 
The Washington D.C. School Librarians Project. IMLS grant. Grant amount: $412,660. Grant 

period: Aug. 2007 – June 2011. The School partnered with the District of Columbia 
Public Schools (DCPS) and the District of Columbia Library Association to educate and 
mentor school media specialists for the DCPS system. PI, Jan. 2010 to June 2011.  

 
SIG Member of the Year, American Society for Information Science and Technology (2009). 
 
Most Outstanding Paper of OCLC Systems & Services (2001). 
 
ALISE Research Grant (2001). 
 
Most Outstanding Paper of OCLC Systems & Services (2000).  
 
Research Grant from ERIC (1999-2000). 
 
Best Research Paper Award; Association for Library and Information Science Education (1998).  
 
Research Grants, Catholic University of America. 1991, 1992, 1993, 1996, 1998, 1999, 2004, 

2005, 2006, 2007, 2013-14.  
 
Cooperative Faculty Research Grant, Consortium of Universities in the Washington 

Metropolitan Area (1993-1994).  
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 3 
Cooperative Research Grant, Council on Library Resources (1993-1994). 
 
Journal of the American Society for Information Science Best Paper Award (1993).   
 
ASIS/ISI Information Science Doctoral Dissertation Scholarship (1989). 
 
HEA Title IIB Fellowship (Dept. of Education) (1989) 
 
Chinese-American Librarians Association Scholarship (1987). 
 
Beta Phi Mu (1985). 
 
Vilas Fellowship, University of Wisconsin-Madison. 1984 
 
 
Publications 
 
Choi, Y., and Hsieh-Yee, I. (2010). Finding Images in an OPAC: Analysis of User Queries, 

Subject Headings, and Description Notes. Canadian Journal of Information and Library 
Science, 34(3): 271 – 295. 

 
Hsieh-Yee, I. (2008). Educating Cataloging Professionals in a Changing Information 

Environment. Journal of Education for Library and Information Science, 46(2): 93-106. 
 
Vellucci, S. L., Hsieh-Yee, I., and Moen, W.E. (2007). The Metadata Education and Research 

Information Commons (MERIC): A Collaborative Teaching and Research Initiative. 
Education for Information, 25(3&4): 169-178. 

 
NISO Framework for Guidelines for Building Good Digital Collections. 3rd ed. Baltimore, MD: 

National Information Standards Organization, 2007. Also available online: 
http://www.niso.org/framework/framework3.pdf (NISO Working Group members: 
Priscilla Caplan (chair), Grace Agnew, Murtha Baca, Tony Gill, Carl Fleischhauer, Ingrid 
Hsieh-Yee, Jill Koelling, and Christie Stephenson.) 

 
Choi, Y., Hsieh-Yee, I., and Kules, B. (2007). Retrieval Effectiveness of TOC and LCSH.  

Proceedings of the Joint Conference on Digital Libraries, pp. 233-234. 
 
Vellucci, S., and Hsieh-Yee, I. (2007). They Didn’t Teach Me That in Library School! Building 

a Digital Teaching Commons to Enhance Metadata Teaching, Learning and Research. 
Proceedings of the National Conference of the Association of College and Research 
Libraries, Baltimore, MD, pp. 26-31. 

 
Mitchell, Vanessa, and Ingrid Hsieh-Yee. (2007). Converting Ulrich’s Subject Headings to 

FAST Headings: A Feasibility Study. Cataloging & Classification Quarterly, 45(1): 59-
85.  
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Hsieh-Yee, I., Tang, R., and Zhang, S. (2007). User Perceptions of a Federated Search System. 

IEEE Technical Committee on Digital Libraries Bulletin, Summer 3(2) (URL = 
http://www.ieee-tcdl.org).  

 
Tang, R., Hsieh-Yee, I., and Zhang, S. (2007). User Perceptions of MetaLib Combined Search: 

An Investigation of How Users Make Sense of Federated Searching." Internet Reference 
Services Quarterly, 12(12): 211-236.  

 
Hsieh-Yee, I., Tang, R., and Zhang, S. (2006). User Perceptions of a Federated Search System. 

Proceedings of the Joint Conference on Digital Libraries, June 11-15, 2006, Chapel Hill, 
p. 338. 

 
Hsieh-Yee, I. (2006). Organizing Audiovisual and Electronic Resources for Access: A 

Cataloging Guide. 2nd ed. Westport, Conn.: Libraries Unlimited. 
 
NISO A Framework of Guidance for Building Good Digital Collections.  2nd ed. Bethesda, MD: 

National Information Standards Organization, 2004. Framework Advisory Group: Grace 
Agnew, Liz Bishoff, Priscilla Caplan (Chair), Rebecca Gunther and Ingrid Hsieh-Yee. 

 
Hsieh-Yee, I. (2004). Cataloging and Metadata Education in North American LIS Programs. 

Library Resources & Technical Services, 48(1): 59-68. 
 
Hsieh-Yee, I. (2004). Cataloging and Metadata Education. In Gary E. Gorman (Ed.), 

International Yearbook of Library and Information Management 2003: Metadata 
Applications and Management, (pp.204-234). London: Facet Publishing.   

 
Yee, P. L., Hsieh-Yee, I., Pierce, G.R., Grome, R., and Schantz, L. (2004). Self-Evaluative 

Intrusive Thoughts Impede Successful Searching on the Internet. Computers in Human 
Behavior, 20(1): 85-101. 

 
Hsieh-Yee, I. (2003). Cataloging and Metadata Education: A Proposal for Preparing Cataloging 

Professionals of the 21st Century.  A report submitted to the ALCTS-Education Task 
Force in response to Action Item 5.1 of the Bibliographic control of Web Resources: A 
Library of Congress Action Plan. Approved by the Association for Library Collections 
and Technical Services. Web version available since April 2003 at 
http://lcweb.loc.gov/catdir/bibcontrol/CatalogingandMetadataEducation.pdf.  

 
Hsieh-Yee, I. (2002). Cataloging and Metadata Education: Asserting a Central Role in 

Information Organization. Cataloging & Classification Quarterly 34(½): 203-222.  
 
Hsieh-Yee, I., and Smith, M. (2001). The CORC Experience: Survey of Founding Libraries, Part 

I.  OCLC Systems & Services, 17: 133-140. (Received "The Most Outstanding Paper of 
OCLC Systems & Services in 2001" award.) 
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 5 
Hsieh-Yee, I., and Smith, M. (2001). The CORC Experience: Survey of Founding Libraries, 

Part II, Automated Tools and Usage.  OCLC Systems & Services, 17: 166-177. (Received 
"The Most Outstanding Paper of OCLC Systems & Services in 2001" award.) 

 
Hsieh-Yee, I. (2001). ERIC User Services: Changes and Evaluation for the Future.  Government 

Information Quarterly, 18: 31-42. 
 
Hsieh-Yee, Ingrid. (2001). Research on Web Search Behavior.  Library and Information Science 

Research, 23: 167-185.  
 
Logan, E., and Hsieh-Yee, I. (2001). Library and Information Science Education in the Nineties.  

Annual Review of Information Science and Technology, 35: 425-477.       
 
Hsieh-Yee, I. (Ed.) (2001). Library and Information Science Research, 23 (2). A special issue in 

honor of the retirement of Douglas L. Zweizig.   
 
Hsieh-Yee, I. (2000). ERIC User Services: Evaluation in a Decentralized Environment. 

Washington, D.C.: Dept. of Education.  
 
Hsieh-Yee, Ingrid. (2000). Organizing Audiovisual and Electronic Resources for Access: A 

Cataloging Guide. Littleton, CO: Libraries Unlimited.  
 
Hsieh-Yee, I. (2000). Organizing Internet Resources: Teaching Cataloging Standards and 

Beyond.  OCLC Systems & Services, 16: 130-143. (Received "The Most Outstanding 
Paper of OCLC Systems & Services in 2000" award.) 

 
Hsieh-Yee, I. (1998). The Retrieval Power of Selected Search Engines: How Well Do They 

Address General Reference Questions and Subject Questions?  Reference Librarian, 60: 
27-47.    

 
Hsieh-Yee, I. (1998). Search Tactics of Web Users in Searching for Texts, Graphics, Known 

Items and Subjects:  A Search Simulation Study.  Reference Librarian, 60: 61-85.  
 (Received the 1997 Best ALISE Research Paper Award.)  
 
Hsieh-Yee, I. (1997). Access to OCLC and Internet Resources:  LIS Educators' Views and 

Teaching Practices.  RQ, 36: 569-86. 
 
Hsieh-Yee, I. (1997). Teaching Online and CD-ROM Resources:  LIS Educators' Views and 

Practices.  Journal of Education for Library and Information Science, 38: 14-34.    
 
Hsieh-Yee, I. (1996). The Cataloging Practices of Special Libraries and Their Relationship with 

OCLC.  Special Libraries, 87: 10-20. 
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Hsieh-Yee, I. (1996). Modifying Cataloging Practice and OCLC Infrastructure for Effective 

Organization of Internet Resources.  In Proceedings of the OCLC Internet Cataloging 
Colloquium. [Online]. Available: http://www.oclc.org/oclc/man/colloq/hsieh.htm   

 
Hsieh-Yee, I. (1996). Student Use of Online Catalogs and Other Information Channels.  College 

& Research Libraries, 57: 161-175.  
 
Hsieh-Yee, I. (1995). Ten entries in James S. C. Hu (Ed.), Encyclopedia of Library & 

Information Science, 913, 1028-29, 1036, 1037, 1145-46, 1514, 1575, 1763-64, 2216-27, 
2378-79. Taipei, Taiwan: Sino-American Publishing. (Topics include "Advanced 
Technology/Libraries," "Information Ethics," "Instruction on Cataloging and 
Classification," "Instruction on Reference Services.") 

 
Hsieh-Yee, I. (1993). Effects of Search Experience and Subject Knowledge on Online Search 

Behavior: Measuring the Search Tactics of Novice and Experienced Searchers.  Journal 
of the American Society for Information Science, 44: 161-174. (Received the 1993 Best 
JASIS Paper Award.)  

 
 
Presentations  
 
Hsieh-Yee, I. and Fragan-Fly, J. (May 2018) Trends, Design & Strategies for Digital Scholarship 

Services. Presented at the 2018 Maryland/Delaware Library Association Conference, 
Cambridge, MD. 

 
Hsieh-Yee, I. (February, 2018) Research Data Management: What It Takes to Succeed. 

Presented at the 10th Bridging the Spectrum Symposium, Washington, D.C. 
 
Hsieh-Yee, I. (February, 2017) Research Data Management: New Competencies and 

Opportunities for Information Professionals. Presented at the 9th Bridging the Spectrum 
Symposium, Washington, D.C.  

 
Hsieh-Yee, I. and Lawton, P. (February, 2017) Enhancing Catholic Portal Searches with User 

Terms and LCSH. Presented at the 9th Bridging the Spectrum Symposium, Washington, 
D.C.  

  
Hsieh-Yee, I. (2016, October) Visualizing Data for Information. Presented at the 2016 Virginia 

Library Association Conference, Hot Springs, VA.  
 
Hsieh-Yee, I. (2016, August) Religious Materials Toolbox for Archivists: Solutions to Problems 

Facing the Profession. Presented at Archives * Records 2016, Atlanta, GA. 
 
Hsieh-Yee, I. and Lawton, P. (2016, March) Enhancing Retrieval of Catholic Materials with 

LCSH Knowledge Structure. Presented at the 2016 Catholic Library Association 
Conference, San Diego, CA. 
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Fagan-Fry, J. and Hsieh-Yee, I. (2016, February) Approaches to Digital Scholarship at Top 

Universities around the World: Scholarly Publishing in the Digital Age. Presented at the 
8th Bridging the Spectrum Symposium, Washington, D.C. 

 
Hsieh-Yee and Fagan-Fry, J. (2016, January) Innovative Services for Digital Scholarship at Top 

100 Research Libraries of the World. Poster presented at the 2016 Annual Conference of 
the Association for Library and Information Science Education, Boston, Mass.  

  
Hsieh-Yee, I. and Lawton, P. (2015, June). Crowdsourcing terms for CRRA portal themes. Poster 

presented at the third CRRA symposium and annual meeting, Bringing the created 
toward the Creator: Liturgical art and design since Vatican II. Catholic Theological 
Union, Chicago, Illinois.   

 
Hsieh-Yee, I. and Lawton, P. (2015, February). Crowdsourcing terms for thematic exploration in 

the Catholic Portal. Poster presented at the 7th Annual Bridging the Spectrum 
Symposium, Washington, D.C.  

 
Hsieh-Yee, I., James, R., and Fagan-Fry, J. (2015, February). Support for digital scholarship at 

top university libraries of the world.  Poster presented at the 7th Annual Bridging the 
Spectrum Symposium, Washington, D.C.   

 
Hsieh-Yee, I., Zhang, S., Lin, K., and Cherry, S. (2015, February). Thus said the end users: 

Summon experience and support for research workflows. Poster presented at the 7th 
Annual Bridging the Spectrum Symposium, Washington, D.C.   

 
Yontz, E., Hsieh-Yee, I., & Houston, S. (2015, February). Healthy Heroes Summer Reading 

Club: Developing healthy youth at public libraries. 11th Annual Jean Mills Health 
Symposium, Greenville, North Carolina. 

 
Yontz, E., Hsieh-Yee, I., and Houston, S. (2015, January). Healthy youth and libraries: A pilot 

study.   Association for Library & Information Science Education (ALISE) Annual 
Conference, Chicago, Illinois.  

 
Hsieh-Yee, I. (2014, May). Linking CRRA resources to portal themes via authority files. 

Presented at the Catholic Research Resources Alliance 2014 Membership Meeting, 
Marquette, WI.  

 
Hsieh-Yee, I. (2014, April). Enhancing subject access to CRRA resources. Presented at the 2014 

Catholic Library Association Conference, Pittsburgh, PA.  
 
Hsieh-Yee, I. (2014, January). Health Information Technology Program: Educational 

entrepreneurship in action. Presented at the 2014 annual Conference of the Association 
for Library and Information Science Education, Philadelphia, PA  
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 8 
Hsieh-Yee, I., Zhang, S., Lin, K., and Cherry, S. (2014, January). Discovering information 

through Summon: An analysis of user search strategies and search success. Paper 
presented at the 6th Bridging the Spectrum Symposium, Washington, D.C. 

 
Hsieh-Yee, I. (2012, December).  National Digital Stewardship Alliance and SLIS at CUA:  

An Educational Partnership.  Paper presented at Best Practices Exchange: Acquiring, 
Preserving, and Providing Access to Government Information in the Digital Era, 
Annapolis, MD  
 

Choi, Y. and Hsieh-Yee, I. (2010, January).  Finding Images in an OPAC: Analysis of User 
Queries, Subject Headings, and Description Notes. Paper presented at 2nd Annual 
Bridging the Spectrum Symposium, Catholic University of America, Washington, D.C. 

 
Hsieh-Yee, I. and Coogan, J. (2010, January). Google Scholar vs. Academic Search Premier: 

What Libraries and Searchers Need to Know. Paper presented at 2nd Annual Bridging the 
Spectrum Symposium, Catholic University of America, Washington, D.C. 

 
Hsieh-Yee, I. (2009, November).  Information Science Education: An LIS School’s Perspective. 

Paper presented at Annual Meeting of the American Society for Information Science and 
Technology, Vancouver, British Columbia, Canada. 

 
Hsieh-Yee, I., Menard, E., Ya-Ning Chen, A., Shu-Jiun Chen, S., Kalfatovic, M. R., Wisser. K. 

M. (2009, November). Information Organization in Libraries, Archives and Museums: 
Converging Practices and Collaboration Opportunities. Presented at Annual Meeting of 
the American Society for Information Science and Technology, Vancouver, British 
Columbia, Canada. (Organizer and moderator of this panel.) 

 
Hsieh-Yee, I. and Coogan, J. (2009, July). Catching up to Google Scholar: The Retrieval Power 

of Academic Search Premier and Google Scholar. Poster presented at American Library 
Association Conference, Chicago, Illinois. 

 
Hsieh-Yee, I., with the CUA Scholarly Communications Project Team. (2009, January). Digital 

Scholarship@CUA: Developing an Institutional Repository for CUA.  Poster presented at 
1st Annual Bridging the Spectrum Symposium, Catholic University of America, 
Washington, D.C. 

 
Wise, M., Cylke, K., and Hsieh-Yee, I. (2009, January). Digital Talking Books: Meeting the 

Needs of the Blind and the Handicapped.  Paper presented at the Bridging the Spectrum 
Symposium, Catholic University of America, Washington, D.C. 

 
Hsieh-Yee, I. (2009, January).  User Expectations of MERIC. Presented at the Information 

Organization Competencies for the 21st Century Discussion Session of the 2009 
Conference of the Association for Library and Information Science Education, Denver, 
Colorado.  
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 9 
Choi, Y., and Hsieh-Yee, I. (2008,November).  Subject Access for Images in an OPAC.  Annual 

Meeting of the American Society for Information Science and Technology, Columbus, 
Ohio. (Also co-organized a panel on Retrieving and Using Visual Resources: Challenges 
and Opportunities for Research and Education.) 

  
Hsieh-Yee, I. (2008, June).  Educating Cataloging Professionals in a Changing Information 

Environment. National Taiwan University, Taipei, Taiwan. 
 
Vellucci, S. L., Moen, W.E.,  Hsieh-Yee, I., Marson, B., and Wisser, K. (2008, January)  

Building a Metadata Education and Research Community through MERIC (Metadata 
Education and Research Information Commons): Demo and Stakeholder Input.  A panel 
presented at the 2008 Conference of the Association for Library and Information Science 
Education, Philadelphia, Pennsylvania. 

 
Hsieh-Yee, I., Choi,Y. and Kules, B. (2007, October).  Searching for Books and Images in 

OPAC: Effects of LCSH, TOC and Subject Domains.  A poster presented at the American 
Society for Information Science and Technology Annual Meeting, Milwaukee, 
Wisconsin. 

 
Hsieh-Yee, I. and Coogan, J. (2007, August)  Google Scholar vs. Academic Search Premier: A 

Comparative Analysis.  Presented to the Faculty and Staff of the University of the District 
of Columbia. 

 
Hsieh-Yee, I. and Coogan, J. (2007, June).  Google Scholar vs. Academic Search Premier: A 

Comparative Analysis.  Presented to the Washington Research Library Consortium 
Community, Catholic University of America, Washington, D.C. 

 
Hsieh-Yee, I., Choi, Y., and Kules, B.. (2007, June).  What Users Need for Subject Access: Table 

of Contents or Subject Headings?  A poster presented at the 2007 American Library 
Association Annual Conference, Washington, D.C., June 2007. 

 
Choi, Y., Hsieh-Yee, I., and Kules, B. (2007, June).  Retrieval Effectiveness of TOC and LCSH.  

A paper presented at the Joint Conference on Digital Libraries 2007, Vancouver, Canada.  
 
Vellucci, S. L., Hsieh-Yee, I., and Moen, W.E. (2007, May). If We Build It, Will They Come? 

Building a Community of Practice for Metadata Stakeholders.   A poster presented at the 
Rutgers University Research Day, Bridgeton, New Jersey. 

 
Hsieh-Yee, I. (2007, May).  Federated Searching: User Experience & Perceptions.  International 

Conference on Information Organization & Retrieval, National Taiwan University, 
Taipei, Taiwan. 

 
Hsieh-Yee, I. (2007, May).  Search Performance of Google Scholar and Academic Search 

Premier.  International Conference on Information Organization & Retrieval, National 
Taiwan University, Taipei, Taiwan. 
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Hsieh-Yee, I. (2007, May)  MERIC: Building a Digital Commons for Metadata Education & 

Research. International Conference on Information Organization & Retrieval, National 
Taiwan University, Taipei, Taiwan. 

 
Hsieh-Yee, I., and Coogan, J. (2007, March/April).  A Comparative Analysis of Google Scholar 

and Academic Search Premier.  Poster presented at the Association of College & 
Research Libraries 13th National Conference, Baltimore, Maryland. 

 
Vellucci, S. L. and Hsieh-Yee, I.  (2007, March/April) They Didn’t Teach Me That in Library 

School! Building a Digital Teaching Commons to Enhance Metadata Teaching, Learning 
and Research.  On-site presentation and Webcast by Elluminate. A contributed paper 
presented at the Association of College & Research Libraries 13th National Conference, 
Baltimore, Maryland. The acceptance rate for contributed paper was 20%. This paper was 
one of 10 conference papers chosen for live webcast during the conference. 

 
Moen, W., Hsieh-Yee, I. and Vellucci, S.L. (2007, January) A DSpace Foundation for a 

Teaching & Research Commons: The Metadata Education and Research Information 
Commons.  A poster session presented at the Open Repositories Conference 2007, San 
Antonio, Texas. 

 
Tang, R., Hsieh-Yee, I., and Zhang, S. (2006, November) User Perception of MetaLib Combined 

Search.  Paper presented at the Annual Meeting of the American Society for Information 
Science and Technology, Austin, Texas, Nov. 2006. 

 
Hsieh-Yee, I. (2006, November).  Federated Searching: User Perceptions, System Design, and 

Library Instructions.  Paper presented at the Annual Meeting of the American Society for 
Information Science and Technology, Austin, Texas. (Panel organizer, moderator, 
presenter). 

 
Hsieh-Yee, I. (2006, November).  Building a Digital Teaching Commons to Enhance Teaching 

and Learning: The MERIC Experience and Challenges.  Paper presented at the Annual 
Meeting of the American Society for Information Science and Technology, Austin, 
Texas. (Panel organizer, moderator, presenter) 

 
Hsieh-Yee, I. (2006, September). Search Performance of Google Scholar and Academic Search 

Premier.  Paper presented at the ERIC Publishers Meeting, Washington, D.C. 
 
Hsieh-Yee, I., Zhang, S., and Rong Tang, R. (2006, June). User Perceptions of a Federated 

Search System.  Poster presented at Joint Conference on Digital Libraries, Chapel Hill, 
North Carolina. 

 
Hsieh-Yee, I. and  Zhang, S. (2006, June). Preparing Users for Federated Search: Implications 

of a MetaLib User Perceptions Study.  Paper presented at the 2006 Ex Libris User Groups 
of North America Conference, Knoxville, Tennessee. 
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Hsieh-Yee, I. (2006, January).  MERIC Organizations and Navigation.  Paper presented at the 

2006 ALISE Annual Conference, San Antonio, Texas. 
 
Hsieh-Yee, I. (2006, January). Metadata and Cataloging Education: Recommended 

Competencies. Paper presented at the 2006 ALISE Annual Conference, San Antonio, 
Texas.  

 
Hsieh-Yee, I. (2005, November).  Digital Library Evaluation: Progress & Next Steps.  

Presentation at the Annual Meeting of the American Society for Information Science & 
Technology, Charlotte, North Carolina. 

 
Hsieh-Yee, I. (2005, August). Providing Access to Digital Content: Issues for DL Managers. 

Presentation at MDK12 Digital Library Steering Committee Meeting, Columbia, 
Maryland. 

 
Hsieh-Yee, I. (2005, April).  Enhancing Teaching and Learning: The Role of School Library 

Media Specialists.  Presentation at Meeting of the Baltimore County Public School 
System School Media Specialists, Baltimore, Maryland. 

 
Hsieh-Yee, I. (2005, January). Subject Access and Users: Insights & Inspirations from Marcia J. 

Bates.  Paper presented at the Historical Perspectives SIG, 2005 Conference of the 
Association for Library and Information Science Education, Boston, Massachusetts.    

 
Hsieh-Yee, I. (2005, January). Electronic Resource Management: Practice, Employer 

Expectations, & CE Interests. Paper presented at Technical Services Education SIG, 2005 
Conference of the Association for Library and Information Science Education, Boston, 
Massachusetts.   

 
Hsieh-Yee, I. (2004, October). Library Professionals for the Digital Age: Competencies & 

Preparation.  Paper presented at Bibliographic Access Management Team meeting, 
Library of Congress, Washington, D.C.     

 
Hsieh-Yee, I. (2004, January). Cataloging and metadata expertise for the digital era.  Presented 

at Preparing 21st Century Cataloging and Metadata Professionals: A Workshop for 
Educators and Trainers, San Diego and sponsored by ALCTS, ALISE, LC, and OCLC. 

 
Hsieh-Yee, I. (2004, January). Educating catalogers for the digital era.  Paper presented at the 

Technical Services SIG, 2004 Conference of the Association for Library and Information 
Science Education, San Diego.   

 
Hsieh-Yee, I. (2003, July). Cataloging Education for the 21st Century.  A presentation at the 

Library of Congress, Washington, D.C. 
 
Hsieh-Yee, I. (2002, January) Metadata Education and Research Priorities: A Delphi Study of 
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Metadata Experts.  Presentation at the 2002 Conference of the Association for Library 
and Information Science Education, New Orleans.  

 
Hsieh-Yee, I. (2001, November). A Delphi Study of Metadata: Preliminary Findings.  Poster 

session at the 2001 Annual Meeting of the American Society for Information Science & 
Technology, Washington, D.C. 

 
Hsieh-Yee, I. (2001, June). Resources on Asian American Children: Analysis of Retrieval by 

Search Engines and WorldCat.  Presentation at the National Conference on Asian Pacific 
American Librarians, San Francisco.  

 
Hsieh-Yee, I. (2001, January). Delphi Study on Metadata: Project Design. Presentation at 

Research Awards Session, Association for Library & Information Science Education, 
Washington, D.C. 

 
Hsieh-Yee, I. (2000, May). Web Search Behavior Research: Progress and Implications.  

Presentation at the Symposium on Evaluating Library and Information Science Research, 
University of Wisconsin-Madison, Madison, Wisconsin. 

 
Hsieh-Yee, I. (2000, March). ERIC User Services: Evaluation in a Decentralized Environment.  

Presentation at the National ERIC Joint Directors/Technical Meeting, Arlington, 
Virginia.   

 
Hsieh-Yee, I. (2000, January). Enhancing Learning with Web Technology.  Presentation at 

Faculty Conversations, Catholic University of America, Washington, D.C. 
 
Hsieh-Yee, I. (2000, January). From Surrogates to Objects: CUA’s Approaches to Organizing 

Electronic Resources.  Paper presentation at the Annual Conference of the Association 
for Library and Information Science Education, San Antonio, Texas. 

 
Yee, P., and Hsieh-Yee, I. (1997, November). Individual Differences in Search Behavior on the 

WWW.  A poster session presented at the 38th Annual Meeting of the Psychonomic 
Society, Philadelphia, Pennsylvania. 

 
Hsieh-Yee, I. (1997, April). Research + Marketing + Preparation = Job!  Presented at the 

"Workshop on Resume and Interview Techniques," Special Libraries Association, 
Student Chapter, Catholic University of America, Washington, D.C.    

 
Hsieh-Yee, I. (1997, February). Creating CyberCatalogers:  Education and Training.  

Presentation at ALA's Midwinter Meeting, Washington, D.C. 
 
Hsieh-Yee, I. (1997, February). Search Tactics of Web Users in Searching for Texts, Graphics, 

Known Items and Subjects:  A Search Simulation Study.  Presented at the Conference of 
the Association for Library and Information Science Education, Washington, D.C. 
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Hsieh-Yee, Ingrid. "Beginning Your Special Library/Information Center Career."  Presented at 

SLA's "Career Day," Jan. 11, 1997, Catholic University of America. 
 
Hsieh-Yee, I. (1996, September). The Roles of Library and Information Scientists in Managing 

Electronic Information.  Presentation at Hamilton College, Clinton, New York. 
 
Hsieh-Yee, I. (1996, May). The Future of Cataloging as a Profession.  Presented at "The 

Cataloging Forum, Library of Congress, Washington, D.C.    
 
Hsieh-Yee, I. (1994, October). The Impact of the Internet on OPACs.  Presented at the Third 

Workshop on User Interfaces for OPACs, Library of Congress, Washington, D.C.     
 
 
 
 
Reports 
 
Hsieh-Yee, I., with Knowledge Management Competencies and Performance Action Group of 

the Federal Knowledge Management Initiative. “From Knowledge Management 
Competencies to Improved Organizational Performance.” April 9, 2009. 

 
Hsieh-Yee, I., with Knowledge Practices Action Group of the Federal Knowledge Management 

Initiative. “KM Practice in Government Agencies: Findings and Recommendations.” 
April 9, 2009.  

 
Hsieh-Yee, I. “Delphi Study on Metadata.” 2001. Three quarterly reports submitted to the 

Association for Library and Information Science Education.  
 
Hsieh-Yee, I. “College Students' Information Channels:  Patterns of Use and Possible Factors in 

Channel Selection.” 1995. Submitted to the Catholic University of America.  
 
Hsieh-Yee, I. “The Information-Seeking Patterns of Scholars and Their Use of an Online 

Information System.” 1994. Submitted to the Council on Library Resources.  
 
 
Book Reviews 
 
Review of The Measurement and Evaluation of Library Services, by Sharon L. Baker and F. 

Wilfrid Lancaster.  Information Processing and Management 30 (1994): 450-52. 
Review of Subject Access to Films and Videos, by Sheila S. Intner and William E. Studwell; and 

Cataloging Unpublished Nonprint Materials, by Verna Urbanski with Bao Chu Chang 
and Bernard L. Karon.  Information Processing and Management 30 (1994): 449-50. 

Review of Automated Information Retrieval in Libraries:  A Management Handbook, by Vicki 
Anders.  Journal of Library and Information Science 19 (1993): 98-100. 
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Review of Full Text Databases, by Carol Tenopir and Jung Soon Ro.  Information Processing 

and Management 28 (1992): 667-68.   
Review of Descriptive Cataloging for the AACR2R And USMARC: A How-to-Do It Workbook, 

by Larry Millsap and Terry Ellen Ferl.  Information Processing and Management 28 
(1992): 809-11. 

 
Review of MARC Manual: Understanding and Using MARC Records, by Deborah J. Byrne.  

Information Processing and Management 28 (1992): 537-38. 
 
Service 
 
Professional Associations and Societies 
 

• Library of Congress. RDA Training Program for the Profession. Co-authored with Tim 
Carlton. 2013-2014. 

• 2014	Digital	Preservation	Outreach	&	Education	Survey.	Contributed	to	the	design	
of	the	survey,	2014.	

• National Digital Stewardship Alliance. Outreach Committee. 2011-2014. 
• National Digital Stewardship Residency Program. Advisory Group, 2012-2013. 
• FEDLINK Health Information Technology Advisory Council, 2011-2015. 
• 2012 Joint Conference on Digital Libraries. Program Planning Committee, Pre-

Conference Proposals Review Committee, 2012 
• Catholic Research Resources Alliance. Five-Year Strategic Plan Task Force, 2011-2012 
• Institute of Museum and Library Services. Grant reviewer. 2004, 2005, 2010. 

 
• Association for Library and Information Science Education.  

* ALISE Bodan Wynar Research Paper Award Committee, 2015, 2016, 2017 
* ALISE Eugene Garfield Dissertation Award Competition, Jury, 2013, 2014 
* ALISE Research Grant Competition Committee. Chair, 2012 
* Pratt-Severn Faculty Innovation Award. Chair, 2009, 2010 
* ALISE Doctoral Poster Jury, 2012 
* “Information Organization Competencies for the 21st Century” Discussion session 
leader. 2009 Conference of the Association for Library and Information Science 
Education.  
* Assisted Technical Services SIG Convener in organizing a program, ““Building a 
Metadata Education and Research Community through MERIC (Metadata Education and 
Research Information Commons): Demo and Stakeholder Input” for the 2008 ALISE 
conference.  
* Association for Library Collections and Technical Services/Association for Library and 
Information Science Education (ALCTS/ALISE) Metadata Education and Research 
Information Center (MERIC) Advisory Board, Co-Chair (with Sherry Vellucci), 2005-
2007. Chair, 2008-2009  (leading the effort to build MERIC, a repository and 
collaborative space for metadata educators, practitioners, and researchers) 
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* Technical Services SIG, Convener, 2004-2005. Organized a program on “Electronic 
Resources Management: Current Practices, Employer Expectations, and Teaching 
Strategies” for the 2005 conference in Boston, Massachusetts. 
* Technical Services SIG, Convener, 2003-2004. Organized a program on “Organizing 
Information with Metadata: Desired Competencies and Teaching Innovations” for the 
2004 conference.  
* Technical Services SIG, Convener, 1999-2000. Organized a program on "Teaching the 
Organization of Electronic Resources" for the 2000 conference. 
* Curriculum SIG, Co-convener (with Sibyl Moses), 1996-97. Organized a program on 
“Government Information Policy” for the 1997 conference. 
 

• American Society for Information Science & Technology.  
* Reviewer, Conference program panel submissions and poster submissions, 2005, 2006, 
2007, 2009, 2011, 2012, 2013, 2014, 2015, 2016, 2017 
* Nomination Committee, 2009-2011 
* Information Science Education Special Interest Group. American Society for 
Information Science and Technology. Chair-Elect, 2007-2008. Chair 2008-2009. 
* Committee on Information Science Education. 1999-2006. 
* Committee on Information Science Education. Organizing Committee for an 
orientation program for students at ASIS annual meetings, 1999-2001 
* Committee on Information Science Education. Sub-committee on Student Welfare 
(focusing on issues related to master's education), 1998-2001  
* SIG ED. Organizing Committee for the "Seminar on Research and Career 
Development" for junior researchers. 1995-96 (chair), 1997-2001 
* ISI Doctoral Dissertation Proposal Scholarship Jury, 1997; 2001, 2002 
* Pratt-Severn Best Student Research Paper Award Jury.  Chair. 1997 
* 1998 Midyear Meeting (referee of contributed papers), 1997 
* Organizer and moderator of the ASIS Doctoral Forum and the Doctoral Research 
Seminar 1994-1995 

 * SIG Human Computer Interaction. Chair-Elect, Chair, 1993-1995 
* Doctoral Forum Award Jury, 1995 

 * Best Student Paper Award Jury, 1995    
 

• American Library Association.   
* Committee on Accreditation, External Review Panelist, 2009- (site visiting team 2013-
2014; site visiting team 2016-2017) 
* Association for Library Collections and Technical Services Task Force on 
Competencies and Education for a Career in Cataloging, member, 2008-2009 
* Facilitator for “What They Don't Teach in Library School: Competencies, Education 
and Employer Expectations for a Career in Cataloging,” an Association for Library 
Collections and Technical Services Preconference, June 22, 2007 in Washington, D.C. 
Also a local liaison for bringing this program to the Catholic University of America. 
* Facilitator for a discussion on "Effect of Electronic Resources on Technical Services" at 
ALA's Midwinter Meeting held in Feb. 1997 in Washington, D.C. 
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* International Relations Committee, Subcommittee Task Force for IFLA and China, 
1994-1997  

 
• Virginia Association of School Librarians. Scholarships and Awards Committee. 2010-

2012 
 

• Federal Knowledge Management Initiative, Knowledge Management Practices Action 
Group. Member. 2009 (leading the effort to build a knowledge management repository) 

• Federal Knowledge Management Initiative, Knowledge Management Competencies & 
Learning Action Group. Member. 2009 (developing an action plan for helping 
government knowledge workers and government agencies to develop knowledge 
management competencies) 

• National Center for Education Statistics. Technical Review Panel. 2008. 
• External evaluator for a case of promotion to full professorship. University of Tennessee. 

2008. 
• National Information Standards Organization (NISO). Advisory Board, Revision of 

“IMLS Framework of Guidance for Building Good Digital Collections,” 2004, 2007. 
• Library of Congress, Bibliographic Control of Web Resources: A Library of Congress 

Action Plan. Principal Investigator of Action Item 5.1, focusing on cataloging and 
metadata education for students and new librarians, 2002-2003. (worked with the 
Association for Library Collections and Technical Services, Education Task Force) 

 
• Chinese American Librarians Association 

* Chinese American Librarians Association Outstanding Library Leadership Award in    
Memory of Dr. Margaret Chang Fung, Award Committee, 2016-2017 
* Achievement Award Jury, 2000-2001 
* CALA Goal 2000 Task Force, 1997 

 * Scholarship Committee, 1995, 1996-1997 (chair)  
 * Board of Directors, 1994-1997 
 * Publication Committee, 1993-1995 

* International Relations Committee, 1993-1996 
 

• SailorSM Assessment Advisory Group (An impact study of Sailor, Maryland's Public 
Information Network), 1995 

 
• Editorial boards 

Journal of Library and Information Science. Editorial Board, 2012- 
Chinese American Librarians Association, Occasional Papers Series. Editorial 
Board, 2009-2016. 
Library Quarterly. Editorial Board, 2003-2008 
Bulletin of the Medical Library Association, 1994-97 
Newsletter editor for the Chinese American Librarians Association, 1989-92 

 
• Referee for the following journals 

Information Processing and Management 
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Journal of Digital Information 
Journal of Education for Library and Information Science 
Journal of Information Science 
Journal of Library & Information Science 
Journal of Library Metadata 
Journal of the American Society for Information Science & Technology 
Library and Information Science Research 
Library Quarterly 

 
• Expert reviewer, “Digital Library” course, Evaluation module, University of North 

Carolina, Chapel Hill, 2007-2008. 
• Expert reviewer, “Information Organization” course, University of Michigan, Ann Arbor. 

2007. 
 
Catholic University of America 
 

• School of Arts & Sciences, Academic Senate representative, 2017-2020 
• School of Arts & Sciences, Committee on Appointments and Promotions, 2015-2019 
• School of Arts & Sciences, Academic Council, 2015-2016. 
• School of Arts & Sciences, Ordinary Professor Group, 2013- 
• Doctoral Dissertation Defense Committee, Chair, Dept. of Psychology, 2016, 2017, 2018 
• Doctoral Dissertation Defense Committee, Chair, Dept. of Education, 2014, 2015, 2017  
• President’s Administrative Council, 2010-2012 
• Deans’ Council, 2010-2012 
• Academic Leadership Group, 2010-2012 
• Academic Senate, 2003-2012 
• Academic Senate, Committee on Committees and Rules, 2009-2012 
• Academic Senate, Committee on Appointments and Promotions, 2005-2008 
• Graduate Board, 2010-2012 
• CUA Scholarly Communication Project Team, Member (2007), Chair, 2008-2009 
• Academic Senate Library Committee, Interim Chair (2007), Member, 2008-2012 
• Doctoral Dissertation Defense Committee, Chair, School of Nursing, 2006, 2008 
• Dean Search Committee, 1992-1994, 1998-1999, 2002-2003, 2006-2007 
• Fulbright Review Panel, 2006  
• Academic Senate Committee on Computing, 1995-2003  
• CUA Service Learning Advisory Board, 2001-2002 
• CUA Faculty Conversations on Enhancing Teaching and Learning through 

 Technology, Planning Group, 1999-2001 
• CUA Initiative on Technology and Teaching, 1998-2001  

 
 
Dept. of Library and Information Science 
 

• Symposium and Colloquium Committee, fall 2016-May 2018, Chair, May 2018- 
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• Admissions Committee, 2007-2009, Chair 2010-2012, Member 2013-2015, Member 

2018- 
• Accreditation presentation, Chair, June 2015-August 2016 
• Interim Co-Chair, June 2015-August 2016. 
• Appointments and Promotions Committee, 1991- 
• Blended/OWL Learning Committee, spring 2016-2018 
• Scholarship and Awards Committee, fall 2016- 
• Technology Committee, fall 2016-2017 
• Comprehensive examination editor, 2016-2017, reader (every year since 1990) 
• LIS Advisory Board, 2015-2016 (chair); fall 2016- May 2018 (member) 
• Committee on Planning and Assessment, 2015-2016 (chair) 
• Senior Faculty Committee, 2014-2016. 
• Accreditation Steering Committee, 2014-2016 (Chair, 2015-2016 ) 
• Accreditation Students Standard Committee, co-chair, 2014-2016 
• Accreditation Mission, Goals, and Objectives Standard Committee, co-chair, 2014-2016 
• Accreditation Curriculum Standard, member 2014-2-16 
• Accreditation Administration and Finance Standard, member 2014-2016 
• Cultural Heritage Information Management Project (IMLS-funded), Co-PI, 2012-2015 
• Cultural Heritage Information Management Forum (scheduled for June 2015), Co-

Organizer, 2013-2015 
• Health Information Technology Interim Review Committee, 2015 (chair) 
• Health Sciences Librarianship Advisory Group, 2015- (chair) 
• Comprehensive examination editors, 2013-2014, 2016-2017 
• National Digital Stewardship Alliance liaison, 2011-2014 
• Advisory Board, Chair 2010-2012 
• Academic Honesty Committee, Chair, 2008-2012 
• Blended Learning Committee, 2010-2012 
• Colloquium Committee, 2010-2012 
• Comprehensive Examination Administration, 2010-2012 
• Cultural Heritage Information Management Advisory Committee, 2010-2012 (chair), 

2013-  
• Curriculum Committee, 1991-2003, 2007-2009, Chair 2010-2012, member 2013- 
• Curriculum Subcommittee on Comprehensive Examination, Chair 2009-2012  
• Health Information Technology Advisory Board, Chair 2010-2012. Member 2013-  
• Health Sciences Advisory Committee, 2009, Chair 2010-2012. Member 2013- 
• HIT Expert Forum, Chair 2012. Member 2013- 
• Health Information Technology Student Group Advisor, 2011-2012 
• State Council for Higher Education of Virginia, SLIS Representative, 2010-2012 
• Symposium Planning Committee, 2010-2012 
• Website Management Team, Chair, 2010-2012 
• Urban School Librarianship Project (IMLS-Funded), PI, 2007-2011 (chair, 2010-11)  
• Failing Grades Committee, 1995-1997 (chair), 2000-2001 (chair), 2004-2005 (chair), 

2007 (chair)-2011 
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• Faculty Search Committee, 1994-1998, 2002-2004, 2006 (chair), Fall 2007-2009, 

Chair fall 2009-2012  
• Recruitment Committee, Chair 2010-2012 
• Strategic Planning Committee, Chair 2010-2012 
• Technology Committee, 2010-2012 
• Accreditation Advisory Committee, 2007-2009 
• Accreditation Coordinating Committee, 2007-2009 
• Accreditation Steering Committee, 2007-2009 
• SLIS Advisory Group, 2007-2009 
• Accreditation Curriculum Standard Committee, Co-chair, 2007-2009 
• Accreditation Faculty Standard Committee, Co-chair, 2007-2009 
• LSC 551 Information Organization Review Team, Co-chair, 2008-2009, 2015-2016. 
• Curriculum Subcommittee on Portfolios, 2009 
• LSC 555 Information Systems in Libraries and Information Centers Review Team, 

contributor, 2008-2009 
• Redesign of LSC 730 Use and Users of Libraries and Information. 2009- 
• Development of a metadata institute that was taught as LSC 715 Organization of Internet 

Resources in 2008. The institute is being revised and will be offered in 2010 under a new 
course title. 

• Development of lesson plans, assignments, and evaluation rubrics for LSC 606, 
Cataloging and Classification, for the School’s NCATE accreditation. 2008 

• Howard and Mathilde Rovelstad Scholarship Committee, Chair, 2004-2007 
• Assistant Dean Search Committee, Chair, Fall 2007 
• Liaison to the Association for Library Collections and Technical Services to bring its 

preconference program, Cataloging Education and Employer Expectations, to CUA 
during the 2007 American Library Association Annual Meeting in Washington, D.C.  

• Organizer of the colloquium presentation and reception for Tamar Sadeh of Ex Libris on 
PRIMO June 2007 

• Practicum review and design (work with potential supervisors, such as the American 
Indian Museum internship description revision) 2006- 

• Comprehensive examinations (edits, proctoring, and grading), 1990- 
• SLIS Web site redesign: Comments and suggestions. Fall 2007 
• Conducted surveys of current students and alumni in preparation for the 2005 re-

accreditation, 2004-2005 
• Student advisement, 1990- 
• Technology Committee, 1992-1999 (chair, 1996-1998), 2002-2003 (member) 
• Colloquia Committee 1997-1999, 2002-2003.  
• Advisor of the CUA Student Chapter of the American Society for Information Science 

and Technology, 2002-2003 
• Visiting Professor Search Committee, 1999, 2000, 2001 
• Leader, Participation in the CORC experiment, 1999-2000 
• Advisor of the Special Libraries Association Student Chapter, 1993-1999; the group was 

recognized for outstanding leadership by SLA in 1999. 
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• COA planning Committee, Task Force on Electronic Presentation of SLIS Reports 

(team leader) 1997-1998 
• COA Planning Committee, Subcommittee on Technology 1996-1998 
• NLM practicum coordinator, 1997-1998 
• Computer Literacy Workshops: Assisted with the development and evaluation of the 

workshops, 1996-1998 
• Leader, Participation in the InterCat project, 1995-1997 
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 Library of Congress >> MARC >> Understanding MARC

MARC 21 Reference Materials
Part VII: A Summary of Commonly Used MARC 21 Fields
Part VIII: A List of Other Fields Often Seen in MARC Records
Part IX: The Leader
Part X: Field 008 for Books

Part VII:

A Summary of
Commonly Used MARC 21 Fields

This is a summary of the MARC 21 tags used most frequently by libraries in entering
their own bibliographic records. For full listings of all MARC 21 tags, indicators, and
subfield codes, see MARC 21 Format for Bibliographic Data.

In the explanations on these pages:

Tags -- The tags (3-digit numbers) are followed by the names of the fields they represent.
In this summary, and in the MARC 21 Format for Bibliographic Data, if a tag can appear
more than once in one bibliographic record, it is labeled repeatable (R). If it can only be
used once, it is labeled non-repeatable (NR). For example, a catalog record can have
several subjects, so the tags for subject added entries (6XX) are labeled repeatable (R).

Indicators -- The use of indicators is explained in fields where they are used. Indicators
are one-digit numbers. Beginning with the 010 field, in every field -- following the tag --
are two character positions, one for Indicator 1 and one for Indicator 2. The indicators are
not actually defined in all fields, however. And it is possible that a 2nd indicator will be
used, while the 1st indicator remains undefined (or vice versa). When an indicator is
undefined, the character position will be represented by the character # (for blank space).

Subfield codes -- All the data in each field (beginning with the 010 field) is divided into
subfields, each of which is preceded by a delimiter-subfield code combination. The most
common subfield codes used with each tag are shown. Each subfield code is preceded by
the character $, signifying a delimiter. The name of the subfield follows the code.

In general, every field MUST have a subfield 'a' ($a). One exception that is often seen is in
Field 020 (ISBN), when the ISBN information (subfield $a) is unavailable but the price
(subfield $c) is known. Some subfields are repeatable. In this summary, repeatability is
noted for only the more common repeatable subfields.

Examples: Examples follow the explanation for each field. For clarity, one space has been
placed between the tag and the first indicator, one space has been placed between the
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second indicator and the first delimiter- subfield code, and one space has been inserted
between the delimiter-subfield code and the subfield data.

010 Library of Congress Control Number -- (LCCN)
(NR, or Not Repeatable

Indicators undefined.
Subfield used most often:

$a -- Library of Congress control number

Example:    010 ##  $a ###86000988#

020 International Standard Book Number -- (ISBN)
(R, or Repeatable)

Indicators undefined.
Subfields used most often:

$a -- International Standard Book Number
$c -- Terms of availability (often a price)
$z -- Cancelled/invalid ISBN (R)

     Example:    020 ##  $a 0877547637

040 Cataloging source -- (NR)
Indicators undefined.
Subfields used most often:

$a -- Original cataloging agency
$c -- Transcribing agency
$d -- Modifying agency (R)

     Example:    040 ## $a DLC
                        $c DLC
                        $d gwhs 

100 Main entry -- Personal name -- (primary author)
(NR; there can be only one main entry)

Indicator 1: Type of personal name entry element
0 -- Forename
1 -- Surname (this is the most common form)
3 -- Family name

Indicator 2 undefined.
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Indicator 2 became obsolete in 1990. Older records may display 0 or 1
Subfields used most often:

$a -- Personal name
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)

     Example:    100 1# $a Gregory, Ruth W.
                        $q (Ruth Wilhelme),
                        $d 1910-

130 Main entry -- Uniform title -- (NR)
Indicator 1: Nonfiling characters

0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Indicator 2 undefined.
Indicator 2 became obsolete in 1990. (See 100 above.)

Subfields used most often:
$a -- Uniform title
$p -- Name of part/section of a work (R)
$l -- Language of a work
$s -- Version
$f -- Date of a work

     Example:    130 0# $a Bible. 
                        $p O.T.
                        $p Psalms.

240 Uniform title (NR)
Indicator 1: Uniform title printed or displayed

0 -- Not printed or displayed
1 -- Printed or displayed (most common)

Indicator 2: Nonfiling characters
0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Subfields used most often:
$a -- Uniform title
$l -- Language of a work
$f -- Date of a work
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Example:    240 10 $a Ile mystérieuse.
                        $l English. 
                        $f 1978

245 Title Statement (NR)
Indicator 1: Title added entry

(Should the title be indexed as a title added entry?)
0 -- No title added entry

(indicates a title main entry; i.e. no author is given)
1 -- Title added entry

(the proper indicator when an author given in 1XX; the most common
situation)

Indicator 2: Nonfiling characters
0-9 -- Number of nonfiling characters present, including spaces; usually set at

zero, except when the title begins with an article; e.g., for The robe, the
second indicator would be set to 4. The letters T, h, e, and the space
following them are then ignored in alphabetizing titles. The record will
be automatically filed under "r" -- for Robe.

Subfields used most often:
$a -- Title proper
$h -- Medium (often used for non-book media)
$p -- Name of part/section of a work (R)
$b -- Reminder of title (subtitles, etc.)
$c -- Remainder of title page transcription/Statement of responsibility

Example:    245 14 $a The DNA story :
                        $b a documentary history of gene 
                           cloning /
                        $c James D. Watson, John Tooze.

246 Varying form of title (R)
Indicator 1: Note/title added entry controller

1 -- Note, title added entry
3 -- No note, title added entry

Indicator 2: Type of title
# -- No information provided
0 -- Portion of title
1 -- Parallel title
4 -- Cover title
8 -- Spine title

Subfield used most often:
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$a -- Title proper

Example:    246 3# $a Four corners power review

250 Edition statement (NR)
Indicators undefined.
Subfield used most often:

$a -- Edition statement

     Example:    250 ## $a 6th ed.

260 Publication, distribution, etc. (Imprint) (R)
Indicator 1: Sequence of publishing statements

# -- No information provided
Indicator 2: Undefined
Subfields used most often:

$a -- Place of publication, distribution, etc. (R)
$b -- Name of publisher, distributor, etc. (R)
$c -- Date of publication, distribution, etc. (R)

     Example:    260 ## $a New York :
                        $b Chelsea House,
                        $c 1986.

300 Physical description (R)
Indicators undefined.
Subfields used most often:

$a -- Extent (number of pages) (R)
$b -- Other physical details (usually illustration information)
$c -- Dimensions (cm.) (R)
$e -- Accompanying material (for example, "teacher's guide" or "manual")

     Example:    300 ## $a 139 p. :
                        $b ill. ;      
                        $c 24 cm.

440 Series statement / Added entry--Title
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This field was made obsolete in 2008 to simplify the series statement. See 490 and
830.

490 Series statement (No added entry is traced from field) (R)
Indicator 1: Specifies whether series is traced (whether an 8XX tag is also present)

0 -- Series not traced
1 -- Series traced (8XX is in record)

Indicator 2 undefined.
Subfield used most often:

$a -- Series statement (R)
$v -- Volume number (R)

     Example:    490 1# $a Colonial American craftsmen

500 General note (R)
Indicators undefined.
Subfield used most often:

$a -- General note (Used when no specialized note field has been defined for
the information. Examples: Notes regarding the index; the source of the title;
variations in title; descriptions of the nature, form, or scope of the item.)

     Example:    500 ##  $a Includes index.

504 Bibliography, etc. note (R)
Indicators undefined.
Subfield used most often:

$a -- Bibliography, etc. note

     Example:    504 ## $a Includes bibliographical 
                           references.

505 Formatted contents note (R)
Indicator 1: Type of contents note

0 -- Complete contents
1 -- Incomplete contents (used with multivolume set when some volumes are
not yet published)
2 -- Partial contents

Indicator 2: Level of content designation
# -- Basic
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Subfield used most often:
$a -- Formatted contents note

     Example:    505 0# $a Pride and prejudice -- Emma
                           -- Northanger Abbey.

520 Summary, etc. note (R)
Indicator 1: Display constant controller

# -- Summary
1 -- Review
2 -- Scope and content
3 -- Abstract

Indicator 2 undefined
Subfields used most often

$a -- Summary, abstract, or annotation
$b -- Expansion of summary note

     Example:    520 ## $a This basic guide to parliamentary
                           procedure tells how to conduct 
                           and participate in a meeting 
                           properly.

600 Subject added entry -- Personal name (R)
Indicator 1: Type of personal name entry element

0 -- Forename
1 -- Surname (this is the most common form)
3 -- Family name

Indicator 2: Subject heading system/thesaurus (identifies the specific list or file
which was used)

0 -- Library of Congress Subject Headings
1 -- LC subject headings for children's literature
2 -- Medical Subject Headings
3 -- National Agricultural Library subject authority file
4 -- Source not specified
5 -- Canadian Subject Headings
6 -- Répertoire de vedettes-matière
7 -- Source specified in subfield $2

(Note regarding Sears subject headings: The MARC 21 format does not provide an
assigned indicator for Sears subject headings. Therefore, an indicator of 7 is used, and the
MARC defined code "sears" is placed in subfield $2.)

Subfields used most often:
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$a -- Personal name (surname and forename)
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$t -- Title of a work
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)

     Example:    600 10 $a Shakespeare, William, 
                        $d 1564-1616 
                        $x Comedies    
                        $x Stage history.

     Example:    600 10 $a Shakespeare, William, 
                        $d 1564-1616 
                        $x Knowledge 
                        $z Rome 
                        $v Congresses.

Notice that subfields $v, $x, and $z in the 600 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.

610 Subject added entry -- Corporate name (R)
Indicator 1:Type of corporate name entry element

0 -- Inverted name (not used with AACR2)
1 -- Jurisdiction name
2 -- Name in direct order

Indicator 2: Subject heading system/thesaurus.
See indicator 2 under 600

Subfields used most often:
$a -- Corporate name or jurisdiction name as entry element
$b -- Subordinate unit (R)
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)
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     Example:    610 10 $a United States. 
                        $b Army Air Forces
                        $v Biography.

650 Subject added entry -- Topical term (Most subject headings fit here.) (R)
Indicator 1: Level of subject

# -- No information provided
Indicator 2: Subject heading system/thesaurus
(identifies the specific list or file which was used)

0 -- Library of Congress Subject Headings
1 -- LC subject headings for children's literature
2 -- Medical Subject Headings
3 -- National Agricultural Library subject authority file
4 -- Source not specified
5 -- Canadian Subject Headings
6 -- Répertoire de vedettes-matière
7 -- Source specified in subfield $2

Note regarding Sears subject headings: The MARC 21 format does not provide an assigned
indicator for Sears subject headings. Therefore, an indicator of 7 is used, and the MARC
defined code "sears" is placed in subfield $2.)

Subfields used most often:
$a -- Topical term
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term used with 2nd indicator of 7)

     Example:    650 #0 $a Theater 
                        $z United States 
                        $v Biography 
                        $v Dictionaries.

Notice that subfields $v, $x, and $z in the 650 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.

651 Subject added entry -- Geographic name (R)
Indicator 1: undefined.
Indicator 2: Subject heading system/thesaurus.
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See indicator 2 under 600
Subfields used most often:

$a -- Geographic name
$v -- Form subdivision (R)
$x -- General subdivision (R)
$y -- Chronological subdivision (R)
$z -- Geographic subdivision (R)
$2 -- Source of heading or term (used with 2nd indicator of 7)

     Example:    651 #0 $a United States 
                        $x History 
                        $v Chronology.

Notice that subfields $v, $x, and $z in the 651 field are repeatable. Subfields $v, $x, $y,
and $z do not have to be in alphabetical order. They will be in the order prescribed by the
instructions given by the subject heading system.

700 Added entry -- Personal name (R)
Indicator 1: Type of personal name entry element

0 -- Forename
1 -- Surname (this is the most common form)
3 -- Family name

Indicator 2: Type of added entry
# -- No information provided (most common; co-authors, editors, etc.)
2 -- Analytical entry (The values for Indicator 2 changed in 1994 with Format
Integration, and older records may display additional values. An analytical
entry involves an author/title of an item contained in a work.)

Subfields used most often:
$a -- Personal name
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$e -- Relator term (such as ill.) (R)
$4 -- Relator code (R)

     Example:    700 1# $a Baldridge, Letitia. 

710 Added entry -- Corporate name (R)
Indicator 1: Type of corporate name entry element

0 -- Inverted name (not used with AACR2)
1 -- Jurisdiction name
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2 -- Name in direct order
Indicator 2: Type of added entry.

See Indicator 2 under 700
# -- No information provided
2 -- Analytical entry

Subfields used most often:
$a -- Corporate name or jurisdiction name as entry element
$b -- Subordinate unit (R)

     Example:    710 2# $a Sunburst Communications (Firm)

740 Added entry -- Uncontrolled related/analytical title (R)
Indicator 1: Nonfiling characters

0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Indicator 2:Type of added entry. See Indicator 2 under 700
# -- No information provided
2 -- Analytical entry
(This field was redefined in 1994 with Format Integration. Prior to 1994, the
field was also used for variant titles, such as a different wording on a spine
title. In records created since Format Integration, those variant tiles appear in a
246 field.)

Subfield used most often:
$a -- Title

     Example:    740 02 $a Uncle Vanya.

800 Series added entry -- Personal name (R)
Indicator 1: Type of personal name entry element

0 -- Forename
1 -- Surname
3 -- Family name

Indicator 2 undefined.
Subfields used most often:

$a -- Personal name
$b -- Numeration
$c -- Titles and other words associated with a name (R)
$q -- Fuller form of name
$d -- Dates associated with a name (generally, year of birth)
$t -- Title of a work (the series)
$v -- Volume number
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     Example:    800 1# $a Fisher, Leonard Everett.
                        $t Colonial American craftsmen.

830 Series added entry -- Uniform title (R)
Indicator 1 undefined.
Indicator 2: Nonfiling characters

0-9 -- Number of nonfiling characters present (for initial articles, including
spaces)

Subfield used most often:
$a -- Uniform title
$v -- Volume number

     Example:    830 #0 $a Railroads of America (Macmillan)

[ Back to Top of Page ]

Part VIII:

A List of Other Fields
Often Seen in MARC Records

001 Control number
003 Control number identifier
005 Date and time of latest transaction
006 Fixed-length data elements -- additional material characteristics
007 Physical description fixed field
008 Fixed length data elements (See Part X)
022 International Standard Serial Number (ISSN)
037 Source of acquisition
041 Language code
043 Geographic area code
050 Library of Congress call number
060 National Library of Medicine call number
082 Dewey Decimal classification number (the one recommended

by the Library of Congress; locally-assigned call numbers may
appear elsewhere)

110 Main entry -- Corporate name (less frequent under AACR2
rules)

256 Computer file characteristics
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263 Projected publication date
(indicates a CIP -- Cataloging in Publication -- record)

306 Playing time
508 Creation/production credits note
510 Citation/references note (review sources)
511 Participant or performer note
521 Target audience note (first indicator: 0 = reading grade level, 1

= interest age level, 2 = interest grade level, 3 = special
audience characteristics, 4 = motivation interest level)

530 Additional physical form available note
538 System details note
586 Awards note
656 Index term -- Occupation
730 Added entry -- Uniform title
852 Location
856 Electronic location and access
9XX Reserved for local use. (They are used by vendors, systems, or

individual libraries to exchange additional data)

[ Back to Top of Page ]

Part IX:

The Leader

There are 24 positions in the Leader, numbered from 00 to 23. For fuller explanation, see
the MARC 21 Format for Bibliographic Data.

00-04 Record length (calculated by the computer for each record)
05 Record status

a = increase in encoding level
c = corrected or revised
d = deleted
n = new
p = increase in encoding from prepublication (previous CIP)

06 Type of record
a = language material
c = printed music
d = manuscript music
e = cartographic material
f = manuscript cartographic material
g = projected medium
i = nonmusical sound recording
j = musical sound recording
k = 2-dimensional nonprojectable graphic
m = computer file
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o = kit
p = mixed materials
r = 3-dimensional artifact or naturally occurring object
t = manuscript language material

07 Bibliographic level
a = monographic component part
b = serial component part
c = collection
d = subunit
i = integrating resource
m = monograph/item
s = serial

08 Type of control
# = no specified type
a = archival

09 Character coding scheme
# = MARC-8
a = UCS/Unicode

10 Indicator count (always "2")
11 Subfield code count (always "2")
12-16 Base address of data (calculated by the computer for each record)
17 Encoding level

# = full level
1 = full level, material not examined
2 = less-than-full level, material not examined
3 = abbreviated level
4 = core level
5 = partial (preliminary) level
7 = minimal level
8 = prepublication level (CIP)
u = unknown
z = not applicable

18 Descriptive cataloging form
# = non-ISBD
a = AACR2
i = ISBD
u = unknown

19 Multipart resource record level
# = Not specified or not applicable
a = Set
b = Part with independent title
c = Part with dependent title

20 Length of the length-of-field portion (always "4")
21 Length of the starting-character-position portion (always "5")
22 Length of the implementation-defined portion (always "0")
23 Undefined (always "0")

[ Back to Top of Page ]
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Part X:

Field 008 for Books

Field 008 is used for Fixed Length Data Elements ("Fixed Field Codes"). There are 40
character positions in field 008, numbered from 00-39. Undefined positions must contain
either a blank (#) or a fill character ( | ). Positions 00-17 and 35-39 are defined the same
way for all media.

The information shown here for positions 18-34 applies only to books. For explanation of
all the positions below and for positions 18-34 for other media, see the MARC 21 Format
for Bibliographic Data.

Note that field 008 has no indicators or subfield codes.

00-05 Date entered on file (YYMMDD),
where Y=year, M=month, and D=day

06 Type of date/publication status:
b = no dates given; B.C. date involved
e = detailed date
s = single known date/probable date
m = multiple dates
r = reprint/reissue date (Date 1) and original date (Date 2)
n = dates unknown
q = questionable date
t = publication date and copyright date
| = no attempt to code

07-10 Date 1/beginning date of publication
11-14 Date 2/ending date of publication

Date fields contain the year(s) of publication. The type of date(s) in these elements are
specified in fixed field element 06: Type of date/publication status. (For further details, see
the field 008 description in the MARC 21 Format for Bibliographic Data.)

15-17 Place of publication, production, or execution
For example:
pk# = Pakistan
cau = California (US)

(For a full list of codes used in these positions, see the MARC Code List for Countries.)

18-21 Illustrations (up to 4 codes):
# = no illustrations
a = illustrations
b = maps
c = portraits
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d = charts
e = plans
f = plates
g = music
h = facsimiles
i = coats of arms
j = genealogical tables
k = forms
l = samples
m = phonodisc, phonowire, etc.
o = photographs
p = illuminations
| = no attempt to code

22 Target audience:
# = unknown or not specified
a = preschool
b = primary
c = pre-adolescent
d = adolescent
e = adult
f = specialized
g = general
j = juvenile
| = no attempt to code

23 Form of item:
# = none of the following
a = microfilm
b = microfiche
c = microopaque
d = large print
f = braille
r = regular print reproduction
s = electronic
| = no attempt to code

24-27 Nature of contents (up to 4):
# = no specified nature of contents
a = abstracts/summaries
b = bibliographies (is one or contains one)
c = catalogs
d = dictionaries
e = encyclopedias
f = handbooks
g = legal articles
i = indexes
j = patent document
k = discographies
l = legislation
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m = theses
n = surveys of literature
o = reviews
p = programmed texts
q = filmographies
r = directories
s = statistics
t = technical reports
u = standards/specifications
v = legal cases and notes
w = law reports and digests
z = treaties
| = no attempt to code

28 Government publication:
# = not a government publication
i = international intergovernmental
f = federal/national
a = autonomous or semi-autonomous component
s = state, provincial, territorial, dependent, etc.
m = multistate
c = multilocal
l = local
z = other type of government publication
o = government publication -- level undetermined
u = unknown if item is government publication
| = no attempt to code

29 Conference publication:
0 = not a conference publication
1 = conference publication
| = no attempt to code

30 Festschrift:
0 = not a festschrift
1 = festschrift
| = no attempt to code

31 Index:
0 = no index
1 = index present
| = no attempt to code

32 Undefined (since 1990) (Earlier records may contain the values 0 or 1)
# = Undefined
| = no attempt to code

33 Literary form:
0 = not fiction (not further specified)
1 = fiction (not further specified)
c = comic strips
d = dramas
e = essays
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f = novels
h = humor, satires, etc.
i = letters
j = short stories
m = mixed forms
p = poetry
s = speeches
u = unknown
| = no attempt to code

34 Biography:
# = no biographical material
a = autobiography
b = individual biography
c = collective biography
d = contains biographical information
| = no attempt to code

35-37 Language:
A three-letter code. For example: eng fre ger spa rus ita

(For a full list of codes used in these positions, see the MARC Code List for Languages.)

38 Modified record:
# = not modified
x = missing characters (because of characters unavailable in MARC character

set)
s = shortened
d = "dashed-on" information omitted
r = completely romanized/printed cards in script
o = completely romanized/printed cards romanized
| = no attempt to code

39 Cataloging source:
# = national bibliographic agency
c = cooperative cataloging program
d = other sources
u = unknown
| = no attempt to code

[ Back to Top of Page ]
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Library of Congress
Library of Congress Help Desk ( 10/27/2009 )
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Revised November 30, 2016 

 

AMENDED ARTICLES OF INCORPORATION 
 

OF 
 

OCLC Online Computer Library Center, Inc. 
 
 

FIRST The name of the corporation shall be OCLC Online Computer Library 
Center, Inc. (the “Corporation”). 

 
SECOND The place in this State where the principal office of the Corporation is to 

be located is in the City of Dublin, Franklin County, Ohio. 

 
THIRD The purpose or purposes for which the Corporation is formed are to establish, 

maintain, and operate a computerized library network and to promote the 

evolution of library use, of libraries themselves, and of librarianship, and to 

provide processes and products for the benefit of library users and libraries, 

including such objectives as increasing availability of library resources to 

individual library patrons and reducing the rate of rise of library per-unit costs, all 

for the fundamental public purpose of furthering ease of access to and use of the 

ever-expanding body of worldwide scientific, literary, and educational knowledge 

and information. 

 
FOURTH The affairs of the Corporation shall be managed by the Board of Trustees.  The 

qualifications of the Trustees, together with their terms of office, manner of 

election, removal, change of number, filling of vacancies and of newly-created 

trusteeships, powers, duties and liabilities, shall, except as otherwise provided in 

these Articles, or by the laws of the State of Ohio, be as prescribed by the Code 

of Regulations. 

 
FIFTH There shall be two classes of members of the Corporation and they shall be 

OCLC Members, and Trustee Members.  The voting powers of each class of 

members shall be only as defined in the Code of Regulations or as stated in 

these Articles. 

 
SIXTH There shall be a Global Council composed of Member Delegates as prescribed 

in the Code of Regulations. 

 
SEVENTH These Articles may be amended at any business meeting of the Trustee 

Members called for that purpose provided that notice of the proposed 

amendment(s) has been sent to the Trustee Members at least ten (10) days 

prior to said meeting.  A two-thirds (2/3) vote of all of the authorized Trustee 

Members of the Corporation is required for approval. 
 

EIGHTH The duration of the Corporation shall be perpetual. 

 
NINTH No part of the earnings, dues, or receipts of the Corporation shall inure to the 

benefit of or be distributed to its members, trustees, officers, or other private 

persons, except only that the Corporation shall be authorized and empowered 

to pay reasonable compensation for services rendered and expenses incurred 

and to make payments or distributions in furtherance of the purposes set forth 

in Article Third hereof.  No substantial part of the activities of the Corporation 

shall be the carrying on of propaganda, or otherwise attempting to influence 
Amended Articles of Incorporation 
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legislation, and the Corporation shall not participate in, or intervene in (including 

the publishing or distribution of statements) any political campaign on behalf of, 
or in opposition to, any candidate for public office.  Notwithstanding any other 

provision of these Articles, the Corporation shall not carry on any other activities 

not permitted to be carried on (a) by a corporation exempt from Federal income 

tax under Section 501(c)(3) of the Internal Revenue Code of 1986, as amended 

(or the corresponding provision of any future United States internal revenue law) 

(the “Code”) or (b) by a corporation, contributions to which are deductible under 

Section 170(c)(2) of the Code. 

 
TENTH Upon the dissolution of the Corporation, the Board of Trustees shall, after paying 

or making provision for the payment of all of the liabilities of the Corporation, 

dispose of all of the assets of the Corporation exclusively for the purposes of the 

Corporation in such manner, or to such organization or organizations as are 

described in Section 170(c)(1) or (2) of the Code, as the Board of Trustees shall 

determine.  Any of such assets not so disposed of shall be disposed of by the 

Court of Common Pleas of the county in which the principal office of the 

Corporation is then located, exclusively for such purposes or to such organization 

or organizations, as said Court shall determine, which are organized and operated 

exclusively for such purposes. 

 
ELEVENTH These Articles supersede all prior Articles or Amended Articles. 
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Quantum Back-Action of an Individual 
Variable-Strength Measurement 
M. Hatridge,1•t S. Shankar,1• M. Mirrahimi,1

•
2 F. Schackert.1 K. Geerlings,1 

T. Brecht, 1 K. M. Sliwa,1 B. Abdo,1 L. Fru nzio, 1 S. M. Girvin,1 R. J. Schoelkopf,1 M. H. Devoret1 

Measuring a quantum system can randomly perturb its state. The strength and nature of this 
back-action depend on the quantity that is measured. In a partial measurement performed by 
an ideal apparatus, quantum physics predicts that the system remains in a pure state whose 
evolution can be tracked perfectly from the measurement record. We demonstrated this property 
using a superconducting qubit dispersively coupled to a cavity traversed by a microwave signal. 
The bac~-action on the qubit state of a single measurement of both signal quadratures was observed 
and shown to produce a stochastic operation whose action is determined by · the measurement result. 
This accurate monitoring of a qubit state is an essential JJrerequisite for measurement-based feedback 
control of quantum systems. 

A
lthough the l.-VOlution (' ~tmc co!lupsc'') of n 
q1J<111t1uu system subject to an inlini1ely 
strong (I.e., projec1ive) quantum non­

demolition (QND) measurement is textbook phys­
ics, the subtlety and utility of finite strength (i.e., 
partial) measurement phenomena are neither 
widely appreciated nor commonly verified ex­
perimentally. Standard quantum measurement the­
ory pull: forward lhe principle that observing a 
system induces a decolu:rcnl evolution propor­
tional to the measurement strength (1-5). Thus, 
partial measurement is often associated with par­
tial decohcrcncc of the state of a quantum system. 
However, this measurement-induced degrada­
tion occun, only if the measurement is ineilicicnt 
in1ommtioually- that 1s, if only a portion of the 
measurement's infonuation content is available 
to the observer for use in reconstructing the new 
state of the system. 

If, instead, the measurement apparatus is en­
tirely efficient, tbe new state of the quantum system 
can be perfectly reconstructed. This outcome­
dependent revision of the system's imposed 
initial conditions constitutes a fundamental quan­
tum effect called measurement back-action (2, 6-8). 
Although the system ·s evolution under measure­
ment is erratic (hence, the measurement outcome 
eaimot be predicted in advance), the measure­
ment record faithfully reports the perturbation of 
the system after the fact. 

We use the powerful, combined qubit-cavity 
architecture, 1:ircuit quantum electrodynamics 
(cQED) (9, JO) , which allows for rapid, repeated 
quantum nondcmolition (QND) (11, 12) super­
conducting qubit measurement (/ 3-18) . The 

10epartment of Applied Phy~cs and Physi<S, Yale University, 
New Haven, CT 06520, USA. 'lnstitut Nation.ii de Recher Che en 
lnformatique et en Automatique Paris-Rocquencourt, Domaine de 
Voluceau, B.P. 105, 78153 Le Chesnay Cedex, France. 
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tTo whom rnrrespondence should be addressed. E·mJil: 
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cavity output is monitored in real time by using a 
phase-preserving amplilicr working near the quan­
tum limit, where the noise is only caused by the 
fundamental quantum fluctuations of the electro­
dynamic vacuwn (19). The decision to read out 
our qubit by using coherent states of the resonator 
has two important consequences. FirNt, the out­
comes of a partial measurement form a quasi­
continuum, unlike the set of discrete answers 
obtained from a projective measurement. Second, 
measuring both quadratures of the signal leads to 
two~imensional (2D) diffusion of the direction 
of the qubit cffoctive spin. We show that the choice 
of measurement apparntus and of measurement 
strength both atlect tbe evolution of a quantum sys­
tem, but neither results in degradation of the sys­
tem's state if the measurement is informationally 
efficient. Such precise knowledge of the measure­
ment ba1:k-action is a necessary prereqmsite for 
general foedback control of quantum systems. 

Our superconducting quhit is a transmon (20), 
consisting of two Josephson junctions in a closed 
loop, shunted by II capacitor to fonn an anhar­
monic oscillator. The two lowest energy states, 
(lg) and le)), are the logical states of the qubit. 
TI1e qubit is dispersively coupled to a compact 
resonator, which is iiuther asymmetrically coupled 
to input and output transmission lines (Fig. I, 
B and C), determining the resonator bandwidth 
(Kl21t = 5.8 MHz). To measure a qubit prepared in 
initial slate Ill')= c:.:lg) + cele), a microwave pulse 
of duration T,11 >> 1/K is applied to the resonator. 
The state-dependent shi fi of the resonator fre­
quency (X/2n = 5.4 MHz) results in an entangled 
state of the qubit and pulse 1'1') = c~lg) ® lag) + 
c,,le) ® la.), where la,,._,.) refo.rs to the coherent state 
after traversing the resonator. 

Amplification is .required to conve1t the point­
er state l'I') into a macroscopic signal that can be 
processed and recorded with st!U1dard instrumen­
tation. In our case, the pulse, having tmversed 
the resonator, is amplified by using a linear, phaic­
prescrving amplifier with gain G, which can be 

seen as multiplying the average photon mm1bcr 
in lag, ,) (Fig. IB). For dynamical t.1nge consid. 
erations, our amplifier, called the Josephson para­
metric converter (JPC) (21- 24) is operated in this 
experiment with a gain G = 12.5 dB and bandwidth 
of 6 MHz, adding dose to the minimwu amou11t 
of noise allowed by quantum mechanics. The 
added quantum lluctuations are due to a second, 
"idler," input (19). II measurement ofboth quad. 
rntures of the output mode result~ in an oukonte, 
denoted (J,,,, Q,,,), which is then used to determine 
the new state of the qubit afler measurement (Fig, 
1 A). As has been shown in (8), and detailed in 
lhe supplementary materials, this outcome con. 
tains all information necessary to perfectly t~­
construct the new state of the qubit. Remarkably, 
the additional quantum fluctuations introdu~e~ 
<luring amplification enter in the measurement 
back-action on the qubit without impairing our 
knowledge of it 

We first dcmonstrnte projective qubit readout 
by strongly measuring the qubit using an 8-rts 
pulse with the drive power set so that the ~vcmge 
number of photons in the resonator during 1hc 
pulse wns Ii = 5 (Fig. 2). Selected individual mea­
surement records for the qubit are shown in Fig. 
2B. The dala are digitized with a sampling time 
of20 ns and smoothed with a bmomial filter with 
T,,, = 240 ns width, which conespondi to eight uw­
ity lifetimes, and scaled hy the experimentally 
detennined standarrl deviation (cr). The highlighted 
trace shows clear quantum jumps in the qu bit 
state, which are identified by vertical black dotted 
lines indicating 4a deviations from the cun-ent 
4ubit state. The 8% equilibrium qubit excited­
state population is consistent with other measur~­
mcnts of superconducting qubits (25) . By 
counting the number of up and down transitions 
in 25,000 traces with no qubit excitation pulse, 
we calculate T1 :,: 3 .1 µs. Although we fail to 
resolve pairs of transitims separated by much 
less than our filter time constant, this metbod for 
estimating T1 yields a value in good agreemrnt 
with the value T1 - 2.8 µs calculated from 11tting 
an exponential to the averaged trajectory of all 
traces. Further, the average qubit polarization did 
not vary over 8 µs of continuotts measurerncnt, 
nor did T1 diminish with larger readout amplitude 
up to" '= 15, which demonstrates the QND nanire 
of our readout. 

Histograms of the scaled 1,,, component of ti 1e 
outcome for lhe first 240 ns of measurement afl er 
a qubit rotation bye = 0, n/2, 1t are shown in Fig. 
2C. The ground and excited distributions are 
separated by 4.8 cr, which corresponds to a 
measurement fidelity of 98% when /,11 = 0 is 
used as the discrimination threshold. We enl· 
phasize that the discreteness of the z measnrc­
mcnt of the transmon circuit, illustrated by the 
birnodality of the histogram, is here due only to 
the quantum nature of the circuil and not to any 
nonlinearity of tbe readout. llms, this mcasu r~­
ment of a continuous, unbounded pointer state is 

exactly equivalent to the Stem-Gerlach expe11-
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n1cnt. TI1ese strong, high-fidelity mearnrements 
allow us to pcrfo1m precise tomography and to 
pr~pare the quhit in a known state by measure­
ment. We next use these tools to quantity mea­
surement back-action of partial measurement on 
the quhit state. 

The lJubit evolution due to pmtial mca.~ure­
lllCnt can be precisely calculated from the com­
plete measurement record using the quantum 
trajectory approach (6, 7), but this is computa­
tionally intcnsivi:. h1stcad, we calculate the back­
action from the average output over the time T"'' 
as in (8). Provided that the measurement time is 
short compared with the qubit coherence times T1 

and T2, and long compared with the cavity life­
time and amplifier response time, this approach 
allows the qubit to be tracked without degrada­
tion. ln this experi.menl, T,,, = 240 ns, which is 
shorter than T1 = 2.8 µsand Tu. = 0.7 to 2.0 11s, 
and much longer than the c~vity litc:timc and JPC 
response time of 30 ns. 

Assuming the qubit is initially polarized along 
the +y axis, we calculate the fina I qubit 8loch 
vector (x;, Y;; zr) as ~ function of measurement 

A 

measurement 
of 

{/,,. , 0..,) 
With probability 

P (/m, Om) 

o,.,· 

outcome (Im, Q,,,) (sec detailed de,ivation in the 
supplementary materials) to be 

~( . ) - .. (I,,, T.,) x1 l,.,,Q,,, - sech ~ 

. [Q,,. T,,, 
x sm ~ + Q,,, T.,, (~ )] 

o2 ll 

Xe. 
L(~) ,. . 

q( ) (1111 T 111 ) Yr 1,.,,Q.,, = scch ~ 

x cos[Q"~;•• + Q,:2' "' (~ ~~)] 

~(' ") n· • 
X e 

q (1111 T,,,) ~1 (!111) - tanh --;:;i- ( l ) 

where 1 "' and Q,,, and o define the center and 
standard deviation of the outcome distributions, 

B 

and 11 is the ltuantwn efticicncy of the ampli­
fication chain (Fig. Ii\). In this theory, we neglect 
the effect of qnbit decoherence and lllsses before 
amplifa:ation. In the limit of a perfectly efficient 
amplification (ri = 1 ), we see tlrntthelcngth ofthc 
Bloch ve1.:tor is unity, ini::spcctivc of outcome. The 
parnmeter f ,.,/o can be identified as the apparent 
measurement strength because the measurement 
bcrnmcs more strongly r rojective as 7,,,/ cr in­
creases. lt is given in terms of experimental pa­
rameters as T _,/cr-, J2ii171CT,,,sin(B/2), where 
l} = 2 arc tan x/K. 

The pulse sequence for detennining measure­
ment back-action is shown in Fig. 3A. We fust 
strongly read out the qubit with a 240 ns, 11 = 5 
pulse and record the outcome, which will be used 
to prepare the qubit in the ground state by post­
selection. Then, the qubit is rotated to the +y axis 
and measured with a variable measurement slr\:ngtll 
(1~, = 240 ns ), and the outcome (l,,,, Q,.) is 
recorded. The final , tomography, phase mea­
sure.-; the x, y, or z component of the qubit Hloch 
vector with a strong ( n - 5, 1;,, = 240 ns) 
measurement pulse. To compensate for the finite 

Z-
S,~ (x,, y1, z,) 

readout ,~ 

compact 
resonator 

rfr~';~, 
~ HEMT Q(I) 

pulse UUW ~ quantum 
JPC noise 

y ~ i~ 
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isolator circulator 
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Fig. 1. (A) Bloch sphere representation of the effect on the qubit state of a 
phase-preserving measurement in a cQED architecture. After a measurement 
with outcome (/"" Q.,), the qubit will be found in a final state~ = (:t1, y1, z1l, 
With I., encoding information on the projection of the qubit state along z 
and corresponding back-action and Om encoding the other component of the 
back-action, which is parallel to i x S,·. The measurement outcomes are 
Gaussian distributed, with T~ + O~ = nKT.,. (Bl Schematic of experiment 
mounted to the base plate of a dilution refrigerator. Readout pulses are 
transmitted through the strongly coupled port of the resonator, via an iso· 

lator and circulator, to the signal port (Sig) of a )PC. The idler port (ldU is 
terminated in a SO O load. The amplified signal output is routed via the 
circulator and further isolators (not shown) to a high electron mobility 
transistor (HEMT) amplifier operated at 4 K, and subsequently demodulated 
and digitized at room temperature. (Cl False-color photograph of the trans­
rnon qubit in compact resonator with qubit and resonator parameters. Inset 
is a scanning electron micrograph of the center of the transmon showing a 
loop of two AVAlOx/AI junctions that fo rm an effective junction tunable by an 
external magnetic field. 
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readout strength and qubit temperature, trials with 
outcomes II,,,/crl < 1.5 (conesponding to state pu­
rity < 99%) for the first and third measurements 
are discarded, as well as outcomes for the first 
measurement with the qubit in le). To quantify 
the measurement back-action for a given mea­
surement outcome(/.,, Q,,.), the average final qubit 

Fig. 2. (A) Pulse sequence for strong measure­
ment. An initial qubit rotation R,(8) of e radians 
about the x axis is followed by an 8-µs readout 
pulse with drive power such that n = 5. (B) In­
dividual measurement records. The data are 
smoothed with a binomial filter with a Tm= 240 ns 
time constant and scaled by the experimentally 
determined standard deviation (cr). Black dotted 
lines indicate 4cr deviation events. The qubit is 
initially measured to be in the excited state, and 
quantum jumps between excited and ground states 
are dearly resolved. The center of the ground- and 
excited-state distributions are represent!'d as hori­
zontal dotlEd lines. (C) Histograms of the initial 
240-ns record of the readout pulse along Im axis, 
for 0 = 0, Tri2, rt. Finite quoit temperature and r1 

decay during readout are visible as population in 
the undesired qubit state. 

A 

Bloch vector, conditioned by the measurement 
outcome (I,,,, Qn,), ((X)0 (Y>c, (Z)c), is calcu­
lated versus outcome using the results of the 
tomography phase. These conditional maps of 
<X)c, (Y)c, (Z)c were constructed using 201 by 
201 bins in the plane of scaled measurement out­
comes (1,,/cr, Q,,/cr). 

A R,(a) 

qubl1 j 
;; =5 

cavity 

a µs 

2 4 6 8 
Time(flS) 

B 

' .. state preparation Ivanable strength 1 

- - - - - - - -1 
Tomography 

1,3 .... 
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T,.•MOns 

1 measuremenl 
A,(n/2) I with oulcome 

1 ! (Im, a,,,) 
I 
I 
I v_ariable n 
I 
I 
, 1------1 

R,(n/2) l R,(-rc/2) 
or Id 

repeat 15 x 10• 
limes for each 

value of ii 

ii =5 X 10'3 
0

eo .. 
... 

i'i=5x 10·2 0 ., 

ii = 5 X 10"1 o 

Results for four measurement strengths in. 
creasing by decades from n = 5 x w-3 to 5 are 
shown in Fig. 3B (see movie SI of histograms 
and tomograms for all measurement strengths). 
The left column shows a 2D histogram of all 
scaled measurement outcomes recorded during 
the variable- trength readout pulse. At weak 
measurement strength, the ground- (left) and ex:cited. 
(right) state distributions overlap almost com. 
plctcly. Their scpllilltion grows with increasing 
strength until they are well separated at 11 "" 5 
which corresponds to lhe strung projective tnea~ 
surement shown in Fig. !A. The rightmost co]. 
umns shuw (XL (Y)c, (Z)c versus the associated 
(I.,lcr, Qm/cr) bin. At weak measurement strength 
(n << 1 ), the qubit state is only slightly perturbed, 
with all measurement outcomes corresponding 
to Bloch vector.; pointing ncru-Jy along the +y 
(initial) axis. However, gradients in (X}., along 
the Qm axis and (Z)c along the Im ax.is are visible, 
demonstrating the outcome-dependent back­
action of the measurement on the qubit state. AJS 
the measurement strength increases, so does the 
back-action, as seen in the incrca'lC of the gra­
dients in the {X)c and (Z)c maps (see fig. S2). \1/hen 
the measurement becomes strong, the qubit is 
projected to +z for positive Im (- z for negative 
I.,}, whereas (X) and (Y) go unconditionally lo 
zero, as expected. 

One of the key predictions of finite-strength 
measurement theory is that the statistics of the 
me.asure:ment process, in particular the apparent 
measurement strength in the I-quadrature (which 
can be determined experimentally from the statis­
tics of the measurement outcomes), are sufficient 
to infer z1 for any apparent measurement strength 
or outcome (see Eq. I). For weak measurement, 
where the back-action is symmetric along both x 
and z, the apparent measurement strength deter-

G 1,,, /o w • ~f +J~~m 
·fl -:i03D-6·l0lri-6-3 0 •S 

mmm 
036 -to.3036-& •3036 . -6 ·3 0 3 4 

:QQ~ 
LdLCJLI 
· -6-3096--f·lO:JCl.-04D f 

:c=-J _Q _~ 
:LldLlLJ 
~ 4 0 3 6. 4 0 3 o · ~ ~ 0 S t 

Fig. 3. (A) Pulse sequence for quantifying measurement back-action. The measurement lll• IE=J ;::: c::;::::::; 
strength was varied linearly in amplitude from ./ff= 0 to 5. Conditional maps of ()0,, (Y),, 

0 
M .r ~ ., 

f.l>, versus measurement outcome Vir/cr, Q,ilcr) were constructed using 201 by 201 bins. (B) ax 
Results are shown increasing by decades from n = 5 x 10- 3 to 5. The left column shows a 2D histogram of all scaled measurement outcomes recorded during the 
variable-strength readout pulse. The three rightmost columns are tomograms showing (X'/,, (Y),, (Z), versus the associated Uir!cr, Q,,,Jcr) bin. 
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Fig. 4. Correlation between back-action and mea­
surement outcome. (A) Experimental data for cor­
related back-action signal along z, (iJ/..Z},!Blm)cr, 
and along x, (Bi_)())i'!Omlcr, evaluated at Um, Om) = 
O, are plotted versus T ,rlcr. For weak measurement 
strength, the slopes at the origin (represented by 
solid and dashed line, for z and x, respectively) 
agree with theoretical predictions, including first­
order corrections for T1 and 72• The solid curve is the 
full theoretical expression for the x back-action 
plotted with Tl= 0.2, Qm = 1.28 Tm, and exp(- t/ 
T2) = 0.58. (Bl Experimental data for un­
conditioned (Y) versus 7 ,,,/ cr. The data show the 
expected measurement-induced dephasing when 
the measurement outcome is not used to condition 
the perturbed qubit state. The dephasing rate is 
proportional to (/ ,,./cr)2, re5ulting in the apparent 
Gaussian dependence of (Y) versus T mfcr. The 
theoretical expression for (Y) versus T ,,,lcr with 
parameters listed above is shown as a solid curve. 

mines the amplitude of the x back-action as well 
(sec eq. 14 in the supplementary materials). In 
Fig. 4A, we quantitatively compare this prediction 
with our experimental result. TI1e scaling coef­
ficients relating mca=nent outcome to oock-oction 
aloug z, (of..Z)/EJ/.,)cr, and along x, (fXX),!BQ.,)cr, 
extracted from the tomograms at]"' = Q,,, = 0, are 
plotted versus the apparent measurement strength 
extracted from the histograms, T "' / cr (see section 
1.4 in the supplementary materials). 

8od1 ooetfa,-i.ents, (iq),!Dlm)cr and (fl..X'JJBQ.JJ, 
are predicted atl., = Q., = 0 to be equal to 7.,/ cr; 
therefore, the data in Fig. 4A should have unity 
slope. However, finite T1 and T2 acting for a time t 
reduce the state purity and the apparent back-action. 
To fm;t order, the coefficients are modified to 
(fX.Z)JDJ.,)cr = (T.,/cr)e·,/T, and (il(.\')J11Q.,)cr ~ 
(T.,/cr)e-</T, for the z and x back-action, respec­
tively. In our pulse sequence, ~ ~ 380 ns, pre­
dicting slopesof0.87 ± 0.09 and 0.58 ± 0.06 forz 
and x, in excellent agreement with lhe expcr­
iinentally determined slopes of 0.86 ± 0.01 and 
0.55 ± 0.ot . All further theoretical predictions 
are modified to reflect the effects of T, and T2, 

fo llowing the description in eq. 2 in the sup-

plcmentuy materials. The black curve is the 
full d1,iorelicaJ dcpcndc11cc of (r(.\"), /,1(2.,)cr = 
7,,,/o nisj {!,,, / ,.,/crf I - 11J/ 11]}c I' ,bl 1 •11•ie t/T, 

using T) = 0.2, the lowest value of Tl we extract from 
other measurements (see section 1.3 in the supple­
mentary materials). We attribute the tliscrepancy 
between theory and data at h igb measurement 
strength to environmental depb.asing effects due to 
finite T2 and losSt:8 before the JPC. Additionally, 
we process the tomography results unconditioned 
by n~L~urcmcnt outcome in Fig. 4B. Theory 
predicls (l') --= e· T;. /~ri' cos(T., Q,,./11ci)e-t/T, . 
This expression evaluated with Tl = 0.2 is shown 
as a black cmve with the deviation for stronger 
measurements attributed to dephasing effects Jue 
to losses before amplification. 

Similar experiments have studied measurement 
of the state of a microwave cavity by Rydberg 
atoms (26) and partial nonlinear measurement of 
pha<;e qubits (27). Also, phase-sensitive parame­
tric amplification has beeu used to implement 
weak measurement-ba~cd feedback (18). In our 
experiment, the ability to perform both weak and 
strong high-efficiency, QND, linear measure­
ments within a qubit lifetime, coupled with our 
higll-throughput and minimally noisy readout 
electronics, allows us to acquire 13.5 billion qubit 
measurements in -28 hours, data that can be 
compared with complete theoretical predictions 
of the conditional evolution of quantwn stlites 
under measurement. They provide strong evidence 
that the purity of the state would uot decrease in the 
limit of a perfect measuremcn~ even when the sig­
nal is processed by a phase-preserving amplifier. 

Our experiment illustrates an alternate approach 
to the description of a quantum measurement. In 
the case of a qubit, a finite-strength QNT> mea­
surement can be thought of as a stochastic op­
eration whose action is unpredictable but known to 
the experimenters after the fact if they have a 
quantum-noise-limited amplification chain. Any 
final slate is possible, and the type of quantity mea­
sured, combined with lhe measurement strength, 
determines the probability distribution for differ­
ent outcomes. This partial (i.e., finite strength) 
measurement paradigm is uot inconsistent with 
the usual view of projective (i.e., infinite ~trength) 
me!\Surement. Rather, projective measurement is 
the limiting case of the broader class of finite 
strength measurements. 

The finite-strength measurement predictions 
that we have verified have immediate applicabil­
ity to proposed schemes for feedback stabiliwtion 
and error corrcctiou of superconducting qubit states. 
Whereas classical feedback is predicated on the 
idea that measuring a system does not disturb it, 
quantum feedback has to make additional correc­
tions lo the slllte of tl1e system to counteract the 
unavoidable measurement back-action. The mea­
surement back-action that is the subject of this 
paper thus crucially determines the transfonna­
tion of the measurement outcome into the op­
timal co1Tection signal for feedback. Our ability 
to experimentally quantify the back-nction of an 
amilnlry-strength measurement thus provides a 

dress rehear,al for full feedback control of a gen­
eral quantum system. 
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211 Suppression of Oxidative Stress by 
P-Hydroxybutyrate, an Endogenous 
Histone Deacetylase Inhibitor 
T. Shimazu et al. 
Ketone bodies, metabolites that accumulate 
during fasting, change gene expression by 
inhibiting histone deacetylases. 
>> Perspective p. 148 

215 The COMPASS Subunit Sppl Links 
Histone Methylation to Initiation 
of Meiotic Recombination 
L. Acquaviva et al. 
A protein involved in histone methylation 
targets the meiotic recombination machinery 
to chromatin. 

218 JNK Expression by Macrophages Promotes 
Obesity-Induced Insulin Resistance and 
Inflammation 
M. S. Han et al. 
A kinase in macrophages is required for 
high-fat diet-induced metabolic changes 
and inflammation. 
>> Perspective p. 147; Inflammation section 
p. 155 

222 Influence of Threonine Metabolism 
on 5-Adenosylmethionine and Histone 
Methylation 
N. Shyh-Chang et al. 
Unusual threonine metabolism in mouse stem 
cells influences genetic reprogramming via 
altered histone methylation. 
>> Perspective p. 148 

227 Natively Inhibited Trypanosoma brucei 
Cathepsin B Structure Determined 
by Using an X-ray Laser 
L. Redecke et al. 
In vivo crystallization and serial femtosecond 
crystallography reveal the structure of a 
sleeping sickness parasite protease. 
>> Perspective p. 146 
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Quantum Back-Action of an Individual 
Variable~Strength Measurement 
M. Hatridge,1*t S. Shankar,1* M. Mirrahimi,1

'
2 F. Schackert,1 K. Geerlings,1 

T. Brecht,1 K. M. Sliwa,1 B. Abdo,1 L. Frunzio,1 S. M. Girvin,1 R. ]. Schoelkopf,1 M. H. Devoret1 

Measuring a quantum system can randomly perturb its state. The strength and nature of this 
back-action depend on the quantity that is measured. In a partial measurement performed by 
an ideal apparatus, quantum physics predicts that the system remains in a pure state whose 
evolution can be tracked perfectly from the measurement record. We demonstrated this property 
using a superconducting qubit dispersively coupled to a cavity traversed by a microwave signal. 
The back-action on the qubit state of a single measurement of both signal quadratures was observed 
and shown to produce a stochastic operation whose action is determined by the measurement result. 
This accurate monitoring of a qubit state is an essential prerequisite for measurement-based feedback 
control of quantum systems. · 

A
. !though the evolution ("state collapse") of a 

quantum system subject to an infinitely 
strong (i.e., projective) quantum non­

demolition (QND) measurement is textbook phys­
ics, the subtlety and utility of finite strength (i.e., 
partial) measurement phenomena are neither 
widely appreciated nor commonly verified ex­
perimentally. Standard quantum measurement the­
ory puts forward the principle that observing a 
system induces a decoherent evolution propor­
tional to the measurement strength (1-5). Thus, 
partial measurement is often associated with par­
tial decoherence of the state of a quantum system. 
However, this measurement-induced degrada­
tion occurs only if the measurement is inefficient 
informationally-that is, if only a portion of the 
measurement's information content is available 
to the observer for use in reconstructing the new 
state of the system. 

If, instead, the measurement apparatus is en­
tirely efficient, the new state of the quantum system 
can be perfectly reconstructed. This outcome­
dependent revision of the system's imposed 
initial conditions constitutes a fundamental quan­
tum effect called measurement back-action (2, 6-8). 
Although the system's evolution under measure­
ment is erratic (hence, the measurement outcome 
cannot be predicted in advance), the measure­
ment record faithfully reports the perturbation of 
the system after the fact. 

We use the powerful, combined qubit-cavity 
architecture, circuit quantum electrodynamics 
(cQED) (9, JO); which allows for rapid, repeated 
quantum nondemolition (QND) (11, 12) super­
conducting qubit measurement (13-18). The 
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cavity output is monitored in real time by using a 
phase-preserving amplifier working near the quan­
tum limit, where the noise is only caused by the 
fundamental quantum :fluctuations of the electro­
dynamic vacuum (19). The decision to read out . 
our qubit by using coherent states of the resonator 
has two important consequences. First, the out­
comes of a partial measurement form a quasi­
continuum, unlike the set of discrete answers 
obtained from a projective measurement. Second, 
measuring both quadratures of the signal leads to 
two-dimensional (2D) diffusion of the direction 
of the qubit effective spin. We show that the choice 
of measurement apparatus and of measurement 
strengtli both affect the evolution of a quantum sys­
tem, but neither results in degradation of the sys­
tem's state if the measurement is informationally 
efficient. Such precise knowledge of the measure­
ment back-action is a necessary prerequisite for 
general feedback control of quantum systems. 

Our superconducting qubit is a transmon (20), 
consisting of two Josephson junctions in a closed 
loop, shunted by a capacitor to form an anhar­
monic oscillator. The two lowest energy states, 
(lg) and le)), are the logical states of the qubit. 
The qubit is dispersively coupled to a compact 
resonator, which is further asymmetrically coupled 
to input and output transmission lines (Fig. 1, 
B and C), determining the resonator bandwidth 
(id21t = 5 .8 MHz). To measure a qubit prepared in 
initial state l'I') = cglg-) + c,le), a microwave pulse 
of duration T"' >> 1/ic is applied to the resonator. 
The state-dependent shift of the resonator fre­
quency (:x/2n = 5.4 MHz) results in an entangled 
state of the qubit and pulse l'P) = cglg-)@ lag)+ 
c, le) @ la,), where lag,,) refers to the coherent state 
after traversing the resonator. 

Amplification is required to convert the point­
er state l'P) · into a macroscopic signal that can be 
processed and recorded with standard instrumen­
tation. In our case, the pulse, having traversed 
the resonator, is amplified by using a linear, phase­
preserving amplifier with gain G, which can be 

seen as multiplying the average photon number 
in lag, ,) (Fig. lB). For dynamical range consid­
erations, our amplifier, called the Josephson para­
metric converter (JPC) (21-24) is operated in this 
experiment with a gain G= 12.5 dB and bandwidth 
of 6 MHz, adding close to the minimum amount 
of _noise allowed by quantum mechanics. The 
added quantum :fluctuations are due to a second, 
"idler," input (19). A measurement ofboth quad­
ratures of the output mode results in an outcome, 
denoted (Im, Qm), which is then used to determine 
the new state of the qubit after measurement (Fig. 
lA). As has been shown in (8), and detailed in 
the supplementary materials, this outcome con­
tains all information necessary to perfectly re­
construct the new state of the qubit. Remarkably, 
the additional quantum :fluctuations introduced 
during amplification enter in the measurement 
back-action on the qubit without impairing our 
knowledge of it. 

We first demonstrate projective qubit readout 
by strongly measuring the qubit using an 8-µs 
pulse with the drive power set so that the average 
number of photons in the resonator during the 
pulse was n = 5 (Fig. 2). Selected individual mea­
surement records for the qubit are shown in Fig. 
2B. The data are digitized with a sampling time 
of20 ns and smoothed with a binomial filter with 
Tm= 240 ns width, which corresponds to eight cav­
ity lifetimes, and scaled by the experimentally 
determined standard deviation (cr). The highlighted 
trace shows clear quantum jumps in the qubit 
state, which are identified by vertical black dotted 
lines in5ficating 4cr deviations from the current 
qubit state. The 8% equilibrium qubit excited­
state population is consistent with other measure­
ments of superconducting qubits (25). By 
counting the number ofup and down transitions 
in 25,000 traces with no qubit excitation pulse, 
we calculate T1 '.'S 3.1 µs. Although we fail to 
resolve pairs of transitions separated by much 
less than our filter time constant, this method for 
estimating T1 yields a value in good agreement 
with the value T1 = 2.8 µs calculated from fitting 
an exponential. to the averaged trajectory of all 
traces. Further, the average qubit polarization did 
not vary over 8 µs of continuous measurement, 
nor did T1 diminish with larger readout amplitude 
up ton~ 15, which demonstrates the QND nature 
of our readout. 

Histograms of the scaled Im component of the 
outcome for the first 240 ns of measurement after 
a qubit rotation by 0 = 0, rt/2, 1t are shown in Fig. 
2C. The ground and excited distributions are 
separated by 4.8 cr, which corresponds to a 
measurement fidelity of 98% when Im = 0 is 
used as the discrimination threshold. We em­
phasize that the discreteness of the z measure­
ment of the transmon circuit, illustrated by the 
bimodality of the histogram, is here due only to 
the quantum nature of the circuit and not to any 
nonlinearity of the readout. Thus, this measure­
ment of a continuous, unbounded pointer state is 
exactly equivalent to the Stem-Gerlach experi-
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ment These strong, high-fidelity measurements 
allow us to perform precise tomography and to 
prepare the qubit in a known state by measure­
ment. We next use these tools to quantify mea­
surement back-action of partial measurement on 
the qubit state. 

outcome (Im, Qm) (see detailed derivation in the 
supplementary materials) to be 

REPORTS -I 

and ~ is the quantum e~ciency of the ampli-
fication chain (Fig. IA). In this theory, we neglect 
the effect of qubit decoherence and losses before 
amplification. In the limit of a perfectly efficient 
amplification(~= 1), we see that the length of the 
Bloch vector is unity, irrespective of outcome. The 
parameter T ml a can be identified as the apparent 
measurement strength because the measurement 
becomes more strongly projective as T m/cr in-

The qubit evolution due to partial measure­
ment can be precisely calculated from the com­
plete measurement record using the quantum 
trajectory approach (6, 7), but this is computa­
tionally intensive. Instead, we calculate the back­
action from the average output over the time Tm, 
as in ( 8). Provided that the measurement time is 
short compared with the qubit coherence times T1 

and T2, and long compared with the cavity life­
time and amplifier response time, this approach 
allows the qubit to be tracked without degrada­
tion. In this experiment, Tm = 240 ns, which is 
shorter than T1 = 2.8 µsand T 2R = 0.7 to 2.0 µs, 
and much longer than the cavity lifetime and JPC 
response time of 30 ns. 

Tl( ) - (Im Tm) Yf Im,Qm - sech ~ 

creases. It is given in terms of experimental pa­
rameters as Tm/a= ✓2n~KTmsin(-0/2), where 
-0 = 2 arctan x/K. 

The pulse sequence for determining measure­
ment back-action is shown in Fig. 3A. We fi.IBt 
strongly read out the qubit with a 240 ns, n = 5 
pulse and record the outcome, which will be used 
to prepare the qubit in the ground state by post­
selection. Then, the qubit is rotated to the +y axis 
and measured with a variable measurement strength 
(Tm = 240 ns), and the outcome (Im, Qm) is 
recorded. The final, tomography, phase mea­
sures the x, y, or z component of the qubit Bloch 
vector with a strong ( n = 5, Tm = 240 ns) 
measurement pulse. To compensate for the finite 

X COS [Qm ;m 
(J 

+ Q:;m (1 ;~)] 
-~(1 ~~) 

Xe , 

Assuming the qubit is initially polariz.ed along 
the +y axis, we calculate the final qubit Bloch 
vector ( x_r, y_r, zf) as a function of measurement 

z'}(Jm) = tanh (1m }'") ( 1) 

where I m and Qm and CJ define the center and 
standard deviation of the outcome distributions, 

A 

measurement 
of 

(Im, Qm) 
with probability 
, P(/m, Qm) 

B 

Fig. 1. (A) Bloch sphere representation of the effect on the qubit state of a 
phase-preserving measurement in a cQED architecture. After a• measurement 
with outcome Um, Om), the qubit will be found in a final state St= (x1, Yt, z1), 
with Im encoding information on the projection of the qubit state along z 
and corresponding back-action and Om encoding the other component of the 
back-action, which is parallel to z x S;. The measurement outcomes are 
Gaussian distributed, with T~ + Q~ = nKTm, (B) Schematic of experiment 

' mounted to the base plate of a dilution refrigerator. Readout pulses are 
transmitted through the strongly coupled port of the resonator, via an iso-

~£/(t) 

. ~~R~ 
~ HEMT Q(t) 

~ quantum 
· JPC noise 

isolator circulator Pump 

oo pact 1B<SOnator 
f~ = 7.545 GHz 
K/2x= 5.8 MHz 

Oru, = 1400 

tra11smon 
fq = 5.676 GHz 
Ec=290 MHz 
T1 =2.8 µs 
T2R = 2.0 - 0.7 µs 
x}21t = 5.4 MHz 

lator and circulator, to the signal port (Sig) of a ]PC. The idler port (ldl) is 
terminated in a 50 Q load. The amplified signal output is routed via the 
circulator and further isolators (not shown) to a high electron mobility 
transistor (HEMT) amplifier operated at 4 K, and subsequently demodulated 
and digitized at room temperature. (C) False-color photograph of the trans­
mon qubit in compact resonator with qubit and resonator parameters. Inset 
is a scanning electron micrograph of the center of the transmon showing a 
loop of two AI/AlOx/Al junctions that form an effective junction tunable by an 
external magnetic field. 
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readout strength and qubit temperature, trials with 
outcomes 1/,,,/al < 1.5 (corresponding to state pu­
rity < 99%) for the first and third measurements 
are discarded, as well as outcomes for the first 
measurement with the qubit in le). To quantify 
the measurement back-action for a given mea­
surement outcome (Im, Qm), the average final qubit 

Fig. 2. (A) Pulse sequence for strong measure-
ment. An initial qubit rotation Rx(0) of 0 radians 
about the x axis is followed by an 8-µs readout 
pulse with drive power such that n = 5. (B) In-
dividu"al measurement records. The data are 
smoothed with a binomial filter with a Tm= 240 ns 
time constant and scaled by the experimentally 
determined standard deviation (a). Black dotted 
lines indicate 4a deviation events. The qubit is 
initially measured to be in the excited state, and 
quantum jumps between excited and ground states 
are clearly resolved. The center of the ground- and 
excited-state distributions are represented as hori-
zontal dotted lines. (C) Histograms of the initial 
240-ns record of the readout pulse along Im axis, 
for 0 = 0, rr12, 1t. Finite qubit temperature and T1 

decay during readout are visible as population in 
the undesired qubit state. 

A 

Bloch vector, conditioned by the measurement 
outcome (Im, Qm), ((X)c, (Y)c, (Z)c), is calcu­
lated versus outcome using the results of the 
tomography phase. These conditional maps of 
(X)c, (Y)c, (Z)c were constructed using 201 by 
201 bins in the plane of scaled measurement out­
comes (Im/a, Q,,,la). 

A R,(8) 

qublt ' ii=5 

cavity 

8 µs 

B 

2 4 6 8 
Time (µs) 

C 

(/) 

c 
::, 
0 
0 

Results for four measurement strengths in­
creasing by decades from n = 5 x 10-3 to 5 are 
shown in Fig. 3B (see movie SI of histograms 
and tomograms for all measurement strengths). 
The left column shows a 2D histogram of all 
scaled measurement outcomes recorded during 
the variable-strength readout pulse. At weak 
measurement strength, the ground- (left) and excited­
(right) state distributions overlap almost com­
pletely. Their separation grows with increasing 
strength until they are well separated at n = 5, 
which corresponds to the strong projective mea­
surement shown in Fig. lA. The rightmost col­
umns show (X)c, (Y)c, (Z)c versus the associated 
(In/a, Qn/cr) bin. At weak measurement strength 
(n « 1 ), the qubit state is only slightly perturbed, 
with all measurement outcomes corresponding 
to Bloch vectors pointing nearly along the +y 
(initial) axis. However, gradients in 0'>c along 
the Qm axis and (Z)c along the Im axis are visible, 
demonstrating the outcome-dependent back­
action of the measurement on the qubit state. As 
the measurementstrength.increases, so does the 
back-action, as seen in the increase of the gra­
dients in the Q[)c and (Z)c maps (see fig. S2). When 
the measurement becomes strong, the qubit is 
projected to +z for positive Im (-z for negative 
Im); whereas (X) and (Y) go unconditionally to 
zero, as expected. 

One of the key predictions of :finite-strength 
measurement theory is that the statistics of the 
measurement process, in particular the apparent 
measurement strength in the I-quadrature (which 
can be determined experimentally from the statis­
tics of the measurement outcomes), are sufficient 
to infer z1 for any apparent measurement strength 
or outcome (see Eq. 1). For weak measurement, 
where the back-action is symmetric along both x 
and z, the apparent measurement strength deter-

-------------------------, L •State preparation ,variable strength Tomography 
6 

B tl:•/m/cr omsVcr :m6rn d0 
-: - o e o _ I measurement r~peat 15 x 1 O 

R,(n/2) 1 with outcome Ry(Jt/2) times for ei:ch ! ! Um, Qm) '~~~Jt/2) value of n qubit 
I 
I 
I variable n cavity ;, =S 
I 

lE l I• Tm= 240 n~j 
• @ L ----------, 

x.,1 ~v@?H 
or ~ 

. Z= ±1 

ii =5 X 10·3 do 
·3 

-6 
. <X>,, . <Y>,, _ <Z>, 

-6 -3036 -6-30 3 6 -6-30 3 6 -6-30 3 6 

ii =5 X 10·2 : : - - 3 : c~ 6• m~·m :: : I ;X>c : <Y>, : :Z>, · 
-6-3036 -6·3036·6-3036-6-3036 

ii=5 X 10·1 

6•-mm~ 3 3 3 3 • 

0 ' 0 -: - 0 -:- 0 ~ 
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·6-3036 -6-3036-6 -303 6-6 -3036 
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ii=5 ° 
· 3 

-6 -3 D 3 e -s-Jo 3 s -s-Jo as 

Fig. 3. (A) Pulse sequence for quantifying measurement back-action. The measurement 
strength was varied linearly in amplitude from .,/n = 0 to y'S. Conditional maps of (X)0 (Y)0 

(Z>c versus measurement outcome (Ida, Omla) were constructed using 201 by 201 bins. (B) 
0 Max -1 0 1 

Results are shown increasing by decades from n = 5 x 10-3 to 5. The left column shows a 2D histogram of all scaled measurement outcomes recorded during the 
variable-strength readout pulse. The three rightmost columns are tomograms showing Q()0 (Y)0 (Z>c versus the associated /Jda, Omla) bin. 
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Fig. 4. Correlation between back-action and mea­
surement outcome. (A) Experimental data for cor­
related back-action signal along z, (8(Z)cf8/m)cr, 
and along x, (8()0cf8Om)cr, evaluated at Um, Om) = 
0, are plotted versus Tm!cr. For weak measurement 
strength, the slopes at the origin (represented by 
solid and dashed line, for z and x, respectively) 
agree with theoretical predictions, including first­
order corrections for T1 and T2• The solid curve is the 
full theoretical expression for the x back-action 
plotted with 11 = 0.2, Qm = 1.28 Im, and exp(-,/ 
T2) = 0.58. (B) Experimental data for un­
conditioned (Y) versus T,,,/cr. The data show the 
expected measurement-induced dephasing when 
the measurement outcome is not used to condition 
the perturbed qubit state. The dephasing rate is 
proportional to (Tm/cr)2

, resulting in the apparent 
Gaussian dependence of (Y) versus Tmlcr. The 
theoretical expression for (Y) versus Tmlcr with 
parameters listed above is shown as a solid curve. 

mmes the amplitude of the x back-action as well 
(see eq. 14 in the supplementaiy mate1ials). In 
Fig. 4A, we quantitatively compare this prediction 
with om experimental result. The scaling coef­
ficients relating measurement outcome to back-action 
along z, (8(Z)j81,,,)cr, and along x, (8(X)J8Q,,,)cr, 
extracted from the tomograms at!,,,= Q,,, = 0, are 
plotted versus the apparent measurement strength 
extracted from the histograms, T,,, / cr (see section 
1 .4 in the supplementaiy mate1ials ). 

Both coefficients, (a(Z)j8J,,,)cr and (a(X)JBQ,,,'p, 
are predicted at I,,, = Q,,, = 0 to be equal to T,,, / cr; 
therefore, the data in Fig. 4A should have unity 
slope. However, finite T1 and T2 actmg for a time, 
reduce the state prnity and the appai-ent back-action. 
To first order, the coefficients are modified to 
(a(Z\/81,,,)cr = (T,,,/cr)e- t/T, and (8{X)j8Q111)cr ~ 
(T,,, / cr)e-r/T, for the z and x back-action, respec­
tively. In our pulse sequence, , ~ 3 80 ns, pre­
dicting slopes of0.87 ± 0.09 and 0.58 ± 0.06 for z 
and x, in excellent agreement with the exper­
imentally determined slopes of 0.86 ± 0.0 I and 
0.55 ± 0.01. All fu1ther theoretical predictions 
are modified to reflect the effects of T1 and T2, 

following the description in eq. 2 in the sup-

plernentaty materials. The black curve is the 
foll them-etical dependence of (B(X'Jc/BQ,,,)cr = 
7,,,/a cos{Q,,, T,,,/cr2[(I - ri)/q]}e- T;,ft,"li-,1J•1le-,;r, 

using ri = 0.2, the lowest value of11 we extract from 
other measmements (see section 1.3 in the supple­
mentaiy mate1ials). We attribute the discrepancy 
between theory and data at high measurement 
strnngth to environmental dephasing effects due to 
finite T2 and losses before the JPC. Additionally, 
we process the tomography results unconditioned 
by measmement outcome in Fig. 4B. TI1e01y 
predicts (Y) = e- T,;/~ri' cos(T,,, Q,,,/11ci2 )e-,fr, . 
TI1is expression evaluated with 17 = 0.2 is shown 
as a black curve with the deviation for stronger 
measmements att1ibuted to dephasing effects due 
to losses before amplification. 

Similar experiments have studied measurement 
of the state of a microwave cavity by Rydberg 
atoms (26) and paitial nonlinear measu1-ement of 
phase qubits (27). Also, phase-sensitive pai·ame­
tric amplification has been used to implement 
weak measurement-based feedback (18). In our 
experiment, the ability to pe1fon11 both weak and 
strong high-efficiency, QND, linear measure­
ments withm a qubit lifetime, coupled with our 
high-throughput and minimally noisy readout 
electronics, allows us to acquire 13.5 billion qubit 
measmements in -28 hours, data that can be 
compai·ed with complete theoretical predictions 
of the conditional evolution of quantum states 
UJJder measw-ement. They provide strong evidence 
that the prnity of the state would not decrease in the 
limit of a petfect measmement, even when the sig­
nal is processed by a phase-p1-eserving amplifier. 

Our expe1iment illustrates an alternate approach 
to the desc1iption of a quantwn measmement. In 
the case of a qubit, a finite-strength QND mea­
surement can be thought of as a stochastic op­
eration whose action is llllpredictable but known to 
the expe1imenters after the fact if they have a 
quantwn-noise--limited ainplification chain. Any 
final state is possible, and the type of quantity mea­
sured, combined with the measmement strength, 
detennmes the probability disttibution for differ­
ent outcomes. TIJ..is paitial (i.e., finite strength) 
measurement paradigm is not inconsistent with 
the usual view of projective (i.e., infinite stt·ength) 
measurement. Rather, projective measmement is 
the limiting case of the broader class of fuJ..ite 
stt·ength measurements. 

The finite-strength measuremeut predictions 
that we have ve1ified have immediate applicabil­
ity to proposed schemes for feedback stabilization 
and e1rnr conection of superconducting qubit states. 
Whereas classical feedback is predicated on the 
idea that measming a system does not distw·b it, 
quantwn feedback has to make additional COITec­
tions to the state of the system to counteract the 
wiavoidable measurement back-action. The mea­
surement back-action that is the subject of tlJ..is 
paper tl1us crucially detemrines tl1e transforma­
tion of the measurement outcome into tl1e op­
tiinal con-ection signal for feedback. Our ability 
to experimentally quantify tl1e back-action of an 
arbitrary-strength measurement thus provides a 

REPORTS 

dress rehearsal for foll feedback conlt-ol of a gen­
eral quantum system. 
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Quantum back-action of an individual variable-strength
measurement.
Hatridge M , Shankar S, Mirrahimi M, Schackert F, Geerlings K, Brecht T, Sliwa KM, Abdo B, Frunzio L, Girvin
SM, Schoelkopf RJ, Devoret MH.

Abstract
Measuring a quantum system can randomly perturb its state. The strength and nature of this back-
action depend on the quantity that is measured. In a partial measurement performed by an ideal
apparatus, quantum physics predicts that the system remains in a pure state whose evolution can
be tracked perfectly from the measurement record. We demonstrated this property using a
superconducting qubit dispersively coupled to a cavity traversed by a microwave signal. The back-
action on the qubit state of a single measurement of both signal quadratures was observed and
shown to produce a stochastic operation whose action is determined by the measurement result.
This accurate monitoring of a qubit state is an essential prerequisite for measurement-based
feedback control of quantum systems.
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Quantum Back-Action of an Individual
Variable-Strength Measurement
M. Hatridge,1*† S. Shankar,1* M. Mirrahimi,1,2 F. Schackert,1 K. Geerlings,1

T. Brecht,1 K. M. Sliwa,1 B. Abdo,1 L. Frunzio,1 S. M. Girvin,1 R. J. Schoelkopf,1 M. H. Devoret1

Measuring a quantum system can randomly perturb its state. The strength and nature of this
back-action depend on the quantity that is measured. In a partial measurement performed by
an ideal apparatus, quantum physics predicts that the system remains in a pure state whose
evolution can be tracked perfectly from the measurement record. We demonstrated this property
using a superconducting qubit dispersively coupled to a cavity traversed by a microwave signal.
The back-action on the qubit state of a single measurement of both signal quadratures was observed
and shown to produce a stochastic operation whose action is determined by the measurement result.
This accurate monitoring of a qubit state is an essential prerequisite for measurement-based feedback
control of quantum systems.

Although the evolution (“state collapse”) of a
quantum system subject to an infinitely
strong (i.e., projective) quantum non-

demolition (QND)measurement is textbook phys-
ics, the subtlety and utility of finite strength (i.e.,
partial) measurement phenomena are neither
widely appreciated nor commonly verified ex-
perimentally. Standard quantummeasurement the-
ory puts forward the principle that observing a
system induces a decoherent evolution propor-
tional to the measurement strength (1–5). Thus,
partial measurement is often associated with par-
tial decoherence of the state of a quantum system.
However, this measurement-induced degrada-
tion occurs only if the measurement is inefficient
informationally—that is, if only a portion of the
measurement’s information content is available
to the observer for use in reconstructing the new
state of the system.

If, instead, the measurement apparatus is en-
tirely efficient, the new state of the quantum system
can be perfectly reconstructed. This outcome-
dependent revision of the system’s imposed
initial conditions constitutes a fundamental quan-
tum effect called measurement back-action (2, 6–8).
Although the system’s evolution under measure-
ment is erratic (hence, the measurement outcome
cannot be predicted in advance), the measure-
ment record faithfully reports the perturbation of
the system after the fact.

We use the powerful, combined qubit-cavity
architecture, circuit quantum electrodynamics
(cQED) (9, 10), which allows for rapid, repeated
quantum nondemolition (QND) (11, 12) super-
conducting qubit measurement (13–18). The

cavity output is monitored in real time by using a
phase-preserving amplifier working near the quan-
tum limit, where the noise is only caused by the
fundamental quantum fluctuations of the electro-
dynamic vacuum (19). The decision to read out
our qubit by using coherent states of the resonator
has two important consequences. First, the out-
comes of a partial measurement form a quasi-
continuum, unlike the set of discrete answers
obtained from a projective measurement. Second,
measuring both quadratures of the signal leads to
two-dimensional (2D) diffusion of the direction
of the qubit effective spin.We show that the choice
of measurement apparatus and of measurement
strength both affect the evolution of a quantum sys-
tem, but neither results in degradation of the sys-
tem’s state if the measurement is informationally
efficient. Such precise knowledge of the measure-
ment back-action is a necessary prerequisite for
general feedback control of quantum systems.

Our superconducting qubit is a transmon (20),
consisting of two Josephson junctions in a closed
loop, shunted by a capacitor to form an anhar-
monic oscillator. The two lowest energy states,
(|g〉 and |e〉), are the logical states of the qubit.
The qubit is dispersively coupled to a compact
resonator, which is further asymmetrically coupled
to input and output transmission lines (Fig. 1,
B and C), determining the resonator bandwidth
(k/2p = 5.8MHz). Tomeasure a qubit prepared in
initial state |y〉 = cg|g〉 + ce|e〉, a microwave pulse
of duration Tm >> 1/k is applied to the resonator.
The state-dependent shift of the resonator fre-
quency (c/2p = 5.4 MHz) results in an entangled
state of the qubit and pulse |Y〉 = cg|g〉 ⊗ |ag〉 +
ce|e〉⊗ |ae〉, where |ag, e〉 refers to the coherent state
after traversing the resonator.

Amplification is required to convert the point-
er state |Y〉 into a macroscopic signal that can be
processed and recorded with standard instrumen-
tation. In our case, the pulse, having traversed
the resonator, is amplified by using a linear, phase-
preserving amplifier with gain G, which can be

seen as multiplying the average photon number
in |ag, e〉 (Fig. 1B). For dynamical range consid-
erations, our amplifier, called the Josephson para-
metric converter (JPC) (21–24) is operated in this
experimentwith a gainG=12.5 dB and bandwidth
of 6 MHz, adding close to the minimum amount
of noise allowed by quantum mechanics. The
added quantum fluctuations are due to a second,
“idler,” input (19). A measurement of both quad-
ratures of the output mode results in an outcome,
denoted (Im,Qm), which is then used to determine
the new state of the qubit after measurement (Fig.
1A). As has been shown in (8), and detailed in
the supplementary materials, this outcome con-
tains all information necessary to perfectly re-
construct the new state of the qubit. Remarkably,
the additional quantum fluctuations introduced
during amplification enter in the measurement
back-action on the qubit without impairing our
knowledge of it.

We first demonstrate projective qubit readout
by strongly measuring the qubit using an 8-ms
pulse with the drive power set so that the average
number of photons in the resonator during the
pulse was n ¼ 5 (Fig. 2). Selected individual mea-
surement records for the qubit are shown in Fig.
2B. The data are digitized with a sampling time
of 20 ns and smoothed with a binomial filter with
Tm = 240 ns width, which corresponds to eight cav-
ity lifetimes, and scaled by the experimentally
determined standard deviation (s). The highlighted
trace shows clear quantum jumps in the qubit
state, which are identified by vertical black dotted
lines indicating 4s deviations from the current
qubit state. The 8% equilibrium qubit excited-
state population is consistent with other measure-
ments of superconducting qubits (25). By
counting the number of up and down transitions
in 25,000 traces with no qubit excitation pulse,
we calculate T1 ≤ 3.1 ms. Although we fail to
resolve pairs of transitions separated by much
less than our filter time constant, this method for
estimating T1 yields a value in good agreement
with the value T1 = 2.8 ms calculated from fitting
an exponential to the averaged trajectory of all
traces. Further, the average qubit polarization did
not vary over 8 ms of continuous measurement,
nor did T1 diminish with larger readout amplitude
up to n ≅ 15, which demonstrates the QND nature
of our readout.

Histograms of the scaled Im component of the
outcome for the first 240 ns of measurement after
a qubit rotation by q = 0, p/2, p are shown in Fig.
2C. The ground and excited distributions are
separated by 4.8 s, which corresponds to a
measurement fidelity of 98% when Im = 0 is
used as the discrimination threshold. We em-
phasize that the discreteness of the z measure-
ment of the transmon circuit, illustrated by the
bimodality of the histogram, is here due only to
the quantum nature of the circuit and not to any
nonlinearity of the readout. Thus, this measure-
ment of a continuous, unbounded pointer state is
exactly equivalent to the Stern-Gerlach experi-

REPORTS
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ment. These strong, high-fidelity measurements
allow us to perform precise tomography and to
prepare the qubit in a known state by measure-
ment. We next use these tools to quantify mea-
surement back-action of partial measurement on
the qubit state.

The qubit evolution due to partial measure-
ment can be precisely calculated from the com-
plete measurement record using the quantum
trajectory approach (6, 7), but this is computa-
tionally intensive. Instead, we calculate the back-
action from the average output over the time Tm,
as in (8). Provided that the measurement time is
short comparedwith the qubit coherence times T1
and T2, and long compared with the cavity life-
time and amplifier response time, this approach
allows the qubit to be tracked without degrada-
tion. In this experiment, Tm = 240 ns, which is
shorter than T1 = 2.8 ms and T2R = 0.7 to 2.0 ms,
and much longer than the cavity lifetime and JPC
response time of 30 ns.

Assuming the qubit is initially polarized along
the +y axis, we calculate the final qubit Bloch
vector ( xf, yf, zf ) as a function of measurement

outcome (Im, Qm) (see detailed derivation in the
supplementary materials) to be

xhf ðIm,QmÞ ¼ sech
Im I m

s2

 !

� sin
Qm I m

s2
þ Qm I m

s2
1 − h
h

� �" #

� e
−

I
2

m
s2

1 − h
h

� �
,

yhf ðIm,QmÞ ¼ sech
Im I m

s2

 !

� cos
Qm I m

s2
þ Qm I m

s2
1 − h
h

� �" #

� e
−

I
2

m

s2
1 − h
h

� �
,

zhf ðImÞ ¼ tanh
Im I m

s2

 !
ð1Þ

where I m and Qm and s define the center and
standard deviation of the outcome distributions,

and h is the quantum efficiency of the ampli-
fication chain (Fig. 1A). In this theory, we neglect
the effect of qubit decoherence and losses before
amplification. In the limit of a perfectly efficient
amplification (h = 1), we see that the length of the
Bloch vector is unity, irrespective of outcome. The
parameter I m=s can be identified as the apparent
measurement strength because the measurement
becomes more strongly projective as I m=s in-
creases. It is given in terms of experimental pa-
rameters as I m=s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2nhkTm
p

sin(ϑ/2), where
ϑ = 2 arctan c/k.

The pulse sequence for determining measure-
ment back-action is shown in Fig. 3A. We first
strongly read out the qubit with a 240 ns, n ¼ 5
pulse and record the outcome, which will be used
to prepare the qubit in the ground state by post-
selection. Then, the qubit is rotated to the +y axis
andmeasuredwith a variablemeasurement strength
(Tm = 240 ns), and the outcome (Im, Qm) is
recorded. The final, tomography, phase mea-
sures the x, y, or z component of the qubit Bloch
vector with a strong ( n ¼ 5, Tm = 240 ns)
measurement pulse. To compensate for the finite
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Fig. 1. (A) Bloch sphere representation of the effect on the qubit state of a
phase-preserving measurement in a cQED architecture. After a measurement
with outcome ( Im, Qm), the qubit will be found in a final state S

→
f = (xf, yf, zf),

with Im encoding information on the projection of the qubit state along z
and corresponding back-action and Qm encoding the other component of the
back-action, which is parallel to z%� S

→
i. The measurement outcomes are

Gaussian distributed, with Im
2 + Qm

2 = nkTm. (B) Schematic of experiment
mounted to the base plate of a dilution refrigerator. Readout pulses are
transmitted through the strongly coupled port of the resonator, via an iso-

lator and circulator, to the signal port (Sig) of a JPC. The idler port (Idl) is
terminated in a 50 Ω load. The amplified signal output is routed via the
circulator and further isolators (not shown) to a high electron mobility
transistor (HEMT) amplifier operated at 4 K, and subsequently demodulated
and digitized at room temperature. (C) False-color photograph of the trans-
mon qubit in compact resonator with qubit and resonator parameters. Inset
is a scanning electron micrograph of the center of the transmon showing a
loop of two Al/AlOx/Al junctions that form an effective junction tunable by an
external magnetic field.
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readout strength and qubit temperature, trials with
outcomes |Im/s| < 1.5 (corresponding to state pu-
rity < 99%) for the first and third measurements
are discarded, as well as outcomes for the first
measurement with the qubit in |e〉. To quantify
the measurement back-action for a given mea-
surement outcome (Im,Qm), the average final qubit

Bloch vector, conditioned by the measurement
outcome (Im, Qm), (〈X 〉c, 〈Y 〉c, 〈Z 〉c), is calcu-
lated versus outcome using the results of the
tomography phase. These conditional maps of
〈X 〉c, 〈Y 〉c, 〈Z 〉c were constructed using 201 by
201 bins in the plane of scaled measurement out-
comes (Im/s, Qm/s).

Results for four measurement strengths in-
creasing by decades from n ¼ 5� 10−3 to 5 are
shown in Fig. 3B (see movie S1 of histograms
and tomograms for all measurement strengths).
The left column shows a 2D histogram of all
scaled measurement outcomes recorded during
the variable-strength readout pulse. At weak
measurement strength, the ground- (left) and excited-
(right) state distributions overlap almost com-
pletely. Their separation grows with increasing
strength until they are well separated at n ¼ 5,
which corresponds to the strong projective mea-
surement shown in Fig. 1A. The rightmost col-
umns show 〈X〉c, 〈Y〉c, 〈Z〉c versus the associated
(Im/s, Qm/s) bin. At weak measurement strength
(n << 1), the qubit state is only slightly perturbed,
with all measurement outcomes corresponding
to Bloch vectors pointing nearly along the +y
(initial) axis. However, gradients in 〈X〉c along
theQm axis and 〈Z〉c along the Im axis are visible,
demonstrating the outcome-dependent back-
action of the measurement on the qubit state. As
the measurement strength increases, so does the
back-action, as seen in the increase of the gra-
dients in the 〈X〉c and 〈Z〉cmaps (see fig. S2).When
the measurement becomes strong, the qubit is
projected to +z for positive Im (–z for negative
Im), whereas 〈X〉 and 〈Y〉 go unconditionally to
zero, as expected.

One of the key predictions of finite-strength
measurement theory is that the statistics of the
measurement process, in particular the apparent
measurement strength in the I-quadrature (which
can be determined experimentally from the statis-
tics of the measurement outcomes), are sufficient
to infer zf for any apparent measurement strength
or outcome (see Eq. 1). For weak measurement,
where the back-action is symmetric along both x
and z, the apparent measurement strength deter-

Fig. 2. (A) Pulse sequence for strong measure-
ment. An initial qubit rotation Rx(q) of q radians
about the x axis is followed by an 8-ms readout
pulse with drive power such that n ¼ 5. (B) In-
dividual measurement records. The data are
smoothed with a binomial filter with a Tm = 240 ns
time constant and scaled by the experimentally
determined standard deviation (s). Black dotted
lines indicate 4s deviation events. The qubit is
initially measured to be in the excited state, and
quantum jumps between excited and ground states
are clearly resolved. The center of the ground- and
excited-state distributions are represented as hori-
zontal dotted lines. (C) Histograms of the initial
240-ns record of the readout pulse along Im axis,
for q = 0, p/2, p. Finite qubit temperature and T1
decay during readout are visible as population in
the undesired qubit state.
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Fig. 3. (A) Pulse sequence for quantifying measurement back-action. The measurement
strength was varied linearly in amplitude from
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p
. Conditional maps of 〈X〉c, 〈Y〉c,

〈Z〉c versus measurement outcome (Im/s, Qm/s) were constructed using 201 by 201 bins. (B)
Results are shown increasing by decades from n = 5�10−3 to 5. The left column shows a 2D histogram of all scaledmeasurement outcomes recorded during the
variable-strength readout pulse. The three rightmost columns are tomograms showing 〈X〉c, 〈Y〉c, 〈Z〉c versus the associated (Im/s, Qm/s) bin.
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mines the amplitude of the x back-action as well
(see eq. 14 in the supplementary materials). In
Fig. 4A,we quantitatively compare this prediction
with our experimental result. The scaling coef-
ficients relatingmeasurement outcome to back-action
along z, (∂〈Z〉c/∂Im)s, and along x, (∂〈X〉c/∂Qm)s,
extracted from the tomograms at Im =Qm = 0, are
plotted versus the apparent measurement strength
extracted from the histograms, I m=s (see section
1.4 in the supplementary materials).

Both coefficients, (∂〈Z〉c/∂Im)s and (∂〈X〉c/∂Qm)s,
are predicted at Im =Qm = 0 to be equal to I m=s;
therefore, the data in Fig. 4A should have unity
slope. However, finite T1 and T2 acting for a time t
reduce the state purity and the apparent back-action.
To first order, the coefficients are modified to
(∂〈Z〉c/∂Im)s = ð I m=sÞe−t=T1 and (∂〈X〉c/∂Qm)s ≅
ð I m=sÞe−t=T2 for the z and x back-action, respec-
tively. In our pulse sequence, t ≅ 380 ns, pre-
dicting slopes of 0.87 T 0.09 and 0.58 T 0.06 for z
and x, in excellent agreement with the exper-
imentally determined slopes of 0.86 T 0.01 and
0.55 T 0.01. All further theoretical predictions
are modified to reflect the effects of T1 and T2,
following the description in eq. 2 in the sup-

plementary materials. The black curve is the
full theoretical dependence of (∂〈X〉c/∂Qm)s =
Im=s cosfQm I m=s2½ð1 − hÞ=h�ge− I

2
m=s

2½ð1−hÞh�e−t=T2

using h =0.2, the lowest value of hwe extract from
other measurements (see section 1.3 in the supple-
mentary materials). We attribute the discrepancy
between theory and data at high measurement
strength to environmental dephasing effects due to
finite T2 and losses before the JPC. Additionally,
we process the tomography results unconditioned
by measurement outcome in Fig. 4B. Theory
predicts 〈Y 〉 ¼ e− I

2
m=hs

2
cosð I mQm=hs

2Þe−t=T2 .
This expression evaluated with h = 0.2 is shown
as a black curve with the deviation for stronger
measurements attributed to dephasing effects due
to losses before amplification.

Similar experiments have studiedmeasurement
of the state of a microwave cavity by Rydberg
atoms (26) and partial nonlinear measurement of
phase qubits (27). Also, phase-sensitive parame-
tric amplification has been used to implement
weak measurement-based feedback (18). In our
experiment, the ability to perform both weak and
strong high-efficiency, QND, linear measure-
ments within a qubit lifetime, coupled with our
high-throughput and minimally noisy readout
electronics, allows us to acquire 13.5 billion qubit
measurements in ~28 hours, data that can be
compared with complete theoretical predictions
of the conditional evolution of quantum states
under measurement. They provide strong evidence
that the purity of the statewould not decrease in the
limit of a perfect measurement, even when the sig-
nal is processed by a phase-preserving amplifier.

Our experiment illustrates an alternate approach
to the description of a quantum measurement. In
the case of a qubit, a finite-strength QND mea-
surement can be thought of as a stochastic op-
eration whose action is unpredictable but known to
the experimenters after the fact if they have a
quantum-noise–limited amplification chain. Any
final state is possible, and the type of quantity mea-
sured, combined with the measurement strength,
determines the probability distribution for differ-
ent outcomes. This partial (i.e., finite strength)
measurement paradigm is not inconsistent with
the usual view of projective (i.e., infinite strength)
measurement. Rather, projective measurement is
the limiting case of the broader class of finite
strength measurements.

The finite-strength measurement predictions
that we have verified have immediate applicabil-
ity to proposed schemes for feedback stabilization
and error correction of superconducting qubit states.
Whereas classical feedback is predicated on the
idea that measuring a system does not disturb it,
quantum feedback has to make additional correc-
tions to the state of the system to counteract the
unavoidable measurement back-action. The mea-
surement back-action that is the subject of this
paper thus crucially determines the transforma-
tion of the measurement outcome into the op-
timal correction signal for feedback. Our ability
to experimentally quantify the back-action of an
arbitrary-strength measurement thus provides a

dress rehearsal for full feedback control of a gen-
eral quantum system.
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Fig. 4. Correlation between back-action and mea-
surement outcome. (A) Experimental data for cor-
related back-action signal along z, (∂〈Z〉c/∂Im)s,
and along x, (∂〈X〉c/∂Qm)s, evaluated at (Im, Qm) =
0, are plotted versus I m/s. For weak measurement
strength, the slopes at the origin (represented by
solid and dashed line, for z and x, respectively)
agree with theoretical predictions, including first-
order corrections for T1 and T2. The solid curve is the
full theoretical expression for the x back-action
plotted with h = 0.2,Qm ¼ 1:28 Im, and exp(−t /
T2) = 0.58. (B) Experimental data for un-
conditioned 〈Y〉 versus I m=s. The data show the
expected measurement-induced dephasing when
the measurement outcome is not used to condition
the perturbed qubit state. The dephasing rate is
proportional to ( I m/s)2, resulting in the apparent
Gaussian dependence of 〈Y〉 versus I m/s. The
theoretical expression for 〈Y〉 versus I m/s with
parameters listed above is shown as a solid curve.
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Improving the quality factor of microwave compact resonators by optimizing 
their geometrical parameters 

K. Geerlings, S. Shankar, E. Edwards, L. Frunzio, R. J. Schoelkopf, and M. H. Devoret 
D,•partmelll of Applied Physics. Yale U11frasity. N,•w Hm·e11. Co1111ectirnt 06520-82X4, USA 

(Received 27 March 2012: accep1ed 16 April 2012: published online 7-May 2012) 

Applicalions in quanlum infonnalion processing and. pholon de1ec1ors are s1imula1ing a race lo 
produce lhe highesl possible qualily faclor on-chip superconducling microwave resonalors. We have 
1cs1ed lhe surface-domina1ed loss hypolhesis by sys1ema1ically s1udying 1he role of geometrical 
paramelers on lhe inlemal qualily fac1ors of compacl resonalors pauemed in Nb on sapphire. Their 
single-pholon inlemal qualily faclors were found 10 increase wilh lhe dislance belween capacilor 
fingers, lhe widlh of lhe capacilor fingers, and lhe resonalor impedance. Qualily faclors were 
improved from 210 000 lo 500 000 al T = 200 mK. All of lhese results are consislcnl wilh our 
slarting hypolhesis. © 20/ 2 Amerirn11 /nstirme of Physics. [hup://dx.doi.org/10.1063/1.4710520) 

Improving lhe inlemal qualily faclor of on-chip micro­
wave superconducling resonalors is a key developmenl for 
quanlum infonnalion processing and pholon deleclors. 1 

•
2 

The inlemal qualily faclor al single-pholon powers, Q;, of 
particular inleresl for quanlum infonna1ion applica1ions, is 
observed 10 be I 0-100 limes lower lhan high-power qualily 
faclors: 3

-
7 Ideas for increasing resonalor Q; include swilch­

ing from convenlional melals like Nb or Al lo alloys such as 
TiN or NbTiN,45

•
11

•
11 using inlerface layers of SiN,4 elching 

1he subs1ralc belwecn lraces,5 deposiling melal under special 
condilions, 111 or using low loss subslrales.7 Results from 
1hese experimenls have generaled lhe hypolhesis lhal resona-
1or Q; is limiled by a surface lwo level syslem (TLS) 
dislribulion. 5•

6
•
11

• 1
1 

Mo1iva1ed by a previous s1udy lhal showed lhal lhe Q; 
of coplanar waveguide (CPW) resonalors increases wilh 
increasing gap, 1 1 we exlended lhe idea of geomelrical opli­
mizalion 10 compacl resonalors.3

•
6

•
9 Compacl resonalors, as 

shown in Figure I, consisl of a meander induclor in parallel 
. lo an inlerdigilaled capacilor. Their small size makes lhem 
an ideal elemenl for multi-qubil processors. While compacl 
resonalors have been shown lo have similar Q; as lhe more 
widely used CPW resonalors/' lhey permil more design 
choices. Here, we show 1ha1 by changing paramelers linked 
lo lhe surface parlicipalion ralio, we have oplimized lhese 
resonalors lo achieve an improvemenl by a fac1or of 2.4 :t 
0.2. We have lhus been able 10 reach a Q; of 500 000 al a res­
onalor 1empera1ure of 200 mK, our poinl of reference. In lhis 
paper, we prefer lo quole Q; al lhis 1emperalUre because we 
believe 1ha1 even when lhe sample box is anchored lo a 
colder plale, resona1or 1empera1ures subs1an1ially below 200 
mK may nol be reached reliably. We relum 10 lhis poinl taler 
in 1he paper. 

· We measure lhe qualily factor of our compacl resonalors 
by perfonning a microwave lransmission experiment Cou­
pling 10 1he resonalors is achieved by placing 1he resonalor 
in a cutout in the ground plane of a CPW feedline, relying on 
the mutual inductance belween 1he f eedline and lhe resonalor 
inductor. This coupling introduces a second quality faclor, 
the coupling qualily faclor Qc• Typical values of Q1• lhal we 
designed ranged from 20 000 lo 150 000. As a conlrol 

experimenl, we have designed and measured resonalors wilh 
Qr as high as 1.6 x 106 wilh no change in Q;. As shown in 
Refs. IO and 12, lhe measurement of microwave 1ransmis­
sion S21 lhrough lhe feedline as a funclion of frequency w 
provides access lo Q;. Although simple resonalor models 
predicl a symmelric S21 response, lhe measured response is 
lypically asymmelric due 10 refteclions in lhe feedline cir­
cuit, as shown in Figure 2. Nevertheless, the theory of lhe ar­
bitrary linear circuil model with one pole and perfecl 
lransmission al zero frequency shows 1hat 1he asymmelric 
response can slill be lil lo separalely exlract Qc and Q; by 
introducing an exlra parameter Jw characterizing lhe asym­
metry. We lhus analyze our dala wilh Eq. (I), where lhe lotal 
qualily factor, Q0 , is defined as 1/Qo = 1/Q; + 1/Q('. 

~- 2iQ ili!! 
S, - I - Q, Own 

- 1 - I __._ 2iQ ~. 
' 0 (!Jo 

(I) 

This expression is exaclly equivalenl lo Eq. ( 13) in Ref. 12 
and to Eq. (3) in Ref. 10 with a different paramelrizalion. 

In our measurement setup, we cool 4 chips al once in a 
dilulion refrigera1or wilh a base tempera1ure of 80 mK (sam­
ple tempera1ure of approximalely 200 mK). Since each of 
our chips contained one feedline coupled to 6 independenl 
resonators al frequencies between 5 and 8 GHz, 24 resona­
lors were 1es1ed in each cooldown. The chips were wire­
bonded lo a primed circuil board wilh Arion dieleclric and 
placed inside a copper sample box. The box was moumed 
inside a magnelic shield (Amuneal A4K) · and auenua1ors 
were ins1alled lotaling 50dB on the inpul microwave line. 
All four chips were excited simultaneously using a passive 
4-way microwave spliuer. The outpul line consisled of 1wo 
Pamlech 4-8 GHz isolalors on lhe mixing chamber, a 
12 GHz low-pass filter on 1he 700 mK slage, and a Caltech 
HEMT amplifier al 1he 4 K s1age. The measuremem line was 
swilched be1ween lhe 4 chips using a microwave swilch 
(Radiall R573423600) mounted on lhe mixing chamber. 

Our. resonators were fabricaled using etched Nb on 
c-plane sapphire. Before me1al deposition, 1he sapphire sur­
face was prepared by a 60 s ion-milling using a 3 cm 
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FIG. I . Sd11:111 .1tit· of 1:ompact resonator ,mc..l in~ct ,lmwing re~onator param­
cler,. The compa1:t resonator h, Clluplcd inductively to the CPW kedlirK". 
I'he paramet..-r, 1m!icatc<l in the 1n,c1 dircc1ly affect th.: panicipation of the 
in,uldrnr and metal ,urfacc, In IIK' react iv.: d.:menh of the r1::,nn.1tor. 

Kaufmann smm;e that shoots 500 eY argon ions at our wafer. 
Our source operates at a flow rate of -l.25 seem and a pres­
sure or ahnut 101iTorr. generating a current density or 0.67 
mA/cm~. A 200 nm layer of 'b was then de magnetron ,;put­
tcn~d on the- wafer. Photolithography was performed by pat­
terning directly onto S 1808 resi st using a 365 nm laser. After 
development. the Nb was etched using a I :2 mixture of Ar: 
SFo at 10 mTorr for 3 min. The wafer was then diced inln 
individual chips for measurement. 

In the systematic vari:.nion of compact resonator param­
eter'>. we chose to optimiLc the following parameters shown 
pictorially in Figure I: 1he gar gc between two adjacent ca­
pacitor lingers. the distance .S.:L between two adjacent induc­
tor meanders. the Jistance gll between the resonator· and the 
surrounding ground plane. and the width w of the resonator 
traces. In addition. we also varied the charaL"tcristic imped­
ance Zn of the resonator. Thi:- :-ct of paramc1crs is relevant 
for surface losses. 

We formed a benchnrnrk set of resonators with parame­
ter values: gc = 10Jtm . g1. = 20Jtm.gR = 10Jtm.w = Sinn. 
and Zo = IO0Q. Resonator.., with this set of parameters will 
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FIG. 2. Two extreme cxamplt:~ nf rc~unalor rt:.-;pon~e curve~ lit with E4. I I). 
R.:,pon~c~ typil·ally fall in bt:lwecrt lal wmm1:tric aml rhl ,trnmdv awmmc1-
ri1: a!Jout the re~ommt frc4uency. · ~ - · 
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now h~ calh:d .. design I\ .. re•.;onator-;. We- mea,urcd 25 
de,ign A rc,nnator~ \ it h an average Q, of I 60 000 \ ::!:: 20 
000) and a maximum of 210 000 at single-photon power. 
Ad<litionally. one chip with 6 resonators inexplicably had 
quality factors ranging from -W 000 to 70 000. much lower 
than the re,;1: we did not include this chip in the benchmarl,... 
Q, typicall y increased to arnun<l I x 1()1' at a ·•high" power 
corresponding lo an average of 10~ ph01ons in the resonator. 
The resonant frequency Lypit:ally decreased as the tempera­
Lure passed bdow 1.3 K. consistent with TLS Joss. 1 1 These 
results arc rnnsistent with the hypothesis that our benchmarl.. 
Q, is controlled by surface losses. 

We mea:rnrcd 2-l geometrical variant.-; of design A, with 
each "mutant'" resonator having only one: parameter value 
that is changed. For example, the mu tan t values of gc were: 
3. 5. 20 . .30. and 4011m. The results of the mutant resonators 
arc shown in Figure .3; percent changes in Q, arc given with 
respect to the design A resonator benchmark. 

For gc , small values ka<l to lower Q,. and larger values 
lead to higher Q, . The effect of changing g1_ on Q; is at lc-asl 

-a factor of three smaller than for g1 . Thus, the gaps where 
electric ticlds are present (the capacitor and not the inductor). 
partially control Q,. consistelll \: i1h a surface loss mecha­
nism coupled to the electric ticld. Similarly. Q, increases for 
larger 11·. again consistem with surface loss, since wider 
traces lead to decreasing electric ticld -.1rength al ,;urfocc,. 
Next. we lind that Q, drops by roughly 25% if gR 2'. 5011m. 
suggesting that the ground plane prevents electric tields from 
reaching ln-:sy material<; suL"h as the copper box or printed 
circuit board !PCB) dielectric. Lastly. the trend indicating 
that larger values of 20 arc hcneticial to. Q, appears to contra­
Jict the u. ual hypothesis that dissipative mechanisms have a 
constant tan,i. The results for gc, gL, and 11 · arc all con. istc-nt 
with a loss dominated by surface electric: tick! participation. 

\Ve chose two ne\ sets of parameters from these result~ 
with the goal of improving the Q,. Resonators with these param­
eters are called designs B and C resonators. Design B values 
were cho ·en to be relatively modest changes from design A. 

while design _C value, were chosen to maximi7e Q;. Design 8 
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HG. 3. Dc~ndencc llf Q, on par.1mc1cr value~. The change~ in Q, for a 
given mutant value are reportctl Ill rcfcrcn1:c lO the averngc Q, ( 160 000 J ol 
dc~ign A with po~itivc value~ rcpn:~enting improvemcm~. The .\h.idcd col­
urnn indk.ue~ the d.:~ign A v;1luc ot that paramclcr: ti.Q, in chi~ column b 
zero by <lctinition. The s4uarc in e,1d1 row with a hold horc..lcr ~how~ thl.' 
value t:hu,cn for de,ign B. Parameter~ for design C cannnl ca~ily he ,hown 
nn thi~ figurc a., <.'.\plained in lhc mam text. 
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chosen value--; were: i:c = 20;un . g,_ - 5pm . .i.:R = I0,11m. 
11· = IO /Hn, and Z0 = 2000. Resonator -.i,:e im.:rca~cs rnpidly 
with gL since the larger Z11 rcquircs twice thi.: inductarn:e. There­
fore, to limit 1hc overall size to roughly 700 /Hn x 500 1m1. we 
reduced gr_ to 511m, despite the fact that this may lower Q, by 
1017'. Design C chosen values wen.:: g< · - 80 Jim. g1_ = IO 11111. 

gR = IO f/111, and Zo - 300!2. Note Lhat gc was chosen beyond 
the nUlgc of tested mutant design A resonator:,;. Also in design C. 
the trncc width 11· was different for the capa<.:itor (40 Jlm) and in­
ductor ( IO pm) halves in order to bcnelit from the larger capaci­
tor width " bile keeping. the ~sonator from being larger than 
l(X)01m1 x l(XX)1m1. 

The results of all 49 <lesign A. 7 J design B. and 28 
design C resonators arc shown in Figure ·• . Designs B and C 
each show significantly higher Q, than design A. with design 
C on average better than design B. While there exists a 
'>pread in Q, for each design. we ohscrvcd an overall increase 
in the range of measured Q,. The maximum/median Q, rose 
from 210 000/ 160 000 for design A to J 70 000/280 000 for 

design B and 500 000/380 000 for design C. 
When ion-milling was not performed, the maximum/me­

dian Q, wa · reduced to SO 000/30 000 for design A and 190 
000/80 000 for design B (design C was 1101 measured without 
ion-milling). For hoth designs /\ and B. the median quality 
factor was reduced hy roughly a factor of four when ion­
milling was left out during. fabrication. Since this type of 
cleaning affects only the subi.:tratc-air interface and substrate-
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FIG. -t Hi~tograrn~ of ~mgk-phnton in1crr1.1I 11uali1y factor, Im de~ign~ A. 
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metal interface. we infL'r that these two surfaces participate 
-.;trongly. The dominating participation of thc-.c ... urfat:es has 
al-.o been prcdil.:ted by -;imulation. 13 This Q, dcpcndcm:c 011 

ion-mi 11 i ng also suggests that while the geometry cont rnl, 
the re!,Ollalor sensitivity Ln the surface loss mechanism, 
the surface preparation determines the s1rength of the loss. 

When re-measured in a dilution refrigerator with a lower 
base lL'lllperaturc ( 15 mK), we found that resonator Q, drops 
by roughly a factor of 2. \ hit:h is consi . tent with TLS loss. 11 

We have measured similar resonators coupled Lo a quhit an<l 
found that thi.:ir lcmpcrnturcs would not read1 below 50 111 K. 
as also reported hy other g:roups. 1

J However. directly mea:-.­
uring the linear resonator temperature , ithout a qubit to add 

nonlinearity is outside the scope of this study. Reassuringly, 
the increase of Q, from design A to B 10 C resonators 
remains even at lower temperatures; indicating that the geo­
metric variation affects only the sensitivity to loss, 1101 the 
absolute strength. 

In conclusion. we have shown that the Q, of compact 
resonators depends strongly on geometrical factors control­
ling where electric liclds arc stored. In addition. substrate 
surface preparation prior to metal deposition is crucial. Using 
our results indicating that surface loss is dominant, we havi.: 
been able lo increase, at our point of reference temperature 
of 200 mK. the maximum internal quality factor of our rc-.;o­
nators from 210 000 to 500 000. 

The authors than~ Danielle Bra je at MIT-LL for an in­
dependent measurement of our re onator-·. This research w,h 
supported hy IARPA under Grant No. W91 INF-0lJ-l-0369 
and ARO under Gn.tnt .. o. W9 l I NF-09-1-051 ..i. 
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008 110809s2012    njua     b    001 0 eng  

906 __  |a 7 |b cbc |c orignew |d 1 |e ecip |f 20 |g y-gencatlg

925 0_  |a acquire |b 1 shelf copy |x policy default

925 1_  |a acquire |b 2 shelf copies |x policy default |e claim1 2012-02-23

955 __  |b xj10 2011-08-09 |c xj10 2011-08-09 ONIX |d xj10 2011-08-09 to DEWEY |w rd05 2011-08-09 |a xn03 2012-03-13 1 copy rec'd., to CIP ver. |f xj11 2012-
03-15 Z-CipVer |e xj11 2012-03-15 to BCCD |t rf18 2012-04-11 copy 2 added

010 __  |a  2011033196

016 7_  |a 015864610 |2 Uk

020 __  |a 9780470631553

020 __  |a 0470631554

035 __  |a (OCoLC)ocn714728044

040 __  |a DLC |c DLC |d YDX |d BTCTA |d UKMGB |d YDXCP |d BWX |d CDX |d BDX |d UPM |d DLC

042 __  |a pcc

050 00  |a TK7876 |b .P69 2012

082 00  |a 621.381/3 |2 23

084 __  |a TEC024000 |2 bisacsh

100 1_  |a Pozar, David M.

245 10  |a Microwave engineering / |c David M. Pozar.

250 __  |a 4th ed.

260 __  |a Hoboken, NJ : |b Wiley, |c c2012.

300 __  |a xvii, 732 p. : |b ill. ; |c 26 cm.

504 __  |a Includes bibliographical references and index.

650 _0  |a Microwaves.

650 _0  |a Microwave devices.

650 _0  |a Microwave circuits.

856 42  |3 Publisher description |u http://www.loc.gov/catdir/enhancements/fy1210/2011033196-d.html

856 41  |3 Table of contents only |u http://www.loc.gov/catdir/enhancements/fy1210/2011033196-t.html

856 42  |3 Contributor biographical information |u http://www.loc.gov/catdir/enhancements/fy1506/2011033196-b.html
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Public Catalog
 Copyright Catalog (1978 to present)
Search Request: Left Anchored Title = Microwave engineering
Search Results: Displaying 1 of 15 entries

 

Microwave Engineering, 4th Edition (9780470631553) W.Microwave Engineering, 4th Edition (9780470631553) W.

Type of Work: Text
Registration Number / Date: TX0007478448 / 2012-01-27

Application Title: Microwave Engineering, 4th Edition (9780470631553) W.
Title: Microwave Engineering, 4th Edition (9780470631553) W.

Description: Book, 732 p.
Copyright Claimant: John Wiley & Sons, Inc., Transfer: By written agreement. Address: 111 River Street,

Hoboken, NJ, 07030, United States.
Date of Creation: 2011

Date of Publication: 2011-11-04
Nation of First Publication: United States
Authorship on Application: David M. Pozar; Citizenship: United States. Authorship: editing, Preface, revised,

updated and additional new text.
Previous Registration: 2004, TX 5-939-958.
Pre-existing Material: Previous edition.

Basis of Claim: editing, Preface, revised, updated and additional new text.
ISBN: 9780470631553

Names: Pozar, David M.
John Wiley & Sons, Inc.
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APPENDIX 1006-D 
Early Citations to Pozar 

 
Source Document 
Pozar, David M. (2012). Microwave Engineering. 4th ed. Wiley. 
 
Selected Citations from 2013 to 2015 (in chronological order) 
 
Doldán, R., Ginés, A. J., & Rueda, A. (February 2013). Inductor characterization 

in RF LC-VCOs. In 2013 IEEE 4th Latin American Symposium on Circuits 
and Systems (LASCAS)(pp. 1-4). IEEE. 

 
Ayed, A., Dubois, T., Levant, J. L., & Duchamp, G. (July 2014). Méthode RFIP: 

vers une meilleure caractérisation de l’immunité des circuits intégrés. 
In CEM 2014, 17ème Colloque international et exposition sur la 
Compatibilité Electromagnétique. 

 
Vargas, J. M., & Gómez, J. (October 2014). In-plane anisotropic effect of 

magnetoelectric coupled PMN-PT/FePt multiferroic heterostructure: Static 
and microwave properties. APL Materials, 2(10), 106105. 
https://aip.scitation.org/doi/abs/10.1063/1.4900815 

 
Mesegar Dorta, D. (July 2015). Diseño, simulación y medida de un amplificador 

basado en estructura balanceada en la banda de 2000 MHz. 
 
Zhang, P., Delsolaro, W. V., & Artoos, K. (October 2015). Frequency pre-tuning 

of the niobium-sputtered quarter-wave resonator for HIE-ISOLDE project at 
CERN. Nuclear Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment, 797, 
101-109. 
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Full Record MARC Tags

! Item Availability

LCCN Permalink https://lccn.loc.gov/85009447

Description xvii, 505 p. : ill. ; 25 cm.

ISBN 0471886041

LC classification TK7816 .S74 1986

LC Subjects Electronics.

Browse by shelf order TK7816

Notes Includes index.
Bibliography: p. [493]-496.

LCCN 85009447

Dewey class no. 621.381

Type of material Book

CALL NUMBER TK7816 .S74 1986

Personal name

Stubbins, Warren Fenton.

Main title

Essential electronics / Warren Fenton Stubbins.

Published/Created

New York : Wiley, c1986.

Request this Item    " LC Find It

Item Availability
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CALL NUMBER TK7816 .S74 1986
Copy 1
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Status Not Charged

000 00727pam a2200241 a 4500

001 2859348

005 19860213000000.0

008 850426s1986    nyua     b    001 0 eng  

010 __  |a  85009447

020 __  |a 0471886041

035 __  |9 (DLC) 85009447

040 __  |a DLC |c DLC |d DLC

050 00  |a TK7816 |b .S74 1986

082 00  |a 621.381 |2 19

100 1_  |a Stubbins, Warren Fenton.

245 10  |a Essential electronics / |c Warren Fenton Stubbins.

260 __  |a New York : |b Wiley, |c c1986.

300 __  |a xvii, 505 p. : |b ill. ; |c 25 cm.

500 __  |a Includes index.

504 __  |a Bibliography: p. [493]-496.

650 _0  |a Electronics.

906 __  |a 7 |b cbc |c orignew |d 1 |e ocip |f 19 |g y-gencatlg

991 __  |b c-GenColl |h TK7816 |i .S74 1986 |t Copy 1 |w BOOKS
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Coplanar waveguide circuits, components, and systems / Rainee N. Simons.
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Type of Work: Text
Registration Number / Date: TX0005384249 / 2001-05-22

Title: Coplanar waveguide circuits, components, and systems / Rainee N. Simons.
Imprint: New York : Wiley-Interscience, c2001.

Description: 439 p.
Series: Wiley series in microwave and optical engineering

Copyright Claimant: John Wiley & Sons, Inc.
Date of Creation: 2000

Date of Publication: 2001-03-23
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John Wiley & Sons, Inc.
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APPENDIX 1009-D 
Early Citations to Simons 

 
Source document 
 
Simons, R. N. (2004). Coplanar Waveguide Circuits, Components, And Systems. 
John Wiley & Sons. 
 
Selected Citations, August 2002 – September 2003 (in chronological order) 
 
Lee, J. C. (August 2002). Magnetic flux measurement of superconducting qubits 

with Josephson inductors (Doctoral dissertation, Massachusetts Institute of 
Technology). 

 
Kim, D., Choi, Y., Allen, M. G., Kenney, J. S., & Kiesling, D. (December 2002). 

A wide-band reflection-type phase shifter at S-band using BST coated 
substrate. IEEE transactions on microwave theory and techniques, 50(12), 
2903-2909. 

 
Smith, R. L. (December 2002). Micro synthetic aperture radar using FM/CW 

technology (Doctoral dissertation, Brigham Young University. Department 
of Electrical and Computer Engineering). 

 
Zhuravel, A. P., Ustinov, A. V., Harshavardhan, K. S., & Anlage, S. M. (December 

2002). Influence of LaAlO 3 surface topography on rf current distribution in 
superconducting microwave devices. Applied physics letters, 81(26), 4979-
4981. 

 
Gevorgian, S., Berg, H., Jacobsson, H., & Lewin, T. (May 2003). Application 

notes-basic parameters of coplanar-strip waveguides on multilayer 
dielectric/semiconductor substrates, Part 1: high permittivity 
superstrates. IEEE microwave magazine, 4(2), 60-70. 

 
Mustafa, T. U. R. K. M. E. N., Celal, Y., & Seref, S. (May 2003). Neural model for 

conventional coplanar waveguide sandwiched between two dielectric 
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substrates. In 2003 IEEE International Symposium on Electromagnetic 
Compatibility, 2003. EMC'03.(Vol. 1, pp. 296-299). IEEE. 

 
Polyakov, A., Mendes, P. M., Sinaga, S. M., Bartek, M., Rejaei, B., Correia, J. H., 

& Burghartz, J. N. (May 2003). Processability and electrical characteristics 
of glass substrates for RF wafer-level chip-scale packages. 

 
Mendes, P. M., Polyakov, A., Bartek, M., Burghartz, J. N., & Correia, J. H. (June 

2003). Extraction of glass-wafers electrical properties based on S-parameters 
measurements of coplanar waveguides. 

 
Zheng, G., Kishk, A. A., Glisson, A. W., & Yakovlev, A. B. (September 2003). 

Slot antenna fed by a CPW line with tapered transition. Microwave and 
Optical Technology Letters, 38(6), 465-467. 

 
Allen, C. M., Eldek, A. A., Elsherbeni, A. Z., & Smith, C. E. (October 2003). A 

wideband coplanar-waveguide-fed multi-slot antenna for radar 
applications. Microwave and Optical Technology Letters, 39(1), 24-27. 
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APPLIED PHYSICS LETTERS Articles published week of 9 July 2012 
Vol. 101. No. 2 

CODEN APPLAB ISSN. 0003-6951 

• Co,ver Image from Feng Wang Ayan Chakrabarty. Fred Mmkowsk,. Ka, Sun. and Q1-Huo We,. Appl. Phys Lett 101 
023101 (2012) 

PHOTONICS ANO OPTOELECTRONICS 

021 101 Ultrafast all-optical gated amplifier based on ZnO nanowire lasing 
(3 pages) 

021102 Frequency tunable x-ray/·•-ray source via Thomson backscattering on 
flyjng mirror from 1laser foil i nteraction (-4 pages) 

021103 Fully automatized quantum cascade laser design by genetic 
optimization (4 pages) 

021104 Negative refraction and partial focusing with a crossed wire mesh: 
Physical Insights and experimental verification (4 pages) 

021105 Efficient and broadband polarization rotator using horizontal slot 
waveguide for silicon photonics (4 pages) 

021106 High operating temperature interband cascade midwave infrared 
detector based on type-II lnAs/GaSb strained layer superlat1ice 
(4 pages) 

021107 Tera hertz intracavity generation from output cou pier consisting of 
stacked GaP plates (3 pages) 

021108 A magnifying fiber element with an array of sub-wavelength Ge/Zn Se 
pixel waveguides for inf rared imaging (5 pages) 

021109 Near field enhancement in silver nanoantenna-superleos systems 
(3 pages) 

021110 Asymmetric Fano resonance in eye-like microring system (4 pages) 

021111 Performance improvement in nanopar1lcle--asslsted stimulated­
emission-depletion nanoscopy (4 pages) 

021112 First-order light-induced orientation transition in nematic liquid 
crysta l in the presence of low--frequency electric field (3 pages 

021113 Electrical measurement of internal quantum efficiency and extraction 
effi ciency of 111-N light-emitt ing diodes d pages) 

021114 Enhancing the locality of optical interrogation with photonic-c,ystal 
fibers (4 pages) 

(Continued> A 1 

Mari1n A. M. Versteegh. 
Peter J. S. van Capel. 
Jaap I. Dijkhuis 

Meng Wen (fii~,). 
Luling Jin {~UH4iJ. 
Yuanrong Lu (M1TI~}. 
Jiaer Chen (~tr- 1:i:ffl). 
Xueqing Yan (Ii~~~) 

A. Bismuto, R. Terazz1, B. Hiinkov, 
M. Beck, J. Faist 

Tiago A. Morgado. 
Joao S. Marcos, 
Stanislav I. Maslovski, 
Mario G, Silvetrinha 

Huijuan Zhang. Suchandrima Das. 
Ying Huang, Ctiao L1, Shiy, Chen. 
Haifeng Zhou. Mingbin Yu. 
Patrick Guo• Oiang Lo, 
John T. L. Thong 

Nutan Gautam. S. Myers. 
A. V. Barve, Brianna Klein, 
E. P. Smith, D. R. Rhiger. 
L R. Dawson, S. Krishna 

Pu Zhao. Srinivasa Ragam. 
Yujie J. Ding, loulia B. Zotova 

Mahesh, Krishnamurth1, 
Eftihia Barnes, Justin A. Sparks. 
Rongrui He. Neil F. Baril, 
Pier J. A. Saz,o. John V. Badding. 
Venkatraman Gopalan 

Zhengtong Liu (~liE~5ifl), 
Erping Li (:t~Zr-). 
Vladimir M. Shalaev, 
Alexander V. Kildishev 

Chen Qiu, Ping Yu, Ting Hu, 
Fan Wang, X1aoqing Jiang, 
Jianyi Yang 

Yonatan Sivan 

I. A. Budagovsky. D.S. Pavlov, 
S. A. Shvetsov, M. P. Smayev. 
A. S Zolot'ko. N. I. Boiko, 
M. I. Barn1k 

Pyry Kiv1saari. Lauri Riuttanen, 
Jani Oksanen, Sami Suihkonen, 
Muhammad Ah. Harri Lipsanen. 
Jukka Tulkki 

Lyubov V. Doronina-Amitonova, 
ll'ya V. Fedotov, Olga I. lvashkina, 
Marina A. Zots, Andrei B. Fedotov 
Konstantin V. Anokhin, 
Aleksei M. Zheltikov 
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021115 Nanostructure Ag dots for Improving thermal stability of Ag reflector 
for GaN-based light-emitting diodes (4 pages) 

021116 Dlre~lonel whispering gallery mode emission from Llma~n-shaped 
electrically pumped quantum dot mlcroplllar lasers (4 pages) 

SURFACES AND INTERFACES 

021601 High.quality surface passivation of slllcon using native oxide and 
slllcon nitride layers (4 pages) 

021602 Thickness effects on the magnetic and electrical transport properties 
of highly epitaxial LaBaCo20 5.s+., thin films on MgO substrates 
(4 pages) 

Appl. Phys. Lett .. Vol. 101, No. 2. 9 July 2012 

Joon-Woo Jeon, Woong-Sun Yum, 
Semi Oh, Kyung-Kook Kim, 
Tae-Yeon Seong 

F. Albert, C. Hopfmann, 
A. Eberspacher, F. Arnold, 
M. Emmerling, C. Schneider, 
S. Hofling, A. Forchel, M. Kamp, 
J. Wiersig, S. Reltzenstein 

Zahldur R. Chowdhury, Kevin Cho, 
Nazir P. Kherani• 

Chunrui Ma, Ming Liu, 
Gregory Collins, Jian Liu, 
Yamei Zhang, Chonglin Chen, 
Jle He. Jlechao Jiang, 
Efstathios I. Meletls 

021603 Epltaxlal graphene on single domain 3C-SIC(100) thin films grown on 
off-axis SI{100) (5 pages) 

A. Ouerghi, A. Balan, C. Castelli, 
M. Picher, R. Belkhou, M. Eddrief, 
M. G. Silly, M. Marangolo, 

021604 Ultrafast carrier phonon dynamics In NaOH-reacted graphite oxide 
film (5 pages) 

021605 Adsorption of slllcon on Au(110): An ordered two dimensional 
surface alloy (5 pages) 

021606 Epitaxial growth of TiaSI~ thin films with basal planes parallel or 
orthogonal to the surface on ~-SIC (3 pages) 

STRUCTURAL, MECHANICAL, OPTICAL, AND THERMODYNAMIC PROPERTIES 
OF ADVANCED MATERIALS 

021901 Femtosecond laser-Induced asymmetric large scale waves on gold 
surfaces (4 pages) 

021902 Atomic and electronic structures of Zr-(Co,Nl,Cu)-AI metalllc glasses 
(4 pages) 

021903 A structural viscosity model for magnetorheology (4 pages) 

021904 Determination of the thermal conductivity tensor of the n = 7 
Aurlvllllus phase Sr48I4TI.,024 (4 pages) 

021905 Bonding and diffusion of nitrogen In the lnSbN alloys fabricated by 
two-step Ion Implantation (4 pages) 

021906 Strain Induced phase transition In CdSe nanowlres: Effect of size 
and temperature (4 pages) 

021907 Epitaxial strain-Induced changes In the cation distribution and 
resistivity of Fe-doped CoF~O4 (4 pages) 

(Continued) 

A. Shukla, F. Sirotti 

Oongwook Lee, Xingquan Zou, 
Xi Zhu, J. w. Seo, 
Jacqueline M. Cole, 
Federica Bondino, 
Elena Magnano, Saritha K. Nair, 
Haibln Su 

Hanna Enriquez, Andrew Mayne, 
Abdelkader Kara, 
Sebastien Vizzini, SIivan Roth, 
Boubekeur Lalmi, Ari P Seitsonen, 
·Bernard Aufray, Thomas Greber, 
Rachld Belkhou, Gerald Oujardin, 
Hamid Oughaddou 

A. Drevln-Bazin, J. F. Barbot, 
M. Alkazaz, T. Cabloch, 
M. F. Beaufort 

Taek Yong Hwang, Chunlei Guo 

C. C. Yuan, X. Shen, J. Cul, L Gu, 
R. C. Yu, X. K. Xi 

Claudio L A. Berli, 
Juan de Vicente 

M. A. Zurbuchen, D. G. Cahill, 
J. Schubert, Y. Jla, D. G. Schlom 

Y. Wang, D. H. Zhang, X. Z. Chen, 
Y. J. Jin, J. H. Li, C. J. Liu, 
A. T. S. Wee, Sam Zhang, 
A.Ramam 

Taraknath Manda! 

J. A. Moyer. D. P. Kumah, 
C. A. F. Vaz, D. A. Arena, 
V. E. Henrich 
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021908 Estimating the pressure of laser-induced plasma s hockwave by 
s timulated Raman sh ift of lattice translational modes (3 pages) 

021909 Atomic pack,ing and short to medium range order in a U-F.e metallic 
glass (4 pages) 

021910 Transmission enhancement of acoustic waves through a thin hard 
plate embedded with elastic inclusions (4 pages) 

021911 A thermophone on porous polymeric substrate (4 pages) 

SEMICONDUCTORS 

022101 Power factor enhancement in light valence band p-type skutterudites 
(4 pages) 

022102 Substrate orientation dependent fine structure spl itting of symmetric 
ln(Ga)As/GaAs quantum dots (4 pages) 

022103 Single-shot nu.clear magnetization recovery curves with force-­
gradient detection (4 pages) 

022104 Metal-to-in sulator transition in anatase TiO2 thin f ilms induced by 
growth rate modulation (4 pages) 

022105 Determinat ion of graphene work function and graphene-insulator­
semiconductor band alignment by internal photoemlssion 
spectroscopy (4 pages) 

MAGNETICS AND SPINTRONICS 

022401 Ettect of spin relaxation rate on the inter1acial spin depolarization in 
ferromagnet/oxide/semiconductor contacts (5 pages) 

022402 Electrical and thermal sp in accumulation in germanium (4 pages) 

022403 Surface spin disorder and exchange-bias in hollow maghemite 
nanoparticle.s (5 pages) 

022404 Temperature dependence of nanometer-size metallic phase texture 
and Its correlation with bulk magnetic and transport pro.perties and 
defects of a (Lao.4Pro.a)o.67Cao.3JMn03 film (4 pages) 

022405 Current-induced motion of a transverse magnetic domain wall in the 
presence of spin Hall effect (5 pages) 

022406 Enhancement of spin injecti.on from ferromagnet to graphene with a 
Cu interfacial layer (5 pages) 

,continued) 
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Zuowe1 L1. Junshen Cao. Mi Zhou. 
Yidmg Wang, Zh1we1 Men. 
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T. Tachikawa. M. Minohara. 
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022407 Observation of magnetic domain-wall dynamics transition in Co/Ni 
multilayered nanowires (4 pages) 

022408 Correlation between oxygen vacancies and magnetism in Mn-doped 
Y 2Oa nanocrystals investigated by defect engineering techniques 
(5 pages) 

022409 Magneto-electric tuning of the phase of propagating spin waves 
(4 pages) 

02241 0 Demonstration of laser induced magnetization reversal in GdfeCo 
nanostructures (4 pages) 

022411 Strain induced magnetic domain evolution and spin reorientation 
transition in epitaxial manganite films (4 pages) 

022412 Pressure effects on the magnetic properties of FeCuZr studied by 
x-ray magnetic circular dichroism: Evidence of weakening of 
ferromagnetism in FeCuZr alloys (4 pages) 

022413 Ga1-xMn.-,N epitaxial films with high magnetization (4 pages) 

022414 Perpendicular-anisotropy CoFeB-MgO magnetic tunnel junctions with 
a MgO/CoFeB/ra/CoFeB/MgO recording structure (4 pages) 

022415 Spin relaxation mechanism in silver nanowires covered with MgO 
protection layer (4 pages) 

022416 Manipulating spin Injection into organic materials through interface 
engineering (4 pages) 

022417 Network analyzer measurements of spin transfer torques in magnetic 
tunnel junctions (4 pages) 

SUPERCONDUCTIVITY AND SUPERCONDUCTING ELECTRONICS 

022601 Identifying capacitive and inductive loss in lumped element 
superconducting hybrid titanium nitride/aluminum resonators 
(5 pages) 

022602 Nonlinear induction detection of electron spin resonance (4 pages) 

DIELECTRICS, FERROELECTRICS, AND MULTIFERROICS 

022901 Magnetoelectric coupling In nanocrystalline Pb0.82La0.18 TiOa (5 pages) 
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022902 Strong enhancement of magnetoelectric coupling in Dy3 + doped 
HoMn03 (4 pages) 
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022903 Ultralow equJvalent magnetic noise in a magnetoelectric Metglas/ 
Mn-doped Pb(Mg113Nb213)O3-PbTIO3 heterostructure (4 pages) 

022904 Negative capacitance induced by redistribution of oxygen vacancies 
in the fatigued BiFeO3-based thin film (4 pages) 

022905 Controlled growth of epitaxial BifeO3 films using self-assembled 
BifeO3-CoFe2O4 multiferroic heterostructures as a template (5 pages) 

022906 Tunneling electroresistance effect in Pt/MgO/Pt/PbTiO3'Pt 
ferroelectric tunnel junctions (5 pages) 

022907 Differential scanning calorimeter and infrared imaging for 
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023111 Long minority carrier lifetime in Au-catalyzed GaAs/AlxGa1-xAs core­
shell nanowires (4 pages) 
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Identifying capacitive and inductive loss in lumped element superconducting 
hybrid titanium nitride/aluminum resonators 

Michael R. Vissers,a> Martin P. Weides,b> Jeffrey S. Kline, Martin Sandberg, 
and David P. Pappasc> 
National Institute of Standards and Technology. 8011lder. Colorado 80305. USA 

(Received 21 March 2012: accepted 7 June 2012: published online 9 July 2012) 

We present a method to systematically locate and extract capacitive and inductive losses in 
superconducting resonators at microwave frequencies by use of mixed-material. lumped clement 
devices. In these devices. ultra-low loss titanium nitride was progressively replaced with aluminum 
in the inter-digitated capacitor and meandered inductor elements. By measuring the power 
dependent loss at 50 mK as the Al/fiN fraction in each element is increased, we find that at low 
electric field, i.e., in the single photon limit, the loss is two level system in nature and is correlated 
with the amount of Al capacitance rather than the Al inductance. In the high electric field limit, the 
re1T1aining loss is linearly related to the product of the Al area times its.inductance and is likely due 
to quasiparticles generated by stray IR radiation. At elevated temperature, additional loss is 
correlated with the amount of Al in the inductance, with a power independent TiN-AI interface loss 
tenn that exponentially decreases as the temperature is reduced. The TiN-AI interface loss is 
vanishingly small at the 5OmK base temperature. [hllp://dx.doi.org/lO.1063/1.473O389] 

Superconducting resonators with low loss are of great 
interest for photon detection I and quantum computation. 2 

Hybrid devices, using different materials in specific pans of 
the resonant circuit, allow the alteratio!l of intrinsic materials 
properties such as the superconducting gap, radiation cross­
section, and capacitive and inductive loss within the resona­
tors to optimize the entire circuit. Locating whether the 
residual loss sources are inductive or capacitive in nature is 
of considerable relevance. So far, most resonator stutlies 
have been done on single films in either coplanar waveguide 
resonators (CPWs) or lumped element circuits. 3-

9 The dis­
tributed capacitive and inductive elements in CPWs compli­
cate the analysis, including the interpretation and location of 
the measured resonator loss. More specifically, the loss con­
tributions of the capacitive be and inductive ,SL parts are 
inherently linked and cannot be investigated separately in 
distributed element devices like CPWs. Further, even in 
lumped element devices typically both the capacitor and the 
inductor are usually fonned by the same material, with lim­
ited research done on mixed-material devices with interfaces. 
In this work, we address these issues by studying lumped ele­
ment resonators with components of mixed materials. How­
ever, we note that the lumped element approach is an 
approximation, depending on the exact current and voltage 
distributions in the resonant circuit. Therefore we distinguish 
between and investigate the actual capacitive and inductive 
losses in the specific clements as each element has contribu­
tions from both. 

In a resonator the energy stored is £ 101a1, where on aver­
age the capacitive energy equals the inductive energy. The 

"
1Electronic mail: michael.vissers@NIST.gov. 

h>Cum:nt address: Karlsruhe Institute of Technology. 76131 Karlsruhe. 
Gennany. 

c>Electnmic mail: david.pappas@NIST.gov. 

measured resonator loss. c5meas., is the measurement of the 
relative energy loss t,.£/ £ 101a1 per cycle time and defined as 

. llE t,.Ec+t,.EL . . 
<>meas.=---=----= Oc + OL. (I) 

2nE101al 2nE101al 

The conventional resonator characterization is done by 
measuring the resonator loss and frequency under power and 
temperature sweeps respectively. The capacitive loss, <>c, is 
believed to be due to the presence of two-level systems 
(TLSs) 10 and is inferred from both the power dependent loss 
and resonance frequency temperature dependence, as 
reviewed in Ref. 11. The decreased loss at higher powers is · 
naturally explained by TLS loss, which scales with the elec­
tric field, £, as 

• I • 
6m,~ oc ✓I+ (f.)' Hp1_. 

(2) 

where £.t is a saturation electric field for TLS loss. 10 In addi­
tion to TLS loss, there is also a power-independent back­
ground loss, ,>p.1., typically attributed to the inductive loss, 
bl, caused, for example, by quasiparticles or radiative loss. 
The power independent loss typically limits the total resona­
tor loss, causing the measured loss' electric field dependence 
to deviate from 1/£ at high electric fields. 11 

In this paper, we present a complementary characteriza­
tion method to detennine the capacitive and inductive losses 
in resonators by use of lumped elements made up of different 
materials. Devices fabricated from different materials allow 
us to vary the Tc and the different microwave loss factors of 
the constituent components highlighting their contributions 
to the loss of the different circuit elements. We tested this 
approach using titanium nitride and aluminum on Si. In addi­
tion to having a Tc = 4.5 - 5 K, optimally grown TiN on Si 
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is one nf the lowest lo-.;-; rc-:onator material-; \vith 3 : 2 Jlm 
CPWs having a Inv,· electric lield. low lempcraturc. los..; fac­
lor --..I >-- 10 fl. and high 1idd los~ <l x 10 7

."' Evaporawd 
Al. u,cd in 4uhils. e.g .. Ref-;_ 12 and 13. ha~ a T, - 1.2 K. 
However when grown on Si. the oxide surl"acc and intermix­
ini! al the suhstratc imcrfacc uive rise to rclativclv high lo-.;s 
,i11~ > 10 5. 1 

t providing a Cl~ntrast to the lower· los~-.; TiN. 
The lower superconducting gap in /\) facilitates 4uasipanicle 
creation from clevatl.!d 1empern1urcs or infrared radia­
tion.15·1<' In addition lo determining the capacitive and induc­
tive loss contributions. we also probe the AI-TiN material 
interface. which has not been investigated in previous single 
layer stuuies. This interface appears to haw a small. hut non­

zero con1ributin11 to 1hc loss at elevated temperature. but is 
ncg_ligihlc at the base tcmperalUre. This work highlights the 
feasibility of engincereJ lumped elcmenl resonators made 
from two or more materials whose spcc.:ilil: capacitive or in­
c.Juctivc propcrlics arc optimally tuned to take advantage or 
the constituent clements. 

For our devices. I 00 nm thick Ti1 \ as first urown at 
· 500 ·c on an inlrinsil: silicon wafcr8 and paucrned ~sing op­

tic.ti lithography and a Cl ba ... cd reactive ion etch. While flu­
orine etched and deeply trenched TiN resonators have one or 
the lmvc-:t lo-;s fuctor-.. 17 the chlorine cH:h chosen in this 
work gave a bencr delined silicon in1crface withoul 1re111.::hes 
complicating the sub ... cquent J\I liftoff. However. the Cl 
bascJ etch docs cause slightly increased internal resonator 
los._ of cSiiu. ~ 5 x IO 6

• 
1 
K The exposed si lit on surface wa-; 

then rac..lio fre4ucncy (RF) pla..,ma deaned before the alumi­
mun evaporation. The RF treatment migh1 increase 1he loss 
in the c:<.po"cd silicon anJ TiN region~. Finally we deposited 
a 100 nm thick aluminum layer with e-bcam evaporation 
which was pallcrnec.J with a lirt-off process. The Al tilrn 
overlapped the Ti film forming 2 pm x 211m comai.:l~ 

which were also RF cleaned to give a clean interface. The 
lilms were pauemed into frequency multiplexed lumped cle­
ment resonators with varying degrees of TiN and J\l partit.:i­
pation. The imcrnal wiring and microwave measurement 
line:- were made from Ti for all devices. The rcsonaiors 
were capacitively coupled to a mit.:rowave coplanar wave­
guide feedline. permitting the loss extraction from transmis­
sion measurements of the S21 parameters. and Lhe inlL'rnal 
lo-.~ of a -.;pecific resonator, tiin1 .. is given by 

(J) 

where ,it:nup. is the loss due lo the capacitive coupling 10 the 
feed line. 

The resonators arc formed hy an inductor (meandered 
::2 ,,m wide wire with 211111 gap) being symmetrically shunted 
by two inter-digitated capacitors (IDCs) (1 Jim wide fingers 
and gaps). see Fig. l. The footprint per resonator is 
400 Jltll x 450 Jtm. The supen:onductors' width and g~p were 
chosen to be ~imilar lo the features in convcntion.11 coplanar 
waveguide resonators. One resonator elect.rode is galvani­
cally connccled to the ground plane formed by Ti ·_ Arounu 
the resonator arc ttux holes in the ground plane to inhibit 
trapped vortices.'" This re ·onator design yields intrinsic loss 
factors. similar to those measured on 01herwise identical co­
planar waveguide resonators. On the lirst design. the hybrid 

Appl. Phys. Lett. 101, 022601 (2012} 

FIG. I. Drawn n:,011at11r tksign:-. hyhrid urf'liJci1m· (kf" ,m<l lnlmd i11d111"tor 
(righll with 3: .2 Ti['; • Al fra~l111n. Thi: 'fil\ lhhKkl 1111i:r-Llig1lati:tl c..1p~1~1-
tor, .ind me.m1krcd indm::tor, .1rc- progri:,,1vc-l) rc-plan·d with Al tgrc-c-nl. 
The- fn:quc-ncy 111ultipkxcd r~·s1111a11,r, arc capacitively coupled 10 the 
fee-dim~. 

capacitor dl'vicc. the Ti:'J capacitor \Va, progr~s;sivcly 
replaced with Al while the inductor was formed by TiN. On 
the -;ccond Jcsig_n. the hybrid inductor device. the inductor 
had varied Al/fiN fractions, while the capacitor vlas always 
formed by Ti.·_ Comparing simulations with our measure­
ments of the resonant frc4uency for the different TiN frm.·­
tion-., we uctermincd a kinetic inductance of 0.4 pH/..;4mm: 
for th TiN lilm. 

lllustrations of the resonator designs arc shown in 
Fig. I. Each c.Jesign was imegratcd a:-. frequency multiplcxcJ 
resonators coupled to a common feedline. In total. for each 
design. we measured one all-TiN. one fully /\I hybrid. and 
four mixed resonant clements with various Al/fiN fractions. 
The I DC capacitance was ucsigncu to be 600 IF. and 1he geo­
m~tric meandered inductance was nominally 0.7-i. nli for the 
hybrid inductor devices. Frequency multiplexing of the reso­
nator. was a natural consequence of the kinetic inductance 
of the different Tit fraction. For the hybrid capacitor devi­
ces. thl' geometric inductance. were varied (0.64-0.86 nH). 
The self-capacitance of the inductor and inductance of the 
capacitor plays an important role in the loss of thi:: entire 
~lructure. Using calculations from an dcctromagnetic 1ield 
solver we estimate the self-capacitance or the meanucred in­
ductor as I H~ of the lotal capacitance and the self­
inductance of the IDC as about 3<¼ of the total inductance. 
These calculations agree well with the measured re~onancc 
fre4uencics. _/; .. of 5.5 and 6.9 GHz. though we obtain better 
lits if we assume the capacitor has 4o/c of the inductance. The 
resonator impedance i. around 30- 35 n. 

The Jcviccs were measured in an adiabatic demagnet­
i1.a1ion refrigerator \Vith a base temperature of 50 mK. The 
aluminum sample box holding the resonator chip was mag­
netically shielded with miter paramagnetic ..ind inner nio­
bium superconducting shields. The openings for the two 
microwave connector. \: ere minimi:zed to reduce incoming 
stray light. Measurements were performed wi1h a veclor net .­
work analyzer. The measurement chain was comprised of a 
combination of attenuators (room lernperawre and cold) ~u1d 
a low pass lillt:r on the input line to aehievc the appropriate 
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power level and eliminate radiation at the device input pon 
(total attenuation -100 dB). On the output side or lhe sample 
box there was a microwave isolator and high- and low-pass 
filters before a high electron mobility transistor amplifier al 
the 4 K 2nd stage. with an additional room temperature am­
plifier. The power stored in the resonators was calculated in 
terms of both electric field and microwave photon numbers 
in the standard manner from 1he attenuation and measured 
resonance parameters. 20 Transmitted power measurements 
were taken as a function of frequency, power and tempera­
ture for all resonators. All traces were taken at low enough 
field such that the measured resonances remained symmetric. 
We measured over almost 4 decades of electric field (thus 7 
decades in photon numbers) and at low temperature, i.e .• 
with a base temperature T of 50mK, and a resonance fre­
quency of 6GHz. T < flwr/2ka and the TLSs are not ther­
mally saturated. 

The electric field dependence of Dini. at 50 mK is shown 
in Fig. 2. The intrinsic loss. <>ini .• is constant for low electric 
fields, before staning to drop off above the critical field. The 
loss is highest below the critical field, i.e., in the single pho­
ton regime, referred to here as c>{SP). shown at about I V /m, 
due to the presence of unsaturated TLSs. The highest loss 
was observed for the hybrid device with the all-Al capacitor, 
with 6~1(SP) = 55 :!:: 5 x 10-6

, while the lowest loss was 
observed for the all-TiN devices. with c5TiN(SP) 5:!:: I 
x 10-6• As expected, the loss curves of the hybrid Al-TiN 
devices fall between these two bounds. 

An alternative method of determining loss due to TLSs 
is done wilh a temperature sweep. In this method, t5TiN(TLS) 
is extracted at high power from the resonant frequency shift 
with temperature. This occurs because the off-resonant TLSs 
become thermally saturated. However, this technique can 
only be used when there are no other temperature dependent 
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FIG. 2. Loss for (a) hybrid capacitor and (b) hybrid inductor resonators as a 
function of the electric field in the capacitor. The in!iCI in (al is the hybrid C 
loss ploned on a log scale to illustrate its characteristics al high power. The 
single photon levels are indicated. When Al is added 10 the capacitor, there 
is a greater increase in loss than if Al is added to the inductor. At higher 
fields lhe resonator loss reaches a minimum at an internal resonator 
power'·20 ~ -40 dBm. 
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sources of loss, e.g .• quasiparticles. In panicular, for Al. a 
superconductor wilh a relatively low Tc, the underlying 
condition, T « Tc with resonator temperature T, does not 
hold. Hence, we can only use this technique for the all-TiN 
resonator. From this measurement, we obtained ,5~i"S 
~ 5:!:: I x w-6

• in agreement with the power-dependent loss 
shown in Fig. 2. 

In quantum information applications, the very low elec­
tric field. i.e., single photon regime, loss is imponant. How­
ever, this measured loss is composed of both power 
dependent loss terms, e.g., TLSs, as well as any power inde­
pendent loss arising from quasiparticles, etc. In order to sep­
arate these loss terms, we fit to the loss at the highest powers 
and subtract a constant loss such that the electric field de­
pendence of loss matches Eq. (2), i.e., proportional to 1/£. 11 

We now have two loss terms, c>ns and c5p.1,, which we then 
can independently investigate the source of their loss. 

If the TLS loss was solely in the inductor or capacitor, we 
would expect to only measure a change when Al is substituted 
in that element. However. the circuit is not composed of com­
pletely lumped elements and there is finite capacitance in the 
meandered inductor amounting to 18% of the total capaci- . 
tance of the circuit. When the loss is plotted vs. Al capacitive 
fraction in Fig. 3(a), i.e .• the 100% Al fraction hybrid C device 
has 82% Al capacitive fraction while the 100% Al fraction 
hybrid L device has 18% Al capacitive fraction, the extracted 
TLS losses for all devices show good agreement with a linear 
fit to the hybrid C data. The hybrid L devices do exhibit 
slightly less loss than expected from the fit: but while the 
meandered inductor has the same 2 Jtm spacing as the IDC. 
the exact electric field distribution and corresponding filling 
factor will be different for the meandered inductor versus the 
IDC and we should not expect perfect agreement. The fined 
line from the hybrid Al devices closely intersects with the 
measured all-TiN devices indicating that any additional loss 
due to the TiN-Al interface is small, beneath the ~I x io-6 

uncertainty in our measurement. 
We also observe increased loss at high electric fields in 

devices that contain more Al. This loss is not related to just 
the percentage of Al capacitance or inductance in isolation. 
It fits better to the product of the Al inductance and area than 
to any single circuit parameter. The small amount of induct­
ance in the IDCs. -4% of the total, is compensated by their 
17 x larger area than the meander. The relationship between 
the power independent loss at the lowest temperatures 
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vel'lius the product of the Al inductance fraction x area. 
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sugg.e-..ts that its source is likely due to quasipartit:les g.encr­
~lled by stray IR light emanating from the 4 K stage. 15

•
1

h This 
is further supported by our measurements with better absorp­
tive materials inside the hox that reduced the power­
independent loss term hy up tn 50% for the all Al devices. 

Furthermore. we made measu rements similar to those 
lirst done by Base Im ans.:! 1 to study the effci..:t of IR radiation 
on the device·. The ADR pulse tube was turned off. and the 
2nd stage wa. allowed to rise in temperature lo 15 K over 
several minutes. During this time the FA/\ cold stage tem­
perature remained below I 00 mK implying that any addi­
tional thermal quasipartide generation in the Al would be 
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minimal. As is .;hown in Fig. --L im:rcasing_ the 2n<l ,tage tem­
perature increased the measured loss in all devices contain­
ing Al. with greater lo-;._ correlated with greater /\I 
pcn:cntagc. The all-Ti. device was practically unchanged. 
with the loss increasing. by < I x IO 7

. While we cannot rule 
out the effect of microsrnpic roughness and morphology nr 
fabrication damage, based on the similarity in the /\I RF 

properties 10 other lightly shielded Al on Si mcasurc­
mcnts4· 1 1 and the discussion above we bdieve that stray IR 
light is the durninant loss term contribuling to the greater 
power independent loss in the Al hybrid devices . 

The loss in the hybrid devices can also be studied as a 
function of temperature. In order to separale the temperature 
dependent loss from any po1cnli~1l TLS loss. the devices 
were measured at very high power i,vherc the TLS loss is sat­
urated. The measured temperature dependent losses are 
shown in Fig. 5(aJ. As the temperature is increased in all 
dcvici:-s. the loss rises exponentially. Devices with more /\I 
have greater loss at all temperatures. Thi , loss is enhanced 
when the Al is placed in the meandered inductor region. In 
Fig. 5t b). the loss at 0.5 K in bOlh hybrid L and C devices is 
plotted and agrees with a I incur lit to !he percentage of Al's 
inductance in the circuit. As the temperature dependent loss 
is in the inductance. it is likely due to thennal ly activated 
quasipanicles in the Al. 

While the loss in 1he hybrid C device-; at any partkular 
tcmperatun~ increases with the amount of /\L at higher tem­
peratures the slope of the measured temperature dependent 
loss vs Al percentage <locs nnt intercept the all TiN device at 
tero /\I percentage. i.e. additional loss is measured whenever 
there exists an AI-TiN interface in the device. Figure 6(a l 
shows the temperature dependent loss vs /\I fraction for lhc 
hybrid C devices at temperatures bel\vecn 0.2 and 0.9 K. 

/ 
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While the 5 devices with Al agree closely with linear fits 
(solid lines) to the Al fraction. the extrapolations of these fits 
(dashed lines) do not intersect with the measured loss of the 
all TiN resonator. This implies that there is a relatively small. 
but additional, loss term whenever any Al is incorporated into 
the circuit. corresponding to the existence of interfaces 
between the Al and the TiN. This interfacial or excess loss 
corresponding to the presence of Al. increases with tempera­
ture and is plotted in Fig. 6(b) along with an exponential fit 
the data. The exponential increase in loss with temperature 
suggests quasipanicles, and the activation energy scale is sim­
ilar to the TiN superconducting gap energy. though this inter­
face loss is much greater than the measured temperature 
dependent loss of the all-TiN device. We speculate that the 
presence of the TiN-Al interface permits the lower gap Al to 
act like a quasipanicle trap for the .TiN.12 While quasipanicles 
in the Al cannot transit to the TiN due to its larger energy gap, 
quasipanicles generated in the TiN can traverse the interface 
to the Al, be trapped there and perhaps generate additional 
loss by subsequently generating additional quasiparticles in 
the Al. Presumably a similar interfacial effect would be visi­
ble in the hybrid L devices, but the comparatively small inter­
face loss term would difficult to distinguish from the roughly 
100 x larger loss measured in the Al inductors. 

In summary, we have shown that the measured losses as 
a function of power and temperature can be varied by the 
replacement of Al for TiN in different parts of the resonant 
circuit. When the lossier Al is placed in capacitive parts of 
the circuit, the increased TLS loss indicates that the TLSs 
couple to the capacitive parts of the circuit. However while 
the Al in the inductor has much less TLS loss, it leads to 
additional power independent and temperature dependent 
loss terms. The power independent loss is proportional to the 
product of the Al area x inductance and likely arises from 
quasi particles generated by stray light from the 4 K stage. 
The temperature dependent loss is related to the Al induct­
ance and is likely from thermally activated quasiparticles. 
While there is an incremental interface loss between the TiN 
and Al at higher temperatures, <>inicrface ~ I x I o-6 at the 
base temperature. This lack of interface loss does not pre­
clude future hybrid devices from having low losses. This 
work suggests that future devices can be designed with their 
individual circuit elements optimally tuned for their purpose, 
e.g., low TLS loss, superconducting gap, kinetic inductance, 
detection efficiency, etc., specifically tuned. 11

•
13 
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Measurement-Induced Nonlocality 
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We interpret the maximum global effect caused by locally invariant measurements as measurement­
induced nonlocality, which is in some sense dual to the geometric measure of quantum discord [Dakic, 
Vedral, and Brukner, Phys. Rev. Lett. 105, 190502 (2010)]. We quantify measurement-induced nonlocality 
from a geometric perspective in terms of measurements, and obtain analytical formulas for any dime­
nsional pure states and 2 X n dimensional mixed states. We further derive a tight upper bound to 
measurement-induced nonlocality in general case. The physical significance of measurement-induced 
nonlocality is discussed in the context of correlations, entanglement, quantumness, and cryptographic 
communication. 

DOI: 10.1103/PhysRevLett.106.120401 

Nonlocality is a controversial, perplexing, and yet 
fundamental theme in the physical (e.g., gravitational and 
quantum-theoretical) descriptions of nature, and has many 
intriguing and subtle manifestations [ 1]. Classically, the 
principle of locality dictates that physical effect propagates 
by a knowable physical mechanism and is limited by the 
speed of light, and nonlocality usually refers to instanta­
neous influence of an object on a distant one in gravitation, 
resulting in violation of this principle. Quantum mechani­
cally, nonlocality arises from at least two different scenar­
ios: One is the Aharnnov-Bohm effect related to quantum 
potential [21' and the other is quantum entanglement in­
volving the Einstein-Podolsky-Rosen type correlations and 
the so-called "spooky-action-at-a-distancen [3]. Quantum 
nonlocality usually refers to correlations that cannot be 
described by any local hidden variable theory, and has been 
widely studied by means of Bell's inequalities [4--8]. It is 
intimately related to, but different from, other strange 
phenomena such as entanglement and quantumness [9]. 

In this Letter, by nonlocality, we will understand, in a 
most broad way, as some kind of correlations. This is more 
general than the conventionally mentioned quantum non­
locality related to entanglement or violation of Bell's in­
equalities. It is desirable to quantify nonlocality from as 
many aspects as possible in order to reveal its meaning 
and properties from different angles. As a particular ap­
proach to this program, we will try to quantify nonloca­
lity from a geometric perspective based on von Neumann 
m asurements. 

One motivation for this investigation comes from the 
general consideration of exploiting nonlocality for the 
purpose of processing quantum information. Many quan­
tum tasks such as superdense coding [10], teleportation 
[1 1], remote state preparation [12-15], etc., involve local 
measurements and comparison between the pre- and post­
measurement states. Quantification of nonlocality may 
shed novel and deep insight into these tasks and their 
extensions. Moreover, since a bipartite state can be used 

PACS numbers: 03.65.Ud, 03.65.Ta. 03.67.Mn 

as a quantum communication channel, and in order to 
study various capacities of such channels, it may be helpful 
to quantify the nonlocal resources therein. 

Our intuitive setup for quantifying measurement­
induced nonlocality is as follows. Consider a bipartite qu­
antum state p shared by two parties a and b with respective 
system Hilbert spaces Ha and Hb . In order to probe the 
nonlocal feature in p, we petform local von Neumann 
measurements on party a, and investigate the difference 
between the overall pre- and post-measurement states. To 
capture the genuine nonlocal effect of measurements on the 
state, we require the measurements do not disturb the local 
state pa := trbp (partial trace). Based on this idea, we may 
define the measurement-induced nonlocality (somewhat in 
contrast to the measurement-induced disturbance [ 16]) as 

N(p) := maxllp - rra(p)fl2, (1 ) 
nu 

where the max is taken over the von Neumann measure­
ments rra = {Iln which do not disturb pa locally, that is, 
Lkllkparrk = p0

, and II· 11 2 may be any reasonable norm 
on states depending on particular applications and con­
texts. Here we take IIXll2 := trxtx to be the Hilbert.­
Schmidt norm. This quantity is an indicator of the global 
effect caused by locally invariant measurements [ 17], 
which in turn is inspired and motivated by superdense 
coding consideration and related issues [10,18J9]. Our 
main purpose here is to illustrate this quantity and evaluate 
it for several important cases. 

The measurement-induced nonlocality N(p ) is funda­
mentally different from, and in some sense dual to, the 
geometric measure of quantum discord [2~22] 

D(p) := minllp - rra(p)ll2, rra 

which was first introduced in Ref. [20]. Here the min is 
over all local von Neumann measurements na, in sharp 
contrast to the max over locally invariant ones used in 
defining the measurement-induced nonlocality N(p) in 
Eq. (1). The geometric measure of quantum discord is 
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Decoupling a Cooper-Pair Box to Enhance the Lifetime to 0.2 ms 

Z. Kim, 1•
2 B. Suri, 1•

2 V. Zaretskey, 1•
2 S. Novikov, 1'

2 K. D. Osborn, 1 A. Mizel, 1 F. C. Wetlstood,2•
3 and B. S. Palrner1 
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We present results on a circuit QED experiment in which a separate transmission line is used to address 
a quasilumped element superconducting microwave resonator which is in tum coupled to an Al/ AIOx/ Al 
Cooper-pair box charge qubit. With our device, we find a strong correlation between the lifetime of the 
qubit and the inverse of the coupling between the qubit and the transmission line. At the smallest coupling 
we measured, the lifetime of the Cooper-pair box was T1 = 200 µ,s, which represents more than a 
twentyfold improvement in the lifetime of the Cooper-pair box compared with previous results. These 
results imply that the loss tangent in the AIOx junction barrier must be less than about 4 X w-s at 
4.5 GHz, about 4 orders of magnitude less than reported in larger area Al/ AIOx/ Al tunnel junctions. 

DOI: !0.1103/PhysRevLett.106.120501 

The use of high quality factor superconducting resona­
tors has many applications in solid-state and atomic phys­
ics including microwave kinetic inductance detectors [ 1] 
and in the quantum information sciences in the form of 
circuit quantum electrodynamics [2-4]. Understanding and 
minimizing the sources of energy loss in these systems 
has a general technological importance for all of these 
topics to improve the sensitivities of microwave kinetic 
inductance detectors and coherence times for qubits. For 
superconducting qubits, energy loss has been attributed 
to various mechanisms, including discrete charge two­
level fluctuators coupled to the qubit [5,6), dielectric 
loss [7), nonequilibrium quasiparticles (8), and lossy 
higher order electromagnetic modes of the electromagnetic 
field which are coupled to the qubit [9]. 

Here, we report the observation of relaxation times in a 
Cooper-pair box (CPB) that are 1 order of magnitude larger 
than previously reported. Our design builds on the circuit 
quantum electrodynamics approach (2,10, 11]: We coupled 
the CPB to a resonator and used perturbations of the 
resonator frequency to read out the state of the CPB over 
one octave in frequency. In contrast to previous work, 
however, we used a lumped element design for the reso­
nator and addressed it by using a separate transmission 
line. In our experiment, we find that a key reason for 
obtaining the long lifetimes was decoupling the CPB 
from the transmission line. 

Our CPB consists of a small (100 nm X 2 µ.m X 30 nm 
thick) superconducting Al island connected to supercon­
ducting leads by two ultrasmall Josephson junctions [see 
Fig. l(c)]. By applying a de voltage V

8 
that is capacitively 

coupled to the island with capacitance Cg, we can change 
the system's electrostatic charging energy, and by varying 
the magnetic flux through the superconducting loop, we 
can modulate the critical current !0 and therefore the 
Josephson energy E1 = hl0 /2e. Restricting consideration 

PACS numbers: 03.67.Lx. 4250.Pq, 84.40.Dc, 85.25.Cp 

to the two lowest levels, the Hamiltonian of the CPB can be 
written as 

(1) 

where hwa = ✓[4Ec(l - n8)]2 + EJ , Ee= e 2/ 2C!. is the 

electrostatic charging energy constant, n
8 

= Cg V
8

/ e is the 
reduced gate voltage, and a-. is a Pauli spin matrix. 

We coupled our CPB to a quasilumped element resona­
tor [Fig. !(a)] and measured the CPB at the charge degen­
eracy point while it was tuned over one octave in 
frequency. When the CPB is coupled to a resonator and 
the detuning between the qubit and the resonator 
( .i = w a - w,) is large compared to the strength of the 
coupling g between them, the Hamiltonian for the com­
bined system is approximately 

H == h w +-a- ata+ - +--a-_ ( 
g

2 
)( 1) hw0 

r /1 Z 2 2 •' (2) 

where hg = (eC8 /Ci).Jhw,/2C, C is the capacitance of 
the resonator with resonance frequency w,, and C8 is the 
capacitance between the resonator and the island of the 
CPB [10,11]. Depending on the state of the qubit, Eq. (2) 
predicts that the bare resonance frequency w, is shifted 
by ±g2/l:l. For g/27T = 5 MHz and l:l/27T = 1 GHz, we 
find that the maximum dispersive frequency shift of the 
resonator's resonance frequency is g2 /27T/:l = 25 kHz. 

To measure these small frequency shifts we have 
designed and fabricated, using photolithographic lift-off 
techniques, a high-Q superconducting resonator made 
from a I 00 nm thick film of Al on a c-plane sapphire 
wafer. The resonator consists of a coplanar meander-line 
inductor ( ~ 2 nH) and an interdigital capacitor ( ~ 400 fF) 
coupled to a transmission line [see Fig. l(a)). The reso­
nance frequency of our resonator was w,/27T = 5.44 GHz, 
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FIG. 1 (color online). (a) Optical image of a quasilumped element resonator coupled to a transmission line and surrounded by a 
ground plane. White regimes are aluminum, and black regimes are sapphire. (b) Optical image of the CPB close to the interdigital 
capacitor. (c) Scanning electron micrograph of the CPB. (d) Schematic of the measurement setup. Two microwave tones are sent to the 
device on the mixing chamber through microwave lines and attenuators at different temperatures. On the mixing chamber the 
microwave tones are combined with a de voltage before the device. After the device the signal passes through two isolators, is 
amplified at both 4 and 300 K, mixed to a smaller intermediate frequency~ and then digitized on an oscilloscope. 

the loaded quality factor was QL = 22 000, and the inter­
nal quality factor was Qi = 32 000. Subsequently, the CPB 
was fabricated by using e-beam lithography and double­
angle evaporation (with an oxidation in between the two 
evaporations) to form the small Josephson junctions [12]. 
We used a bilayer of MMA(8.5)MMA copolymer (mixture 
of polymethyl methacrylate and 8.5% methacrylic acid) 
and ZEP520A (methylstyrene/chloromethyl acrylate co­
polymer) as the electron beam resist and the 30 nm thick 
Al island and 50 nm thick Al le~ds were deposited in an 
electron beam evaporator [see Fi'gs. l(b) and l(c)]. 

The device was packaged in an rf-tight Cu box and 
bolted to the mixing chamber of an Oxford Instruments 
Kelvinox 100 dilution refrigerator. To reduce Johnson­
Nyquist noise from higher temperatures, we used cold 
attenuators on the input microwave line and two isolators 
on the output line [see Fig. l(d)]. The input microwave 
power had IO dB of attenuation at 4 K, 20 dB at 0. 7 K, and 
30 dB on the mixing chamber at 25 mK. On the output line, 
both isolators on the mixing chamber had a minimum 
isolation of 18 dB between 4 and 8 GHz. The output 
microwave signal was amplified with a high-electron­
mobility transistor amplifier sitting in the He bath. To allow 
a de gate voltage bias to be applied to the island of the 
CPB from the transmission line~ a bias tee was placed on 
the transmission line before the device and a de block 
was placed on the transmission line after the device lsee 
Fig. l(d)J. 

Figure 2(a) shows a plot of the transition spectrum of the 
CPB qubit. This spectrum was taken by measuring the 
phase of the transmitted microwaves at the resonator's 
bar resonance frequency (fr= 5.44 GHz) while sweep­
ing the de gate voltage and stepping the frequency of a 
second microwave source from 6.2 to 8.4 GHz. When the 
second microwave source is resonant with the transition 
between the two lowest states of the CPB, the C PB is 
excited. This causes a change in wr [see Eq. (2)] and a 

change in the phase of the transmitted signal. For these 
measurements the average number of photons in the reso­
nator was;; = 20 photons. From fitting this spectrum, we 
extract Ee/ h = 6.24 GHz and E1/h = 6.35 GHz. Using 
these parameters and the measured dispersive shift 
(g2 / 21TA ~ 27 kHz), we extracted the coupling between 
the resonator and the CPB: g/2TT = 5 MHz. 

To measure Rabi oscillations, we applied magnetic flux 
to set E1 / h = 6.15 GHz, de biased the gate voltage at the 
charge degeneracy point ng = I, and delivered a short 
pulse of microwaves at/ = 6.15 GHz while continuously 
monitoring the phase of the resonator with an average of 
n = 20 photons. Figure 2(b) shows a false color plot of 
the measured phase (which has been calibrated in terms 
of the probability of occupancy of the excited state) as a 
function of time after sending the pulse and as a function 
of the length of the pulse. Figure 2( c) presents a line cut 
through 2(b): we see clear driven oscillations of the state of 
the qubit. 

Figure 2(d) shows a plot of the probability Pe of occu­
pying the excited state as a function of time after sending 
a 1T pulse to the qubit at/= 6.15 GHz and ng = 1. For 
Pe > 5%, the relaxation is well fit by an exponential with a 
decay time of T 1 = 30 µs. We also varied the Josephson 
energy from a maximum of E1 / h = 19 GHz and measured 
T 1 at the charge degeneracy point over one octave in the 
CPB transition frequency, from 3.8 to 8.5 GHz [black 
squares in Pig. 3(b)]. While T1 - 30 µs for frequencies 
above f n we discover that the CPB attains a striking life­
time of T1 = 200 µs below/, at/ = 4.5 GHz. 

Some of the qualitative features in Fig. 3 (b) can be 
understood. In particular. the depressions in T 1 at f = 
4.18 GHz and f = 5.61 GHz correlate to changes in the 
measured transmission of microwaves through the trans­
mission line [see Fig. 3(a)] and are likely due to the pack­
aging of our device (j = 4.18 GHz) or imperfections in a 
microwave component (j = 5.67 GHz). Also, the dip near 
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FIG. 2 (color). (a) Measured spectrum of the CPB. The gray­
scale plot shows the change in phase of the transmitted micro­
waves at the probe frequency as a function of the pump 
frequency and n

8
• (b) Rabi oscillation of the CPB qubit for 

microwave drive at/= 6.15 GHz. (c) Line cut of (b) along the 
pulse length at a measurement time of 2 µs. The maximum 
measured population in the excited state was about 80%. From 
the fit (red curve), the extracted Rabi frequency was 39 MHz. 
(d) Energy relaxation measurement of the CPB from the excited 
state. The red line shows a fit with T1 "' 30 µs. 

f, = 5.44 GHz is consistent with enhanced spontaneous 
emission at the resonator frequency due to the Purcell 
effect [see the dashed blue curve in Fig. 3(b)] [9]. 

Next, we studied the coupling between the qubit and the 
microwave drive to understand the steady change in T1 
below f,. At several values off, we measured the change 
in the frequency f R:Jbi of the Rabi oscillations with micro­
wave drive voltage V. The red triangles in Fig. 3(b) show 
dV / df Rabi versus/. This quantity indicates how decoupled 
the transmission line is from the qubit; when dV / d f Rabi is 
large, the qubit responds only weakly to a change in V, and 
when dV / df RJJ.bi is small, the qubit responds strongly to 
a change in V. While the simple model for our system 
[Fig. l(d)] does not predict this behavior of the coupling, 
we note that the coupling is changing near and between 
additional resonances in the system which can produce a 
nontrivial dependence of dV / df Rabi on f. We find that we 
can achieve good agreement between the experimental 
dV / d f Rabi and a theoretical calculation that augments 
the simple circuit of Fig. l(d) with an additional LC 
circuit which is coupled to the transmission line and the 
qubit to model the microwave packaging resonance at 
f = 4.18 GHz. 

A close relationship between T1 and the decoupling 
dV / d f Pwbi is evident in the figure. If we assume that the 
qubit is capacitively coupled to a Z0 = 50 0 quantum 
dissipative environment at the input and output microwave 
lines, then the decay rate is given by [13] 

T - 1 = (dfRabi)28rZ hf (3) 
I dV O • 

(a) 

0.1 

(b) 
100 

/(GHz) 
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 

-t-T"""T--r--r-r-r--,-..-,....,...-r-r-,---r-T,r-,--,-..--1 0.1 
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FIG. 3 (color online). (a) Plot of the ratio of the transmitted 
output voltage before the mixer in Fig. l to input voltage (S21 ) 

versus frequency through the system. The arrow at 5.44 GHz 
identifies the resonance of the resonator. (b) Log plot of mea­
sured T1 versus frequency (filled squares) and model for T1 
(filled diamonds) based on the measured coupling to quantum 
noise from 50 n. The dashed blue curve shows the contribution 
to loss from coupling to the resonator plus an additional decay 
rate of T11 = 5 X 103 s-1 below /, and T11 = 2 X 104 s- 1 

above/,. Right axis: Inverse of the measured coupling (Rabi 
frequency divided by applied rms voltage) between the trans­
mission line and the CPB versus / (red filled triangles). 

The filled diamonds in Fig. 3(b) show that Eq. (3) with an 
additionalunknownfixeddecayrateofT11 = 5 X 103 s- 1 

is in reasonably good qualitative agreement with the data 
(filled squares). This relationship suggests that decoupling 
the qubit from the noisy transmission line in our experi­
ment was essential to allowing T1 to reach 30 µ,s at most 
values off and to attain 200 µ,s at f = 4.5 GHz. 

The measured lifetime also places a bound on charge 
noise in the CPB. If charge noise is the dominant mecha­
nism producing relaxation, then the spectral density of 
charge noise SQ at positive frequencies is related to T1 at 
the charge degeneracy point by [13-15] 

(4) 

Using Eq. (4) and the measured value of T1 at 4.5 GHz, we 
get an upper bound on the spectral density of charge noise 
of SQ(J = 4.5 GHz) :S 1 o-ts e2 /Hz. This level of charge 
noise is approximately an order of magnitude smaller than 
the bound measured by Vion et al. [ 16]. If we assume that 
SQ has a 1/ f dependence, then the symmetrized classical 
spectral density of charge noise at 1 Hz would be approxi­
mately SQ(J = I Hz)= 200- 4)2 e2/ Hz. a value that is 
2 orders of magnitude smaller than is typically measured 
at low frequencies [17,18] and similar to the best values 
reported in stacked single electron transistors [ 19]. 
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Our Ti measurements also place a bound on dielectric 
loss in the Josephson junctions. If Ti is limited by dissipa­
tion in the junction, then the effective resistance of the 
tunnel junctions is related to the charge noise SQ by 

R = -3!!_ = I.!_ (4£,.). 
wSQ C:r. EJ 

(5) 

At EJ/h = 4.5 GHz, where T1 = 200 µs, this yields 
R ~ 3 x I 011 n. If this dissipation were due to dielectric 
loss in the amorphous AIO,, tunnel junction barrier, then 
one would find tan8 = (RwCI.)- 1 = 4 X 10- 8, which ap­
pears to be 4 orders of magnitude smaller than most 
amorphous dielectrics at both low temperatures and low 
microwave powers [7]. A possible explanation is that the 
loss is due to a few discrete two-level fluctuators in the 
ultrasmall junctions. Spectroscopic measurements on CPB 
devices have shown anomalous avoided level crossings 
with splitting sizes on the order of 50 MHz and decay rates 
due to the two-level fluctuator on the orderof 10 µs- 1 [6]. 
If we take these parameters and assume that the two-level 
fluctuator resonance is detuned by 2 GHz from the CPB 
resonance, then the T1 from a single fluctuator would be 
approximately 160 µs. 

Another metric of charge noise can be found from 
dephasing measurements. To minimize dephasing from 
photons in the resonator [10), the power at/, was pulsed 
on only after the state of the CPB was manipulated. 
At E1/h = 6.4 GHz we find a Ramsey decay time of 
Ti = 70 ns. Assuming 1/ f charge noise is the dominant 
free induction dephasing mechanism [14), then at n11 = 1 
the standard deviation of the charge noise (uQ) obeys [14) 

2 _ I E1 2e2h 
u Q - Ti (4Ec)2 ---;,• (6) 

where TJ = ln(j max/ f min) and/ min and/ max are the mini­
mum and maximum bandwidth of the measurement, 
respectively. Using Eq. (6) we find uQ = (2 X 10- 3e)2, 

which is a fairly typicl!l value for the amplitude of l / / 
charge noise [17,18]. Measurements of the decay of 
Rabi oscillations showed a maximum decay time of 
T 1 ,::, 1 µs. 

We also obtained some measurements on a second 
device with a charging energy of E,/h = 12.48 GHz. 
The lifetime of that device at/= EJ/h = 1.5 GHz was 
T1 = 8 µ s, which from Eq. (4) gives SQ(j = 7.5 GHz) = 
5 X 10- 13 e2 /Hz. This value is within a factor of 2 
of the device discussed in this Letter at / = 7.5 GHz. 
Unfortunately, we did not obtain T1 measurements on 

this second device over a wide range of frequency before 
the device stopped functioning. 

In conclusion, we have measured the spectrum, excited 
state lifetime, and Rabi oscillations of a CPB qubit over 
one octave in transition frequency. We find T1 varies from 
4 µs at f = 8 GHz up to 200 µs at f = 4.5 GHz. The 
longest lifetime places an upper bound on the spectral 
density of charge noise which is SQ(j = 4.5 GHz) s; 
10-18 e2 /Hz at 4.5 GHz. Our measurements place a re­
markably small upper bound on dielectric loss in the 
junction barrier. While the exact source of improvement 
in the lifetime of our CPB compared with other results 
[ll,14,16] is unknown, our measurements suggest that 
the coupling between the qubit and the transmission line 
can play a key role. 
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UM-Flint Periodicals About location
Volumes more than 5 years old are shelved at the end of the 3rd floor periodical stacks.
Vol. 1- : 1958-

Action Description Status Call Number

N/A v.92-117 (2004-2016)
LOOSE

On shelf Shelved by title

Show all 154 holdings

MARC Data

LDR nas a2200373 4500

001 004528039

003 MiU

005 19940310000000.0

008 940310c19589999nyuwr1p 0 a0eng

010 |a 59037543

References Nuclear science abstracts 0029-5612

Physical
Description

v. ill. 27 cm.

Subjects (LCSH) Physics -- Periodicals.

Academic
Discipline

Science Physics
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022 |a 0031-9007

030 |a PRLTAO

032 |a 431260 |b USPS

035 |a (OCoLC)ocm01715834

035 |a Ulp No. 6360000008 |a PITT NO. 6374100000

040 |a DLC |c MUL |d NSD |d COO |d DLC |d m.c. |d SER |d RCS
|d AIP |d NST |d OCL |d NST

042 |a nsdp |a lc

050 0 0 |a QC1 |b .P43

082 |a 530.5

210 0 |a Phys. rev. lett.

222 0 |a Physical review letters

245 0 0 |a Physical review letters.

260 |a [Woodbury, N.Y., etc.] |b American Physical Society.

300 |a v. |b ill. |c 27 cm.

310 |a Weekly |b <, Feb. 1976->

321 |a Semimonthly, |b 1958-

362 0 |a v. 1- July 1958-

510 0 |a Nuclear science abstracts |x 0029-5612
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555 |a Author index: Vols. 1-5, 1956-60, included in author
index for Physical review, v. 101-120, 1956-60; Vols. 6-15,
1961-65, included in author index for Physical review, v.
121-140, 1961-65; Vols. 16-23, 1966-69, included in author
index for Physical review, v. 141-188, 1966-69.

580 |a Formerly a section in: Physical review, ISSN 0031-899X.

650 0 |a Physics |x Periodicals.

710 2 0 |a American Physical Society.

780 1 3 |t Physical review |x 0031-899X

852 8 |a MiFliC |b FLINT |c PERI |h Shelved by title
|z Volumes more than 5 years old are shelved at the end of
the 3rd floor periodical stacks.

970 |a SE |b Serial

970 |a AJ |b Journal

970 |a SX |b All Serials

971 |a MiFliC

972 |c 20040625

973 |a AC |b avail_circ

974 |z v.118:no.1(2017:Jan. 06) |a 4528039-7350 |b FLINT
|c PERI |f 08

974 |z v.118:no.10(2017:Mar. 10) |a 4528039-7440 |b FLINT
|c PERI |f 08
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974 |z v.118:no.11(2017:Mar. 17) |a 4528039-7450 |b FLINT
|c PERI |f 08

974 |z v.118:no.12(2017:Mar. 24) |a 4528039-7460 |b FLINT
|c PERI |f 08

974 |z v.118:no.13(2017:Mar. 31) |a 4528039-7470 |b FLINT
|c PERI |f 08

974 |z v.118:no.14(2017:April 07) |a 4528039-7480 |b FLINT
|c PERI |f 08

974 |z v.118:no.15(2017:April 14) |a 4528039-7490 |b FLINT
|c PERI |f 08

974 |z v.118:no.16(2017:April 21) |a 4528039-7500 |b FLINT
|c PERI |f 08

974 |z v.118:no.17(2017:April 28) |a 4528039-7510 |b FLINT
|c PERI |f 08

974 |z v.118:no.18(2017:May 05) |a 4528039-7520 |b FLINT
|c PERI |f 08

974 |z v.118:no.19(2017:May 12) |a 4528039-7530 |b FLINT
|c PERI |f 08

974 |z v.118:no.2(2017:Jan. 13) |a 4528039-7360 |b FLINT
|c PERI |f 08

974 |z v.118:no.20(2017:May 19) |a 4528039-7540 |b FLINT
|c PERI |f 08

974 |z v.118:no.21(2017:May 26) |a 4528039-7550 |b FLINT
|c PERI |f 08

974 |z v.118:no.22(2017:Jun. 02) |a 4528039-7560 |b FLINT
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|c PERI |f 08

974 |z v.118:no.23(2017:Jun. 09) |a 4528039-7570 |b FLINT
|c PERI |f 08

974 |z v.118:no.24(2017:Jun. 16) |a 4528039-7580 |b FLINT
|c PERI |f 08

974 |z v.118:no.25(2017:Jun. 23) |a 4528039-7590 |b FLINT
|c PERI |f 08

974 |z v.118:no.26(2017:Jun. 30) |a 4528039-7600 |b FLINT
|c PERI |f 08

974 |z v.118:no.3(2017:Jan. 20) |a 4528039-7370 |b FLINT
|c PERI |f 08

974 |z v.118:no.4(2017:Jan. 27) |a 4528039-7380 |b FLINT
|c PERI |f 08

974 |z v.118:no.5(2017:Feb. 03) |a 4528039-7390 |b FLINT
|c PERI |f 08

974 |z v.118:no.6(2017:Feb. 10) |a 4528039-7400 |b FLINT
|c PERI |f 08

974 |z v.118:no.7(2017:Feb. 17) |a 4528039-7410 |b FLINT
|c PERI |f 08

974 |z v.118:no.8(2017:Feb. 24) |a 4528039-7420 |b FLINT
|c PERI |f 08

974 |z v.118:no.9(2017:Mar. 03) |a 4528039-7430 |b FLINT
|c PERI |f 08

974 |z v.119:no.1(2017:Jul. 07) |a 4528039-7610 |b FLINT
|c PERI |f 08
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974 |z v.119:no.10(2017:Sep. 08) |a 4528039-7700 |b FLINT
|c PERI |f 08

974 |z v.119:no.11(2017:Sep. 15) |a 4528039-7710 |b FLINT
|c PERI |f 08

974 |z v.119:no.12(2017:Sep. 22) |a 4528039-7720 |b FLINT
|c PERI |f 08

974 |z v.119:no.13(2017:Sep. 29) |a 4528039-7730 |b FLINT
|c PERI |f 08

974 |z v.119:no.14(2017:Oct. 06) |a 4528039-7740 |b FLINT
|c PERI |f 08

974 |z v.119:no.15(2017:Oct. 13) |a 4528039-7750 |b FLINT
|c PERI |f 08

974 |z v.119:no.16(2017:Oct. 20) |a 4528039-7760 |b FLINT
|c PERI |f 08

974 |z v.119:no.17(2017:Oct. 27) |a 4528039-7770 |b FLINT
|c PERI |f 08

974 |z v.119:no.18(2017:Nov. 03) |a 4528039-7780 |b FLINT
|c PERI |f 08

974 |z v.119:no.19(2017:Nov. 10) |a 4528039-7790 |b FLINT
|c PERI |f 08

974 |z v.119:no.2(2017:Jul. 14) |a 4528039-7620 |b FLINT
|c PERI |f 08

974 |z v.119:no.20(2017:Nov. 17) |a 4528039-7800 |b FLINT
|c PERI |f 08

974 |z v.119:no.21(2017:Nov. 24) |a 4528039-7810 |b FLINT
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|c PERI |f 08

974 |z v.119:no.22(2017:Dec. 01) |a 4528039-7820 |b FLINT
|c PERI |f 08

974 |z v.119:no.23(2017:Dec. 08) |a 4528039-7830 |b FLINT
|c PERI |f 08

974 |z v.119:no.24(2017:Dec. 15) |a 4528039-7840 |b FLINT
|c PERI |f 08

974 |z v.119:no.25(2017:Dec. 22) |a 4528039-7850 |b FLINT
|c PERI |f 08

974 |z v.119:no.26(2017:Dec. 29) |a 4528039-7860 |b FLINT
|c PERI |f 08

974 |z v.119:no.3(2017:Jul. 21) |a 4528039-7630 |b FLINT
|c PERI |f 08

974 |z v.119:no.4(2017:Jul. 28) |a 4528039-7640 |b FLINT
|c PERI |f 08

974 |z v.119:no.5(2017:Aug. 04) |a 4528039-7650 |b FLINT
|c PERI |f 08

974 |z v.119:no.6(2017:Aug. 11) |a 4528039-7660 |b FLINT
|c PERI |f 08

974 |z v.119:no.7(2017:Aug. 18) |a 4528039-7670 |b FLINT
|c PERI |f 08

974 |z v.119:no.8(2017:Aug. 25) |a 4528039-7680 |b FLINT
|c PERI |f 08

974 |z v.119:no.9(2017:Sep. 01) |a 4528039-7690 |b FLINT
|c PERI |f 08
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974 |z v.120:no.1(2018:Jan. 05) |a 4528039-7870 |b FLINT
|c PERI |f 08

974 |z v.120:no.10(2018:Mar. 09) |a 4528039-7960 |b FLINT
|c PERI |f 08

974 |z v.120:no.11(2018:Mar. 16) |a 4528039-7970 |b FLINT
|c PERI |f 08

974 |z v.120:no.12(2018:Mar. 23) |a 4528039-7980 |b FLINT
|c PERI |f 08

974 |z v.120:no.13(2018:Mar. 30) |a 4528039-7990 |b FLINT
|c PERI |f 08

974 |z v.120:no.14(2018:April 06) |a 4528039-8000 |b FLINT
|c PERI |f 08

974 |z v.120:no.15(2018:April 13) |a 4528039-8010 |b FLINT
|c PERI |f 08

974 |z v.120:no.16(2018:April 20) |a 4528039-8020 |b FLINT
|c PERI |f 08

974 |z v.120:no.17(2018:April 27) |a 4528039-8030 |b FLINT
|c PERI |f 08

974 |z v.120:no.18(2018:May 04) |a 4528039-8040 |b FLINT
|c PERI |f 08

974 |z v.120:no.19(2018:May 11) |a 4528039-8050 |b FLINT
|c PERI |f 08

974 |z v.120:no.2(2018:Jan. 12) |a 4528039-7880 |b FLINT
|c PERI |f 08

974 |z v.120:no.20(2018:May 18) |a 4528039-8060 |b FLINT
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|c PERI |f 08

974 |z v.120:no.21(2018:May 25) |a 4528039-8070 |b FLINT
|c PERI |f 08

974 |z v.120:no.22(2018:Jun. 01) |a 4528039-8080 |b FLINT
|c PERI |f 08

974 |z v.120:no.23(2018:Jun. 08) |a 4528039-8090 |b FLINT
|c PERI |f 08

974 |z v.120:no.24(2018:Jun. 15) |a 4528039-8100 |b FLINT
|c PERI |f 08

974 |z v.120:no.3(2018:Jan. 19) |a 4528039-7890 |b FLINT
|c PERI |f 08

974 |z v.120:no.4(2018:Jan. 26) |a 4528039-7900 |b FLINT
|c PERI |f 08

974 |z v.120:no.5(2018:Feb. 02) |a 4528039-7910 |b FLINT
|c PERI |f 08

974 |z v.120:no.6(2018:Feb. 09) |a 4528039-7920 |b FLINT
|c PERI |f 08

974 |z v.120:no.7(2018:Feb. 16) |a 4528039-7930 |b FLINT
|c PERI |f 08

974 |z v.120:no.8(2018:Feb. 23) |a 4528039-7940 |b FLINT
|c PERI |f 08

974 |z v.120:no.9(2018:Mar. 02) |a 4528039-7950 |b FLINT
|c PERI |f 08

974 |z v.121:no.1(2018:Jul. 06) |a 4528039-8130 |b FLINT
|c PERI |f 08
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974 |z v.121:no.10(2018:Sep. 07) |a 4528039-8220 |b FLINT
|c PERI |f 08

974 |z v.121:no.11(2018:Sep. 14) |a 4528039-8230 |b FLINT
|c PERI |f 08

974 |z v.121:no.12(2018:Sep. 21) |a 4528039-8240 |b FLINT
|c PERI |f 08

974 |z v.121:no.13(2018:Sep. 28) |a 4528039-8250 |b FLINT
|c PERI |f 08

974 |z v.121:no.14(2018:Oct. 05) |a 4528039-8260 |b FLINT
|c PERI |f 08

974 |z v.121:no.15(2018:Oct. 12) |a 4528039-8270 |b FLINT
|c PERI |f 08

974 |z v.121:no.16(2018:Oct. 19) |a 4528039-8280 |b FLINT
|c PERI |f 08

974 |z v.121:no.17(2018:Oct. 26) |a 4528039-8290 |b FLINT
|c PERI |f 08

974 |z v.121:no.18(2018:Nov. 02) |a 4528039-8300 |b FLINT
|c PERI |f 08

974 |z v.121:no.19(2018:Nov. 09) |a 4528039-8310 |b FLINT
|c PERI |f 08

974 |z v.121:no.2(2018:Jul. 13) |a 4528039-8140 |b FLINT
|c PERI |f 08

974 |z v.121:no.20(2018:Nov. 16) |a 4528039-8320 |b FLINT
|c PERI |f 08

974 |z v.121:no.21(2018:Nov. 23) |a 4528039-8330 |b FLINT
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|c PERI |f 08

974 |z v.121:no.22(2018:Nov. 30) |a 4528039-8340 |b FLINT
|c PERI |f 08

974 |z v.121:no.23(2018:Dec. 07) |a 4528039-8350 |b FLINT
|c PERI |f 08

974 |z v.121:no.24(2018:Dec. 14) |a 4528039-8360 |b FLINT
|c PERI |f 08

974 |z v.121:no.26(2018:Dec. 28) |a 4528039-8380 |b FLINT
|c PERI |f 08

974 |z v.121:no.3(2018:Jul. 20) |a 4528039-8150 |b FLINT
|c PERI |f 08

974 |z v.121:no.4(2018:Jul. 27) |a 4528039-8160 |b FLINT
|c PERI |f 08

974 |z v.121:no.5(2018:Aug. 03) |a 4528039-8170 |b FLINT
|c PERI |f 08

974 |z v.121:no.6(2018:Aug. 10) |a 4528039-8180 |b FLINT
|c PERI |f 08

974 |z v.121:no.7(2018:Aug. 17) |a 4528039-8190 |b FLINT
|c PERI |f 08

974 |z v.121:no.8(2018:Aug. 24) |a 4528039-8200 |b FLINT
|c PERI |f 08

974 |z v.121:no.9(2018:Aug. 31) |a 4528039-8210 |b FLINT
|c PERI |f 08

974 |z v.122:no.1(2019:Jan. 11) |a 4528039-8390 |b FLINT
|c PERI |f 08
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974 |z v.122:no.10(2019:Mar. 15) |a 4528039-8480 |b FLINT
|c PERI |f 08

974 |z v.122:no.11(2019:Mar. 22) |a 4528039-8490 |b FLINT
|c PERI |f 08

974 |z v.122:no.12(2019:Mar. 29) |a 4528039-8500 |b FLINT
|c PERI |f 08

974 |z v.122:no.13(2019:April 05) |a 4528039-8510 |b FLINT
|c PERI |f 08

974 |z v.122:no.14(2019:April 12) |a 4528039-8520 |b FLINT
|c PERI |f 08

974 |z v.122:no.15(2019:April 19) |a 4528039-8530 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.16(2019:April 26) |a 4528039-8540 |b FLINT
|c PERI |f 08

974 |z v.122:no.17(2019:May 03) |a 4528039-8550 |b FLINT
|c PERI |f 08

974 |z v.122:no.18(2019:May 10) |a 4528039-8560 |b FLINT
|c PERI |f 08

974 |z v.122:no.19(2019:May 17) |a 4528039-8570 |b FLINT
|c PERI |f 08

974 |z v.122:no.2(2019:Jan. 18) |a 4528039-8400 |b FLINT
|c PERI |f 08

974 |z v.122:no.20(2019:May 24) |a 4528039-8580 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.21(2019:May 31) |a 4528039-8590 |b FLINT
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|c PERI |f 08 |s NA

974 |z v.122:no.22(2019:Jun. 07) |a 4528039-8600 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.23(2019:Jun. 14) |a 4528039-8610 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.24(2019:Jun. 21) |a 4528039-8620 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.25(2019:Jun. 28) |a 4528039-8630 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.26(2019:Jul. 05) |a 4528039-8640 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.3(2019:Jan. 25) |a 4528039-8410 |b FLINT
|c PERI |f 08

974 |z v.122:no.4(2019:Feb. 01) |a 4528039-8420 |b FLINT
|c PERI |f 08 |s NA

974 |z v.122:no.5(2019:Feb. 08) |a 4528039-8430 |b FLINT
|c PERI |f 08

974 |z v.122:no.6(2019:Feb. 15) |a 4528039-8440 |b FLINT
|c PERI |f 08

974 |z v.122:no.7(2019:Feb. 22) |a 4528039-8450 |b FLINT
|c PERI |f 08

974 |z v.122:no.8(2019:Mar. 01) |a 4528039-8460 |b FLINT
|c PERI |f 08

974 |z v.122:no.9(2019:Mar. 08) |a 4528039-8470 |b FLINT
|c PERI |f 08
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974 |z v.123:no.1(2019:Jul. 12) |a 4528039-8650 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.10(2019:Sep. 13) |a 4528039-8740 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.11(2019:Sep. 20) |a 4528039-8750 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.12(2019:Sep. 27) |a 4528039-8760 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.13(2019:Oct. 04) |a 4528039-8770 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.14(2019:Oct. 11) |a 4528039-8780 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.15(2019:Oct. 18) |a 4528039-8790 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.16(2019:Oct. 25) |a 4528039-8800 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.17(2019:Nov. 01) |a 4528039-8810 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.18(2019:Nov. 08) |a 4528039-8820 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.19(2019:Nov. 15) |a 4528039-8830 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.2(2019:Jul. 19) |a 4528039-8660 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.20(2019:Nov. 22) |a 4528039-8840 |b FLINT
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|c PERI |f 08 |s NA

974 |z v.123:no.21(2019:Nov. 29) |a 4528039-8850 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.22(2019:Dec. 06) |a 4528039-8860 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.23(2019:Dec. 13) |a 4528039-8870 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.24(2019:Dec. 20) |a 4528039-8880 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.25(2019:Dec. 27) |a 4528039-8890 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.26(2020:Jan. 03) |a 4528039-8900 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.3(2019:Jul. 26) |a 4528039-8670 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.4(2019:Aug. 02) |a 4528039-8680 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.5(2019:Aug. 09) |a 4528039-8690 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.6(2019:Aug. 16) |a 4528039-8700 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.7(2019:Aug. 23) |a 4528039-8710 |b FLINT
|c PERI |f 08 |s NA

974 |z v.123:no.8(2019:Aug. 30) |a 4528039-8720 |b FLINT
|c PERI |f 08 |s NA
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974 |z v.123:no.9(2019:Sep. 06) |a 4528039-8730 |b FLINT
|c PERI |f 08 |s NA

974 |z v.92-117 (2004-2016) LOOSE |a B2284368 |b FLINT |c PERI
|f 05
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Source Document 

Kim Z, Suri B, Zaretskey V, Novikov S, Osborn KD, Mizel A, Wellstood FC, 
Palmer BS. Decoupling a Cooper-pair box to enhance the lifetime to 0.2 ms. 
Physical review letters. 2011 Mar 22;106(12):120501. 

Selected Citations 2011 (in chronological order) 

Delanty, M., Rebic, S., & Twamley, J. (July 2011). Superradiance of Harmonic 
Oscillators. arXiv preprint arXiv:1107.5080. 

Buluta, I., Ashhab, S., & Nori, F. (September 2011). Natural and artificial atoms 
for quantum computation. Reports on Progress in Physics, 74(10), 104401. 

Stannigel, K., Rabl, P., Sørensen, A. S., Lukin, M. D., & Zoller, P. (October 2011). 
Optomechanical transducers for quantum-information processing. Physical 
Review A, 84(4), 042341. 

Brox, H., Bergli, J., & Galperin, Y. M. (December 2011). Effects of external 
driving on the coherence time of a Josephson junction qubit in a bath of two-
level fluctuators. Physical Review B, 84(24), 245416. 

Hermann, A. (December 2011). Light-Element Superconductors. Encyclopedia of 
Inorganic and Bioinorganic Chemistry, 1-15. 

Paik, H., Schuster, D. I., Bishop, L. S., Kirchmair, G., Catelani, G., Sears, A. P., ... 
& Girvin, S. M. (December 2011). Observation of high coherence in 
Josephson junction qubits measured in a three-dimensional circuit QED 
architecture. Physical Review Letters, 107(24), 240501. 

Slichter, D. H. (2011). Quantum jumps and measurement backaction in a 
superconducting qubit. University of California, Berkeley. 
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RAPID COM\WNICATIONS I 

PHYSICAL REVIEW A 69, 06070l(R) l2004) 

Observation of interference effects in ejected electrons from 16.0-keV e--SF 6 colll ions 

S. Monda] and R. Shanker* 
Atomic Physic.~ wborato')j Department of Physics, Banaras Hindu University, Varana.~i 22 I 005, India 

(Received 29 December 2003; published 16 June 2004) 

The relatjve energy- and angle- dependent cross sections for emission of e1ectrons from SF6 molecule by 
impact of 16 keV electrons have been measured. The angular distributions of ejected electrons are shown to 
exhibit an oscillatory structure which is suggested to arise due to an interferem:e effect. The condition for 
interference effect for the present collision system has been examined and it is shown that the appearance of 
interference pattern takes place above a threshold energy of 65 eV for the ejected electrons. The ejected 
electrons producing an interference structure are suggested to originate from two atomic centers of a transiently 
formed doubly ionized parent molecule, namely, SF~+. This extremely unstable ion suffers a Coulomb explo­
sion and gives rise to many singly charged stable radical and atomic ions. The time of flight mass spectrometric 
results of our earlier work [Phys. Rev. A 67, 022704 (2003)] on partial ionization of SF6 molecule by impact 

of 16 keV electrons are found to support the existence of these stable ions. 

DOI: 10. l 103/PhysRevA,69.06070 l 

Ionization processes in molecular collisions with ener­
getic charged particles provide an ideal test ground to de­
scribe the fundamental interactions occurring in a muJtipar­
ticle system. These interactions are found to play an 
important role in astrophysics, plasma physics, thermo­
nuclear fusion, and in studies of surface and materials (1]. In 
the present work an effort is made to understand the ioniza­
tion processes occurring in molecules by impact of energetic 
electrons. Study of energy- and angular dist:tibutions of 
ejected electrons from molecules by impact of energetic 
charged particles is one of the commonly used techniques to 
shed light on ionization processes in such collisions [2-5]. 
Depending on the projectile's velocity, structures in energy 
and angular distributions of ejected electrons are found to 
change according to different roles played by various colli­
sion processes in electron ejection from the target molecules 
[6,7]. The soft collision at high projectile energies can be 
attributed to three body collisions [8]. These fast projectiles 
may be regarded as a source of virtual photons which gives 
rise to the dipole transitions involving the transfer of a unit 
angular momentum. The violent collisions at low projectile 
velocities give rise to binary encounter collision due to a 
large momentum transfer of the projectile to the target elec­
trons. A general understanding of the electron ejection pro­
cesses in collisions with low velocity charged particles with 
simple diatomic molecules is available [9-14], wherein a 
"binary collision process', plays a dominant role. When mo­
mentum transfer by the incident pruticle to the target elec~ 
trons assumes a minimum value, the peaking approximation 
in the dipole interaction is generally applied. Under these 
conditions 1 the ejected electrons carry the momentum trans­
fer in the backward direction in order to conserve the total 
momentum of the collision system. On one hand, the simul­
taneous ejection of electrons from constituent atoms of a 
molecule via soft collisions may add coherently and produce 
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an interference pattern at the backward angles 
0(_ Trf 2 < 0< 1r). Hence for high velocity of incident particles 
v ~ 50 a.u. [6], the momentum transfer becomes minimum 

p - - • • • 
to the target electrons and the soft co1l1S1on gives nse to an 
oscillatory structure due to interference effect among the 
ejected electrons. On other hand, as the binary encounter 
process jnvolves a large momentum transfer to a "single" 
individua1 electron of the tariget and produces a peak strm:­
turc in the forward direction ( 0 < 7r/2) in the angular distri­
butions, ohviously, it is not expected to produce two coherent 
electrons to cause an interference effect. 

60 MeV/u Kr34+-ion-induced interference effect has been 
observed exped mentally by Stolterfoht et al. [6] in the 
double differential ionization cross sections of ejected elec­
trons from H2 molecule. In their work, they have shown lhat 
an oscillatory pattern on the energy distributions of the 
double differential cross sections of the ejected electrons 
arises due to the intetference effect and that it is independent 
of the ejection angle of the electrons. They have been able to 
see this oscillatory pattern when they divided their double 
differential cross sections by the corresponding theoretical 
results of Fainstein et al. [15]. In contrary to their own ob­
servation, recently Stolterloht er al. [ 16] have shown that the 
double differential ionization cross section of H2 mole<.:ule 
by impact of 68-MeV /u Kr33+ ious follows an oscillatory 
pattern due to the intetference effect among the ejected elec­
trons from the target. This pattern was found to vary with the 
ejection angle of the electrons in agreement with their own 
theoretical predictions [ 16]. 

The origin of interference effect of electrons ejected from 
a diatomic molecule can be explained by considering the fact 
that two atomic centers in a diatomic molecule represent a 
double slit assembly. When electrons of same energy are 
ejected simultaneously from two atomic centers separated by 
a finite distance R0, they may interfere with each other, giv­
ing rise to an oscillatory structure in their angular dimibu­
tions. Such an electron interference pattern may be compared 
with-Young's double slit e~p ri m nt. The visihility o f ~uch 
an interference eff t b n i 1~sed in detail by Walter 
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Cavity quantum electrodynamics for superconducting electrical circuits: 
An architecture for quantum computation 

Alcxundrc Blais, 1 Reu-Shou Huang, i.z Andreas Wallraff, 1 S. M. Girvin 1

1 and R. J. Schoelkopf1 
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(Received 7 February 2004; published 29 June 2004) 

We propose a realizable architecture using one-dimensional transmission line resonator~ to reach the strong­

coupling limit of cavity quantum clcctrodynmnics in superconducting electrical circuits . The vacuum Rabi 

fregucncy for the coupling of cavity photons to quanlize<l excitations of an adjacent electrical circuit (qubit) 

can easily exceed the damping rates of both the cnvity and qubit. This architecture is attractive both as a 

macroscopic analog of atomic physks experimenls anti for quantum computing and control, since it provides 

strong i nhibWon of :,;pontaneous emission, potentially leading to greatly enhanced guhit lifetimes, allows 

h1gh-fidelity quantum nondernolition measurements of the state of multiple qubils, and has n natural mecha­

nism for entanglement of qubils separated by centimeter distances. In addition il would allow production of 
microwave photon states of fundamental importance for quantum communication. 

DOI: l0.1103/PhysRevA.69.062320 PACS number(s): 03 .67.Lx, 73.23.Hk, 74.50. +r, 32.80. -t 

I. INTRODUCTION 

Cavity quantum electrodynami~s (CQED) studies the 
properties of atoms coupled to discrete photon modes in high 
Q cavities. Such systems are of gr~at interest in the study of 
the fundamental quantum mechanics of open systems, the 
engineering of quantum states, and measurement-induced de­
coherence [ 1-3] and have also been proposed as possible 
candidates for use in quantum informution processing and 
Lransmission [ J-3]. Ideas for novel CQED analogs using na­
nomech:mical re, onators have recently been suggested by 
Schwab and co Ha borators [ 415]. We present here a re~listic 
proposal for CQED via Cooper pair boxes coupled to a one­
dimensional (1D) transmission line resonator, within a 
simple circuit that can be fabricated on a single microelec­
tronic chip, As we discuss, 1D cavities offer a number of 
practical adv~nrnge. in reaching the strong-coupling limit of 
CQED over previ u, proposals using disc.rete LC circuits 
[6.7]. large Josephson junctions [8-10]. or 3D cavitie~ 
[l l-13]. Besides the potential for entangling 4ubits to realize 
two~q11bit gates addre~sed in those works, in the present 
Y.ork we show thal the CQED approad1 al ·o gives strong 
and comrollablc isolation of the qubit. from 1be e]eetromag­
n~tic environment. permh.s high-fidelity quantum nondemo­
lition (QND) readi ut of multiple qubit&, an<l can produce 
states of micrownvc photon lield, . uitnhle for quantum com­
munkation. Th(? proposed drcuit-; therefore proviJe a simpk 
and efficient architecture for ~olid~~tate quantum compULa­
tion. in additjon to op "'ning up n ul!-w a enne for the stuuy of 
entan!!lcment anu quantum measurement ph) sics wit11 mac­
ro~copic objects. We will frame our dis.c:u sion in a way that 
makes cnntac;t between lhe languag~ of alOmic physics an<l 
that of electrical engineering. 

We begjn in Sec. n with a brief genernl overview of 
CQED before turning to a di ·cussion of oar proposetl so1id­
state re~tlization uf cavity QED in Sec. IH. WL~ then disl'us~ in 
Sec. [V the t:ase where 1hi;- cavity mld quhit art' tun~d in 
resonance and in Se..:. V the ~ase uf large detuning which 

leads to lifetime enhancement of the qubit. In Sec. VI, a 
qmmtum nondemolition readout protocol is presented. Real­
ization of one-quhit logical operations is discussed in Sec. 
VII and two-quhit entanglement in Sec. VIII. We show in 
Sec. IX how to take advantage of encoded universality and 
decoherence-free subspace in this system. 

II. BRIEF REVIEW OF CAVITY QED 

Cavity QED studies the interaction between atoms and the 
quantized electromagnetic modes inside a c.:avity. In the op­
tical version of CQED [2], schematically shown in Fig. 1 (a), 
one drives the cavity with a laser and monitors changes in 
the cavity transmission resulting from coupling to atoms faJl­
jng through the cavity. One can also monitor the spontaneous 
emission of the atoms into transverse mode~ not confined by 
the cavity, It is not generally possible to directly determine 
the state of the atoms after they have passed through the 
cavity because the spontaneous emission lifetime is on the 
scale of nanoseconds. One can, however, infer information 
about the state of the atoms inside the cavity from real-time 
monitoring of the cavity optical transmission. 

In the microwave version of CQED [3], one uses a very­
high-Q supen:onducting 3D resonator to couple photons to 
transitions in Rydberg atoms. Here one does not Jireclly 
monitor the stt1te of the photons) but is able to dete rmine 
with high efficiency the state of the atoms after they have 
passed through the cavity (since the excited state lifetime is 
of the order of 30 ms). From this state-selective detection 
one can infer information about the state of the photons in 
the cavity. 

The key parameters describing a CQED system (see Table 
l) are the cavity resonance frequency Wr, the atomic transi­
tion frequency fl, and the strength of the atom-photon cou­
pling g appearing in the Jaynes-Cummings Hamiltonian (14] 

lOS0-2947/2004/69(6)/062320( 14)/$22.50 69 062320-1 ©2004 The American Physical Society 
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FlG. l. (Co1or online) (a) Standard representation of a cavity 
quantum electrodynamic system, comprising a single mode of the 
electromagnetic field in a cavity with decay rate 1< coupled with a 
coupling strength g =£rmsdlli to a lwo-level system with spontane­
ous decay rate y and cavity transit time ftransit· (b) Energy spectrum 
of the uncoupled (left and right) and dressed (center) atom-photon 
states in the case of zero detuning. The degeneracy of the two­
dimensional manifolds of states with n- 1 quanta is lifted by 
2gJ;+i. (c) Energy spectrum in the dispersive regime. (long­
dashed lines). To second ordering, the Jcvel separation is indepen­
dent of n, but depends on the state of lhe atom. 

H"' hw,( ata + ~) + h~ a'+ hg(at u- + u+a) + HK+ Hr 

(1) 

Here HI( describes the coupling of the cavity to the con­
tinuum which produces the cavity decay rate K== wrl Q, while 
H 'Y describes the coupling of the atom to mode ~ other than 
the cavity mode which cause the excited state LO decay at rate 
y (and possibly also produce additional dephasing effects). 
An additional important parameter in the atomic case is the 

PHYSICAL REVIEW A 69, 062320 (2004) 

transit time /transit of the atom through the cavity. 
In the absence of damping, exact diagonalization of the 

Jaynes-Cumming Hamiltonian yields the excited eigenstates 
( dressed states) [ 15] 

I+ ,n) := cos 011ILn) +si'n 0,,/T ,n + 1), (2) 

!- ,n) = - sin 0,,ILn) + cos 011li ,n + 1), (3) 

and ground state Ii, 0) with corresponding eigenenergies 

In these expressions, 

- ! -1(2.r:~'ttl) 011 -
2 

tan A , (6) 

and DA= fl- wr the atom-cavity detuning. 
Figure 1 (b) shows the spectrum of these dressed states for 

the case of zero detuning, A=O, between the atom and cavity. 
In this situation, <lcgcncracy of the pair of states with n + 1 
quanta is lifted by 'lg vn + I due to the atom-photon interac­
tion. In the manifold with a single excitation, Eqs. (2) an.Q_Q) 
reduce Lo the ma~i1nally entangkcl atnm-11elJ _ rate~ ,I±, 0) 
=(!T, 1)± I l . O)) / 2. An initial state with an exdtcu alum and 

zero photons ! T , 0) will therefore- t:lop into a photon I ! . I) and 
back again at the a uum Rabi frequency g I 1r. Since the 
excita.tion is half alum and half photon. the decay rate of 
J±,0) is (K+y)/2. The pair of states j±,0) will be resoJved in 
a transmission experiment if the splitting 2g is larger than 
this linewidth. The value of g= [rmsdlh is determined by the 
transition dipole moment d and the nns zero-point electric 
field of the cavity mode. Strong coupling is achieved when 
g~K,')I []5). 

TABLE I. Key rates and CQED p:.mnne1crs for optical [21 and microwave [3] atomic systems using 3D cavities, compared against the 
proposed ,ipproach usi ng supcn:onduc:ting circuit s, showiniJ. tl1c po.ssibility for attaining the stnmg cavity QED limit (n.R.abi~ I). For the 1D 
supercondm:-ting system. ~1 full-\ ave (f.='11.) resnnator. w/27T= IO GHz. a relatively low Q of IO-'. and coupling f3=Cg1Ci=0.l are assumed. 
For the 3D microwave case, the number of Rabi flops is limited by the transit time. For the ID circuit case, the intrinsic Cooper-pair box 
decay rate is unknown; a conservative value equal to the current experimental upper bound y~ l / (2 µs) is assumed. 

Parameter Symbol 3D optical 3D microwave 1D circuit 

Resonance or transition frequency w/2-rr, f!/2-rr 350 THz 51 GHz 10GHz 

Vacuum Rabi frequency gl'TT', glwr 220 MHz, 3 X 10-7 47 kHz, J X 10-7 100 MHz, 5 X 10-3 

Transition dipole dlean ~1 1 X l03 2 X 104 

Cavity lifetime l/K,Q LO ns, 3 X 107 1 ms, 3 X 108 160 ns, 104 

Atom lifetime. 1/y 61 ns 30ms 2 µs 

Atom transit time ttransit ~50 µs 100 µs 00 

Critical atom number N0=2yKlg2 6X 10-3 3X 10-6 ~6X 10-5 

Critical photon number mo=il2g2 3X 10-4 3x10-s $;1 X 10-6 

Number of vacuum Rabi flops rlRabi -=2g I ( K+ y) ~10 ~5 ~102 
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CAVITY QUANTUM ELECTRODYNAMICS FOR .. . 

For large detuning, g/ A~ 1, expansion of Eq. (4) yields 
the dispersive spectrum shown in Fig. 1 (c). In this situation, 
the eigenstates of the one excitation manifold take the form 

[15] 

I~)~ - {g/6.)JLo> +Ir , 1>. (7) 

I~)~ ILO) + (g/A)IT, 1). (8) 

The corresponding decay rates are then simply given by 

f=-:o = (gl6.)2y+ K, (9) 

f + ,0 = y+ (g/6._)2 K. (10) 

More insight into the dispersive regime is gained by mak­
ing the unitary transformation 

[ 
g ,_ ] U = exp ~(acr+ - a' u-) (l 1) 

and expanding to second order in g (neglecting damping for 
the moment) to obtain 

[ 
g2 ~] . h [ g2] -UHUt = h wr+ ~(I a Ta+ 2 !1+ ~ if. (12) 

As is clear from this expression, the atom transition is ac 
Stark/Lamb shifted by (g2 I ~)(n + I /2). Allemativelyi one 
can interpret the ac Stark shift as a dispersive shift of the 
cavity traa,~ition by cr1/I ~- In other words, the atom pulls 
the cavity frequency by ±g2/ KA . 

III. CIRCUIT IMPLEMENTATION OF CAVITY QED 

We now consider the proposed realization of cavity QED 
using the superconducing circuiti; shown in Fig. 2. A 1 D 
transmission line resonator consisting of a full-wave section 
of superconducting coplanar waveguide plays the role of the 
cavity and a superconducting qubit plays the role of the 
atom. A number of superconducting quantum circuits could 
function as artificial atom, but for definiteness we focus here 
on the Cooper-pair box [6,16-18]. 

A. Cavity: Coplanar stripline resonator 

An important advantage of this approach is that the zero­
point energy is distribute I over a very sma11 effective voJume 
( ~ 10-5 cubic wavelengths), for <lur choice of a qua i-ont:­
dimensionaJ Lransmission line "cavity." As shown in Appen­

dix A. thi. lead to significant rm voltages \//m~ - diwrl "L 
between llK~ center c<Jnductor and the adjacent ground plane 
at the antinodal positions. where L is the resonator length and 
c is the capadtani.:t> per unit length of the tran. mi" sion line. 
At n re. onant frequency of JO GHz (h,,/ k8 - 0.5 K) and for 
a 10 µm oap between tJ1e i.;enler conductor and the adjacent 
&wund plane. Vm,.,-2 µV ~orr!!sponding to ckctric fields 
£,_n - o._ V / m. some 100 times larger than achie ed in the 
lD cavity described in Ref. [J]. Thus. this gc , me1ry might 
also be useful for ~oupling to Rydberg atom. [ J l ]. 

PHYSICAL REVIEW A 69, 062320 (2004) 

FIG. 2. {Coior online). Schematic layont and equivalent lumped 
circuit representation of proposed implementation of cavity QED 
using superconducting circuits. The 1 D transmission line resonator 
consists of a ful1-wave section of supercornJucling coplanar wave­
guide, which may be lithographicaHy fabricated using conventional 
optical lithography. A Cooper-pair box quhit is placed between the 
superconducting lines and is capacitively coupled to the center trace 
at a maximum of the voltage standing wave, yielding a strong elec­
tric dipole inlerac:tion hetween the qubit and a single photon in the 
cavity. The box consists of two sma1l ( ~ I 00 nm X 100 nm) Joseph­
son junctions, configured in a ~ 1 µm loop lo permit tuning of the 
effective Josephson energy by an external flux cf>cx,- Input and out­
put signals are coupled to the resonator, via the capacitive gaps in 
the center line, from 500 transmission lines which allow measure­
ments of the amplitude anJ phase of the cavity transmission, and 
the 1ntroduction of de and rf pulses to manipulate the qubit states. 
Multjple qubits (not shown) cnn be similarly placed at different 
antinodes of the standing wave to gcnernte entanglement and two­
bil quantum gates across distances of several millimclers. 

In addition to the small effective volume and the fact that 
the on-chip realization of CQED shown in Fig. 2 can be 
fabricated with ex1stmg lithographk techniques, a 
transmission-line resonator geometry offers other pracLical 
advantages over lumped LC circuits or current-biased large 
Josephson junctions. The qubit can be placed within the cav­
ity formed by the transmission line to strongly suppress the 
spontaneous emission, in contrast to a lumped LC circuit, 
where without addilional special ti]tering, radiation and para­
sitic resonances may be induced in the wiring [20]. Since the 
resonant frequency of the transmission line is determined 
primarily by a fixed geometry, its reproducibility and immu­
nity to l / f noise should be superior to Josephson junction 
plasma oscillators. Finally, transmission-line resonances in 
coplanar waveguides with Q-106 have already been dem­
onstrated [21,22], suggesting that the internal losses can be 
very low. The optimal choice of the resonator Q in this ap­
proach is strongly dependent on the intrinsic decay rates of 
superconducting qubits which, as described below, are pres­
ently unknown, but can be determined with the setup pro­
posed here. Here we assume the conservative vase of an 
overcoupled resonator with a Q ,_, 104, which is preferable for 
the first experiments. 

B. Artificial atom: The Cooper~pair box 

Our choice of "'atom," the Cooper-pair box (6~ 16], is a 
mesoscopic superconducting island. As shown in Fig. 3, the 

062320-3 
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FIG. 3. Circuit diagram of the Cooper-pair box. The gate volt­
age is connected to the island through an environmental impedance 
Z(liJ). 

island is connected to a large reservoir through a Josephson 
junction with Josephson energy £ 1 and capacitance C1 . It is 
voltage biased from a lead hflving capacitance C~ to the is­
land. If the supcrcondueting gap is larger than both the 
charg1ng energy Ee= e2 /2C'i (where C2 :::: C1+ Cg is the total 
box capacitance) and temperature, the only relevant degree 
of freedom is the numher of Cooper p'1irs Non the island. In 
this basis, the Hamiltonian describing the superconducting 
island takes the form 

E 
HQ= 4EcL (N - N~/\N)(Nj-

1
./ L (jN + 1 )(NI+ H.c.), 

N - N 

(13) 

where N =C V /2e is the dimensionless gate charge repre­
senting the t6ta} polarization c..:harge injected into the island 
by the voltage source. 

In the charge regime 4.Ec ~ £ 1 and restricting the gate 
charge to the range N

8 
E [O, 1 ], only a pair of adjacent charge 

states on the island arc relevant and the Hamiltonian then 
reduces to a 2 X 2 matrix 

(14) 

with Eel =4Ec0 - 2N>). The Cooper-pair box can in thi~ case 
be mapped to a pseudospin- I /2 particle, with effective fields 
in the x and z directions. 

Replacing the Josephson junclion by a pair of junctions in 
parallel, each with energy E_/2, the effective field in the x 
direction becomes E_,cos(-rr<Pc,,;cl<l>0)/2. By threading a flux 
(f>exL in the loop formed by the pair of junctions and changing 
the gate voltage Vr:, it is po~sible lo conlrol the effective 
fields acting on the' qubit. In the setup of Fig. 2, application 
of de gate voltage on the island can be conveniently achieved 
by applying a bias voltage to the center conductor of the 
transmission line. The resonator coupling capacitance C0, the 
gate capacitance Cg (the capacitance between the ce~ter con­
ductor of the resonator and the island), and the capacitance to 
ground of the resonator then act as a voltage divider. 

C. Combined system: Superconducting cavit}' QED 

For a superconducting islan<l fabricated inside a resonator, 
in addition to a de part ~c. the gate voltage has a quantum 

PHYSICAL REVIEW A 69, 062320 (2004) 

part v. As shown in Appendix A, if the qubit js placed in the 
center of the resonalnr. this latter contribu6on is given by 
v= V: (at +a). T~1king into uccount both v,:c and v in rrrn; ~- e 

Eq. {14), we obtain 

l . E1 . C, ff;/i.(ur ~ 
H ~ -1H~(l -2N_L.)"Er-- -iP-e~ -(a 1 +a) 

Q - ( g 2 C~ Le 

(15) 

Working in the eigen basis {j f}, \ l.)} of the first two terms of 
the above expression [23] and adding the Hamiltonian of the 
oscillator moue coupled to the qubit, the Hamiltonian of the 
interacling 4.ubit and resonator system takes Lhc form 

lJ:::: fuo (a·; a + ~) + fifl CT - e S_ ~(a.,_ + a) 
1 

2 2 Cs \J Lc 
X [l - 2N,r - cos(0)o-" + sin(0)£T\]. ( 16) 

Here, er' and er- are Pauli matrices in the eigenhasis 
{jT),il)}, 0=arclan[E1/4Ec(l-2~c)] is the mixing angle, 

and the energy spliuing of Lhc qubit is n 
= \iE;+[ 4Ec( l -2~;-=)]2 Iii [23]. Note that contrary to the 

t:ase of a quhit fabricated outside the cavity where the N~ 
rerm in Eq. (13) has no effect, here this term s1ightly renor­
malizes the cavity frequency w1 and displaces the oscillator 
coordinate. These effects are implicit in Eq. (16). 

h • ...tc C ,.,dc/2 At the charge dcgenera~y pllint (w ere N~ ;; i: v ~ e 

= 1 /2 and 0= 7T/2), neglecting rapidly osci I lating tenns and 
omitting damping for the moment, Eq. (16) reduces to the 
Jaynes-Cummings Hamiltonian (I) w1th 0=£1 /fi and cou­
pling 

g=f3e ~. 
ri V d (17) 

where {3=CglC-:i· The quantum electrical cjrcuit of Fig. 2 is 
therefore mapped to the proh lern of a two-level atom inside J. 

cavity. Away from the degeneracy point, this mapping can 
still be performed, hut with a coupling strength. reduced by 
sin(0) and an additional term proportional to (a1 +a). 

In this circuit, the ''atom)) i.s highly polarizable at the 
charge degeneracy point, having transition dipole mornent 
d = hg I £rms ,.__ 2 X 104 atomic units (ea0), or more than m1 

order of magnitude larger than even a typical Rydberg atom 
[15]. An experimentally realjstic [18] coupling ,B~0.1 leads 
to a vacuum Rabi rate g I TT~ I 00 MHz, which is three orders 
of magnitude larger than in corresponding ::.itomic microwave 
CQED experiments [3] or approximately l <Jo of the transition 
frequency. Unlike the usual CQED case. these artificial "at­
oms" remain at fixed poshions indefinitely and so do not 
suffer from the problem that the coupling g varies with po­
sition in the cavity. 

A comparison of the experimental parameters for imple­
mentations of cavity QED with optical an<l microwave 
atomic systcm1-, and for the proposed implementation with 
superconducting circuits is presented in Table I. We assume 
here a relatively low Q= 104 '1nd a worst case estimate, con-
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C O.B 2 
0 ' . ii) 0.6 f. II) 

-~ 0.4 (K+y)/2 :: - ,l C: 
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. ._ 

ro.- (.l) 

FIG. 4. Expected transmission spectrum of the resonator in the 
absence (dashed line) and presence (solid line) of a superconducting 
qubit biased at its degeneracy point. Parameters are those presented 
in Table I. The splitting exceeds the line width hy two orders of 
.cnagnitude. 

sistent with the bound set by previous experiments with su­
perconducting qubits ( discussed further below), for the in­
trinsic qubit lifetime of l / y~ 2 µs. 

The standard figures of merit [24] for strong coupling are 
the critical photon number needed to saturate the atom on 
resonance, m0 = y/2g2 ~ 1 X 10-6, ,md the minimum atom 
number detectable by mea:rnrement of the cavity output, N0 

= 2 yKI g2 ~ 6 X 10-5
. These rcmarkaMy low va lues are 

clearly very favorable and show that superconducting cir­
cuits could access the inlcrcsting regime of very strong cou­
pling. 

IV. ZERO DETUNING 

In the case of a low-Q cavity (g < K) and zero detuning, 
the radiative decay rate of the qubit into the transmission line 
becomes strongly enhanced by a faclor of Q relati vc to the 
rate in the absence of the cavity [15]. This is due to the 
resonant enhancement of the density of states at the atomic 

. transition frequency. ln electrical engineering language, the 
~ 500 external transmission-line impedance is trausformc<l 
on resonance to a high value which is better matched to 
extract energy from the qubit. 

For strong coupling g > K, y, the first ex(;ited state be­
comes a doublet with linewidth (K+ y)/2, as explained in 
Sec. II. As can be seen from Table I, the coupling in the 
proposed superconducting implementation is so strong that , 
even for the low Q = 104 we have assumed, 2g I (K+ y) 
~ 100 V'1cuum Rabi oscillatiow are possible. Moreover, as 
shown in Fig. 4, the frequency splitting (g I 1r- lOO MHz) 
will be readily resolvable in the transmission spectrum of the 
re onator. Thi~ spectrum, calculat~d here following Ref. 
[25], can be observed in the same manner as employed in 
optkal atomic experiments , with a continuous-wave mea­
surement a l low drive. and will be of practical use to find the 
de g,ue voltage needed to tune the box imo resonance wirh 
the cavity. 

Of more fundamental importance thaD this simple avoidecl 
level crossing. however. is the fact that the Rabi splitting 
~cale~ with the square root of I.he photon numb~r. making the 
level -pacing unhurmonic . This should cau e a number of 
n?vel nonlinear "ffects [14] to appear in the speC'lrum at 
hight:r drive po er~ when the average photon number in the 
cavity is large ((,,) > J ). 

PHYSICAL REVIEW A 69, 062320 (2004) 

A conservative estimate of the noise energy for a 10 GHz 
cryogenic high-electron-mobility (HEMT) amplifier is llamp 

=knT,,._Jf,wr~ 100 photons 1 where TN is the noi~c tempera­
ture of the amplification circuit. As a result, these spectral 
features should be readily observable in a measurement time 
tmea:.=211i1mp/(n)K or only ~32 µs for (n) ,..__. 1. 

V. LARGE DETUNING: LIFETIME ENHANCEMENT 

For qubits not inside a cavity, fluctuation of the gate volt­
age acting on the qubit is an impo11ant source of relaxation 
and dephasing. As shown in Fig. 3, in practice the qubit 's 
gate is connected to the voltage source through external wir­
ing having, at the typical microwave transilion frequency of 
the qubit, '1 real impedance of v~lue close to the impedance 
of free space ( ~ 50 !l). The relaxation rate expected from 
purely quantum fluctuations "cross this impedance (sponta­
neous emission) is [ 18,23] 

l £; ( e )
1 

7 

Ti = £i + £;1 h p-S\;( + !l) ' ( 18) 

where Sv(+fl)=2nf1 Re[Z(fi)] is the spectral density of 
voltage fluctuations across the environmental impedance (in 
the quantum limit). It is difficult in most experiments lo pre­
cisely determine the real part of lhe high-frequency environ­
mental impedance presented by the leads connected Lo the 
qubit~ but reasonable estimates [ 18] yield values of T1 in the 
range of I µs. 

For quhits fabricated inside a cavity, the noise across the 
environmental impedance does nol couple directly to the qu­
bit, but only indirectly through the cavity. For the case of 
strong detuning, coupling of the qubit lo the con6nuum is 
therefore substantially reduced. One can view the effect of 
the detuned resonalor as filtering out the vacuum noise at the 
qubit transition frequency or, in electrical engineering terms, 
as providing an impedance transformation which strongly 
reduces the real part of the environmental impedance seen by 
the qubit. 

Solving for the normal modes of the resonator and trans­
mission lines, including an input impedance R at each end of 
the resonator, the spectrum of voltage fluctuations as seen by 
the qubit fabricated in the center of the resonator can be 
shown to be well approximated by 

S f1 = 2hwr Kl2 
v( ) Le ~ 2 + ( Kl2) 2 . 

(19) 

Using this trnnsfonned spectral density in Eq. (18) and as­
suming a large detuning between the cavity and qubit. the 
relaxation rate due to vacuum fluctuations takes a form that 
reduces to l/T1 = r.-:=(gl~)2K,..._.1/(64 µs), at the qubit's 
degeneracy point. This is the result already obtained in Eq. 
(10) using the dressed-state picture for the coupled atom and 
cavity, except for the "dditional factor y reflecting a loss of 
energy to modes outside of the cavity. For large detuning, 
di.1mping due to spontaneous emission can be much less 
than K. 

One of the important motivations for this CQED experi­
ment js to determine the various contributions to the qubit 
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decay rate so that we can understand their fundamental 
physical origins as well as engineer improvements. Hes ides 
'Yx evaluated above, the.re are two additional contributions to 
the total damping rate y= -y,._.+ y L + 'Y\/R· Here -y _ is the decay 
rate into photon modes other than the cavity mode and 'YNR is 
the rate of other (possibly nonradiative) decays, Optical cavi­
ties an:: relatively open ancl y 1 is significant, but for ID 
microwave cavities, y 1_ is expected to be negligible (despite 
the very large transition dipole). For Rydberg atoms the two 
qubit states are both highly excited levels and 'YKR represents 
(radiative) decay out of Lhe two-level subspace. For Cooper­
pair boxes, "YNR is completely unknown ut the present time, 
but could have contributions from phonons, lwo-level sys­
tems in insulating l20] banicrs and substrates, or thermally 
excited quasiparticles. 

ror Cooper box qubils not inside a cavity, recent experi­
menls [18] have determined a relaxation time l / 1=T1 

~ 1.3 µs despite the backaction of continuous measurement 
by a SET electrometer. Vion el al. [17] found T1 ~-1.84 µ,s 
( withoul measurement backaction) for their charge-phase qu­
bit. Thus, in these experiments, if there are nomadiative de­
cay channels, they are at most comparable to the vacuum 
radiative decay rate (and may well be much less) estimated 
using Eq. (18). Experiments with a cavity will present the 
qubit with a simple and we11-controlled electromagnetic en­
vironment, in which the radiative lifetime can be -enhanced 
with detuning to l / yK> 64 µs, allowing 'YJ\'R to dominate 
and yielding valuable information about any nonradiative 
proce~scs. 

VT. DISPERSIVE QND READOUT or QUBITS 

[n addition Lo lifetime enhancement, the djspersive regime 
is advantageous for readout of tbe qubit. This can be real izcd 
hy microwave irradiation of the cavity and then probing the 
tra11smitted or reflected photons [26]. 

A. Measurement protocol 

A drive of frequency wp.w on the resonator can be mod­
eled by [15] 

H µ11·(t) = frn(t)(a i" e-iwµw' + ae+i(upw1
)' (20) 

where e(t) is a measure of the drive amplitude. In the dis­
persive limit, one expects from Fig. 1 (c) peaks in the trans­
mi s ion spectrum at wr- g2 Io. and n + 2g2 

/ t if the quhi t is 
initially in its ground st[lte. In a frame rotating at the drive 
frequency, the matrix elements for these transilions arc, re­
spectively, 

-- EJ? 
(T ,OIH µn•I+ ,H) ,___, ~ • (21) 

In the large detuning case. tht! peak at .fl+2g2 / ~ . corre­
sponc.ling approximatively to a qubit flip , is highly sup­
pressed. 

The matrix element corrcspnnding to a qubit fljp from the 
excited state is also suppressed and, as shown in Fig. 5~ 

PHYSICAI, REVIEW A 69, 062~20 (2004) 

Ct) 

FlG. 5. (Color onlinc) Transmission spectrum of the cavity, 
which is "pulled" by an amount ±i I !1 = ± 2.56Jr X l 0-4, depending 
on the state of the qubit (red for the excited state , blue for the 
grounct state). To perform a measurement of the qubit, a pulse of 
microwave photons, at a probe frequency wJ-m·=wr or wr±:,/1 L\ , is 
sent through the cavity. Additional peaks near 0. corrcspnnding to 
qubjt flips arc suppressed by g I~-

depending on the qubit being in its ground or cxdted states, 
the transmission spectrum will present a peak of width K at 
wr- g2 I 6 or wr+ 1? I 6,._ With the parameters of Table I, thi ­
dispersive pull of the cavity frequency is ±g2 / K!J. = ± 2.5 line­
widths for a 10% detuning. Exact diagonalization (4) shows 
that the pull i:-. power <lep ·ndent and decreases in magnitude 
for cavity photon numben-, on the scale n=ncric =~1 /4g 2. In 
the regime of nonlinear response, single-atom optical bista­
bility (14] can be expected when the drive fm1uency is off 
resonance at low power but on resonance at high power [29]. 

The state-dependent pull of the cavity frequency by the 
qubit can be used to entang]e the state of the qubit with that 
of the photons transmitted or reflected by the resonator. For 
g2 ! Ka> 1, as in Pig. 5, the pull is greater than the linewidth, 
and irradiating the cavity at one of the pulled frequencies 
wr±g2 It, the transmission of the cavity will be close to 
unity for one state of the qubit and close to zero for the other 
[30]. 

Choosing the drive to be inslead at the bare ca vj ty f.re­
q uency wr- the state of the qubil is encoded in the phase of 
the refie<.:ted and transmitted microwaves. An initia] qubit 
state Ix)= a ll )+ /31 .l.) evolves und~r micro\'. ave irradiation 
intn the entangled .state 11'}= all, 0) + Pl J, -0), wher~ 1an 0 
= 2g2 I K6 and 1±0) are (interaction representation) coherent 
states with the appropriate mean photon number and oppo­
site phases. In Lhe situation where g2 I Kc,. c::g 1 , this is the most 
appropriate ~trategy. 

h i"' interesting to note that such an entangled state can be 
used to couple 4ubits in distant resonators and allow quan­
tum communication [3 J ]. Moreover, if an independent mea­
surement of the quoit state can be made, such states can be 
turned into photon Schrodinger cats [ 151-

To characterize these two measurement schemes corre­
sponding to two different choices of the drive frequency, \-../e 
compute the average photon number inside th!! resonator 'ii 
and the homodyne vollage on the son impt:dance at the 
output of the resonator. Sint.·e the power oupled to the out~ 
side of the resonator is P = (n)h.wrK/2~( \/ ... n1i}"1·/R, the homo­
dyne voltage can be expressed as (V0111)= \:Rf1wr1<(a+ai)!2 
and i.s proportional to the real pan of Lhe hdd inside the 
cavity. 
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FIG. 6. (Color onHne) Results of numerical simulations using 
the quantum-state diffusion method. A microwave p~lse of ~uration 
~ 15/ K and centered al the pul1ed frequency wr+ gL I ti llnves the 
cavity. (a) The occupation probability of Lhc excited state (right 
axis, solid lines), for the case in which the qubit is initially in the 
ground (blue) or excited (red) state and intracavity photon number 
(lefl axis, dash lines), arc shown as a function of time. Though the 
quhit states arc temporari1y coherently mixed during the pulse, the 
probability of real transitions is seen to he small. Depending o~ the 
qubit's state, the pulse is either on or away from the combmed 
cavity-qubit resonan'-!c and therefore is mostly tran:-.;mittcd or mostly 
reflected. (b) The real component of the cavity electric field ampli­
tude (left axis) and the transmitted voltage phasor (right axis) in the 
output transmission line for the two possible initial qubit states. The 
parameters used for the simulation are presented in Table I. 

Tn the absence of dissipation, the time dependence of the 
field inside the cavity can be obtained in the Heisenberg 
picture from Eqs. ( 1 2) and (20). This leads to a closed .set of 
differential equations for a, er-, and arr which is easily 
solved. In the presence of di •sjpalion, however [i.e., per­
forrni ng the trnnsfonnation ( 11) on H ,._ and H.,,. and adding 
the resulting terms lo Eq .. ( 12) and t20}] . the set is no longer 
closed and we resort to numerical stochastic wave function 
calculation [32]. Sec Appendix B for a brief presentation of 
this nu merical method. 

Figures 6 and 7 show the numerical results for the two 
choke of drive frequency and using the pnrnmeter, of 1ablc 
1. For these calculation"i, a pulse of duration -- 15/ K wjlb a 
hyperbolic tangenl rise and fall is used to excite the cavity. 
Figure 6 corre ponds to a drive at the pulled frequency wr 
+ R

2
I tl. In Fig. 6<a) the prob~1biJiLy P1 to fiJ1d the qubit in it· 

excited state (right axis) is plotted a a function of time for 
the qu bit initially in the ground (blue} or excited l'ate (red). 
The da. hed lines represent th!;!. corrc. ponding number of pho~ 
tons in the cavity (left axis). Figure 6(b) show~ in a frame 
rotating ac the drive frequency, tJ1e real part of the cavity 
eler.:tric fiekl amplitude {left axis} and u·an ruitted voltage 
phase (right axis) in th~ output trnnsmi. sion line. again for 
lhe two possible initial qubit stales. The-se quantities are 
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FIG. 7. (Co]or online) Same as Fig. 6 for the drive at the bare 
cavity frequency wr, Depending on the qubit 's state, the pulse is 
either above or below the combined cavity-qubit resonance and so 
is partly transmitted and reflected but with a large relative phase 
shirt that can he detected with homodyne detection. ln (b ), the op­
posing phase shifts cau~e a change in sign of the output, whkh can 
be measured with high signal to noise to realize a single-shot, QND 
meusurcmcnt of the qubit. 

shown in Fig. 7 for a drive at the bare frequency wr. 
As expected, for the first choice of drive frequency, the 

information about the state of the qubit is mostly stored in 
the number of transmitted photons. When the drive is at the 
bure frequency, however, there is very little information in 
the photon number, with most of the information being 
stored in the phase of the transmitted and reflected signal. 
Tbis phase shift can be measured using standard heterodyne 
techniques. As also discussed in Appendix C, both ap­
proaches can serve as a high-efficiency quantum nondemoli­
tion dispersive readout of the state of the qubit. 

B. Measurement time and backaction 

As seen from Eq. (12), the backaction of the dispersive 
CQED measurement is due to quantum fluctuations of the 
number of photons n within the cavity. These fluctuations 
cause variations in the ac Stark shift (g 2 I ~)nu\ which in 
turn dephase the qubit. It is useful to compute the corre­
sponding dephasing rate and compare it with the measure­
ment rate-i.e., the rate at which information about the state 
of the qubit can be acquired. 

To determine the dephasing rate, we assume that the cav­
ity is driven at the bare cavity resonance frequency and that 
the pull of the resonance is small compared to the 1inewidth 
k. The relative phase accumulated between the ground and 
excited states of the qubit is 

g2Jt 
<.p(t) = 2 ~ 

0 

dt' n(n, {22) 

wbich yields a mean phase advance (<.p)=2Br}v with 0o 
;;;;;:2g2 

/ K~ and N= Knt/2 the total number of transmitted pho-
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tons [14]. For weak coupling, the dephasing time will gre(1tly 
exceed 1/ K and, in the long-time limit, the noise in 'P in­
duced by the ac Stark shift will be Gaussian. Dephasing can 
then be evaluated by computing Lhe long-time decay of the 
correlator 

(a-+(r)a--(0))"" ( exp( J: dt' cp(t'))) 

= exp[-H 2 ~r I: f~ dt1dtz(n(t1)n(t2)) j. 
(23) 

To evaluate this correlator in the presence of a continuous­
Wt\Vc (cw) Llrive on the c~vity. we first perf<.1rn1 a ·anonical 
t.ransform~ 1jon on the cavity oper::uor~ alt f by writing them in 
term · of u dasskal at ;;: i anLI a quaJHurn part d't 1: 

a(t) = a(t) + d(t). (24) 

Under this lransformation, the coherent state obeyiug ala) 
=ala) is simply the vncuum for the operator d. 1l is then easy 
to verify that 

([n(t) - n][n(O) - ii]>= ci(d(t)cI' (O)) = ne-"ltlt2 • (25) 

It is interesting to note that the factor of l /2 in the ,exponent 
is due to the presence of the coherent drive . If the resonator 
is not driven, the photon number correlator rather decays at a 
rate K. Using this resu1t in Eq. (23) yields the dephasing rate 

K r rp=4fio-n. 
2 

(26) 

Since the rate of transmission on resonance is Kn/2, this 
means that the dcphasing per transmitted photon is 4~. 

To compare this result to the measurement time T mem,• we 
imagine a homodyne measurement to determine the transmit­
ted phase. Standard analysis of such an interferometric setup 
[14] shows that the minimum phase_chunge which can be 
resolved using N photons is 80= 1 / \N. Hence the measurcw 
mcnt time to resolve the phase change 80=2 00 is 

(27) 

which yields 

(28) 

This exceeds the quantum limit [33] T mr rp= 1 /2 by a factor 
of 2. Equivalently) in the language of Ref. [34] (which uses a 
definition of the measurement time twice as large as that 
above) the efficiency ratio is x~ 1/(Tmf ~)=0.5. 

The failure to reach the quantum limit can he traced [35] 
to the fact that that the coupling of the photons l o th~ qubit is 
not adiabatic. A small fruL:ti on R = II(". of the photCJns incident 
on the resonator are reflected rather than transmitted. Be­
cause the phase shifl of the reflected wave [14] differs by 1r 

between the two slates of the qubit, it turns out that, despite 
its weak intensity, the reflected wave contains precisely the 
same amount of information about the state of the qubit as 

PHYSICAL REVIEW A 69, 062320 (2004) 

the transmitted wave which is more intense but has a smaller 
phase shift. In the language of Ref. [34], this "wasted" infor­
mation accounts for the excess dcphasing relative to the mea­
surement rate. By measuring also the plrnse shift of the re­
flected photons, it could be poss~b1e to reach the quantum 
limit. 

Another form of possible backaction is mixing transitions 
between the two qubit states induced by the microwaves. 
First, as seen from Fig. 6(a) and 7(a), increasing the average 
number of photons in the cavity induces mixing. This is sim­
ply caused by dressing of the qnbit by the cavity photons. 
Using the dressed states (2) and (3), the level of this coherent 
mixing can be estimated as 

1 - -
p Ll = 2(±,nll ± <rl±,n) (29) 

Exciting the cavity to n =ncrit yields PJ --- 0.85. As is dear 
from the numerical results, this process is completely revers­
ible and does not lead to errors in the rcadont. 

The drive can <Jlso lead to real transitions between the 
qubit states. However, since the coupling is so su·ong, large 
detuning A=O.I wr can be chosen, making the mixing rate 
limited not by the frequency spreaLI of the drive pulse, but 
rather by the width of the qubit excited state itself. The rate 
of driving the qubit from ground to excited state when n 
photons are in the cavity is R ~ n(g I ~)2-y. If the measure­

ment pulse excites the cavity to n=nctit• we see that the ex­
citation rate is still only 1 /4 of the relaxation rate. As a result, 
the main limitation on the fidelity of this QND readout is the 
decay of the excited state of the qubit during the course of 
the readout. This occurs (for small -y) with probability 
P relax~ rt meas ---- 15 y/ K,...., 3. 75% and leads to a small error 
pm ...... 5-ylK--1.5% in the measurement. where we have 
taken -y= -y,{' As confirmed by the numeric-al calculations of 
Fig. 6 and 7, this dispersive measurement is therefore highly 
nondemolition. 

C. Signal to noise 

For homodyne detection in the case where the cavity pull 
~ 2 / ~K is lurger than I. the signal-to-noise ratio (SNR ) is 
given by the ratio of the number of photons~ n,1g=nKAtl2, 
a1:l.'.umulated over an integration period ~,. Llivided hy the 
detector no ise namp=k8 T N/lrnJr . Assuming the integrntion 
ti me h> be limjted by the qubit's decay tune 1 / -y and ~x ·i ting 
the cavity to a maximal amplitude ncrit= l 00 ,..._, nump• we ob­
tain SNR = (ncrit/namp)(K/2y). If the qubit lifetime is longer 
than a few cavity decay times (l J K= 160 ns), this SNR can 
be very large. In the most optimistic situation where -y:::;:; 'YK• 
the signal-to-noise ratio is SNR= 200. 

When taking into account the fact that the qubit has a 
finite probability to decay duri ng the measurement, a better 
strategy than integrating the signul for a lo ng time is to take 
advantage of the large SNR to measure quickly. Simulations 
have shown that in the situation where -y= -y K' the optimum 
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TABLE JI. Figures of merit for readout and multiqubit entangle­
ment of superconducting qubits using dispersive (off-resonant) cou­
pling to a 1D trnn mi. sion-line resonator. The same parameters as 
Table I and a deaming of the Coopcr-pai1 box from the resonator of 
10% (il=O. l wr) arc assumed. Quantities involving the qubit decay 
'Y arc computed both for the theoretical lower bound -y= rK for 
spontaneous emission via the cavity and (in parentheses) for the 
current experimental upper bound 1 / 'Y~ 2 µs. Though the signal to 
noise of the readout is very high in either case, the estimate of the 
readout error rate is dominated by the probability of qubit relaxation 
during the measurement, which has a duration of a few cavity life­
times [ ~(l -10) K- 1 ]. If the qubit nonradiative decay is low, both 
high-efficiency readout and more thnn 103 two-bit operations could 
be attained. 

Pam.meter Symbol ID circuit 

Dimensionless cavity pull g2 I Kt.,. 2.5 

Cavity-enhanced lifetime 'Y:! =(il/ ,1?)2K-l 64 µs 

Readout SNR SNR = (ncrii/11:imp)K/2-y 200 (6) 

Readout etTor Perr~5XylK 1.5 % (14%) 

One-bit operation time Trr> 1/~ >0.16 ns 

Entanglement time 11·1SWAI'= 1r.:i/4g2 ~0.05 µs 

lwo-bit operation:s N0 p= 1/[ 'Y t,i'SWAP] > 1200(40) 

integration time is roughly 15 cavity lifetimes. TI1is is the 
pulse length used for the stochastic numelical simulations 
shown above. The readout fidelity, inclu<ling the effects of 
this stochastic decay, and related figures of merit of Lhe 
single-shol high efficiency QND readout are summarized in 
Tahle n. 

This scheme has other interesling features that arc worth 
mentioning here. First, since nearly all the energy usetl in 
this dispersive measurement scheme is dissipate<l in the re­
mote terminations of the input and output transmission lines, 

· it has the practical advantage of avoitling quasiparticle gen­
eration in the qubit. 

Another key feature of the cavity QED readout is tllat it 
lend. itself naturally to operation of the box at the charge 
degeneracy point (NP.= l /2), where it has been shown that T2 
can be enormou. ly enhanced [ 17] becau e the energy split­
ting ha:-; an cx.tremum with respecl to:.gate voll,,ge am.J isola­
tion of th'" t}Ubi1 from l /f cJephasing is optimal. The deriva­
tive of the energy splitting with respect to gate volLage is 1he 
charge <liffrrence in the two qubit states. At the degeneracy 
point this derivative vanishes and the environment cannot 
distinguish the two states and thus nnnot dephasc the qubit. 
This also implies that a charge mea ·urement cannot he usetl 
to tletermine the stnte of the system [4.5]. While the first 
derivative of the i:nergy splitting wilJ1 respect to gate voltage 
vanishes at Lhc degeneracy point, the second derivative, cor­
responlling to the difference in charge polarizability of the 
two quaumm states, is maximal. One can think of the qubit 
as a non1in~ar quannrn1 system hnving a state-tlepcndent ca­
pacitance (or in general. an admittance) which changes siga 
?etwecn Lhe ground and excited stutes [36]. IL is this change 
tn polarizability which is measured in the dispersive QND 
rneru uremem. 

In contrast, standard charge measurem ·nl schemes 
(37,18] require moving away from the optimal point. Sim-
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FIG. 8. (Color online) Phase shift of the cavity tie]d for the two 
states of the qubit as a function of detuning between the driving and 
resonator frequencies. Obtained from the steady-state solulion of 
the equation of motion for a(t) while only taking into account 
dmnping on Lhc cavity and using the parameters of Table I. Readout 
of the qubit is realized at, or close to, zero detuning between the 
drive and resonator frequencies where the dependence of the phase 
shift on the c.1ubit state is largest. Coherent manipulations of the 
qubit are realized close to the qubit frequency \vhich is 10% de­
tuned from the cavity (nol shown on this scale). At such large de­
tunings, there is little dependence of the phase shift on the quhit's 
state. 

moods et al. [20] have recently raised the possihility that 
there are numerous parasitic environmental resonances 
which can relax the qubjt when its frequency n is changed 
during the course of moving the operating point. The disper­
sive CQED measurement is therefore highly advantageous 
since it operates best at the charge <legeneracy point. In gen­
eral, such a measurement of an ac property of the qubit js 
strongly desirable in the usual case where depha.sing is domi­
nated by low-frequency ( 1 /.D noise. Notice also that the pro­
posed quantum nondemolition measurement would be the 
inverse of the atomic microwave CQED measurement in 
which the state of the photon field is i nfcrrcd nondestruc­
tively from the phase shift in the state of atoms sent through 
the cavity [3]. 

VII. COHERENT CONTROL 

While microwave irradiation of the cavity at its resonance 
frequency constitutes a measurement, irradiation close to the 
qubit's frequency can be use<l to coherently control the state 
of the qubit. In the former case, the phase shift of the lrans­
mitted wave is strongly dependent on the state of the qubit 
and hence the photons become entangled with the qubit, as 
shown in Fig. 8. In the latter case, however, driving is not a 
measurement because, for large detuning 1 the photons arc 
largely reflected with a phase shifl which is independent of 
the state of the qubit. There is therefore little entanglement 
between the field and qubit in this situation and the rotation 
fidelity is high. 

To model the effect of the drive on the qubit, we atld the 
microwave drive of E4. (20) to the Jaynes-Cumming Hamil­
tonian Cl) and apply the trnnsformation ( 1 I) (again ncglec;t­
ing damping) to obtain the effective one-qubit Hamiltoni:m 
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FlG. 9. (Color online) Numerical stochastic wave function 
simulation showing coherent control of a qubit by microwave irra­
diation of the cavity at the ac Stark- and Lamb-shifted qubit fre­
quency. The qubit (red line) is first left to evolve freely for nbout 
40 ns. The drive is turned on for t = 7 1rb. /2g s ~ 11 5 ns, correspond­
ing to 7 n pulses, and then turned off. Since the drive is tuned far 
away from the cavity, the cavity photon number (black line) is small 
even for the moderately large drive amplitude e=0.03 we used here. 

H =!!.[n+2g
2 (atu+!) -w ]w+lig1--;(t)<r~ 

lq 2 6 2 µiv ~ 

+ li(wr - Wµw)ata + he(t)(at + a) (31) 

in a frame rotating at the drive frequency Wµw· Choosing 
wµw=fl+(211+ l)g2

/ ~' H 1" generates rotations of the qubit 
about the x axis with Rabi frequency gel~- Different drive 
frequencies can be chosen to realize rotations around arbi­
trary axes in the x-z plane. In parlic_!!lar. choosing wµw=!l 
+(2n+l)g2IA-2ge/D. and t=rr~l2,2ge generates the Had­
amard transformation H. Since Hu-1H= <r, these two choices 
of frequency arc sufficient to realize any one-qubit logical 
operation. 

Assuming that we can take full advantage of lifetime en­
hancement inside the cavity (i.e., that y= Yi.-), the number of 
1r rotations about the x axis which can be carried out is N "1T 

=2eD.l1rgK~ 105s for the experimental parameters assumed 
in Table I. For large E, the choice of drive frequency must 
take into account the power dependence of the cavity fre­
quency pulling. 

Numerical simu)ation shown in Fig. 9 confirms this 
simple picture and that single-bit rotations can be performed 
with very high fidelity. It is interesting to note that since 
detuning between the resonator and the drive is large, the 
cavity is only virtually populated, with an average photon 
number n = s2 I A 2 

---- 0. 1. Virtual population and depopulation 
of the cavity can be realized much faster than the cavity 
lifetime l /Kand, as a result, the qub1t feels the effect of the 
drive rapidly after the drive has been turned on. The limit on 
the speed of tum on and off of the drive is set by the detun­
ing A. lf the drive is turned on faster than l / A, the frequency 
spread of the drive is such that part of the drive's photons 
will pick up phase informatiou (see Fig. 8) and dephase the 
qubit. As a result, for large detuning, this approach leads to a 
fast and accurate way to coherently control the state of the 
qubit. 

To model the effect of the drive on the resonator an alter­
native model is to use the cavity-modified Maxwell-Bloch 
equations [25]. As expected, numerical integration of the 
Maxwe11-Bloch equations reproduce very well the stochastic 
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numerical results when the drive is at the quhit · frequency 
but do not reproduce these numericaJ re.sults when th drive 
is close to the bare resonator frequency (Figs. 6 and 7)-i.e. 
when entanglement between the qubit and photons cannot b~ 
neglected. 

VIII. RESONATOR AS QUANTUM HUS: ENTANGLEMRNT 
OF MUl.TIPLE QUBITS 

The transmission-line resomtor has the advantage that it 
should be possible to place multiple qubits along its length 
(,...., 1 cm) and entangle them together, which is an essential 
requirement for quantum computation. For the case of two 
qubits, they can be placed closer to the ends of the resonator 
but still well isolated from the environment and can be sepa~ 
rately de biased by capacitive coupling to the left and right 
center conductors of the transmission line. Additional qubits 
would have to have separate gate bias lines installed. 

For the pair of qubits labeled i and j, both coupled with 
strength g to the cavity and detuned from the resonator but in 
resonance with each other, the transformation (11) yields the 
effective two-qubit Hamiltonian (3,38,39] 

H 20 = h [ w, + f ( 07 + "])] a 1 a + H fl + ~} of + oJ) 

g2 + - - + 
+ h ~ (a-i u-j + u-i a). (32) 

In addition to ac Stark and Lamb shifts, the last term conples 
the qubits through virtual excitations of the resonator. 

In a frame rotating at the qubit's frequency fl, H2q gen­
erates the evolution 

U2.(t) = exp[- i~ ,(,,ta+ t)ca; + "])] 

1 
g2 .. g2 

cos~t l Slll~t 

(33) X 
. , g2 g2 

® i,, 

1 smAt COSII 

where lr is the identity operator in resonator space. Up to 
phase factors, this corresponds at t = 1T ~ I 4 ~2 --- 50 ns to a 
,iiswAP logical operation. Up to one-qubit gates, this opera­
tion is equivalent to the controlled-NOT gate. Together with 
one-qubit gates, the interactio11 H 2q is therefore sufficient for 
universal quantum computation (40}. Assuming again that 
we can take full advaulage of the lifetime enhancement in­
side the cavity, the number of visWJ,,.P operations which can 
be carried out is N 2q =4.l! 1TK-- 1200 for rhe parameters as­
sumed above. This can be furch~r improved if the qubit's 
nonradiative decay is sufficiently small and higher Q cavities 
t1re employed. 

When the qubits are detuned from each other, the off­
diagonal coupling provkkd by H 2q is only weakly cfTet.:tiW 
and the eouplintr is for alJ practical purposes turned off. 'l\>.'(l-
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qubit logic:al gales. in this set~1p cau lhcrefor~ be c.:ont~·olleo 
by individually tuning tht> qubus. Morl!over. rngle-quhtL ano 
two-quhit logical operations on diffcr~nt quhils and pair~ or 
qubits can hnth be reali.red si rnultam;ously, a requircn11.:: nt to 
r~m:h presentl y known thresholds for faull-tolerant quant um 
computation [41]. 

It is interesting to point out that the dispersive QND read­
out presented in Sec. VI may be able to delermine the state 
of multiple qubits in a single shot without Lhe need for addi­
tional signal ports. For example! for the case of two qubits 
with different <learnings, the ca i!ly pull \\ ill take four diffr~r­
ent values ±gi / ~ 1 ±Jd! ~2, '- )lowing singlc--shot readout of 
the coupled system. This can in principle be extended to N 
qubits provided that the range of individual cavity pulls can 
be made large enough to distinguish all the combinations. 
Alternatively, one could read them out in small groups at the 
expense of having to electrically vary the detuning of each 
group to bring them into strong coupling with the resonator. 

IX. ENCODED UNJVERSAJ a TTY 
AND DECOHERENCE~FRF.F. SUBSPACE 

Universal quantum computation can also be realized in 
this architecture under the encoding £={IT l), It l)} by con­
trolling only the qubifs detuning and, therefore, by turning 
on and off the interaction term in H 2lf [ 42]. · 

An alternative encoded two-quhit logical operation to the 
one suggested in Ref. [ 42] can he realized here by tuning the 
four qubits forming the pair of encoded qubits in resonance 
for a time t=7T6.l3g 2

• The resulting effective evolution op-

erator can be written as U2q=exp[ -i( 7r/Ji../3g2)a.r 16-\.21 where 
6:~-r is a Pciuli operator acting on the ith encoded qubit. To-

gether with encoded nne-qubit <.>pcrations, U2,1 is ·uffi cient 
for uni versal 4uantum computation using the encodi ng £. 

We point out that the subspace [, is a decohercnce-frce 
subspace with respect to globa] dephasing [ 43] and use of 
this encoding will provi<le some protection against noise. 

The app1ication of U2,1 on the encoded subspace C, however, 
causes temporary leakage out of this protected subspace. 
This is also Lhe case with the approach of Ref. [ 42]. In the 
present situation, however, since the Hamiltonian generating 

U2q commutes with lhc generator of global dephasing, this 
temporary excursion out of the protected subspace does not 
induce noise on the encoded qubil. 

X. SUMMARY AND CONCLUSIONS 

In summary, we propose that the combination of one­
dimensional superconducting transmiss ion-line resonators . 
Which confine their zero-point energy to extreme1y small vol­
umes, and superconducting charge qubits, which are electri­
cally controllahle qubits with large clcctrk dipole moments, 
constitutes an interesting system to access the strong­
coupling regime of cavity quantum electrodynamics. This 
combined system b an advantageous architecture for the co­
herent control entanglen_1ent. an I r.::adoul of quantum bits 
for quamum computation amJ communkation. Among the 
Practical benefits of thi approa~h arc lhc ability to suppres. 
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radiative decay of the qubit while still allowing one-bit op­
erations, a simple ano minimally disruptive method for read­
mH of single and multiple qubits, and the nbility to generlile 
tunahle two-qubit entanglement over centimeter-scale dis­
tances. We also note that in the structures described here, the 
emissjon or absorption of a sing]e photon by the qubit is 
tagged by a ~udden large change in the resonator transmis­
sion propc1ties [29], making them potentially useful as 

single-photon sources and <letectors. 
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APPENDIX A: QUANTIZATION OF THE ID 
TRANSMISSION-LINE RESONATOR 

A transmission line of length L, whose cross-section di­
mension 1s much less lhen the wavelength of the transmitted 
signal, can be approximated by a lD model. For rclativeJy 
]ow frequencies it is well described by an 1ntinite series of 
inductors wilh each node capacitively connected to ground, 
as shown in Fig. 2. Denoting the inductance per unil length l 
and the capacitance per unit Jength c, the Lagrangian of the 
circuit is 

f L/2 ( / 1 ) £ = dx -j2- -q2 , 
-w 2 2c 

(Al) 

where j(x .t) and q(x, t) are the local current and charge oen­
sity, respectively. We have ignored for the moment the two 
semi-infinite transmission lines capacitively coupled to the 
resonator. Defining Lhe variable 0(x, r\ 

&(x,t)= f.t dx 'q(x',t) , 
-U2 

the Lagrangian can be rewritten as 

Jul ( l l ) 
L ~ dx - iJ2 - -(V 8) 2 . 

-L/2 2 2c 

(A2) 

(A3) 

The eorresponding Euler-Lagrange equation is a wave equa­
tion with the speed v = \''l llc. Using the boundary conditions 
due to charge neutrality, 

8(-L/2,t) = 8(L/2J) = 0 , (A4) 

we obtain 
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(AS) 

for odd and even modes, respectively. For finite length L, the 
transmission line acts as a resonator with resonant frequen­
cies '!lk = brv IL. The cutoff is determined by the fact that the 
resonator is not strictly one dimensional. 

Using the normal-mode expansion (AS) in (A3), one ob­
tains, after spatial integration, the Lagrangian in the form of 
a set of harmonic oscillators: 

(A6) 

Promoting the variable <Pk and its canonically conjugated 

momentum 11't=-lifJk to conjugate opl.)rators and introducing 
the boson cremion and annihjJmiun operators al and ak sat­
isfying [a.ba!,J= okk', we obtain the usual re1atious diagona1-

izing the Hamiltonian obtained from the Lagrangian (A6): 

" r,;;;;; L + 
¢;.:(t) = -y--;;--

2
- k7/ak(t) + ak(t)], (A7) 

(A8) 

From these relations, the voltage on the resonator can be 
expressed as 

( ) 
1 ii H(x.l) 

V X t =----
' c rl.\' 

00 

~wk (k 1TX) =- L - 0
sin -

0
- [ak (t) +a; (t)] 

ko=I Le L O 0 

(A9) 

In the presence of Lhe two semi-infinite transmission lines 
coupled to the resonator, the Lagrangian (A3) and the bound­
ary conditions (A4) are modified to take into account the 
voltage drop on the coupling capacitors C0. Assuming no 
spatial extent for the capacitors C0, the problem is still solv­
able analytically. Due lo this coupling, the wave function can 
now extend outside of the central segment which causes a 
slight redshift, of order C0 / Le, of the cavity resonant fre­
quency. 

As shown iu Fig. 2, we assume the qubit to be fabricated 
at the center of the resonator. As a result, al low tempera­
tures, the qubit is coupled to the mode k=2 of the resonator, 
which as an antinode of the voltage in its center. The rms 
vollage between the cente i..:ouductor and the ground plane is 
then v'~ns = d, wrl c L with <cJr= w2 and the voh;1g~ felt by the 
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qubit is V(O,t)=~ns[a 2(t)+a~(t)J. In the main body of this 
paper, we work only with this second harmonic and drop the 
mode index on the resonator operators. 

APPENDIX B: TREATMENT OF DISSIPATION 

The evolution of the total density matrix, including the 
qubit, cavity mode, and baths, is described by the von Neu­
man equation 

where 1-f .. " ~muds for the first three terms of Eq. (1) plus the 
drive Hm11i1tonian of Eq. (20). An explicit expression for [f IC 

can be found in Ref. [ 14]. When the coupling between the 
system ( qubit plus cavity mode) and the baths is weak, the 
reduced density operator for the system can be shown to 
obey the master equation [14] 

(B2) 

in the Markov approximation. Here, Lm are Undblad opera­
tors describing the eff~t of the ball~ on the system and can 
be expresst!d as LK= ,! 1<a and Ly=,, y<T-. The eftect of finite 
temperature and pure dephasing, for example, can also be 
taken into account easily by introducing additional Lindblad 
operators. 

The ma tc:r equation is solved numerically by truncating 
the cavity Hilbert space to N photons. Thi ' leads to (1N) 2 

coupled differential equations which, for large N, can be dif­
ficult to solve in practice. An altemati ve approach is to write 
an equivalent stochastic differential equation for the wave 
function [32,44 ]. There exist different such "unravelings,' of 
the master equation and here we use the quantum state dif­
fusion equation [32,44] 

l'°' t t t 
- - £.J (LmLm+(L,,,)/Lm)rµ-2(L,)v,Lm)lrfl}dt. 

2 ni 

(B3) 

The dgm are complex iudependent Wiener processes satisfy­
ing for their ensemble averages 

(B4) 

(B5) 

An auvnntag~ of 1his approach is that now unly 2N 
n>upled 1.frfferential cquu1ions hav~ to be solved. A drawbm:-k 
is lbal lh~ result '! rnuxL he uveraeed over manv realization~ of 
lh!! noise to ohtain m:i:urnte res'"ulls. Slill. thi: leads Lo much 
less important memory usage and to sp~dup in the numeri-­
cal calculations [32,45]. 

062320-12 



IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 416 of 566

04) 

his 
the 

lht! 

eu-

the 
H,. 
the 
the 

(L) 

,ra­
:an 
lite 
be 

lad 

ing 
V)'.2 

lif-
itc 

lVC 

of 
Jif-

33) 

fy-

34) 

35) 

2N 
\Ck 

, of 
1ch 
!fi-

• 

CAVITY QUANTUM ELECTRODYNAMTCS FOR ... 

APPENDIX C: QUANTUM NONDEMOLTTION 
MEASURRIWENTS 

Readout of u qubit cun lead to both mixing and dephasing 
[23,33]. While dcphasing is unavoidable, mixing of the mea­
sured observable can be eliminntt~d in a QN D measurement 
hy choosing the qubil-measurement apparatus 1nteraction 
such that the measured observable is a constant of motion. In 
that situation, the mcusurement-induced mixing is rather in­
troduced in the operator conjugate to the operator be1ng mea­
sured. 

Tn the situation of interest in this paper, the operator being 
probed is <r and, from Eq. (12). the qubit-measurement ap­
paratu.-:; interaction Hamiltonian is given for large detuning 
by Hin1=(g2/d)<Fci7a, ..;uch that L,r:,l/i 11 ,].:::0. For if to be a 
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Full Record MARC Tags

000 08080cas a2200961 a 4500

001 11376368

005 20190423120140.0

008 900326d19902015nyumr p       0   a0eng c

010 __  |a  90656533  |z sn 90033512  |z sn 91010359

016 7_  |a 9887339 |2 DNLM

016 7_  |a SR0077225 |2 DNLM

016 7_  |a 012091296 |2 Uk

016 7_  |a 1472694-4 |2 DE-600

022 0_  |a 1050-2947 |l 1050-2947 |y 0556-2791 |2 1

030 __  |a PLRAAN

032 __  |a 431240 |b USPS

035 __  |a (OCoLC)ocm21266025

037 __  |b APS Membership Information Systems, The American Physical Society, 500 Sunnyside Blvd., Woodbury, NY 11797

040 __  |a NYG |b eng |c NYG |d DLC |d WAU |d DLC |d NSD |d DLC |d IUL |d HUL |d NST |d HUL |d OCL |d NST |d NSD |d NST |d OCL |d NST |d HUL |d NSD
 |d DLC |d EYM |d NYG |d NST |d DLC |d MYG |d DLC |d CAS |d MYG |d NSD |d HLS |d MYG |d NLM |d OCLCQ |d DLC |d NLGGC |d LVB |d OCLCQ |d
 UMC |d DLC |d OSU |d OCLCF |d UKMGB |d WAU |d OCLCO |d DLC |d OCLCQ |d GILDS |d LTU |d W2U |d GEBAY |d OG# |d EUX |d SLY |d DEBBG |
d QGJ |d NJR |d OCLCA |d HUELT |d OCLCO |d AU@ |d OCLCA

042 __  |a pcc |a nsdp

050 00  |a QC1 |b .P42

082 00  |a 530/.05 |2 20

210 0_  |a Phys. rev., A At. mol. opt. phy.

222 _0  |a Physical review, A, Atomic, molecular, and optical physics

245 00  |a Physical review. |n A, |p Atomic, molecular, and optical physics.

246 1_  |a Atomic, molecular, and optical physics

246 1_  |a Statistical physics, plasmas, fluids, and related interdisciplinary topics

246 1_  |i Vols. for 1990-1992 had fluctuating title: |a Physical review. |n A, Statistical physics, plasmas, fluids, and related interdisciplinary topics

260 __  |a New York, N.Y. : |b Published by the American Physical Society through the American Institute of Physics, |c ©1990-

300 __  |a 52 volumes : |b illustrations ; |c 29 cm

310 __  |a Monthly, |b 1993-

321 __  |a Semimonthly, |b 1990-1992

336 __  |a text |b txt |2 rdacontent

337 __  |a unmediated |b n |2 rdamedia

338 __  |a volume |b nc |2 rdacarrier

Search Navigation !     ∠  4 of 6 ∠

PERIODICAL OR NEWSPAPER

Physical review. A, Atomic, molecular, and optical physics
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362 0_  |a Third ser., v. 41, no. 1 (1 Jan. 1990)-

362 1_  |a Ceased with v. 92, no. 6 (Dec. 2015).

500 __  |a Numbers for 1990-1992 issued on the 1st of the month called: Atomic, molecular, and optical physics; numbers issued on the 15th of the month called:
Statistical physics, plasmas, fluids, and related interdisciplinary topics. Pagination is continuous.

500 __  |a Title from cover.

510 2_  |a Chemical abstracts |x 0009-2258

515 __  |a New vols. start on Jan. 1 and July 1 of each year.

515 __  |a Some no. issued in parts.

580 __  |a Indexed by: Physical review and Physical review letters index.

580 __  |a Continued in part in 1993 by: Physical review. E, Statistical physics, plasmas, fluids, and related interdisciplinary topics.

588 __  |a Latest issue consulted: V. 92, no. 6 (Dec. 2015) (surrogate).

590 __  |a SERBIB/SERLOC merged record

650 _0  |a Nuclear physics |v Periodicals.

650 _0  |a Statistical physics |v Periodicals.

650 _0  |a Plasma (Ionized gases) |v Periodicals.

650 _0  |a Fluids |v Periodicals.

650 _6  |a Physique |v Périodiques.

650 _7  |a Fluids. |2 fast |0 (OCoLC)fst00928067

650 _7  |a Nuclear physics. |2 fast |0 (OCoLC)fst01040386

650 _7  |a Plasma (Ionized gases) |2 fast |0 (OCoLC)fst01066262

650 _7  |a Statistical physics. |2 fast |0 (OCoLC)fst01132076

650 17  |a Natuurkunde. |2 gtt

650 07  |a Physik. |2 swd

650 _7  |a Zeitschrift |2 gnd

650 _7  |a Online-Ressource |2 gnd

650 _7  |a Optik |2 gnd

650 _7  |a Atomphysik |2 gnd

650 04  |a fizika |x periodika.

650 04  |a periodika |x TTK.

655 _7  |a Periodicals. |2 fast |0 (OCoLC)fst01411641

655 _7  |a Periodicals. |2 lcgft

655 _0  |a Electronic journals.

710 2_  |a American Physical Society.

710 2_  |a American Institute of Physics.

776 08  |i Online version: |t Physical review. A, Atomic, molecular, and optical physics |x 1094-1622 |w (DLC)sn 97004211 |w (OCoLC)37142044

776 08  |i CD-ROM version: |t Physical review. A, Atomic, molecular, and optical physics (CD-ROM) |x 1538-4446 |w (DLC) 2002211334 |w (OCoLC)48787933

780 00  |t Physical review. A, General physics |x 0556-2791 |w (DLC) 75021361 |w (OCoLC)1083925

785 01  |t Physical review. E, Statistical physics, plasmas, fluids, and related interdisciplinary topics |x 1063-651X |w (DLC) 93661989 |w (OCoLC)26103502

785 00  |t Physical review. A |x 2469-9926 |w (DLC) 2015203968 |w (OCoLC)932205193

787 0_  |t Physical review and Physical review letters index |x 0094-0003 |w (DLC) 83642755 |w (OCoLC)3811892

850 __  |a AAP |a AU |a AzTeS |a CCC |a CU-A |a CU-I |a CU-RivP |a CU-
S |a CaNSHD |a CoFS |a CoU |a DGW |a DLC |a DeU |a GASU |a ICU |a ICarbS |a InLP |a InU |a KyU |a MCM |a MH-CS |a MH-
GM |a MdBJ |a MiD |a MiEM |a MiU |a MnU |a MoSU |a MoU |a MsU |a N |a NCH |a NNC |a NRU |a NcD |a NcRS |a NcU |a NcWsW |a NjP |a NjR |a NmU 
|a OC |a OU |a OrCS |a OrU-S |a PBL |a RPB-S |a TU |a TxHR |a ViBlbV |a ViU |a ViW |a WaU

859 41  |u http://pra.aps.org/

890 __  |a Physical review. A. |i 90-656533

906 __  |a 7 |b cbc |c serials |d 2 |e ncip |f 19 |g n-oclcserc

920 __  |a Keep 1 beginning 2015-04-24

923 __  |a  |d 2010-4-9 |s Group Registration

955 __  |h da11 2004-05-17 |a Barcode 00280819700 returned from bindery 2010-05-03 |a Barcode 00280819542 returned from bindery 2010-05-03 |a Barcode
00280819748 returned from bindery 2010-05-03 |a Barcode 00280819694 returned from bindery 2010-05-03 |a Barcode 00280819645 returned from
bindery 2010-05-03 |a Barcode 00280819657 returned from bindery 2010-05-03 |a Barcode 0028081961A returned from bindery 2010-05-03 |a Barcode
00280819803 returned from bindery 2010-05-03 |a Barcode 00280819554 returned from bindery 2010-05-03 |a Barcode 00280819864 returned from
bindery 2010-05-03 |a Barcode 00280819669 returned from bindery 2010-05-03 |a Barcode 00280819670 returned from bindery 2010-05-03 |a Barcode
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$ Item Availability

CALL NUMBER electronic resource

Request in .Electronic Journal

Links available http://pra.aps.org/

CALL NUMBER QC1 .P42
Set 1

Request in Jefferson or Adams Building Reading Rooms

Status c.1 ser. 3, v. 80, no. 4, pt. B 2009 Oct In transit 03-16-2011

Older receipts ser.3:v.44:no.3-ser.3:v.76 (1991:Aug.-2007), ser.3:v.77:no.1A-ser.3.v.81:no.2B (2008:Jan.-2010:Feb.),
ser.3:v.81:no.4A-ser.3:v.81:no.4B (2010:Apr.), ser.3:v.81:no.6A-ser.3:v.88:no.1 (2010:June-2013:July), ser.3:v.88:no.3-ser.3:v.89:no.1
(2013:Sept.-2014:Jan.), ser.3:v.89:no.3-ser.3:v.92:no.6B (2014:Mar.-2015:Dec.)

CALL NUMBER QC1 .P42
Set 2

Request in Jefferson or Adams Building Reading Rooms

Status c.2 ser. 3, v. 80, no. 1, pt. A 2009 July In transit 03-16-2011

Older receipts ser.3:v.55 (1997:Jan.-1997:Apr.), ser.3:v.55-ser.3:v.56 (1997:June-1997:Nov.), ser.3:v.57-ser.3:v.58 (1998:Feb.-1998:Oct..); v.59
(1999:Jan.-1999:June), v.60 (1999:Nov.), v.61 (2000:Jan.-2000:Mar.), v.61-v.69:no.5:pt.A/B (2000:June-2004:May)
v.70:no.1-v.72:no.4:pt.B (2004:July-2005:Oct.); ser.3:v.72:no.6:pt.A-ser.3:v.74:no.2:pt.B (2005:Dec.-2006:Aug.), ser.3:v.74:no.3:pt.A-
ser.3:v.75:no.3:pt.B (2006:Sept.-2007:Mar.); v.75:no.4-v.76:no.1:pt.B (2007:Apr.-2007:July); ser.3:v.76:no.3:pt.A-ser.3:v.76:no.4:pt.B

00280819852 returned from bindery 2010-05-03 |a Barcode 00280819761 returned from bindery 2010-05-03 |a Barcode 00280819797 returned from
bindery 2010-05-03 |a Barcode 00280819815 returned from bindery 2010-05-03 |a Barcode 00280819840 returned from bindery 2010-05-03 |a Barcode
0028081975A returned from bindery 2010-05-03 |a Barcode 00280819827 returned from bindery 2010-05-03 |a Barcode 00280819591 returned from
bindery 2010-05-03 |a Barcode 00280819682 returned from bindery 2010-05-03 |a Barcode 00280819712 returned from bindery 2010-05-03 |a Barcode
00280819785 returned from bindery 2010-05-03 |a Barcode 00280819773 returned from bindery 2010-05-03 |a Barcode 00280819621 returned from
bindery 2010-05-03 |a Barcode 00280819530 returned from bindery 2010-05-03 |a Barcode 00280819529 returned from bindery 2010-05-03 |a Barcode
00280819578 returned from bindery 2010-05-03 |a Barcode 0028081958A returned from bindery 2010-05-03 |a Barcode 00280819724 returned from
bindery 2010-05-03 |a Barcode 00280819736 returned from bindery 2010-05-03 |a Barcode 00280819633 returned from bindery 2010-05-03 |a Barcode
00280819608 returned from bindery 2010-05-03 |a Barcode 00280819566 returned from bindery 2010-05-03 |a Barcode 00280819839 returned from
bindery 2010-05-03 |a Barcode 00280534961 returned from bindery 2010-08-12 |a Barcode 00280535138 returned from bindery 2010-08-12 |a Barcode
00280534997 returned from bindery 2010-08-12 |a Barcode 0028053500A returned from bindery 2010-08-12 |a Barcode 00280535011 returned from
bindery 2010-08-12 |a Barcode 00280535047 returned from bindery 2010-08-12 |a Barcode 00280535060 returned from bindery 2010-08-12 |a Barcode
00280535035 returned from bindery 2010-08-12 |a Barcode 00280535035 returned from bindery 2010-08-12 |a Barcode 00280535151 returned from
bindery 2010-08-12 |a Barcode 00280535126 returned from bindery 2010-08-12 |a Barcode 00280534985 returned from bindery 2010-08-12 |a Barcode
0028053514A returned from bindery 2010-08-12 |a Barcode 00280535072 returned from bindery 2010-08-12 |a Barcode 00280535023 returned from
bindery 2010-08-12 |a Barcode 00280535084 returned from bindery 2010-08-12 |a Barcode 00280535114 returned from bindery 2010-08-12 |a Barcode
00280535059 returned from bindery 2010-08-12 |a Barcode 00280534973 returned from bindery 2010-08-12 |a Barcode 00280535096 returned from
bindery 2010-08-12

984 __  |a srvf |d 2001-08-31

985 __  |e eserial 200406

Request this Item    % LC Find It

Item Availability
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(2007:Sept.-2007:Oct.), ser.3:v.76:no.5:pt.A (2007:Nov), ser.3:v.76:no.6 (2007:Dec.)
ser.3:v.77:no.1:pt.A-ser.3:v.77:no.1:pt.B (2008:Jan.), ser.3:v.77:no.5:pt.A-ser.3:v.79:no.4:pt.B (2009:Apr.), ser.3:v.79:no.6:pt.A (2009:June)
ser.3:v.80:no.1A-ser.3:v.81:no.2B (2009:July-2010:Feb.)
ser.3:v.81:no.4A-ser.3:v.81:no.4B (2010:Apr.), v.81:ser.3:no.6A-v.83:ser.3:no.2A (2010:June-2011:Feb.), v.83:ser.3:no.3A-v.85:ser.3:no.6A
(2011:Mar.-2012:June), v.86:ser.3 (2012), ser.3:v.87:no.1A-ser.3:v.88:no.1B (2013:Jan.-2013:July), ser.3:v.88:no.3-ser.3:v.89:no.1
(2013:Sept.-2014:Jan.), ser.3:v.89:no.3-ser.3:v.89:no.6 (2014:Mar.-2014:June)

CALL NUMBER QC1 .P42 FT MEADE
Set 2

Request in Jefferson or Adams Building Reading Rooms - STORED OFFSITE

Status Not Charged

Older receipts v.41-v.67 (1990-2003) Bound volumes: Inventory in progress

CALL NUMBER QC1 .P42 FT MEADE
Set 3

Request in Jefferson or Adams Building Reading Rooms - STORED OFFSITE

Status Not Charged

Older receipts v.52-v.54 (1995:July-1996:Oct.) Bound volumes: Inventory in progress

CALL NUMBER QC1 .P42
Copy 1
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Status Not Charged

Latest receipts v. 83, no. 5-B (2011 May)
v. 84, no. 1-B (2011 July)

CALL NUMBER QC1 .P42
Copy 2
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Older receipts ser.3:v.79:no.6B (2009:June)
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Public Catalog
 Copyright Catalog (1978 to present)
Search Request: Left Anchored Title = physical review A
Search Results: Displaying 45 of 224 entries

 

Physical review. A : third series.Physical review. A : third series.

Type of Work: Serial
Title: Physical review. A : third series.

Title Qualifier: Atomic, molecular & optical physics AND Statistical physics, plasmas, fluids ...
Serial Publication Year: 2004

Serial Key Title: Physical review. A
ISSN: 1050-2947

0556-2791
1063-651X

Description: print material.
Frequency: Pub. twice a month; monthly beginning in 1993.

Publication History: Vol. 41, no. 1, 1 Jan. 1990-
Notes: Numbers issued on the 1st of the month are called: Atomic, molecular, and optical

physics; numbers issued on the 15th of the month are called: Statistical physics, plasmas,
fluids, and related interdisciplinary topics.
Continued in part by: Physical review. E. Statistical physics, plasmas, fluids, and related
interdisciplinary topics = ISSN 1063-651X.

Continues: Physical review. A, General physics = ISSN 0556-2791.
Copyright Claimant: American Physical Society.

Issues Registered: v. 68, no. 6, Dec03. Created 2004; Pub. 2004-01-17; Reg. 2004-03-03; TX0005907979
v. 69, no. 1, Jan04. Created 2004; Pub. 2004-02-16; Reg. 2004-03-03; TX0005908395
v. 69, no. 2, Feb04. Created 2004; Pub. 2004-03-17; Reg. 2004-04-12; TX0005968036
v. 69, no. 3, Mar04. Created 2004; Pub. 2004-04-24; Reg. 2004-05-13; TX0005978009
v. 69, no. 4, Apr04. Created 2004; Pub. 2004-05-21; Reg. 2004-06-01; TX0005977567
v. 69, no. 4, Apr04. Created 2004; Pub. 2004-05-21; Reg. 2004-06-04; TX0005996211
v. 69, no. 5A-5B, May04. Created 2004; Pub. 2004-06-17; Reg. 2004-06-30;
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Cavity quantum electrodynamics for superconducting electrical circuits: An 
architecture for quantum computation. Physical Review A, vol. 69, no. 6, article 
062320. (14 pages) 

Early Citations Selected from 2004 (in chronological order) 

Zhu, S. L., Wang, Z. D., & Zanardi, P. (February 2004). Geometric quantum 
computation and multi-qubit entanglement with superconducting charge 
qubits inside a cavity. arXiv preprint quant-ph/0403004. 

Camalet, S., Schriefl, J., Degiovanni, P., & Delduc, F. (October 2004). Quantum 
impurity approach to a coupled qubit problem. EPL (Europhysics 
Letters), 68(1), 37. 

Pritchett, E. J., & Geller, M. R. (October 2004). Nanomechanical quantum memory 
for superconducting qubits. arXiv preprint quant-ph/0410029. 

Strauch, F. W. (2004). Theory of superconducting phase qubits(Doctoral 
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Coherent Josephson Qubit Suitable for Scalable Quantum Integrated Circuits 

R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y. Chen, Y. Yin,* B. Chiaro, J. Mutus, C. Neill, P. O'Malley, 
P. Roushan, J. Wenner, T. C. White, A. N. Cleland, and John M. Martinis 

Deparlment of Physic,·, University tf Ca/ij,,rnia, Santa Barbura, California 93106, USA 
(Received 5 April WD; published 22 August 2013) 

We demonstrate a planar, tunable superconducting qubit with energy relaxation times up to 44 µs. This 

is achieved by using a geometry designed to both minimize radiative loss and reduce couphng to 
materials-related defects. At these levels of coherence, we find a fine st1ucture 1n the qubit energy lifetime 

as a function of frequency, indicating the presence of a sparse population of incoherent, weakly coupled 

two-level defects. We elucidate this defect physics hy experimentally varying the geometry and by a 
modd analysis. Our ''Xmon" qubit combines facile fabrication, straightforward connectivity, fast control, 

and long coherence, opening a viable route to constructing a chip-based quuntum computer. 

DOI: 10.1103/PhysRcvLeLt.l l J .080502 

One of the outstanding challenges in building a quantum 
computer is to balnncl' coherence, connectivjty, and control 
in the qubits. Superconductivi ly prnvides an appealing 
platform because it allows for scalahi1ity: the conduction 
eJectrons condense into a macroscopic quantum state, and 
large quantum integrated circuits can be made with many 
elements having individual control lines. However, quan­
tum coherence in superconducting circuits has proven to be 
very delicate, as it is easily disturbed by material defects, 
electron system excitations, and radiative coupling to ex­
ternal wiring [1-8]. To minimize these and other effects, 
many groups have recently begun embedding qubits in 
threc-dimen:-;ional superconducting cuvities. These 3D 
qubits show high coherence, with ene.rgy relaxation times 
in 3D transmnn qubits between JO and J40 µs [9.10]. 

Here, we demonstrate a new design for a fully planar 
superconducting qubit. based on the planar transmon 
fll,12], wjtb energy coherence times in exces, of 40 µs. 
Our approach balances ('Oherence. connei:tivity~ as well as 
fast ,omrol. The qubits are frequency tunable. which allows 
the implementation ofJast two-qubit gates: a CONTROU.ED­

z gate [ 13-15 I can then be implemented with high fidef ity in 
25 ns (16]. With the coherence time exceeding single- and 
two-qubit gate times by 3 orders of magnitude, we believe 
that our device provides a key ingredient for implementing a 
surface code quantum computer [17]. 

We also identify an incoherent decoherence mechanism, 
arising from a i.;purse bath of weakly coupled defects. This 
incoherent regime is made acces. ihle by the long coher­
ence of our qubits. We explore this physics by visualizing 
these defects in the measured quantum time-resolved 
spectroscopy. hy varying the qubit geometry, a•d by a 
model ana)ysis. These defects give rise to frequency­
dependent variations in the lifetime; our results may 
also e ·plain the variations observed in lifetimes of 3D 
transmon qubits. 

Our devke is shown in Fig. l (a), formed by patterning 
the Al metal (light areas) and exposing the sapphire 

PACS numbers: O3.67.Lx, 03.65.Yz, 85.25.Cp 

substrate (dark areas). The qubit is the cross-shaped device. 
We design the qubit with high-quality coplanar waveguide 
capacitors, motivated by the recent advances with super­
conducting resonators, yielding a modular design with 
straightforward connectivity. Its four arms connect to sepa­
rate elements, each having a different function: a coplanar 
waveguide resonator for readout on the top. a quantum bus 
resonator on the right to mediate coupling to other qubits, 
XY contro] on the left to excite the qubit state, and Z 
control on the bottom to tune the qubit frequency. The 
cross is the qubit capacitor, which connects at the bottom to 
the tunable Josephson junction, formed by the rectangular 

(a) 

readout 
resonator 

XY 
cootrol 

quantum 
bus 

~-

s--1.. j{ Z -~1~ -1 

.•· .. 

(b) 

I reaaouL 
-1..!,esonator 

FIG. 1 (color unline). (a) Optical micrograph of the planar 
Xmon qubit. form~tl by the Al superconducting film (light) 
und the exposed i;apphire substrate (dark). The qubit is capaci­
tively i.:oupled to a quarter wave readout re onator ( top). n 
quantum bus rcson.Jtor ('right). and an XY control line (left). 
and inductively i..:oupletl to a Z control line (bottom). The Xmon 
~1m1 length is L. ( b) The inset shows the shat.low evapornled AJ 
junction layer in false color (blue region. ). The junction size is 
0.30 x 0.20 µ,m:!. The capacitor 1.:enlral lincwiuth is S. ant.I thi: 
gap wit.Ith is W. (c) The electrical circuit of the qubit. 

0031-9007 / 13/ I 11(8)/080502(5) 080502-1 © 2013 American Physical Society 
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·ng~shaped superconducting quantmn interferem:e device 
n · I . . . d (SQUID): see Fig. I ~b). The reetan~u ar _nug 1s rnterse~·tc 
by two idenlical1y sized Al tunnel JllDl'l1on~ (blue rcgmn~ 
in Fig. l(b)). The electrical circuit is equivalent to thal of a 
grounded transmon [ 11 ], with the capacitor in paraUel with 
the tunable junction [Fig. 1 (c)]. In a clear departure from 
the traditional floating transmon with an interdigitatcd 
capacitor [I 2], we chose to fo~ the_ qubit capacitor by 
intersecting two coplanar wavegmde lmes. 

In prior work, we showed that highly coherent coplanar 
wave.guide re · nators can be fabricated~ having quality fac­
tors of about l. 5 X I 06 at the single photon occupation level. 
These resonators were made from molecular beam epitaxy 
(MBE) Al on oxygen-deaned sapphire [ 18]. This shows that a 
straightforward path to high coherence comes from a combi~ 
nation of (I) MBE Al as high-quality matcria1 , (TI) coplanar 
waveguides having low radiative loss, and (ID) embedding in 
a ground plane. We therefore embed the qubit in an unin­
tenupted ground plane, with thin Al lines at the capacitor 
ends tying the ground planes together; this suppresses para­
sitic slot line modes in the control lines and resonators as well 

Connectivity is accomplished hy coupling each of the 
qubit's arms to a distinct element with specific functional­
ity. Three of the connections are easily made with a 
coupling capacitor, as the qubit is connected to ground. 
An advantage of this approach is that each coupling can 
be individually tuned and optimized. To this end, we have 
also separated out qubit control. The XY control drive line is 
connected with a coupling C'" = 60 aF, which allows us to 
excite the qubit state in 10 ns but hardly affects coherence, 
with an estimated T1 of0.3 ms. The Z control also combines 
speed and coherence. The drive line is galvanically con­
·nected to the SQUID to allow for a large inductive coupling 
with a mutual inductance of M = 2.2 pH. We are able to 
rapidly detune the qubit on the time scale of a nanosecond 
[19]. The measured parasitic coupling between the Z line 
and the qubit gives an estimated T 1 of --30 ms [201. 

We believe that the large increase in the qubit coherence 
re1ies critically on the combination of changes to the qubit 
design; implementing just one or two of these changes in 
isolation would not yield a significant improvement. With 
this experimental nature in mind, we name our qubit the 
"Xmon." While the cross-shaped qubit capacitor may 
emphasize this name~ more arms can be added to allow 
for more connectivity. 

We find a dramatic increase in Xmon energy coherence 
compared to the traditional planar transmon, measuring 
decay times up to T1 = 44 µs; .see Fig. 2(a). We find 
Ramsey and spin echo phase coherence times up to 
Ti = 15 µs and T2 = 20 µsat the flux insensitive point, 
respectively [see Fig. 2(b)]; T1 = 18 µsat this point. The 
dephasing envelopes follow an exponential decay, mea­
sured using tomography. The first pulse is X1r;2 , fo]]owed 

by X ,,,./2t X _.,,12• Y r.;2 , or Y -Tt/'2 (see the inset). producing 
fringes with different phuses. The limit of T2 = '2T1 ha nol 
been reached f 1 J ]. indicating additional dephasing. This. 
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FIG. 2 (color online). (a) Qubit energy decay at three nearby 
frequencies (S = W = 16 µm [43]) . The qubit frequency is 
adjusted by applying a rectangular pulse with length l:1.. T on 
the Z line. The pulse sequence is shown in the inset. 
(b) Ramsey T2 and spin echo 1 '2 dephasing envelopes at the 
flux insensitive point (T1 = 18 µs), measured by phase tomog­
raphy (S = W = 24 µm). The inset shows the pulse sequence; 
for the spin echo, we apply a refocusing pulse (dashed line). We 
apply four phasl!s to tht! last pulse for pha~c tomography, to 
measure the decay envelope. Spin echo measurements are lim­
ited by electronics to 14 µ s. 

as well as dephasing away from the flux insensitive point, 
is presently under investigation. 

The qubits had ground to excited state transition 
frequencies around 6 GHz when nnhiased 1 nonlinearities 
around 230 MHz, and a ratio of Josephson to charging 
energy E1 / Ee -- 95. We employ a dispersive, high-power 
single~shot readout scheme with a 70%-85 % fidelity [2 l ]. 
The readout resonator frequencies used are 6.4-6. 7 GHz, 
the loaded quality factor is Q1 = 104, and the resonator­
qu bit coupling strength is approximately 40 MHz. 
Measurements were done in a dilution refrigerator with a 
base temperature of 30 mK, with multistage infrared 
shielding f221. Magnetic fields were reduced by room 
temperature and cryogenic magnetic shields, with non­
magnetic microwave connectors [23]. 

The results in Fig. 2 show that tunable superconducting 
qubits with a planar geometry can have T1 values in excess 
of 40 µs. In fact, this T1 corresponds to the MBE Al 
resonator quality factors f 181, for which T1 = Q/ w is 
also a bout 40 µs. The combination of long energy and 
phase coherence times compares well with previously 
reported values for planar superconducting A] qubits: for 
transmons T1 = 9. 7 µs and Ti = 10 µs [24], for charge 
qubits T1 = 200 µsand T~ = 0.07 µs [25], for flux qubits 
T1 = 12 µs and Ti = 2.5 µs [261, and for the fluxonium 
T1 = 10 µs and Ti = 2 µs f271. In fact, the Xmon 
approaches the long coherence found in 3D transmons 
[9,10] . Very recently, TiN planar devices have shown 
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long coherence [28,291, encouraging using Xmon geome­
tries with thi~ material. 

We find that the energy relaxatjon Jepcnds on quhil 
frequency. As shown in Fig. 2(a), we find T1 value~ from 
34 to 44 µ,s in a 4 MH1. hand near 5.4 GHz. In order to 
elucidate this further, we performed a spectroscopic scan 
on the quhit. ~hown in Fig. 3(a). TI1t! qub1t frrqueney 
disp1uys the =-xpccted Jepenuence on applieu flux <I> I I l J. 
varying smootJ1ly without visible splittings, indicating that 
~trong]y coupled defects. which manifest as avoiued level 
rrossing~ 11]. are virtually absent. We then performed ~, 
<.JUantum analogue of time-re. olvcd spectroscopy hwap 
spedrosc:opy (30]). "hown in Fig. 3(b). The pulse sequcnL:e 
is shown in Fig. :!(al. The prohahility of the excited state 
(color) is plotted for AT from 100 ns to J 50 µ,s (logarilhM 
mic vertical scale) and quhit frequencies from 4 to 6 GH,. 
We find thal the probahility decay~ exponentially. l ul with 
a fine ~trm:ture of variable energy relaxation and distim.:1 
peaks in the energy decay rate (Fig. J(c.l). We Jo not 
observe any '\:hevron .. interference patterns lJOI. where 
the quantum ~late cohert:ntly swaps hal'k and forth. imply­
ing n defect!\ interact L'ohercntly with the quhiL After 
L"ycling the temperature to 4.2 K. the fine strul.~ture is 
allcreJ. hut the overall image remains unchanged. We 
count approximately 30 rrgions with reduced ..:-oherence 
(T1 < 8 w .. ) per GHz in Fig. 3Cb). 

We explored I he dependence of the quhil coherem.:c time 
on c.:apacitor geometry. w,ing six diff r Ill d ign : the\ ic.hh 
S of the central I ine, gap width W. and am1 I ngth L were 
varied. while the capacitance va)ue l31 l and jrn1 ·tion parame­
ters are kept the same. The parameters are Ii. t I in Tahle I; 

0.4 
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.s 
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(b) 55 
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f_ 02 I • • • I . • 
L-.- ~-~· ..... ~...; • .,,t.;-11,.".,__,,....,,,,;.o,J,j"-OOL-___ _ _ _ __,_ _ _ _ __._ ___ _. 

(c) 5 25 l(GHz) 5 so 5.75 

FIG. 3 (color online). (al Quhit ~pectros,:opy for a dcvict with 
S. W = 8. 8 µ m. A ~mootl.1 curve is formed hy the high trnn~­
mi:,.,sion (gray lineL measured on resomm(e \ ith the readmit 
rl!sonator, which indicak when the qubit is l.!XL'itet..l. (h) Swap 
~pectroscopy or thc 'amc quhit. The qubit is dc1um:d from 4 to 
fi GHi' Cstcp size 2 MHz). and !ht: lkh,y r-imc is varied from 
I 00 n~ to 150 µs. Se\! the imet of Fig. :!(n) for the pulse 
sequence. {e) Quhi1 rdaxation rates.. cxwu.:t'-'d from the data in 
lb). The p~aks an:- titted to Eq. ( 1) (solid lines). 

see Ref. [19] for a micrograph. We find that the swap spcc­
lros\.opy measurements of the J ifferent designs share the 
same characteristics as shown in Pig. 3(b): a fine structure 
with varying exponential dec:ay. The energy relaxation times 
extracted from the measurements are shown in Fig. 4. The 
overall energy relaxation time irn.: reascs with width: when 
d1;.mgingS.Wfrom8.4 µmto 16,8 µ,mand24. J2 µ,n1.the 
T1 improves from a bund of values hetwccn 8 and 15 to 10 
~md 20. und 20 and 40 µs. respectively. Importantly. hath the 
upper ~Uld lower bounds on T1 increase. This is repeated in 
the quhits with S. W ranging from 8.8 to 16. l 6 and 24. 
24 µm. The redu~tion of T1 at frequencies approai.:hing 
6 GHz i~ dul' to PurceU uecay into the readout re~-a nalor 

[32j. We emphasize that these T1 values are obtained in 
multiqubit L:hips with contrnl wiring. 

The improvement of 7'1 with incr~asing width is 
consistent with previous experiment~ nn supel'condurting 
resonators 133,3..Jj. Lo~s uri. es from lhe e,lectrk fklds 
~oupli ng to two-level systems with dipole moment l 35 I. 
which reside predominantly in surface oxides and interfa­
ces. This loss depends on the participation ratio. which 
depends on the electric field distribution f 36 J. Widening 
the ~,1pacitor reduces tbe surfa~e participation. a natural 
explanation for rhe nppro imatcly linear increa ~ in a,er• 
age T1 with wi<llh in Fig. 4. On the other lumd. the peaks in 
the Jecay rate are remini 'cent r expc1iments with plrn~e 
qubits f 1 ]. where lrn:al izeu features in the frequency 
dependence. Ol:LllJ when the qubil couples strongly to 
two-level defel:ts, often giving rise to splitting of the qubit 
frequency and the c:hcvron-shnpeu signature of cohercm 
swapping. However. lbt: exponential decay in the Xmon 
qubit. with no signatures of swapping or splitting. sugge~t, 
a <lifferent energy relaxation mechani. m. 

Here. we show how surface defects near the metal edges of 
the 1..:apacitor proviJe a natural explanation for the peaks in the 
energy decay. As indicatcu hy the uata. the key point is that 
lo~s i.lrtses from the qubit int racting with a sparse bath of 
incoherent. weakly cou1 led def ct . gjvin ~ ri e to incoherent 
decay [37]. The sharp fre 1uency depemle.nce as well as the 
change~ in fine sl1 u turt· \\ hen cyding to 4.2 K arc consistent 
with defects. The absence of chevrons and quhit frequency 
~plittings cone.sponds to inrnhcr~nt interaction. Th lower 
and upper bounds of T, increasing with (apacitor dim n · n 
imfo..:ate tbat the defects resi<lc in th~ capac.itor. 

We model a quantum system con. i ting of a qubit, with a 
frequency-independent los~ rate f i.Q and pure Jephasing 
rate r,J>.(! ~ and a two-h.wel Jefo:t with decohcrence. rate 

TABLE I. Geometric parameters for the Xmon qubit capad-
tors as defined in Fig. 1 along with their frequencies. Groups of 
three qubils indicate that the devices are on the same chips. 

S (µ,m) 8 16 24 8 16 24 
W (µ,m) 4 B 12 8 16 24 
L (µ,m) 130 130 130 165 165 165 
f lO,rnnx (GHz) 6.094 6.158 6.071 6.080 5.883 5.846 
Nonlinearity (MHz) 224 228 222 220 225 223 
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FIG. 4. Frequency dependence of T1 for six qubits with differ­
ent S and W (see Tah]e I). The frequency step size is 5 MHz 
for S. W = 8, 4 µ,m and 2 MHz otherwise. See Ref. [ 19] for the 
corresponding decay rates. 

f t,D and dephasing rate l'4i,D [19]; we assume Markovian 
decoherence. When l ~1.D exceeds the coupling strength g, 
coherent swapping vanishes and an jncoherent~ exponen­
tial decay appears. From a two-spin Hamiltonian r 191, we 
derive the qubit energy relaxation rate r 1 (in the limit 
r 1,LJ > g > r 1,Q) 

2g2r 
r 1 = f2 + A2 + r1,Q, (1) 

with detuning A, and r = f 1./)/2 + f ¢,D + f l,Q/2 + f qi,Q· 

Hence, each uncorrelated defect adds a single Lorentzian to 
the energy decay rate. We can roughly estimate g for a 
surface defect with dipole moment p -- 1 Debye at a dis­
tance x away from the metal edge. With the electric field 
given by E = B / Jx [38] and B from numerical simulations 
[39], we arrive at g/2TT,....., 0.1 MHz (g = pE) for x = 
3 nm. We apply our model to Fig. 3(c). The peaks in decay 
rate can be described by a set of Lorentzians, with 
1/(f w/2 + f ¢,D) ~ 50--100 ns, consistent with defect 
decay rates measured in similar systems [ l ,40] and with 
g/21r ~ 0.2 MHz~ agreeing with incoherent loss. 

We can also estimate the number of individually resolv­
able defects using two-]evel system physics developed 
for junctions. The substrate-metal interface in our devices 
was thoroughly cleaned [l 81; hence, we assume that the 
bulk of strongly coupled defects resides in the metal- and 
s_ubstrate-air interfaces, as they have the highest paiticipa­
t.Ion ratios [36]. The defecl density for AlOx in tunnel 
barriers has been established in measurements with phase 
qubits [It with the distribution over dipole moment given 

by Po✓ l - p2 / p~11,/ p, with Po ~ 102 
/ µ,m3 /GHz, and 

the maximum dipole moment Pmax = 6 Dehye. We take 
these numbers as representative and assume a 3 nm thick 
dielectric layer with defects [ 41] . The number of def eels 
With coupling strength greater than gmin is then given by 

N = ff Po,/ 
1 

- ~,: / P~ .. @[p I E(i')I - g mmJdpdi', (2) 

with 0 the unit step function and E(r) the electric field 
at position 7-. Simulations using Eq. (2) as well as 
Monte Carlo simulations indicale N......, 30-50/GHz, for 
Rmin/2'11" ~ 0.2 MHz; see Ryf. [19]. We emphasize that 
the simulations connect gmin to N with values which are 
close to what is observed experimentally. The simulations 
also indicate that the bulk of strongly coupled def eels reside 
within a ~ 100 nm distance from the etched edges, where 
the electric fields are largest. [n addition, the simulated 
qubit decay rate reproduces the experimentally observed 
features, showing both the peaks and background variation. 

The good quantitative comparison between model and 
experiment gives compelling evidence that a sparse bath of 
incoherent defects plays a major role in loss in highly 
coherent qubits. Our results may also explain previously 
reported anomalous behavior in planar trcinsmon qubits 
with long coherence, for which the T1 has been reported 
to vary significantly between qubits, even on the same 
chip [24,42]. This is consistent with a sparse bath of 
incoherent defects limiting lhe coherence, as in Fig. 3. 

In conclusion, we demonstrate energy coherence times 
exceeding 40 µ,s in tunable, planar superconducting 
qubits. We have achieved this using a geometry with low 
radiative dissipation and high-quality materials. At these 
high coherence levels, we identify a novel decoherence 
mechanism, Joss from a sparse bath of incoherent defects, 
which is apparent in the swap spectroscopy. Our qubits 
combine long coherence, easy interconnectivity, and fast 
control, providing a key ingredient for the implementation 
of an on-chip surface code quantum computer. 

We thank A. N. Korotkov for valuable discussions. This 
work was supported by the Rubicon program of the 
Netherlands Organisation for Sc.ientific Research (NWO) 
and by the Office of the Director of National lntel]igence 
(ODNI), Intelligence Advanced Research Projects Activity 
(lARPA), through the Army Research Office Grants 
No. W911NF-09-1-0375 and No. W9 l 1NF-10- l-0334. 
All statements of fact, opinion, or conclusions contained 
herein arc those of the authors and should not be construed 
as representing the official views or policies of lARPA, the 
ODNl, or the U.S. Government. Devices were made at the 
UC Santa Barbara Nanofabrication Facility, a part of 
the NSF-funded National Nanotechnology Infrastructure 
Network, and at the NanoStructures Cleanroom Facility. 
R. Barends and J. Kelly contributed equally to this work. 

*Present address: Department of Physics, Zhejiang 
University, Hangzhou 310027. China. 

[ 1] J. M. Martinis, K. B. Cooper, R. McDermott, M. Steffen, M. 
Am;mann, K. D. Osborn, K. Cicak, S. Oh, D. P. Pappas, R. W. 
Simmonds, and C. C. Yu, Phys. Rev. Lett. 95, 210503 (2005). 

[2] A. Shnirrnan, G . Schtin, I. Martin, and Yu. Makhlin, Phys. 
Rev. Lett. 94, 127002 (2005), 

[3] G. J. Grabovskij , T. Peichl, J. Lisenfeld, G. Weiss , and 
A. Y. Ustinov, Science 338, 232 (2012). 

080502-4 



IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 450 of 566

PRL 111, 080502 (2013) PHYSICAL REVIEW LETTERS 
week ending 

23 AUGUST 201 3 

[4] J. Wenner, Y. Yin, E. Lucero, R. Barends, Y. Chen, B. 
Chiaro, J. Kelly, M. Lcnander, M. Mariantoni, A. Megrant 1 

C. Neill, P. J. J. O'Malley, D. Sank, A Vainscnch~r, H. 
Wang, T. C. White, A. N. Cleland, and J.M. MarLinis, 
Phys. Rev. Leu. 110, 150502 (201?,)_ 

[5] G. Catelani, S. E. Nigg, S. M. Girvin, R. J. Schoelkopf, and 
L. I. Glazman, Phys. Rev. B 86, 184514 (2012). 

f 61 D. Riste, C. C. Bultink. M. J. Tiggclman, R. N. Schouten, 
K. W, Lehnert, and L. Di Carlo, N al. Commun, 4, 1913 
(2013). 

[7] M. D. Shaw, R. M. Lutc.:hyn, P. Delsing, and P. M. 
Echternach, Phys. Rev. B 78, 024503 (2008). 

[8] P. Lafarge, P. Joycz, D. Esteve, C. Urhina, and M. H. 
Devorct, Phys. Rev. Lett. 70, 994 (1993). 

f91 H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G. 
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. 
Frunzio, L. I. Glazman, S. M. Girvin, M. H. Devoret, and 
R. J. Schoelkop( Phys. Rev. Lett. 107, 240501 (2011 ), 

l lOJ C. Rigetti, J.M. Gambetta, S. Poletto, B. L. T. Plounle, 
J.M. Chow, A. D. C6rcoles, J. A. Smolin, S. T. Merkel, 
J, R. Ro1,cn, G. A. Keefe, M. B. Rothwell, M. B. Ketchen , 
and M. Steffen, Phys. Rev. B 86, 100506 (2012). 

[ 11] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D, I. Schuster, 
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J. 
Schoelkopf, Phys. Rev. A 76, 042319 (2007). 

[ l 2J A. A Houck, D. l. Schuster, J.M. Gambetta, J. A. Schreier, 
B. R. Johnson, J.M. Chow, L. Frnnzio, J. Majer. M. H. 
DevorcL, S. M. Girvin, and R . J. Sc.:hoelkopf, Nature 
(London) 449, 328 (2007). 

[ 13 J F. W. Strnuch, P. R. Johnson, A. J. Dragt, C. J. Lobb, J. R. 
Anderson, and F. C. Wellstood, Phys. Rev. Lett. 91, 
167005 (2003). 

1141 L. DiCarlo, J.M. Chow, J.M. Gambetta, L. S. Bishop, 
8. R. Johnson, D. I. Schuster, J. Majer, A. Blais, L 
Frunzio, S. M. Girvin, aml R. J. Sc.:hoelkopf~ Nature 

' (London) 460, 240 (2009). 
l 151 M. Mariantoni, H. Wang, T. Yamamoto. M. Neeley, R. C. 

Bialczak, Y. Chen, M. Lenander,E. Lucero, A. D. O'Connell, 
D. Sank, M. Weides, J. Wenner, Y. Yin, J. Zhao, A. N. 
Korotkov, A. N. Cleland, and J. M. Mmtinis, Science 334, 
61 (2011). 

ll6J J. Ghosh, A. Galiautdinov, Z. Zhou, A. N. Korotkov, J.M. 
Martinis, and M. R. Geller, Phys. Rev. A 87, 022309 (2013). 

f 171 A.G. Fowler, M. Mariantoni, J.M. Martinis, and A. N. 
Cleland, Phys. Rev. A 86, 032324 (2012). 

[18] A. Megrnnt, C. Neill, R. Barends, B. Chiaro, Y. Chen, L. 
Feigl, J. Kelly, E. Lucero, M. Mariantoni, P. J. J. O'Malley, 
D. Sank, A. Vainsencher, J. Wenner, T. C. White, Y. Yin, J. 
Zhao, C. J. Palmslr¢m, J.M. Marlinis, and A. N. Cleland, 
Appl. Phys. Lett. 100, 113510 (2012). 

[19] Sec Supplemental Material at http://link.aps.org/ 
supplemental/ 10.1103/PhysRcvLett. ll 1.080502 for a fur­
Lher description of the fabrication, dcvicesj Z-control, and 
simulation results. 

[20] We measure the effective inductive coupling between the 
q ubit and inductive drive h ne 1111 to be M' = 0. 1 pH. 

121 l M. D. Reed, L. DiCarlo, B, R. Johnson, L. Sun, D. I. 
Schuster, L. Frunzio, and R. J. Schoelkopf, Phys. Rev. 
Leu. 105, 173601 (2010) . 

(22] R. Barends, J. Wenner, M. Lenander, Y. Chen, R. C. 
Biakzak, J. Kelly, E. Lucero, P. O'Malley, M. 
Mariantoni, D. Sank, H. Wang, T. C. White, Y. Yin, J. 

[23! 
[241 

l251 

l26J 

f27] 

[28J 

[29] 

[30) 

[31] 

f33] 

[34] 

[35] 
[36] 

[37] 

D8J 

[39] 

[40] 

[41] 

[42] 

[43J 

080502-5 

Zhao, A. N. Cleland, J.M. Martinis, and J. J. A. 
Baselrnans, Appl. Phys. Lett. 99, 113507 (2011 ). 
EZ Form Cable Corporation, Harnden, CT 06517, USA. 
1. M. Chow, J.M. Gambetta, A. D. Corcoles, S. T. Merkel 
J. A. Smolin, C. Rigcui, S. Poletto, G. A. Keefe, M. B'. 
Rothwell, J. R. Rozen, M. B. Ketchen, and M. Steffen 
Phys. Rev. Lett. 109, 06050l (2012). ' 
Z. Kim, B. Suri, V. Zaretskey, S. Novikov, K. D. Osborn 
A. Mizel, F. C. Wellstood, and B . S. Palmer, Phys. Rev'. 
Lett. 106, 120501 (20 I 1 ). 
J. Bylandcr, S. Gustavs.son, F Yan, F. Yoshihara, K. 
Harrabi, G. Fitch, D. G. Cory, Y. Nakamura, J.-S. Tsai, 
and W. D. Oliver, Nat. Phys, 7, 565 (2011). 
V. E. Manuchruyan, N. A. Masluk, A, Kamal, J. Koch, L 1. 
Glazman, and M. H. Devoret, Phys. Rev. B85, 024521 (2012). 
J. Chang, M. R. Vissers, A. D. Corcoles, M. Sandberg, 
J. Gao, D. W. Abraham, J.M. Chow, J.M. Gamhetta, 
M. B . Rothwell, G. A. Keefe, M. Steffen, :md D. P, 
Pappas, Appl. Phys. Lett. 103, 012602 (2013). 
J.M. Sage, V. Bolkhovsky, W. D. Oliver, B. Turek, and 
P. B. Welander, J. App1. Phys. 109, 063915 (2011). 
K. B. Cooper, M. Steffen, R. McDermott, R. W. 
Simmonds, S. Oh, D. A. Hite, D. P. Pappus, and J.M. 
Martinis, Phys. Rev. Lett. 93, 18040 I (2004). 
The Xmon capacitance is closely approximated by the 
coplanar waveguide formula C = 8L(E0 + f.,ub)K(k)/ 

K( JI - k2), with Eo lhe vacuum permittivity, €~uh the 
substrate permittivity, k = S/(S + 2W), and K the com­
plete elliptic integral. 
A. A. Houck, J. A. Schreier, B. R. Johnson, J.M. Chow, J. 
Koch , J.M. GambctLa: D. I. Schuster, L. Frunzio, M. H. 
Devoret, S. M. Girvin, and R. J. Schoelkopf, Phys. Rev. 
Lett. 101, 080502 (2008). 
R. Barends, N. Vercruyssen, A. Endo, P. J. de Visser, T, 
Zijlstrn, T. M. Klapwijk, P. Diener, S. l C. Yates, and 
.T. J. A. Baselmans, Appl. Phys, Lett. 97, 023508 (2010). 
J. Gao, M. Daal, A. Vayonakis, S. Kumar, .J. Zrnuidzinas, 
B. Sadoulct, B. A. Mazin, P. K. Day, and H . G. Leduc.:, 
Appl. Phys. Lett. 92, 152505 (2008). 
W. A. Phillips, Rep. Prog. Phys. 50, 1657 (1987) . 
J. Wenner, R. Barends, R. C. Bialczak, Yu. Chen, J. Kelly, 
E. Lucero, M. Mariantoni, A. Megrant, P. J. J. O'MaJley, 
D. Sank, A. Vainsencher, H. Wang, T. C. White, Y. Yin, J. 
Zhao, A. N. Ckland, and J.M. Martinis, Appl. Phys. Lett. 
99, 113513 (2011). 
We define incoherent defects as having a decay rate 
exceeding the coupling strength and interacting incoher­
ently with the quhit. 
J. D. Jackson, Classical Electrodynamics (Wiley, 
Hoboken, NJ, 1999)1 3rd ed. 
For the S = 8, W = K gcome1ry. we find for the electric 
fie ld away frmn th" mctaJ edge in the plune of the sub­
strale surface E = 8/ Jx. wilh B = 2 mV / Jin. 
Y. ShaHbo, Y. Rote, D. Shwa. F. Z ides, M. Neeley, J.M. 
Martinis, andN. Katz.Phys. Rev. Lett , 105, 177001 (2010). 
Using a thickness of 2 nm instead of 3 nm for the dielectric 
layer does not significantly affect the outcome. 
M. San<lherg, M. R. Visser!->. T. Ohki, J. Gao, J. 
Aumentado, M. Weides, and D. P. Pappas, AppL Phys. 
Lett. 102, 072601 (2013). 
The data in Fig. 2 were taken in a different cooldown from 
Lhe data in Fig. 3. 
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Simulation of bursting activity during the 
creep rupture uf a heterogeneous material 
modeled by a fiber bundle. Fibers 
undergoing slow degradation (grec:n) 
trigger bursts of immediate breaking 
(other colors): crack starts in the upper 
right corner. [7.. Danku and F. Kun: 
Phys . Rev. Lett. 111, 084302 (2013)] 
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https://catalog.loc.gov/vwebv/search?searchArg=Periodical.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1&searchCode=CALL%2B&searchType=1&recCount=25
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CALL NUMBER Electronic resource

Request in .Electronic Journal

Links available http://pre.aps.org/

CALL NUMBER QC1 .P43
Set 1

Request in Jefferson or Adams Building Reading Rooms

Status c.1 v. 103, no. 6-9 2009 Aug In Process 02-16-2011
c.1 v. 115, no. 23-24 2015 Dec.4-11 Charged - Due - (Internal Loan)

Older receipts v.1-v.21:no.3 (1958:July-1968), v.21:no.5-v.53 (1968-1984:Dec.17), v.53-v.59:no.17 (1984:Dec.31-1987:Oct.22), v.59:no.19-v.63:no.18
(1987:Nov.9-1989:Oct.29)
v.63:no.21-v.65:no.2 (1989:Nov.20-1990), v.65:no.5-v.65:no.16 (1990), v.65:no.18-v.67:no.5 (1990-1991), v.67:no.7-v.67:no.15 (1991)
v.67:no.17-v.96:no.26 (1991-2007:June), v.99:no.1-v.99:no.26 (2007:July-2007:Dec)
v.100:no.1-v.103:no.23 (2008:Jan.11-2009:Dec.4), v.103:no.25-v.104:no.16 (2009:Dec.18-2010:Apr.23), v. 104:no.18-v.114:no.23
(2010:May-2015:June 12), v.115-v.117:no.1 (2015:July-2016:July 1), v.117:no.3-v.118:no.7 (2016:July 15-2017:Feb.17), v.118:no.9-
v.118:no.23 (2017:Mar.3-2017:June 9), v.118:no.25-v.119:no.26 (2017:June 23-2017:Dec.29)

CALL NUMBER QC1 .P43
Copy 1
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Status v.87, no.23 2001 Dec.3 (DMG) In Process 12-04-2003

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 20 (2018 Nov. 16)
v. 121, no. 19 (2018 Nov. 9)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 9 (2018 Aug. 31)
v. 121, no. 8 (2018 Aug. 24)
v. 121, no. 7 (2018 Aug. 17)
v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 5 (2018 Aug. 3)

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 460 of 566

https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20resource&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20resource&searchCode=CALL%2B&searchType=1&recCount=25
http://pre.aps.org/
http://pre.aps.org/
https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25


8/3/19, 10)09 PMLC Catalog - Item Information (Full Record)

Page 4 of 5https://catalog.loc.gov/vwebv/holdingsInfo?searchId=9273&recCount=25&recPointer=0&bibId=11152495

v. 121, no. 4 (2018 July 27)
v. 121, no. 3 (2018 July 20)
v. 121, no. 2 (2018 July 13)
v. 121, no. 1 (2018 July 6)
v. 120, no. 26 (2018 June 29)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)
v. 120, no. 19 (2018 May 11)
v. 120, no. 18 (2018 May 4)
v. 120, no. 17 (2018 Apr. 27)
v. 120, no. 16 (2018 Apr. 20)
v. 120, no. 15 (2018 Apr. 13)
v. 120, no. 14 (2018 Apr. 6)
v. 120, no. 13 (2018 Mar. 30)
v. 120, no. 12 (2018 Mar. 23)
v. 120, no. 11 (2018 Mar. 16)
v. 120, no. 10 (2018 Mar. 9)
v. 120, no. 9 (2018 Mar. 2)
v. 120, no. 8 (2018 Feb. 23)
v. 120, no. 7 (2018 Feb. 16)
v. 120, no. 6 (2018 Feb. 9)
v. 120, no. 5 (2018 Feb. 2)
v. 120, no. 4 (2018 Jan. 26)
v. 120, no. 3 (2018 Jan. 19)
v. 120, no. 2 (2018 Jan. 12)
v. 120, no. 1 (2018 Jan. 5)

CALL NUMBER QC1 .P43
Copy 2
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 2 (2019 Jan. 18)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 24 (2018 Dec. 14)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 7 (2018 Aug. 17)
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v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 2 (2018 July 13)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)
v. 120, no. 19 (2018 May 11)
v. 120, no. 18 (2018 May 4)
v. 120, no. 17 (2018 Apr. 27)
v. 120, no. 16 (2018 Apr. 20)
v. 120, no. 15 (2018 Apr. 13)
v. 120, no. 14 (2018 Apr. 6)
v. 120, no. 13 (2018 Mar. 30)
v. 120, no. 12 (2018 Mar. 23)
v. 120, no. 11 (2018 Mar. 16)
v. 120, no. 10 (2018 Mar. 9)
v. 120, no. 9 (2018 Mar. 2)
v. 120, no. 8 (2018 Feb. 23)
v. 120, no. 6 (2018 Feb. 9)
v. 120, no. 5 (2018 Feb. 2)
v. 120, no. 3 (2018 Jan. 19)
v. 120, no. 2 (2018 Jan. 12)
v. 120, no. 1 (2018 Jan. 5)

IBM CORPORATION v. RIGETTI & COMPANY 
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Full Record MARC Tags

000 03532cas a2200841   4500

001 11152495

005 20190731075700.0

008 751019c19589999nyuwr p       0   a0eng  

010 __  |a  59037543

016 7_  |a 000001920809 |2 AU

016 7_  |a 0401141 |2 DNLM

016 7_  |a P14000000 |2 DNLM

016 7_  |a 007862857 |2 Uk

022 __  |a 0031-9007 |l 0031-9007 |2 1

030 __  |a PRLTAO

032 __  |a 431260 |b USPS

035 __  |a (OCoLC)ocm01715834

040 __  |a DLC |b eng |c MUL |d NSD |d COO |d DLC |d SER |d RCS |d AIP |d NST |d OCL |d NST |d MYG |d NSD |d FUG |d NSD |d IUL |d WAU |d OCL |d NS
D |d MYG |d NLM |d MYG |d AGL |d OCLCQ |d CDS |d OCLCQ |d NLGGC |d LVB |d NSD |d SERSO |d OCLCQ |d UKMGB |d DMF |d OCLCF |d BEDGE
 |d P4I |d IUL |d OCLCO |d CLS |d OCLCO |d AU@ |d OCLCQ |d OCLCA

042 __  |a nsdp |a pcc

050 00  |a QC1 |b .P43

060 00  |a W1 |b PH739

070 0_  |a 334.8 |b P566

072 _0  |a X400

082 04  |a 530.5

210 0_  |a Phys. rev. lett. |b (Print)

222 _0  |a Physical review letters |b (Print)

245 00  |a Physical review letters.

260 __  |a [Woodbury, N.Y., etc.] |b American Physical Society.

300 __  |a volumes |b illustrations |c 27 cm

310 __  |a Weekly, |b <Feb. 1976->

321 __  |a Semimonthly, |b 1958-

336 __  |a text |b txt |2 rdacontent

337 __  |a unmediated |b n |2 rdamedia

338 __  |a volume |b nc |2 rdacarrier

362 0_  |a v. 1- July 1958-

510 2_  |a Chemical abstracts |x 0009-2258

Search Navigation !      1 of 4 ∠

PERIODICAL OR NEWSPAPER

Physical review letters

∠
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$ Item Availability

CALL NUMBER Electronic resource

Request in .Electronic Journal

Links available http://pre.aps.org/

530 __  |a Also issued on CD-ROM annual ed.

555 __  |a Author index: Vols. 1-5, 1956-60, included in author index for Physical review, v. 101-120, 1956-60; Vols. 6-15, 1961-65, included in author index for
Physical review, v. 121-140, 1961-65; Vols. 16-23, 1966-69, included in author index for Physical review, v. 141-188, 1966-69.

580 __  |a Formerly a section in: Physical review, ISSN 0031-899X.

590 __  |a SERBIB/SERLOC merged record

650 _0  |a Physics |v Periodicals.

650 _6  |a Physique |v Périodiques.

650 _7  |a Hebdomadaires. |2 eclas

650 _7  |a Physique. |2 eclas

650 _7  |a Recherche scientifique. |2 eclas

650 _7  |a Physics. |2 fast |0 (OCoLC)fst01063025

650 17  |a Natuurkunde. |2 gtt

650 _2  |a Physics.

655 _0  |a Electronic journals.

655 _4  |a Computer network resources.

655 _7  |a Periodicals. |2 fast |0 (OCoLC)fst01411641

655 _7  |a Electronic journals. |2 lcgft

655 _2  |a Abstracts.

655 _2  |a Periodical.

710 2_  |a American Physical Society.

776 1_  |t Physical review letters (CD-ROM) |x 1092-0145 |w (DLC)sn 96027543 |w (OCoLC)35157254

776 1_  |t Physical review letters |x 1079-7114 |w (DLC)sn 94003079 |w (OCoLC)31492939

776 08  |i Online version: |t Physical review letters |w (OCoLC)563827352

776 08  |i Online version: |t Physical review letters |w (OCoLC)604821279

780 13  |t Physical review |x 0031-899X |w (DLC) 12037719 |w (OCoLC)1715212

850 __  |a CaOOG |a DLC |a DNAL |a FU |a IaU |a InU |a NNC |a NcRS |a OrU-S

859 41  |u http://www.ref.oclc.org:2000 |z Subscription required

859 41  |u http://prl.aps.org/

853 20  |8 1 |a v. |b no. |u 26 |v r |i (year) |j (month) |k (day) |w w |x 01,07

863 41  |8 1.1 |a <91> |b <1> |i <2003> |j <01> |k <10>

890 __  |a Physical review letters. (American Physical Society) Freeport. N. Y. |i 59-37543

906 __  |a 7 |b cbc |c serials |d 3 |e ncip |f 19 |g n-oclcserc

920 __  |a Keep 1

923 __  |a  |d 2010-5-21 |s Group Registration

955 __  |h da11 2004-05-17 |a Barcode 00280812055 returned from bindery 2010-01-29 |a Barcode 00280812067 returned from bindery 2010-01-29

984 __  |a srvf |d 2001-09-04

985 __  |e eserial 200406

992 __  |b SER |w SERLOC

Request this Item    % LC Find It

Item Availability
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CALL NUMBER QC1 .P43
Set 1

Request in Jefferson or Adams Building Reading Rooms

Status c.1 v. 103, no. 6-9 2009 Aug In Process 02-16-2011
c.1 v. 115, no. 23-24 2015 Dec.4-11 Charged - Due - (Internal Loan)

Older receipts v.1-v.21:no.3 (1958:July-1968), v.21:no.5-v.53 (1968-1984:Dec.17), v.53-v.59:no.17 (1984:Dec.31-1987:Oct.22), v.59:no.19-v.63:no.18
(1987:Nov.9-1989:Oct.29)
v.63:no.21-v.65:no.2 (1989:Nov.20-1990), v.65:no.5-v.65:no.16 (1990), v.65:no.18-v.67:no.5 (1990-1991), v.67:no.7-v.67:no.15 (1991)
v.67:no.17-v.96:no.26 (1991-2007:June), v.99:no.1-v.99:no.26 (2007:July-2007:Dec)
v.100:no.1-v.103:no.23 (2008:Jan.11-2009:Dec.4), v.103:no.25-v.104:no.16 (2009:Dec.18-2010:Apr.23), v. 104:no.18-v.114:no.23
(2010:May-2015:June 12), v.115-v.117:no.1 (2015:July-2016:July 1), v.117:no.3-v.118:no.7 (2016:July 15-2017:Feb.17), v.118:no.9-
v.118:no.23 (2017:Mar.3-2017:June 9), v.118:no.25-v.119:no.26 (2017:June 23-2017:Dec.29)

CALL NUMBER QC1 .P43
Copy 1
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Status v.87, no.23 2001 Dec.3 (DMG) In Process 12-04-2003

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 20 (2018 Nov. 16)
v. 121, no. 19 (2018 Nov. 9)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 9 (2018 Aug. 31)
v. 121, no. 8 (2018 Aug. 24)
v. 121, no. 7 (2018 Aug. 17)
v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 5 (2018 Aug. 3)
v. 121, no. 4 (2018 July 27)
v. 121, no. 3 (2018 July 20)
v. 121, no. 2 (2018 July 13)
v. 121, no. 1 (2018 July 6)
v. 120, no. 26 (2018 June 29)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
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v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)
v. 120, no. 19 (2018 May 11)
v. 120, no. 18 (2018 May 4)
v. 120, no. 17 (2018 Apr. 27)
v. 120, no. 16 (2018 Apr. 20)
v. 120, no. 15 (2018 Apr. 13)
v. 120, no. 14 (2018 Apr. 6)
v. 120, no. 13 (2018 Mar. 30)
v. 120, no. 12 (2018 Mar. 23)
v. 120, no. 11 (2018 Mar. 16)
v. 120, no. 10 (2018 Mar. 9)
v. 120, no. 9 (2018 Mar. 2)
v. 120, no. 8 (2018 Feb. 23)
v. 120, no. 7 (2018 Feb. 16)
v. 120, no. 6 (2018 Feb. 9)
v. 120, no. 5 (2018 Feb. 2)
v. 120, no. 4 (2018 Jan. 26)
v. 120, no. 3 (2018 Jan. 19)
v. 120, no. 2 (2018 Jan. 12)
v. 120, no. 1 (2018 Jan. 5)

CALL NUMBER QC1 .P43
Copy 2
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 2 (2019 Jan. 18)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 24 (2018 Dec. 14)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 7 (2018 Aug. 17)
v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 2 (2018 July 13)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)

IBM CORPORATION v. RIGETTI & COMPANY 
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Superconducting quantum circnits hased on Josephson junctions have made rapid progress in demon­
strating quantnm behavior and seal ability. However, Lhe fu Lure prospects ultimately depend npon the 
intrinsic coherence of Josephson jnnctionst and whether ,1:;uperconducting qubits can be adequately 
isolated from their environment. We introduce a new architecture for superconducting quantum circuits 
employing a three-dimensional resonator that suppresses qubit decoherence while maintaining sufficienl 
coupling to the conlrol signal. With the new architecture, we demonstrate that Josephson junction qubits 
are highly cohereut, with T2 ~ IO to 20 µ.s without the use of sp1n ech(\ and h1ghly stable1 showing no 
evidence for 1 / f critic al current noise. These results suggest that the overall quality of J osephsou 
junctions in these qubits will allow error rates of a few 10 4, approaching Lhe error correction threshold. 

DOI: 10.1103/PhysRevLett.107.240501 

Superconducting circuits are a promising technology for 
quantum information processing with solid-state devices. 
Several different types of qubits [1,2] have been developed, 
which all rely on the nonlinearity of one or more Josephson 
junctions. Ideally, the Josephson junctions should be dis­
sipationless and highly stab]e to avoid decoherence, while 
providing the crucial an harmonici ty that allows indi victual 
~nergy levels to be separately addressed. In the past de­
cade, the coherence time of superconducting qubits has 
increased from initially only a few nanoseconds to typi­
cally about a microsecond today. This has permitted ex -
periments where two or three q ubi ts are controlled~ 
entangled [3-6], and used to demonstrate simple algo­
rithms [7]. However, scaling more than three quhi ts with 
an acceptable level of fide1ity and coherence wil I require 
higher coherence ti mes than the current state of art. Two 
major outstanding questions are whether su percond uc ting 
q u bit coherence can improve further and whether there 
are fundamental limits on coherence imposed by the 
Josephson junctions. 

The coherence can either be limited by possible imper­
fections in the Josephson junctions or by unintended inter­
actions with the environment. Even if the junctions were 
perfectly coherent, achieving a long coherence time also 
requires understanding and controlling the Hamiltonian 
such that the terms coupling the q ubit to the outside 
World can be made small. For example, in the hydrogen 
atom a coupling of only 40 parts per billion (ppb) to the 
electromagnetic continuum gives rise to spontaneous 
emissiou and a quality factor Q of about 2 5 mil 1 ion 
(25 X 106). Building a scalable quantum computer using 

PACS numbers: 03.67 .Lx, 42.50.Pq, 85.25. -j 

superconducting qubits therefore requires engineering a 
Hamiltonian where the undesirable couplings that lead to 
decohcrence are kept at the part per million (ppm) to ppb 
level. Can a man-made, macroscopic quantum system 
based on Josephson junctions have well-defined quantum 
states that approach this level of coherence? 

Here we present results on a new implementation of a 
superconducting qubi t where we carefu11 y control the cou­
pling to the environment, obtaining an increase in coher­
ence by over an order of magnitude. We observe 
reproducihle qubit lifetimes for relaxation (T1) up to 
60 µs, and lifetimes of coherent superpositions (T2) of 
I 0-20 µs, corresponding to quality factors for both dis­
sipation (Q 1 = w 01 T1 ~ 2 X 106

1 where w01 is the transi­
tion frequency of the qubit) and decoherence 
(Q2 = w 01 T2 .-.,_, 7 X 105) of about l X 106 . The high 
quality factorn observed imply that the instability in the 
pc1rameters of our system, the intrinsic dissipation in the 
Josephson junction, and the size of the undesired couplings 
are all in fact smaller than 1 ppm. Together with the fast 
gate time (tgaLC -- 10 ns) previously demonstrated in super­
conducting qubits [St we estimate the error rate wiJI be 
approximately f gate/T2 ~ 5 X 10-4• These results suggest 
that existing Josephson junction technology should allow 
superconducting circuits to achieve coherence levels com­
patible with scalable quantum computing in the solid state. 

Our experiment employs a particularly simple transmon 
q u bit [9, 1 O] ~ consisting of ju st two superconducting elec­
Lrodes connected with a single small aluminum Josephson 
junction, that requires no bias circuitry and has minimal 
sensitivity lo I// noises in charge or flux! coupled to a 

0031-9007 / 11/107(24)/24oso1cs) 240501-1 © 2011 American Physical Society 
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(a) Sc.:h~nrnt.ic of a transmon 4ubit inside a JD cavily. The qubit 
is coupled to the cavity through a hroadhmid ui pole antenna that 
is u.scu tu receive and emit photons. (h) Photograph of a half of 
the 3D aluminum wa vcgu icJc cavity. An a] u min um tran smon 
qu bit wil h the di pole antenna is f ahricmed on a c-plane sapphire 
substrate and is mounted nl the center of the wvity. (lnset) 
Optic.:al microscope image of a single-junction transmon qnhit. 
The dipole antenna is I mm long, (c) Transmission of a 3D 
cavily (cavity D) coupled to a transmon (Jl) measured as a 
function of power and frequency. The cavity response above 
-80 <lBm occurs m the bare (avit.y frequency /L = 8.003 GHz. 
Al lower powersl the cavity freqnency shifts by g2 / 8. 

microwave resonant cavity that can act as Lln entanglement 
bus and readout circuit. Neglecting the interactions with its 
environment, the trans mon is dcscri bed by the simp]e 
Hamiltonian l9, 111 Ii = 4Ec(fi -- n.0)2 - £1 cos¢ where 
ft and Ji are the normalized operators for the pair charge 
and phuse (obcyi ng [ ¢, ,1] = i), E 1 = fl(. /2e uml E c = 
e2 /2C"i.. are the Josephson and Coulomb energies, e is the 
electron's charge, / (,' 1 s the junction critical current. Cl is 
the. total capacitance between the e] ectrodes, and n O is the 
off set charge. 

The experiments arc performed using a circuit QED 
architecture l l 2~ 13 l, a circuit imp] ementation of a cavity 
QED l 14J, to isolate., couple, and measure the qubit. A 
novel aspect. is lhe use of a three-dimensional waveguide 
cavity machined from superconducting aluminum (a1loy 
6061 T6). us shown in Hgs. l(a) and l (h). This type of 
cavity offers several advantages over the planar 
transmission-line cavities used in previous circuit QED 
experimenls. First, the cavity has a larger mode volume 
(approximately 3 cm3 or one tenth of u cubic wavelength, 
compared to the 1 o- 6 cubic wavelengths for a conventional 
tran sm i ss ion-line resonator), and is much less sen si ti ve to 
the sUifac:e dielectric losses thal arc suspected as the limit­
ing source of dissipation in transmission-line resonators to 

dale r 11 5, I. 61. Indeed .. WC have observeu reprouucible qual-
1cy factors of these cavities fl 7] of 2 X I 0(, to 5 x 1 on 
~oJTesponding_ to photon ~torage th~1es in e~~esN <:,r 50 ,u~ 
,:, not sho\.vn) an lhe quant um reg1mC' (k 0 I << l, w

1
, und 

(n) < 1. where lu, is the cavity frequency), whhout the 
power dependence l I 5, 16"1 indicative of the presence of 
two-level s ystcms. Second1 the geometry pre sen ts the qubi 1 
with a well-controlled clcct.romagnelic envi ronmcnt, I irnit­
ing the possibility of relaxation through spontaneous emis­
sion into the multiple modes that may he possibJe with a 
com plicalcd chip and its associated wiring [ 1 8]. The qubit 
i.s placed in the center of the cavity, maximizing the 
coupling to the lowest frequency TE IOI mode at wj27r ........ 
8 GHz, which is used for readout and control. This location 
also nu11s the coupling to the second mode (TE102 at 
approximately IO GHz). 

Despite the I arger mode volume of the threc­
dimens ion aJ cavity, we are able to achieve the strong­
coupling limit of cavity QED in this system, with vacuum 
Rabi frequencies~ g /2'1r, grcalcr than 100 MHz. As seen in 
Fig. 1 (b), the electrodes of the qu bit are signi fi can tl y 1 urger 
l ~ 0.5 mm] than in a conventional transmon qubit, so that 
the increased di pole moment of the qu bit compensates for 
the reduced electric fie Id that a single photon creates in the 
cavity. We note that due to the large dipole- moment, the 
expected lifetime from spontaneous emission in free space 
would be only ~ l 00 ns, so that a h1gh-Q cavity is required 
to maintain the qubit lifetime. The electrodes also form the 
shunting capacitance (C1 ~ 70 iF) of the transmon, giving 
it the same anharmonicily and the same insensitivity to 1/ f 
charge noise as in the conventional design. An advantage 
of this qubit design is that the large electrode si1.c reJuccs 
the sensitivity of the qubit to surface dielectric Josses, 
which may be res ponsi blc for the improved re I axation 
times. In this experiment~ the qubits cannot be tuned into 
resonance with the cavity, so the vacuum Rabi coupling is 

not observed directly. The system is rather operated in the 
dispersive limil (I 81 = lwc - w01' » g) ll 31. Here the 
qubit induces a state-dependent shift on the cavity .. which 
i~ Lhc basis of the readou t mechanism. The dispersive shifts 
are typically several tens of MHz (see Table I), antl can 
a-pproac h J 000 times the Ji new id ths of q u bit and t:a vi t y. so 
that an devices an~ well within the strong dispersive I imit 
[ 19"]. Tl e transmission through the cavity as a fund ion of 
mi,orowave power~ which demonstrates the grounu-state 
shrn of the cavity and the reemergence of the bare cavity 
l'requency at sufJ:icicntly high powers ( see Refs. r20\2l l) is 
"hown in Fig. t (c). Single-slot re~u.lout of the qubH (wi1h 
fi. dclities greater than 70%) is performed using the Lech­
nique pre vi ousJ y described [20 J. 

·The dramatically improved coherence properties of 
these qu bi ts arc confirmed via the srnndard time-domain 
mea ·uremems. of the relaxat ion time (1'1) and Ramsey 
cxpertments (1'2) (see Fig. 2 and Table I). We employ the 
same Lechnigues used 1n the previous conventional 
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TABLE l Ptln@ctcrs of four trnnsmon quh1ts (labeled as J\ for single-junction qubits and S's for SQUID) measured in four 
different 3D ca vi lies (labck<l as A, B , C and D respectively). The data of Jla and Sa are data on quhits 11 and S folJowing cyding to 
room temperature. Hert\ foi = w01 /2 rr is the dressed quhit transition frequency between ground-state !O) and the first exdteu slate 
j l }, g /2 rr is the coupling slrength, g2 /2 rro is the cavity frequency shift from the bare cavity frequency due to the qubit, f c = wcf2-rr is 
the bare cavity frequency, Qc is the quality factor of the shifted cavity resonance at single-photon power, T 1 is the relaxation time from 
11) to IO), T2 is the coherence lime mcmmrcd by Ramsey experiment, and Techo is Lhe coherence time measured by a spin-echo 
experi rnent. 

Qubit (c<1vity) / 01 (GHz) E1 (GHz) Ee (GHz) g/21r (MHz) g2 /21r8 (MHz) fc (GHz) Qc (x l03) T1 (µs) T2 (µ s) Techo (µ.s) 

Jl (D) 6.808 21.1 0.301 138 

Jla (D) 6.769 21.0 0.301 140 

12 (C) 7.772 28.6 0.292 152 

13 (B) 7.058 22.5 0.304 141 

s (D) 7.625 34.4 0.227 136 

Sa (A) 7.43 32.5 0.228 123 

transmon experiment (see Refs. [8, 18,221) performed in a 
cryogen-free dilution refrigerator at 10 mK. The qubits 
have an anhannonicity a/21T = f 12 - fo1 ,..__, -200 MHz 
to - 300 MHz which allows fast single-qubit operations in 
~ 1 0 ns. There are several surprising foalures in the time­
domain data. first, while T2 's arc typically in the range of 
15-20 µs, they do not yet attain Lhe limit twice T1 which is 
reproducibly in the range 25-50 µs corresponding to 
Q 1 = 1-2 X 106 • This indicates that there is still signifi­
cant dephasing. At the same time, both the Ramsey decay 
envelope and the echo coherence ( which has an artificial 
phase rotation as a function of the delay added) can be fit 
well by an exponentia] decay, indicating that contrary to 
the previous predictions [ 23 ,24 J t 1 / f noise is not dominant 
[221 in our experiment. This is consistent with the expec­
tation that these simple qubi ts should a void dephasing due 
to both ] If flux noise (since there are no superconducting 
loops) and charge noise (since the total charge variation of 
the transition frequency [9] for these transmon parameters 
is less than I kHz). The observed phase coherence factor, 
Q2 ...._. 700 000~ is an order of magnitude larger than pre­
vions superconducting devices [ I 0,25]. Si nee the transition 
frequency of the transmon qubit (w01 ~ JSE1 Ec.J is set by 
a combination of the Josephson and charging energies, this 
allows us to place stringent 1 i mi ts on the amount of critical 
current noise in Josephson junctions, or dielectric fl uctua­
tions in the shunt capacitance. We find that any critical 
current noise must have a total variance of less than about 
J ppm (BI/ I c < 1 o- 6

). In fact, the observed Ramsey 
and echo decays are more consistent with frequency­
independent noise in the qu bit transition frequency ( or 
critical current) of about ~Scr1/woi ~ 10 ppb/..J'Hz or 
~ ~ 20 ppb/-JHz. The improvement by approxi­
mately a factor of 2 with echo indicates either a character­
istic correlation ti me in this noise of about l 0 µ sJ or an 
additional ]ow-frequency noise (but not 1/ fin character) 
component with a variance of about I ppm. 

The high stability of the qubit lransition frequency is 
exhibited in Fig. 2(c)t which shows the deviations observed 
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FIG. 2 (color online). Time-domain measurement of the q ubit 
coherence (a) Relaxation from 11) of qubit Jl. T 1 is 60 µs for 
Lhis measurement. (lnset) The pulse sequences used to measure 
relaxation (upper) and Ramsey experiments w1th and without 
echo (lower). The pulse shown in dashed Jine is an echo signal 
applied at one half of the delay between two n-/2 pu1ses. 
(b) Ramsey fringes measured on resonance with (h]ne ~quares 
online or upper curve) and without (red squares online or lower 
curve) echo sequence. The pulse wi<lth for the 1r and -JT /2 pulses 
nsed in the experiments is 20 ns. An additional phase is adde<l to 
the rotation axis of the secon<l 71" /2 pulse for ea{;h delay to give 
the osci I1 atory featnre to the Ramsey fringes. ( c) Qu bit frequen~y 
f 01 measured over 23 h by repeated Ramsey measurements. 
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plus a temperature-independent rdax.ation rate with the same 
fitting pararnclL:r of ~ = 194 µ,c V for both Tt an<l fot. (See 
Supplemental Mat~riaJ f22l for details.) The bJue srnall-dushed 
curve is the thcordica l T-2 from l / f t:1itical cun-ent iluclual ions 
predicted by Ref. [231. 

in the Ramsey detuning compared to the microwave gen­
erator over l cl. The parameters in the Hamiltonian or this 
artificial quantum system are seen lo be stable for long 
perio<ls to within ---600 H, or ___,, 80 pp b owr many hours. 
Discrete jumps of a few kHz (or about 1 ppm) are 
occasionally observed, which are consistent in siz~ with 
that expected by single atomic rearrangements in the 
tunnel junction barrier. On subsequent therm a 1 cycling 
of two devices, a slow telegraph switching behavior 
(with 8 f ~ 5-5 0 kH:1.) was also observed. These observa­
tions con firm the ability of this type of ex peri me nt tu 
reveal tiny variations in junction parameters which would 
be undetectable in previous superconducting 4uhit 
expcri rnents. 

It is still not clear what mechanisms limit the coherencG 
in these new qubits, bul some information can he obtained 
hy measuring the dependence of coherence times on sam­
ple tern pera tu re. as shown in Pig, 3. The. most striking 
effect is the rapid decrease in the rclaxati on ti me, T 1 , 

once the temperature exceeds about 130 mK, which is in 
good quantitative agreement with a recent theory on the 
effects of quasipartkles [22,261 using only a single fit 
pararn cter which is the gap of the superconductor ( t,, = 
194 µ.,e V). The saturation of the relaxation ti mes helow 
this temperature means that e1thcr the qubits arc limited by 
the presence of out-of-equilibrium quasipmticks, or other 
.mechanisms such as spontm1eou.s emission (the Purce11 
effect) or dielectric losses in the sapphire. The observed 

time~ pla~c. a strin~cnt ~pper bound on the density of these 
q uas.1 pan le) es. w111 ch 1 s Jess than one qt 1~,s i P<trt.ic le 

1.· • ,,. l . • per 
cu uIc Irnnm1. t w ,1 norm~h tZel q u ru, 1 part l~ le density , . 

. . . -"qp = 
n<nJ n pnir~ < 5 X IO 7 f where n yp 1s l he dt:ns1 t y of quas 1 .. , 
particles and npair~ is the density ol' Cooper pairs). This i~ 
an order of magnitude lower density than reported in recent 
measurement!) on phase qubits [27J or lnmsmission-linc 
resonators l28 ]. We also observe a frequency shjft of the 
q ubi t transition due lo the induced thermal q u a8iparLicles 
[Fig. 3( b) l, again in quanti tali vc agreement with the pre­
diclion s of Ref. f261 . The coherence times T2 and Te~ho are 
observed to Jecrease slowly with temperature, inconsistent 
with either the quadratic l23] or linear [24 J temperature 
scalings reported previously for critical current noise. 
Another mechanism for rc1axation is spontaneous en1ission 
of the qubil via the cavity ( the Purce! l e-ff ect ), which is 
consislcnt with the general trend that qubils with smaller 
de tunings from the cavity tend lo have shorter Ii foti mes. 
Our estimates of the nm 1 ti mode. Purcell effect [ 18 J for 
these cavities predict only a small contribution to T1 for 
rn ost <lcvi ces m easurcd so far, but the data do not yet aUow 
a detailed test of the Purcell model. Further expcrirnen ts 
which vary qubit and cavity parameters wi11 be required to 

identify and hopefully further reduce <lcwherence. 
Nonetheless, the current results already indicate thal the 
intJinsic quality factor of Josephson junctions is greater 
than l X l06• 

We have presented a new implementation of supercon­
ducting quhits coupleJ to a 3D microwuve cavity with an 
order of magnitude improved coherence. While there have 
been rcccn t observations of individual <levices with com­
parable T1 [29] or Tccho times [30 J, we have rcproducjhly 
obtained both relax at ion (T 1 ) and coherence (T 2 ~ without 
echo) times in excess of 10 µ,s. Our qubits demonstrate 
remarkable long-term stability, indicating that critical cur~ 
rent fluctuations are much smaller than previously pre­
dicted. The dissipation and the frequency shift. as a 
function of tern pera ture confirm recent theoretica 1 predic­
tions on the effects of thermLllly jnduced quasiparticlcs. 
The lifetimes at low temreratures imply lhat the intrinsic 
qunlity factor or Josephson junctions _·m1 be gr.ealcr tb!Ul 

l X I 06 and enable us Lo place signilicantly mor~ stringent 
lin1its on ,,my possihle backgrounu density or nonequiJib­
ri um quasj pmti c I es. 

Our new arc '1ikcture proviJes a particularly simpJe 
electromagnetk· environment for the qubits. amJ t]u:-reby 
reduces the sources of <lecoherencc. TIJ e good slabi Ii t y mid 
long coherence times obtained from the-new architecture 
enable us to detect couphngs of the quhit to any low-energy 
degrees of freedom. at t.he levd ol' a fraction of only a Pf m. 
The improveu C<lherence was ac:h.i =-ved with,1ut r~du ·ing 
dther the anharrnonici,Ly or the coupling strength hctwl'eJl 
the gubil nn<l cavity which. hould still permit fa.~t on~ au<l 
two-qubiL tlpcratjons. Scaling ·, his architecture to nndtiple 
quhit1., is not hard~r thm1 for conventiom1i ~upercon<luctirl!:! 
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drcuits. For exam plet more qubi ts can be added inside a 
30 cavity snch that they couple to each other. These resnlts 
are therefore encouraging for all experiments with super­
conducting quantum circuits. The cvolu tion of this archi­
tecture could allow future devices to approach the error 
levels required to achieve. the quantum error correction 
threshold and make it possible to realize larger entangle,d 
states and more com plcx algorithms wjth superconducting 
quantum systems. 
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https://catalog.loc.gov/vwebv/search?searchArg=American%20Physical%20Society.&searchCode=NAME%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Physics--Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Physics--Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/acsvoyager/voyagerLogin.htm?page=request&bibId=11152495&recCount=25&recPointer=0&searchId=9273
https://catalog.loc.gov/acsvoyager/voyagerLogin.htm?page=request&bibId=11152495&recCount=25&recPointer=0&searchId=9273
https://openurl.loc.gov/01loc?url_ver=Z39.88-2004&ctx_ver=Z39.88-2004&rfr_id=info%3Asid%2Fcatalog.loc.gov%3ALCDB&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Ajournal&rft.genre=journal&sfx.ignore_date_threshold=1&rft.lccn=59037543&rft.issn=0031-9007&rft.title=Physical+review+letters&rft.lccn=sn96027543&rft.lccn=sn94003079&&
https://openurl.loc.gov/01loc?url_ver=Z39.88-2004&ctx_ver=Z39.88-2004&rfr_id=info%3Asid%2Fcatalog.loc.gov%3ALCDB&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Ajournal&rft.genre=journal&sfx.ignore_date_threshold=1&rft.lccn=59037543&rft.issn=0031-9007&rft.title=Physical+review+letters&rft.lccn=sn96027543&rft.lccn=sn94003079&&
https://catalog.loc.gov/vwebv/holdingsInfo?searchId=9273&recPointer=1&recCount=25
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Other Subjects Physics.
Hebdomadaires.
Physique.
Recherche scientifique.
Physics.
Natuurkunde.

Form/Genre Electronic journals.
Computer network resources.
Periodicals.
Electronic journals.
Abstracts.
Periodical.

Browse by shelf order QC1

Notes Formerly a section in: Physical review, ISSN 0031-899X.

Indexed selectively by Chemical abstracts 0009-2258

Indexes Author index: Vols. 1-5, 1956-60, included in author index for Physical review, v. 101-120, 1956-60; Vols. 6-15, 1961-65, included in author
index for Physical review, v. 121-140, 1961-65; Vols. 16-23, 1966-69, included in author index for Physical review, v. 141-188, 1966-69.

Additional formats Also issued on CD-ROM annual ed.
Physical review letters (CD-ROM) 1092-0145 (DLC)sn 96027543 (OCoLC)35157254
Physical review letters 1079-7114 (DLC)sn 94003079 (OCoLC)31492939
Online version: Physical review letters (OCoLC)563827352
Online version: Physical review letters (OCoLC)604821279

LCCN 59037543

CODEN PRLTAO

Dewey class no. 530.5

NLM class no. W1 PH739

NAL class no. 334.8 P566

Postal reg no. 431260 USPS

National bib agency no. 000001920809
0401141
P14000000
007862857

Other system no. (OCoLC)ocm01715834

Additional Links http://www.ref.oclc.org:2000 Subscription required
http://prl.aps.org/

Type of material Periodical or Newspaper

Content type text

Media type unmediated

Carrier type volume

Item Availability
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https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20journals.&searchCode=SUBJ%2B&searchType=1&recCount=25
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https://catalog.loc.gov/vwebv/search?searchArg=Computer%20network%20resources.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Computer%20network%20resources.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodicals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20journals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20journals.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Abstracts.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Abstracts.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodical.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=Periodical.&searchCode=SUBJ%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1&searchCode=CALL%2B&searchType=1&recCount=25
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CALL NUMBER Electronic resource

Request in .Electronic Journal

Links available http://pre.aps.org/

CALL NUMBER QC1 .P43
Set 1

Request in Jefferson or Adams Building Reading Rooms

Status c.1 v. 103, no. 6-9 2009 Aug In Process 02-16-2011
c.1 v. 115, no. 23-24 2015 Dec.4-11 Charged - Due - (Internal Loan)

Older receipts v.1-v.21:no.3 (1958:July-1968), v.21:no.5-v.53 (1968-1984:Dec.17), v.53-v.59:no.17 (1984:Dec.31-1987:Oct.22), v.59:no.19-v.63:no.18
(1987:Nov.9-1989:Oct.29)
v.63:no.21-v.65:no.2 (1989:Nov.20-1990), v.65:no.5-v.65:no.16 (1990), v.65:no.18-v.67:no.5 (1990-1991), v.67:no.7-v.67:no.15 (1991)
v.67:no.17-v.96:no.26 (1991-2007:June), v.99:no.1-v.99:no.26 (2007:July-2007:Dec)
v.100:no.1-v.103:no.23 (2008:Jan.11-2009:Dec.4), v.103:no.25-v.104:no.16 (2009:Dec.18-2010:Apr.23), v. 104:no.18-v.114:no.23
(2010:May-2015:June 12), v.115-v.117:no.1 (2015:July-2016:July 1), v.117:no.3-v.118:no.7 (2016:July 15-2017:Feb.17), v.118:no.9-
v.118:no.23 (2017:Mar.3-2017:June 9), v.118:no.25-v.119:no.26 (2017:June 23-2017:Dec.29)

CALL NUMBER QC1 .P43
Copy 1
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Status v.87, no.23 2001 Dec.3 (DMG) In Process 12-04-2003

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 20 (2018 Nov. 16)
v. 121, no. 19 (2018 Nov. 9)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 9 (2018 Aug. 31)
v. 121, no. 8 (2018 Aug. 24)
v. 121, no. 7 (2018 Aug. 17)
v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 5 (2018 Aug. 3)
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https://catalog.loc.gov/vwebv/search?searchArg=Electronic%20resource&searchCode=CALL%2B&searchType=1&recCount=25
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https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25
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v. 121, no. 4 (2018 July 27)
v. 121, no. 3 (2018 July 20)
v. 121, no. 2 (2018 July 13)
v. 121, no. 1 (2018 July 6)
v. 120, no. 26 (2018 June 29)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)
v. 120, no. 19 (2018 May 11)
v. 120, no. 18 (2018 May 4)
v. 120, no. 17 (2018 Apr. 27)
v. 120, no. 16 (2018 Apr. 20)
v. 120, no. 15 (2018 Apr. 13)
v. 120, no. 14 (2018 Apr. 6)
v. 120, no. 13 (2018 Mar. 30)
v. 120, no. 12 (2018 Mar. 23)
v. 120, no. 11 (2018 Mar. 16)
v. 120, no. 10 (2018 Mar. 9)
v. 120, no. 9 (2018 Mar. 2)
v. 120, no. 8 (2018 Feb. 23)
v. 120, no. 7 (2018 Feb. 16)
v. 120, no. 6 (2018 Feb. 9)
v. 120, no. 5 (2018 Feb. 2)
v. 120, no. 4 (2018 Jan. 26)
v. 120, no. 3 (2018 Jan. 19)
v. 120, no. 2 (2018 Jan. 12)
v. 120, no. 1 (2018 Jan. 5)

CALL NUMBER QC1 .P43
Copy 2
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
v. 122, no. 3 (2019 Jan. 25)
v. 122, no. 2 (2019 Jan. 18)
v. 122, no. 1 (2019 Jan. 11)
v. 121, no. 26 (2018 Dec. 28)
v. 121, no. 25 (2018 Dec. 21)
v. 121, no. 24 (2018 Dec. 14)
v. 121, no. 23 (2018 Dec. 7)
v. 121, no. 22 (2018 Nov. 30)
v. 121, no. 21 (2018 Nov. 23)
v. 121, no. 18 (2018 Nov. 2)
v. 121, no. 17 (2018 Oct. 26)
v. 121, no. 16 (2018 Oct. 19)
v. 121, no. 15 (2018 Oct. 12)
v. 121, no. 14 (2018 Oct. 5)
v. 121, no. 12 (2018 Sept. 21)
v. 121, no. 11 (2018 Sept. 14)
v. 121, no. 10 (2018 Sept. 7)
v. 121, no. 7 (2018 Aug. 17)

IBM CORPORATION v. RIGETTI & COMPANY 
IBM-1022 / Page 491 of 566

https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25
https://catalog.loc.gov/vwebv/search?searchArg=QC1%20.P43&searchCode=CALL%2B&searchType=1&recCount=25


8/3/19, 10)09 PMLC Catalog - Item Information (Full Record)

Page 5 of 5https://catalog.loc.gov/vwebv/holdingsInfo?searchId=9273&recCount=25&recPointer=0&bibId=11152495

v. 121, no. 6 (2018 Aug. 10)
v. 121, no. 2 (2018 July 13)
v. 120, no. 25 (2018 June 22)
v. 120, no. 24 (2018 June 15)
v. 120, no. 23 (2018 June 8)
v. 120, no. 22 (2018 June 1)
v. 120, no. 21 (2018 May 25)
v. 120, no. 20 (2018 May 18)
v. 120, no. 19 (2018 May 11)
v. 120, no. 18 (2018 May 4)
v. 120, no. 17 (2018 Apr. 27)
v. 120, no. 16 (2018 Apr. 20)
v. 120, no. 15 (2018 Apr. 13)
v. 120, no. 14 (2018 Apr. 6)
v. 120, no. 13 (2018 Mar. 30)
v. 120, no. 12 (2018 Mar. 23)
v. 120, no. 11 (2018 Mar. 16)
v. 120, no. 10 (2018 Mar. 9)
v. 120, no. 9 (2018 Mar. 2)
v. 120, no. 8 (2018 Feb. 23)
v. 120, no. 6 (2018 Feb. 9)
v. 120, no. 5 (2018 Feb. 2)
v. 120, no. 3 (2018 Jan. 19)
v. 120, no. 2 (2018 Jan. 12)
v. 120, no. 1 (2018 Jan. 5)
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Full Record MARC Tags

000 03532cas a2200841   4500

001 11152495

005 20190731075700.0

008 751019c19589999nyuwr p       0   a0eng  

010 __  |a  59037543

016 7_  |a 000001920809 |2 AU

016 7_  |a 0401141 |2 DNLM

016 7_  |a P14000000 |2 DNLM

016 7_  |a 007862857 |2 Uk

022 __  |a 0031-9007 |l 0031-9007 |2 1

030 __  |a PRLTAO

032 __  |a 431260 |b USPS

035 __  |a (OCoLC)ocm01715834

040 __  |a DLC |b eng |c MUL |d NSD |d COO |d DLC |d SER |d RCS |d AIP |d NST |d OCL |d NST |d MYG |d NSD |d FUG |d NSD |d IUL |d WAU |d OCL |d NS
D |d MYG |d NLM |d MYG |d AGL |d OCLCQ |d CDS |d OCLCQ |d NLGGC |d LVB |d NSD |d SERSO |d OCLCQ |d UKMGB |d DMF |d OCLCF |d BEDGE
 |d P4I |d IUL |d OCLCO |d CLS |d OCLCO |d AU@ |d OCLCQ |d OCLCA

042 __  |a nsdp |a pcc

050 00  |a QC1 |b .P43

060 00  |a W1 |b PH739

070 0_  |a 334.8 |b P566

072 _0  |a X400

082 04  |a 530.5

210 0_  |a Phys. rev. lett. |b (Print)

222 _0  |a Physical review letters |b (Print)

245 00  |a Physical review letters.

260 __  |a [Woodbury, N.Y., etc.] |b American Physical Society.

300 __  |a volumes |b illustrations |c 27 cm

310 __  |a Weekly, |b <Feb. 1976->

321 __  |a Semimonthly, |b 1958-

336 __  |a text |b txt |2 rdacontent

337 __  |a unmediated |b n |2 rdamedia

338 __  |a volume |b nc |2 rdacarrier

362 0_  |a v. 1- July 1958-

510 2_  |a Chemical abstracts |x 0009-2258

Search Navigation !      1 of 4 ∠

PERIODICAL OR NEWSPAPER

Physical review letters

∠
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$ Item Availability

CALL NUMBER Electronic resource

Request in .Electronic Journal

Links available http://pre.aps.org/

530 __  |a Also issued on CD-ROM annual ed.

555 __  |a Author index: Vols. 1-5, 1956-60, included in author index for Physical review, v. 101-120, 1956-60; Vols. 6-15, 1961-65, included in author index for
Physical review, v. 121-140, 1961-65; Vols. 16-23, 1966-69, included in author index for Physical review, v. 141-188, 1966-69.

580 __  |a Formerly a section in: Physical review, ISSN 0031-899X.

590 __  |a SERBIB/SERLOC merged record

650 _0  |a Physics |v Periodicals.

650 _6  |a Physique |v Périodiques.

650 _7  |a Hebdomadaires. |2 eclas

650 _7  |a Physique. |2 eclas

650 _7  |a Recherche scientifique. |2 eclas

650 _7  |a Physics. |2 fast |0 (OCoLC)fst01063025

650 17  |a Natuurkunde. |2 gtt

650 _2  |a Physics.

655 _0  |a Electronic journals.

655 _4  |a Computer network resources.

655 _7  |a Periodicals. |2 fast |0 (OCoLC)fst01411641

655 _7  |a Electronic journals. |2 lcgft

655 _2  |a Abstracts.

655 _2  |a Periodical.

710 2_  |a American Physical Society.

776 1_  |t Physical review letters (CD-ROM) |x 1092-0145 |w (DLC)sn 96027543 |w (OCoLC)35157254

776 1_  |t Physical review letters |x 1079-7114 |w (DLC)sn 94003079 |w (OCoLC)31492939

776 08  |i Online version: |t Physical review letters |w (OCoLC)563827352

776 08  |i Online version: |t Physical review letters |w (OCoLC)604821279

780 13  |t Physical review |x 0031-899X |w (DLC) 12037719 |w (OCoLC)1715212

850 __  |a CaOOG |a DLC |a DNAL |a FU |a IaU |a InU |a NNC |a NcRS |a OrU-S

859 41  |u http://www.ref.oclc.org:2000 |z Subscription required

859 41  |u http://prl.aps.org/

853 20  |8 1 |a v. |b no. |u 26 |v r |i (year) |j (month) |k (day) |w w |x 01,07

863 41  |8 1.1 |a <91> |b <1> |i <2003> |j <01> |k <10>

890 __  |a Physical review letters. (American Physical Society) Freeport. N. Y. |i 59-37543

906 __  |a 7 |b cbc |c serials |d 3 |e ncip |f 19 |g n-oclcserc

920 __  |a Keep 1

923 __  |a  |d 2010-5-21 |s Group Registration

955 __  |h da11 2004-05-17 |a Barcode 00280812055 returned from bindery 2010-01-29 |a Barcode 00280812067 returned from bindery 2010-01-29

984 __  |a srvf |d 2001-09-04

985 __  |e eserial 200406

992 __  |b SER |w SERLOC

Request this Item    % LC Find It

Item Availability
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CALL NUMBER QC1 .P43
Set 1

Request in Jefferson or Adams Building Reading Rooms

Status c.1 v. 103, no. 6-9 2009 Aug In Process 02-16-2011
c.1 v. 115, no. 23-24 2015 Dec.4-11 Charged - Due - (Internal Loan)

Older receipts v.1-v.21:no.3 (1958:July-1968), v.21:no.5-v.53 (1968-1984:Dec.17), v.53-v.59:no.17 (1984:Dec.31-1987:Oct.22), v.59:no.19-v.63:no.18
(1987:Nov.9-1989:Oct.29)
v.63:no.21-v.65:no.2 (1989:Nov.20-1990), v.65:no.5-v.65:no.16 (1990), v.65:no.18-v.67:no.5 (1990-1991), v.67:no.7-v.67:no.15 (1991)
v.67:no.17-v.96:no.26 (1991-2007:June), v.99:no.1-v.99:no.26 (2007:July-2007:Dec)
v.100:no.1-v.103:no.23 (2008:Jan.11-2009:Dec.4), v.103:no.25-v.104:no.16 (2009:Dec.18-2010:Apr.23), v. 104:no.18-v.114:no.23
(2010:May-2015:June 12), v.115-v.117:no.1 (2015:July-2016:July 1), v.117:no.3-v.118:no.7 (2016:July 15-2017:Feb.17), v.118:no.9-
v.118:no.23 (2017:Mar.3-2017:June 9), v.118:no.25-v.119:no.26 (2017:June 23-2017:Dec.29)

CALL NUMBER QC1 .P43
Copy 1
Unbound issues

Request in Newspaper & Current Periodical Reading Room (Madison LM133)

Status v.87, no.23 2001 Dec.3 (DMG) In Process 12-04-2003

Latest receipts v. 122, no. 12 (2019 Mar. 29)
v. 122, no. 11 (2019 Mar. 22)
v. 122, no. 10 (2019 Mar. 15)
v. 122, no. 9 (2019 Mar. 8)
v. 122, no. 8 (2019 Mar. 1)
v. 122, no. 7 (2019 Feb. 22)
v. 122, no. 6 (2019 Feb. 15)
v. 122, no. 4 (2019 Feb. 1)
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Abstract We review the main theoretical and experimental results for the transmon, 
a superconducting charge qubit derived from the Cooper pair box. The increased ratio 
of the Josephson to charging energy results in an exponential suppression of the trans­
mon's sensitivity to 1/f charge noise. This has been observed experimentally and yields 
homogeneous broadening, negligible pure dephasing, and long coherence times of up 
to 3 µs. Anharmonicity of the energy spectrum is required for qubit operation, and has 
been proven to be sufficient in transmon devices. Transmons have been implemented 
in a wide array of experiments, demonstrating consistent and reproducible results in 
very good agreement with theory. 

Keywords Superconducting qubits • Transmon • Quantum computation 

PACS 03.67.Lx · 85.25.-j · 42.50.-p 

1 Introduction 

The idea of harnessing the power of quantum mechanics for specific computational 
tasks, first proposed in the early 1980s (see e.g. [1] for an early review), has inspired 
physicists, engineers, and computer scientists alike. It continues to act as a prime driv­
ing force behind the ongoing research on quantum control, measurement, decoherence, 
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and quantum information. The basic building blocks of a universal quantum compu­
tation scheme [2] are quantum bits (qubits), which are quantum coherent two-level 
systems. Despite some impressive progress, the last decades have clearly established 
the difficulty of implementing even just a few qubits. 

Nature offers only a few true two-level systems, such as spin-1/2 systems, or 
massless spin-1 systems (e.g. polarization of photons). As an alternative, sufficiently 
anharmonic multi-level systems can be used as effective qubits. In principle, they also 
offer the possibility of multi-level quantum logic [3]. All such systems bear in common 
discrete energy spectra and can be understood as generalized atoms. Superconducting 
circuits have been established as promising systems for tunable artificial atoms: they 
utilize the quantum coherence of the superconducting state to minimize undesired 
dissipation, and employ Josephson junctions as the fundamental nonlinear and dissi­
pationless element to obtain an anharmonic spectrum [4-6]. Moreoever, fabrication of 
superconducting qubits benefits from the existence of well-established microfabrica­
tion techniques, spurring hope that the required scaling towards multi-qubit systems 
will not pose a fundamental obstacle. 

Here, we review the characteristics of the transmon qubit [7], a superconducting 
charge qubit derived from the Cooper pair box (CPB) [8,9], with minimal sensitivity 
to 1/f noise. The transmon made its debut in an experiment demonstrating the photon­
number dependent qubit frequency shift in the strongly dispersive limit [10]. Since 
then it has been successfully employed in a growing number of experiments, and has 
demonstrated an excellent level of agreement with theory. Coherent coupling between 
two transmon qubits via virtual microwave photons was reported by Majer et al. [11]. 
A comprehensive verification of predicted transmon properties with high accuracy has 
been presented in Ref. [12], with relaxation and dephasing times in the microsecond 
range. The coherence times of seven different transmon devices have been analyzed 
and shown to be both reproducible and predictable over more than an octave in qubit 
frequency [13]. Transmons have further been involved in recent studies of the Jn an­
harmonicity of the Jaynes-Cummings ladder [14, 15], and benchmarks of single-qubit 
operations [16]. 

The scope of this paper is to provide a comprehensive review of the transmon basics, 
together with a summary of its fabrication and its overall performance as observed in 
recent experiments. 

2 General idea of the transmon 

Most naturally, the transmon qubit is understood as a modified version of the pro­
totypical charge qubit, the CPB [8,9]. As depicted in Fig. 1, the transmon shares 
with the CPB the same underlying circuit topology. More specifically, its circuit is 
most closely related to the differential single CPB [17], which is composed of two 
superconducting islands and no reservoirs. Because the circuit provides no external 
connection between the two islands, the operator for the charge difference n between 
the two islands has a discrete spectrum, and the superconducting phase difference rp 
is only defined modulo 2,r, i.e., it is a compact variable for which rp and rp + 2,rz 
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Fig. 1 The transmon qubit. a The circuit of the transmon is identical to the circuit of a differential single 
Cooper pair box, consisting of two superconducting islands coupled by two Josephson junctions. The cou­
pling to ground is purely capacitive. The use of two Josephson junctions allows for tuning of the effective 
Josephson energy via the external magnetic flux penetrating the superconducting loop. b and c show the 
optical and SEM image of a transmon device positioned inside a coplanar waveguide. While the size of 
the junctions and the superconducting loop is similar to CPB devices, the inter-island capacitance 
Cs is increased drastically due to the large size the islands and the interdigitated finger structure. This 
capacitance is matched by comparably large capacitances Cg and C~ to the ground plane and centerpin of 
the transmission line resonator 

are considered as identical for any integer z.1 The corresponding Hamiltonian is 
given by 

H = 4Ec(n ng)2 
- E1 coscp, (1) 

where the two terms describe the contribution from charging effects and Josephson 
tunneling, respectively. The magnitudes of these terms are set by the single-elec­
tron charging energy Ee = e2/2C"E with Cr; =Cs+ (Ci1 + Ct1)- 1, and the 
Josephson energy E1 , which is set by the junction's normal-state conductance G1 and 
the supeconducting gap ~ via the Ambegaokar-Baratoff relation = hG1~/8e2 

[18]. The offset charge is denoted by ng and can be tuned by the external gate volt­
age. 

While the CPB and transmon share the same Hamiltonian, they belong to different 
parameter regimes: the CPB is typically operated with E1 ~ Ee, and the transmon 
with E1 » Ee. This transmon regime is reached primarily by lowering the charging 
energy Ee. In practice, this is achieved by increasing the island sizes,2 thus adding a 
large shunt capacitance as shown in Fig. 1 b. Shunt capacitances have also been 

1 It is important to note that these points underline the principle difference between the CPB/transmon 
system and the phase qubit. 
2 The island area is increased by a factor of ~ I 000. 
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independently proposed to improve dephasing times in flux qubits by a factor of 3 
[19], and have been implemented in phase qubits to avoid spurious resonances [20]. 

Both the principle benefits and drawbacks of the transmon are evident from exam­
ining how the energy spectrum changes as one increases the ratio of Josephson energy 
and charging energy E J / Ee from the charge regime to the transmon regime, cf. Fig. 2a. 
In the charge regime, the spectrum of the CPB is dominated by charge parabolas with 
avoided crossings at the charge degeneracy points due to Josephson tunneling. If oper­
ated away from a charge degeneracy point, it is readily apparent that the qubit transition 
energy Eo1 varies rapidly with gate charge ng, thus resulting in fast dephasing due 
to random fluctuations in the local electrostatic potential (1/f charge noise). To some 
extent, this can be combatted by careful biasing of the qubit at a charge degeneracy 
point, where the levels are first-order insensitive to charge noise, a special operating 
point termed "sweet spot" [21]. When biased at such a point, dephasing decreases; 
however, second-order effects of charge noise can still limit dephasing rates. As con­
firmed in an experiment by Metcalfe et al. [22], second-order charge noise can indeed 
be identified as the clear limitation on dephasing times in the CPB charge regime. As 
an additional complication, drifts in the offset charge can quickly result in a departure 
from the sweet spot. 

The main idea of the transmon is to eliminate these problems by making the charge­
dependence of energy levels negligibly small. This is achieved precisely by an increase 
of the E, / Ee ratio, as shown in the sequence of plots in Fig. 2a. The graphs dem­
onstrate that the energy levels become increasingly flat, i.e., independent of charge, 
as E J / Ee is increased. We note, however, that the energy spectrum always remains 
2e periodic in the offset charge, illustrating that the transmon is still a charge qubit. 
(No such periodicity exists, e.g. for the phase qubit where <p is not a compact vari­
able.) The increased flatness of levels at E1 / Ee » 1 effectively generates a "sweet 
spot everywhere" so that sensitivity to charge noise is suppressed to high order, and 
device performance is not strongly dependent on a particular bias point anymore. A 
detailed analysis [7] shows that the suppression of charge sensitivity is exponential in 
the parameter ✓SE,/ Ee. 

The effect of this exponential suppression can be recast into a statement about the 
dephasing induced by 1/f charge noise. A useful order-of-magnitude estimate of the 
dephasing time T'P can be obtained by using characteristic amplitudes of charge noise 
and evaluating the fluctuations in qubit frequency in terms of a Taylor expansion. 
Assuming a Gaussian process for the offset charge, the root-mean-square fluctuations 
in the qubit frequency are given by 

[ 

2 (aw01 )
2 

OWrms = nrms ang + (2) 

To obtain a finite variance, the 1/f spectrum has to be cut off, and all results depend 
weakly (logarithmically) on the specific choice of the cutoff. Here, we use a typical 
value of nrms = 0.5 x 10-3 [23]. The estimate predicts a six orders of magnitude 
improvement in dephasing time due to charge noise T'P R:i 1/owrms by changing 

I Ee by a factor of 50, cf. 2b. 
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Fig. 2 Level spectrum and charge sensitivity of the Cooper pair box in the charge and transmon regime. a 
Eigenenergies Em (first three levels, m 0, I, 2) of the CPB Hamiltonian (1) as a function of the effective 
offset charge ng for different ratios E1 / Ee, All energies are given in units of the transition energy Eo1 
(evaluated at the degeneracy point ng 1/2). The zero point of energy is chosen as the bottom of the 
m = 0 level. The sequence of plots highlights the exponentially increasing flatness of energy levels and 
the slow loss of anharmonicity as E J / Ee is increased. b Order-of-magnitude estimates of dephasing times 
Tq, caused by charge noise, assuming Gaussian fluctuations around a fixed offset charge, cf. Eq. 2. Arrows 
on the right-hand side mark the worst-case estimates for Ttp, as determined by the total charge dispersion. 
The results demonstrate the exponential gain in the dephasing time due to charge noise under an increase 
of E1/Ee 

A worst-case estimate of the dephasing time can also be obtained by considering 
the maximum possible variation of the qubit transition energy, known as the charge 
dispersion Eo1. Dephasing cannot occur faster than T,p ~ Ji/ E0I, independent of the 
amplitude of 1/f charge noise. This scenario is depicted by arrows in Fig. 2b. Due 
to the exponential suppression of level variation in the transmon regime, dephasing 
remains negligible even with this worst case estimate. Furthermore, a detailed analysis 
[7] shows that the increase in E J / Ee does not heighten sensitivity to any of the other 
known 1/f noise mechanisms of dephasing, such as flux or critical current noise. In 
fact, as is evident from Table 1, by operating in the transmon instead of the charge 
regime, one gains a factor of 2 in both the insensitivity with respect to critical current 
and flux noise. 

The only drawback of the E1 / Ee increase is revealed by examining the level spac­
ings in Fig. 2a. Although the charge dependence has been suppressed exponentially, 
the level spectrum approaches that of a pure harmonic oscillator, which would pre­
vent the system from acting as a qubit. However, the anharmonicity a, determined 
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Table 1 Comparison of dephasingtimes for the transmon and Cooper pair box qubit with W{)J /2:rr = 7 GHz. 
Contributions to Tf{) are theoretical predictions based on [7] 

Noise source 1/ f amplitude, A Transmon CPB 

E1/Ec 100 E1/Ec=l 
Tf{) (µs) T'f' (µs) 

Charge 10-4-10-3e [23] 24,600 1.la 

Flux 10-6-10-5<1>0 [30,31] 3,600" 1,800" 

Crit. current 10-7-10-610 [32] 35 17 

Note: Entries in bold face mark the dominant noise channel. For the CPB, second-order charge noise at the 
sweet spot limits the per1,orn1ail(:e of the qubit. In contrast, for the transmon dephasing is suppressed to an 
extent that coherence are limited by relaxation (T1) processes only 
a These values are evaluated at a sweet spot (i.e., second-order noise) 

by the difference between the fundamental qubit transition and the next higher tran­
sition frequency, decreases only slowly as function of the EJ / Ee ratio, following 
a/wo1 ~ (E1 / Ee)-112 [7]. Thus, increasing the EJ / Ee ratio from 1 to 50 can 
virtually eliminate the effects of charge noise, and still maintain sufficient anhar­
monicity for the transmon to act as an effective two-level system. We illustrate this 
statement by considering the concrete example of a device with transition frequency 
w01 /2rc 7 GHz and E J / Ee = 100. For these parameters, one obtains an absolute 
anharmonicity of 260 MHz and a dephasing time due to charge noise of Trp ::: 25 ms 
(worst-case estimate). 

At the large EJ / Ee ratios characteristic for the transmon regime, readout of the 
qubit state via charge detection or measurement of the quantum capacitance [24] 
as in the CPB is not possible. In fact, the transmon does not possess any de mea­
surable state-dependent parameters (charge, flux, etc.). However, the transmon still 
exhibits a strong coupling between charge and ac voltage, rendering it an ideal can­
didate for an artificial atom in the circuit QED architecture [25]. A full derivation of 
the coupling strength is given in [7], which can be intuitively understood from add­
ing an ac component to the offset charge to describe the quantized resonator field, 
ng • n~c + Cg Vrrns(a + a t)/2e. Here, Vrms denotes the root-mean-square voltage 

of the resonator at the transmon position, and a, at are the annihilation and crea­
tion operators for microwave photons in the relevant resonator mode. Carrying out 
the square in 1 generates the coupling term, from which one obtains the cou­
pling strength gij = 2eVrrns( i In I j )c;ff /Cr, with c;ff = (Ci 1 + c~ -l)-1. In the 
transmon the matrix elements are significant only between nearest-neighbor 
transmon levels, i j ± 1, and their overall magnitude is larger by a factor of typically 
3 - 5 than for the CPB, due to the participation of more than one Cooper pair. In all 
transmons fabricated so far, the ratio Cg/Cr. is also ~3 times larger than in the CPB, 
leading to a total increase in coupling strength of more than an order of magnitude. 

3 Transmon fabrication 

All transmons have thus far been fabricated in a circuit QED architecture, as the cavity 
offers a convenient means of reading out the qubit state. The cavity consists of a 50 Q 
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niobium coplanar waveguide cavity with a 4.2 µm gap between the center pin and 
ground planes. Standing waves form between transverse capacitors at either end of the 
waveguide, designed with a 3 µm spacing and a range of capacitances to vary the cav­
ity Q from 100 to 500, 000. Cavities are patterned with photolithography and reactive 
ion etching of 180 nm films of sputtered niobium. Transmon qubits are patterned with 
electron beam lithography, and consist of two layers (20 and 80 nm thick) of lifted-off 
aluminum, deposited with an angle evaporation process without venting samples to 
air. Samples have been fabricated on bare and oxidized silicon and sapphire substrates, 
with a common Q ~ 70, 000 limit on relaxation in the devices on sapphire. Details 
of fabrication and processing are likely to prove important for future improvements in 
coherence, especially given that all transmon qubits now achieve a common limit to T1 . 

4 Transmon performance 

The major transmon features have been confirmed by experiments, which have been 
published in Refs. [12] and [13]. Here, we summarize these results and provide an 
overview of the most current transmon data. 

To establish that the anharmonicity is still sufficient to treat the transmon as an effec­
tive two-level system, the level spectrum of the lowest two transitions is measured by 
spectroscopy, as depicted in Fig. 3a. It is immediately apparent that the transitions 
0 -+ 1 and 1 -+ 2 are well resolved in frequency space. The observed 455 MHz an­
harmonicity allows for single-qubit manipulation with pulse durations of only a few 
nanoseconds without occupying the third level. 

The insensitivity of the transmon to charge noise, which should lead to long coher­
ence, can directly be verified by probing the charge dependence of the transmon level 
spectrum. The suppression of this dependence is quantified by using the notion of 
charge dispersion, defined as the total variation of the qubit transition frequency (as a 
function of gate charge). As demonstrated by spectroscopic data in 3b, this expo­
nential suppression agrees well with theoretical prediction and results in virtually 
charge-independent qubit frequencies at sufficiently large E1 /Ee.Instead of a single, 
nearly sinusoidal curve, the data displayed in Fig. 3b shows two such curves with a 
relative displacement of half a period. This can be explained by the presence of one 
or several quasiparticles, which tunnel between the two islands. At low E1 / Ee this 
phenomenon has been termed quasiparticle-poisoning [26], and it leads to complete 
dephasing of the device [27]. However, the frequency shift due to such a tunneling 
event is bounded from above by the charge dispersion, and therefore becomes expo­
nentially small in the transmon regime. Hence, these data confirm that the transmon 
is insensitive to fluctuations in local charge, including the special fluctuations due to 
quasiparticle poisoning. 

Since charge noise was the limiting source of dephasing in charge qubits, the trans­
mon has lead to dramatically improved dephasing times. Currently, the best Ti for a 
transmon is measured at a flux sweet spot where T2* = 2.94 ± 0.04 µs (without any 
echoing) and Ti = 1.57 ±0.04 µs, see Fig. 4a and b [28]. Here, Ti is close to identical 
to 2T1, indicating a homogeneously broadened qubit, and a very long pure dephasing 
time of Trp :::: 35 µs, consistent with our predictions. 
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Fig. 3 a Anharmonicity of a transmon qubit. Data presented for a transmon qubit at E J / Ee 40. The 
qubit transitions measured are the 0 1 transition in a single tone spectroscopic measurement (bottom), and the 
12 transition (top, offset) while populating transmon excited state with a second drive on the 01 transition. 
The second excited state of the transmon is not populated with the 12 transition at normal spectroscopy 
powers (bottom). The 01 and 12 transitions are separated by 455 MHz; the transmon can therefore be treated 
as a two-level system even during fast control operations. b Exponential suppression of charge dispersion. 
Data presented for four different values of E J, where a E 1 / Ee = 28.6, b 16.3, c 13.3, and d 10.4. Spec­
troscopic measurements of qubit frequency while changing a gate voltage reveal the expected sinusoidal 
frequency bands. The width of the band ( charge dispersion) is decreased from 7 4 to 0.8 MHz. Two sinusoids 
are evident as random quasiparticle tunneling events cause the frequency curve to shift by one electron. The 
measured charge dispersion agrees well with the theoretical prediction (right). Reprinted from [12] 

These recent results of long coherence times are to be contrasted with the perfor­
mance of the first generation of transmons [10, 11], which showed shorter relaxation 
times of ~200 ns. The improved times shown in 4 are the result of a more com­
plete understanding of relaxation, and by now have been reproduced in a number of 
samples. Over more than an octave in frequency, the current limit on transmon coher­
ence has been shown to be imposed by spontaneous emission of photons through the 
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Fig. 4 Long coherence times in a transmon. Data measured at the flux sweet spot for a transmon qubit 
with Ee = 380 MHz, E J / Ee = 52. a Relaxation from excited state. Measurements of the occupation 
probability Pexc of the excited qubit state while varying the time delay after an: pulse yield an exponential 
decay with T1 1.57 0.04 µs. c Ramsey measured by varying the time delay between two n: /2 
pulses, show a long dephasing time T2 2.94 0.04 µs (no eeho) 

cavity, a process known as the Purcell effect [29). This requires proper modeling of the 
cavity impedance including all higher modes of the resonator, which serves as a filter 
between the qubit and the evironment [13]. In fact, all transmon qubits now reach the 
same limit on intrinsic Ti, as shown in Fig. 5. Towards the lowest frequencies where 
the Purcell effect is least severe, a non-Purcell T1 limitation is observed to set in, which 
is possibly due to dielectric loss with a Q value of 70,000. 

A separate issue for qubit control and usability of the qubit spectrum for operation 
regards the presence of coupling to unwanted degrees of freedom, such as spurious 
two-level systems. We have performed systematic searches of transmon spectra for 
such spurious resonances, which have revealed both very good agreement with theory 
predictions with errors as low as one part in 104, and have enabled us to estimate the 
average number of spurious resonances in current transmon devices to be I per 5 GHz 
per qubit [12]. 

. 5 Summary 

In summary, the transmon is a robust superconducting qubit for use in the circuit QED 
architecture. Its primary feature is an insensitivity to 1/f charge noise, the dominant 
source of dephasing in other charge qubits, without any detrimental effects on the 
sensitivity to other known noise channels. Experiments have directly verified the pre­
dicted exponential suppression of the sensitivity to charge fluctuations by monitoring 
the transmon energy levels, and have confirmed the resulting gain in dephasing times 
with current devices reaching the T2 = 2T1 limit and dephasing times of up to 3 µs. 
Due to the limitation of T2 by relaxation, future improvements may become easier as 
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Fig. 5 Relaxation times for seven transmon qubits. Predictions for qubit lifetime (colored lines) agree well 
with observed relaxation times (points). Solid lines represent predictions for input side qubits located at 
the resonator input side (L), while dashed lines correspond to output side {R) qubits. All sapphire qubits 
{blue and green) reach the same common intrinsic limits (black line), with lifetimes limited to a constant 
Q ~ 70, 000. Qubit lifetimes are accurately predicted over a wide range of frequencies and more than two 
orders of magnitude in time. Reprinted from (13] 

they will focus on removing sources of dissipation. The fact that all recent transmon 
qubits reach a consistent T1 limit suggests that relaxation is caused by a single source, 
giving hope that it can be identified and eliminated in the near future. 
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ARRAY OF QUANTUM SYSTEMS IN A 
CAVITY FOR QUANTUM COMPUTING 

2 
scalability. Currently, several types of physical systems are 
being pursued for quantum computing, including implemen­
tation of Josephson Junctions, superconducting loops, super­
conducting capacitors, and superconducting qubits. In addi-CROSS-REFERENCE TO RELATED 

APPLICATIONS 

Priority based on U.S. Provisional Patent Application, Ser. 

5 tion to various approaches based on superconducting qubits, 
the most active areas of research involve trapped ions, and 
quantum dots. The largest quantum computer built in any of 
these systems to date consists of around 10 qubits, and most 
implementations are focused on the demonstration of a spe-

No. 61/497,018, filed Jun. 14, 2011, and entitled, "ARRAY 
OF THREE DIMENSIONAL SUPERCONDUCTING 
QUBIT/CAVITY CLUSTERS FOR QUANTUM COMPUT­
ING", is claimed, the disclosure of which is incorporated by 
reference herein in its entirety. This application is related to 
co-pending U.S Pat. applications entitled "MODULAR 
ARRAY OF FIXED-COUPLING QUANTUM SYSTEMS 
FOR QUANTUM INFORMATION PROCESSING", filed 15 

on Sep. 2, 2011, having and accorded Ser. No. 13/224768, 
which is entirely incorporated herein by reference. 

lO cific quantum algorithm or quantum state. However, there 
remain limitations on the number of collections of supercon­
ducting qubits possible in current physical systems. 

BACKGROUND 

SUMMARY 

Exemplary embodiments include a device, including a vol­
ume bounded by electromagnetically conducting walls, an 
aperture in a bounding wall of the electromagnetically con­
ducting walls, a plurality of quantum systems disposed within 

The present invention relates generally to quantum systems 
and more particularly to an array of quantum systems within 

20 the volume and an electromagnetic field source coupled to the 
volume via the aperture. 

a volume bounded by conducting walls with applications to 
quantum information processing. 

Quantum information processing is new paradigm of infor­
mation processing wherein explicit quantum mechanical 
states and quantum mechanical phenomena and behavior are 
exploited for information processing applications. This feat is 
enabled by several peculiar properties found in quantum sys­
tems that are impossible to achieve in classical systems: the 
ability for a quantum system to be in a superposition of 
several of its eigenstates and the ability for several quantum 
systems to be entangled with one another. As such, quantum 
physics provides a basis for achieving computational power 
to address certain categories of mathematical problems that 
are intractable with current machine computation. Similarly 
to a classical bit where the state of a transistor in a processor, 
the magnetization of a surface in a hard disk and the presence 

Additional exemplary embodiments include an apparatus, 
including a volume bounded by conductive surfaces having 
an aperture, an arrangement of quantum systems disposed 

25 within the volume and an electromagnetic field source 
coupled to the volume. 

Further exemplary embodiments include a qubit apparatus, 
including a housing defining a cavity therein, a plurality of 
qubit devices arranged in the cavity and an electromagnetic 

30 field source coupled to the housing and configured to apply an 
electromagnetic field within the cavity. 

Additional features and advantages are realized through 
the techniques of the present invention. Other embodiments 
and aspects of the invention are described in detail herein and 

35 are considered a part of the claimed invention. For a better 
understanding of the invention with the advantages and the 
features, refer to the description and to the drawings. 

of current in a cable can all be used to represent bits in the 
same computer, qubits represent different states. However, 40 

for a classical bit it is understood that its state must be O or 1. 
A qubit can be O or 1 or a superposition of both. 

Several types of physical systems are possibly best suited 
for building a quantum computer. Such physical systems 
include, but are not limited to: silicon-based nuclear spins, 45 

trapped ions, cavity quantum-electrodynamics, nuclear spins, 
electron spins in quantum dots, superconducting loops and 
Josephson junctions, liquid state nuclear magnetic resonance 
(NMR), and electrons suspended above the surface ofliquid 
Helium. 50 

Historically, a liquid state NMR quantum computer (NM­
RQC) was the first physical system demonstrating many of 
the main concepts of quantum computing. In such a system 
the nuclear spins are placed in a strong magnetic field, creat­
ing "up" and "down" states of the nuclear spin ( similar to a bar 55 

magnet) representing the logical 10> and 11> states. Subse­
quent quantum algorithms were identified allowing imple­
mentation of a three-qubit quantum search algorithm, a five­
qubit order finding algorithm, the realization of an adiabatic 
quantum optimization algorithm, and a demonstration of 60 

Shor's factoring algorithm (factoring the number 15 using a 
7-spin molecule). FIG. 1 illustrates a prior art NMR seven­
spin molecule used to factor the number 15 into its prime 
factors 3 and 5. The NMRQC is very well-characterized and 
has several advantages including the seven spin states. How- 65 

ever, NMRQC has several drawbacks including qubit systems 
limited to those nature naturally provides and also limited 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The subject matter which is regarded as the invention is 
particularly pointed out and distinctly claimed in the claims at 
the conclusion of the specification. The forgoing and other 
features, and advantages of the invention are apparent from 
the following detailed description taken in conjunction with 
the accompanying drawings in which: 

FIG. 1 illustrates a prior art NMR seven-spin molecule; 
FIG. 2 illustrates an example of a qubit apparatus; and 
FIG. 3 illustrates an example of an exemplary three dimen-

sional qubit cluster apparatus. 
FIG. 4 illustrates a flow chart of a method for a quantum 

computing method in accordance with exemplary embodi­
ments. 

DETAILED DESCRIPTION 

In exemplary embodiments, the systems and methods 
described herein implement large collections ( e.g., on the 
order of thousands and more) of coupled superconducting 
qubits that can be used for quantum computing applications. 
In exemplary embodiments, any suitable physical qubit sys­
tem can be implemented. For example, any two-level system 
can be used as a qubit. Multilevel systems can be used as well, 
if they possess two states that can be effectively decoupled 
from the rest (e.g., ground state and first excited state of a 
nonlinear oscillator). Such systems can include but are not 
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limited to: silicon-based nuclear spins, trapped ions, cavity 
quantum-electrodynamics, nuclear spins, electron spins in 
quantum dots, superconducting loops and Josephson junc­
tions, liquid state NMR, and electrons suspended above the 
surface of liquid Helium. 

There are several quantum mechanical properties that are 
considered in building quantum computers. One distinguish­
ing feature between a qubit and a classical bit is that multiple 
qubits can exhibit quantum entanglement, which is a nonlocal 
property that allows a set of qubits to express higher correla- 10 

tion than is possible in classical systems. Take, for example, 
two entangled qubits in the Bell state, which is called an equal 
superposition. Entanglement also allows multiple states (i.e., 
the Bell state mentioned above) to be acted on simulta­
neously, unlike classical bits that can only have one value at a 15 

time. Entanglement is a necessary ingredient of any quantum 
computation that cannot be done efficiently on a classical 
computer. Many of the successes of quantum computation 
and communication, such as quantum teleportation and 
superdense coding, make use of entanglement, suggesting 20 

that entanglement is a resource that is unique to quantum 
computation. Another quantum mechanical property is quan­
tum teleportation, or entanglement-assisted teleportation, 
which is a process by which a qubit state can be transmitted 
exactly (in principle) from one location to another, without 25 

the qubit being transmitted through the intervening space. It is 
useful for quantum information processing; however, it does 
not immediately transmit classical information, and therefore 
cannot be used for communication at superluminal (faster 
than light) speed. Quantum teleportation is unrelated to the 30 

common term teleportation-it does not transport the system 
itself, and does not concern rearranging particles to copy the 
form of an object. 

The requirements for building a practical quantum com­
puter are more intricate than quantum mechanical properties 35 

such as superposition and entanglement alone. There is a set 
of requirements that must be fulfilled in order to build a 
practical quantum computer. One requirement is to have a 
system of qubits that can be initialized to a known state. 
Another requirement is the ability to manipulate this state by 40 

applying single and multi-qubit gate operations such that any 
arbitrary logic operation can be implemented. Finally, the 
outcome of the computation must be measured through 
known techniques. In addition, for a quantum system to retain 
the delicately created superposition and entangled states for 45 

sufficiently long times (i.e., coherence times) it must be well 
isolated from the environment. However, in order to manipu­
late the quantum system according to the steps of the desired 
algorithm it must inherently also be coupled to the external 
environment thereby introducing noise mechanisms that 50 

reduce coherence times. 

4 
The electromagnetic field has a number of modes, such that 
each quantum system can couple to other quantum systems 
via the mutual coupling of the of the quantum systems to the 
electromagnetic field. 

It will be appreciated that the quantum systems can be any 
variety of devices that can support qubits for information 
processing, such as electronic circuits (e.g., Josephson junc­
tions ). The quantum systems can represent composite quan-
tum systems, formed for example by a resonant mode of the 
cavity and the plurality of quantum systems. In exemplary 
embodiments, the electromagnetic field source is configured 
to induce a measurement of an eigenstate of at least one of one 
or more of the quantum systems and the composite quantum 
systems. In addition, the electromagnetic field source is con­
figured to induce transitions between eigenstates among the 
plurality of quantum systems. As such, each quantum system 
has an associated transition frequency that enables the quan­
tum system to transition between eignstates when induced 
with different modes of the electromagnetic field. 

FIG. 2 illustrates an example of a qubit apparatus 200. The 
apparatus 200 provides an illustrative basis for describing the 
exemplary systems and methods herein. The apparatus 
includes a housing 205 with a cavity 210 defined therein. The 
apparatus 200 can further include a qubit 215 disposed within 
the cavity 210. The apparatus 200 can further include an 
external electromagnetic source 220 (e.g., a coaxial cable) 
coupled to the housing 205 and providing an electromagnetic 
field, represented by arrows 225. As such, it can be appreci­
ated that the housing 205 is an electromagnetic waveguide for 
the electromagnetic field applied to the housing. It can further 
be appreciated that the housing 205 can support several 
modes of the electromagnetic field. For illustrative purposes, 
the qubit 215 is circuit having a Josephson junction 216 
defined with other circuit elements 217, 218 such as capaci­
tors and inductors as known in the art. The qubit 215 can be 
advantageously coupled to a transmission line or other suit­
able connector (not shown) configured to measure the quan­
tum state induced in the qubit 215 from the electromagnetic 
field. Measurements can be performed by applying signals to 
the cavity 210 through an interconnect and looking at either 
the reflected or transmitted signals. If measuring in transmis­
sion, a second port-(an output port) can be added. If mea­
suring in reflection, measurements can be made via the port 
supporting the external magnetic source 220. For further 
illustrative purposes, the housing 205 can be any suitable 
superconducting material such as aluminum (Al) and the 
qubit 215 can be a transom-style superconducting Josephson 
junction. A transom qubit is a superconducting qubit that is 
made insensitive to charge by making the qubit capacitance 
large. By adjusting the capacitance and Josephson inductance 
(both are determined through fabrication and device geom­
etry), the characteristic energies associated with the qubit 
capacitance (Ee) and qubit inductance (Ej) satisfy Ej>>Ec. It 

However, as described herein, significantresearchhas been 
conducted on the NMRQC. The exemplary systems and 
methods described herein implement a cluster of qubits that 
behave and can be characterized much like an NMRQC. As 
such, in characterizing the exemplary systems and methods, 
several features of the NMRQC can be analyzed as further 
described herein. 

In exemplary embodiments the systems and methods 
described herein include a housing or volume having a cavity 
defined within the housing or volume. Quantum systems are 
disposed within the cavity and can be coupled to one another 
by electromagnetic field modes excited by an electromag­
netic field source. In exemplary embodiments, the cavity 
includes resonant modes that are each characterized by a 
resonant frequency. In addition, the quantum systems include 
a number of eignestates, which have an associated frequency. 

55 can be appreciated that other types of qubits are contemplated 
in other exemplary embodiments. The apparatus 200 can 
therefore be a three-dimensional waveguide cavity and qubit 
that form a valid circuit quantum electrodynamic (cQED) 
system capable of coherence times in the 50 µs range. Coher-

60 ence times in this range are desirable for the cQED system to 
retain the delicately created superposition and entangled 
states as further described herein. Current cQED systems 
typically implement coplanar waveguide resonators and pla­
nar qubits with interdigitated capacitors. In exemplary 

65 embodiments, the apparatus 200 is three dimensional in terms 
of both its physical structure and the associated electromag­
netic (EM) fields to which the qubit 215 is coupled. 
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Several observations can be made of the apparatus 200. 
First, the electromagnetic modes occupy a free-space region 
defined by cavity 210. The mode volumes can be considered 
large with respect to the cavity 210, but also well-defined and 
have predictable quality factors and frequencies. For 5 

example, measurements indicate that the modes are entirely 
controlled up to our maximum characterization frequency of 
27 GHz. The presence of only understood and predictable 
modes that occupy a free-space region means the possible 
sources ofloss within the system are far more limited than in 10 

the planar geometry. By placing the qubit 215 inside the 
cavity 210, the profile and location of the electromagnetic 
fields associated with the qubit mode can be adjusted in 
addition to the electromagnetic field modes. It can be appre­
ciated that appropriate modifications have to be made to the 15 

geometry of the qubit capacitance to obtain suitable shunting 
and coupling capacitances. 

In addition, the internal quality factor (i.e., Q factor) of the 
apparatus has been measured to be as high as 4.4 million. The 
Q factor characterizes a resonator's bandwidth relative to its 20 

center frequency. Higher Q indicates a lower rate of energy 
loss relative to the stored energy of the cavity 210, and thus 
the oscillations die out more slowly. Furthermore, the Q fac-
tor is easily tuned and can be increased for readout perfor­
mance or for Purcell Effect qubit relaxation. The Purcell 25 

Effect in this case defines the rate at which the qubits relax 
(i.e., lose their current quantum state). For example, the appa­
ratus has been measured to have a Purcell-limited qubit life­
time of2.7 µsin the cavity 210 with a loaded Q of20,000. In 
addition, the coupling factor, g, between the qubit and the 30 

cavity 210 has been measured to be g=475 MHz. Such cou­
pling indicates a strong interaction between the cavity 210 
and the qubit 215. As such, the applied electromagnetic field 
can easily adjust the quantum state of the qubit 215, which in 
turn will relax slow enough to allow for suitable measure- 35 

ment. Such measurements indicate that many-qubit systems 
as described herein can provide meaningful measurements 
for quantum computing to perform high-fidelity multi-qubit 
logic. 

6 
location of the qubit 315. As such, adjustments of the qubit 
location and orientation relative to the electric field profile of 
the mode of interest can be used to adjust the strength of 
qubit-cavity coupling, and in turn the qubit-qubit coupling, as 
the qubits acquire a direct qubit-qubit effective interaction 
through their mutual interaction with the cavity mode. The 
apparatus 300 exhibits similar physical qualities as the appa­
ratus described with respect to FIG. 2. The apparatus 300 is 
thus a scaled apparatus including multiple qubits 315. As 
such, the cavity 310 can support a high volume of electro­
magnetic modes, with strong coupling between the cavity 310 
and the qubits. Furthermore, there is also strong coupling 
among the individual qubits 315 within the cavity that can be 
controlled and tuned by adjusting the electromagnetic field 
from the electromagnetic source 320. The apparatus 300 is 
therefore scaled up from the single 3D qubit to a large plat-
form of coupled 3D qubits for quantum computing. In exem­
plary embodiments, the scaling up process is modular. FIG. 3 
illustrates a single qubit cluster 300 as described. In exem­
plary embodiments, eight qubits 315 are illustrated and can be 
arranged in a variety of ways in order to achieve desired 
coupling among the qubits. It will be appreciated that there 
are numerous ways and manners in which the qubits 315 can 
couple. The qubits 315 are illustrated in an octagonal pattern 
but in no way are other exemplary embodiments limited to 
this pattern. Furthermore, there can be fewer or more than 
eight qubits 315 arranged in the cavity 310. Eight qubits 315 
are illustrated because they behave much like a conventional 
NMR molecule, as further described herein, and therefore are 
well-understood and characterized. 

As such, FIG. 3 illustrates eight transom-style qubits inside 
the cavity 315, which, as described is an ultra-high Q super­
conducting waveguide resonator, to form the qubit cluster 
apparatus 300. 

In exemplary embodiments, as described herein, the cou­
pling of qubits within a cluster as well can be achieved by the 
application of electromagnetic fields. Measurements of the 
qubits can be subsequently taken in order to determine the 
quantum states of the qubits. The application of the electro­
magnetic fields as well as the subsequent quantum state mea­
surements described an overall quantum computing method. 
First all the qubits within the cluster are characterized in terms 
of their frequencies f, and coupling strengths g, to the cavity 
by known techniques. Through an iterative process with this 

The apparatus 200 of FIG. 2 is a single three-dimensional 40 

(3D) configuration in that the coupling of the qubit 215 to the 
electromagnetic field in the cavity 210 occurs in three dimen­
sions. In exemplary embodiments, the single 3D qubit 215 of 
FIG. 2 can be scaled up to a larger array of coupled 3D qubits 
for quantum computing as now described. 

FIG. 3 illustrates an example of an exemplary 3D qubit 
cluster apparatus 300. The apparatus 300 includes a housing 
305 with a cavity 310 defined therein. The apparatus 300 can 
further include a cluster of qubits 315 disposed within the 
cavity 310. As described herein, an example of a supercon- 50 

ducting Josephson junction is described as each of the qubits 
315. However, as described herein, it is appreciated that any 
type of qubit can be implemented including, but not limited 

45 qubit characterization joint readout of the qubits is then cali­
brated. With the values off, and g, the Hamiltonian Hof the 
qubit/cavity system can then be reconstructed. And protocols 
for a universal gate set devised----consisting of rf pulse 

to, quantum dots, electron or nuclear spins or collections 
thereof. The apparatus 300 can further include an external 55 

electromagnetic source 320 (e.g., a coaxial cable) coupled to 
the housing 305 and providing an electromagnetic field 
within the cavity 310. As such, it can be appreciated that the 
housing 205 is an electromagnetic waveguide for the electro­
magnetic field applied to the housing 305. The qubits 315 can 60 

be arranged in a wide variety of ways within the cavity 310. 
The location and orientation of a qubit within the cavity can 
affect how strongly coupled it is to the modes of the cavity. 
Each qubit 315 can be viewed as a dipole, with an associated 
dipole moment vector. The strength of its interaction with the 65 

cavity 310 is determined predominantly by the dot product of 
the dipole moment vector with the electric field vector at the 

sequences. In parallel an algorithm to be implemented is 
selected and decomposed into a set of single and multiple gate 
operations consistent with the resources available in the clus-
ter. A set of rf pulse sequences is then devised to implement 
the algorithm based on those determined for the universal 
gate set. These RF pulse sequences are next applied to the 
system and a joint readout of all the qubits is done to deter­
mine the outcome. 

Several properties of the exemplary systems and methods 
are now further described. As discussed herein, the physics of 
a system with multiple transmon style qubits dispersively 
coupled to a single bosonic resonator mode is well under­
stood (e.g., an NMRQC). In exemplary embodiments, the 
systems and methods described herein are implemented with 
fixed qubit frequencies and fixed qubit-qubit coupling. In this 
way, known NMR control techniques can be implemented. In 
NMR technology, Larmor frequencies are implemented in 
which the qubits tend to align with the applied electromag-
netic fields. In addition, chemical shifts, which describe the 
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dependence of energy levels in on the electronic environment 
in a molecule, can be implemented to determine the depen­
dence of the energy levels in a given cavity in the exemplary 
qubit clusters described herein. By implementing such known 
techniques, universal control of the exemplary qubit clusters 
described herein can be attained. In exemplary embodiments, 
qubit frequencies could be controlled via wires introduced 
into the cavity. By judicious selection of qubit frequencies 
and anharmonicities, Hamiltonians identical to Hamiltonians 
in NMR can be attained, where there are both secular and 
non-secular coupling terms of comparable strength, but only 
the secular portion is important because it enters to first order 
in perturbation theory. In exemplary embodiments, spins can 
be selected on individual qubits within a cavity. 

In NMRQC, ZZ exchange and interaction describes the 
spin exchange between adjacent molecules. This concept can 
be extended to describe spin exchange in qubits as described 
in exemplary embodiments. An NMR-style Hamiltonian 
emerges when the effective ZZ interaction between qubits in 
a particular cavity is significant compared with the off-diago­
nal J-coupling term, that is, coupling of angular momentum 
of interacting qubits. This ZZ interaction has two physical 
origins. First, ZZ interaction emerges in the two-level 
approximation when the cavity-qubit coupling is treated to 
fourth-order in perturbation theory. Second, it emerges when 
additional qubit levels outside the computational subspace 
are properly modeled. The two effects can be made to add 
rather than cancel. In exemplary embodiments, the systems 
and methods described herein that include circuits that imple­
ment an NMR-type Hamiltonian requires understanding and 
exploiting both these origins of the ZZ interaction term. The 
strength of the effect increases rapidly as the 1-->2 transition 
of one qubit in a cluster approaches the 0--> 1 transition of 
another. By exploiting these physical phenomena, the qubit 
clusters described herein can be scaled as described. 

In exemplary embodiment, in order to produce the NMR­
type Hamiltonian characterized by: a) fixed qubit transition 
frequencies, and b) fixed qubit-qubit couplings dominated by 
a ZZ interaction, the systems described herein possess the 
following qualities: 1) Each qubit is controlled and manipu­
lated in such a manner that it behaves as an effective two-level 

8 
be realized by also applying drive signals to a neighboring 
coupling element, whose non-linearity makes it suitable for 
signal amplification. 

As such, it can be appreciated that the exemplary cluster 
described herein combines known and well-characterized 
features ofNMRQC and desirable attributes of qubits such as 
superconducting attributes. 

In exemplary embodiments, as described herein, the cou­
pling of qubits within a cluster as well can be achieved by the 

10 application of electromagnetic fields. Measurements of the 
qubits can be subsequently taken in order to determine the 
quantum states of the qubits. The application of the electro­
magnetic fields as well as the subsequent quantum state mea­
surements described an overall quantum computing method. 

15 FIG. 4 illustrates a flow chart of a method 400 for a quantum 
computing method in accordance with exemplary embodi­
ments. First all the qubits within the cluster are characterized 
in terms of their frequencies f; and coupling strengths g, to the 
cavity by known techniques. Through an iterative process 

20 with this qubit characterization joint readout of the qubits is 
then calibrated. With the values off, and g, the Hamiltonian H 
of the qubit/cavity system can then be reconstructed. And 
protocols for a universal gate set devised----consisting of rf 
pulse sequences. In parallel an algorithm to be implemented 

25 is selected and decomposed into a set of single and multiple 
gate operations consistent with the resources available in the 
cluster. A set of rf pulse sequences is then devised to imple­
ment the algorithm based on those determined for the univer­
sal gate set. These rf pulse sequences are next applied to the 

30 system and a joint readout of all the qubits is done to deter­
mine the outcome. 

The flow diagram depicted herein is just one example. 
There may be many variations to this diagram or the steps ( or 
operations) described therein without departing from the 

35 spirit of the invention. For instance, the steps may be per­
formed in a differing order or steps may be added, deleted or 
modified. All of these variations are considered a part of the 
claimed invention. 

While the preferred embodiment to the invention had been 
40 described, it will be understood that those skilled in the art, 

both now and in the future, may make various improvements 
and enhancements which fall within the scope of the claims 
which follow. These claims should be construed to maintain 

system; 2) Each qubit interacts with at least one other qubit 
with a coupling energy that is much greater than the qubit 45 

relaxation and decoherence rates; 3) The system allows for 
the application to the qubits of a frequency and amplitude 
modulated microwave control field; and 4) The system allows 
for the readout of the quantum state of all qubits such as joint 

the proper protection for the invention first described. 
What is claimed is: 
1. A device, comprising: 
a volume bounded by electromagnetically conducting 

walls; 
an aperture in a bounding wall of the electromagnetically 

conducting walls; readout via reflection or transmission. 50 

In exemplary embodiments, two qubit gates are performed 
by doing nothing to the two qubits that are to be entangled, 
while interactions between all other pairs are refocused. In 
recent liquid state NMR experiments on multi-spin mol­
ecules, very-high fidelity control of E1q =l.3xl0-4 and 55 

E2 q =4.7xl 0-3 has been demonstrated. It is believed that these 
are limited by the difficulty to polarize the spins at the outset. 
In contrast, in exemplary embodiments, the qubits described 
herein (i.e., superconducting qubits can be easily initialized. 
However, due to the higher Larmor frequencies (roughly 1-10 60 

GHz as compared to 50-500 MHz), additional steps must be 
taken to carry out accurate numerical pulse optimization. 

In exemplary embodiments, qubits within the exemplary 
cluster described herein are measured through the application 
of resonant or near-resonant signals to the cavity that houses 65 

them. The readouts can be done according to the established 
methods of joint dispersive readout. Single shot readouts can 

a plurality of quantum systems disposed within the vol­
ume; and 

an electromagnetic field source coupled to the volume via 
the aperture, 

wherein each of the plurality of quantum systems is 
arranged at a location in the volume, which is relative to 
an electric field profile of a mode of interest from the 
electromagnetic filed source, the location determining 
coupling strength between each of the plurality of quan­
tum systems to the cavity and to other quantum systems. 

2. The device as claimed in claim 1 wherein the volume 
supports a plurality of electromagnetic resonant modes, each 
of the plurality of resonant modes characterized by a resonant 
frequency. 

3. The device as claimed in claim 1 wherein each of the 
plurality of quantum systems includes a plurality of 
eignestates. 
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4. The device as claimed in claim 1 wherein the electro­
magnetic field source produces an electromagnetic field 
within the volume. 

5. The device as claimed in claim 1 wherein a plurality of 
the quantum systems disposed within the volume is coupled 
to the electromagnetic field within the volume. 

6. The device as claimed in claim 5 wherein a particular 
quantum system from among the plurality disposed within 
the volume interacts with a different particular quantum sys­
tem from among the plurality disposed within the volume by 
way of the electromagnetic field within the volume. 

10 
19. The array as claimed in claim 1 wherein the housing is 

a closed section of electromagnetic waveguide. 
20. The array as claimed in claim 1 wherein each of the 

plurality of quantum systems is a transmon-style supercon­
ducting qubit. 

21. The device as claimed in claim 2 wherein the electro­
magnetic field source is configured to induce an electromag­
netic field within the cavity at one or more of the resonant 

10 
frequencies associated with the volume. 

22. An apparatus, comprising: 

7. The device as claimed in claim 2 wherein a particular 
quantum system from among the plurality disposed within 
the volume interacts with a different particular quantum sys­
tem from among the plurality disposed within the volume by 15 

way of the electromagnetic resonant modes supported by the 
bounded volume. 

a volume bounded by conductive surfaces having an aper­
ture; 

an arrangement of quantum systems disposed within the 
volume; and 

an electromagnetic field source coupled to the volume, 
wherein individual quantum systems from the arrangement 

of quantum systems is arranged at a location in the 
volume, which is relative to an electric field profile of a 
mode of interest from the electromagnetic filed source, 
the location determining coupling strength between 
individual quantum systems to the volume and to other 

8. The device as claimed in claim 1 wherein each of the 
plurality of quantum systems is an electronic circuit. 

9. The device as claimed in claim 8 wherein each of the 20 

plurality of quantum systems includes a Josephson junction. 
10. The device as claimed in claim 1 wherein each of the 

plurality of quantum systems is a qubit. 
11. The device as claimed in claim 1 wherein each of the 

plurality of quantum systems is a composite quantum system. 
12. The device as claimed in claim 1 wherein a resonant 

mode of the cavity and the plurality of quantum systems is a 
composite quantum system. 

individual quantum systems. 
23. The apparatus as claimed in claim 22 wherein an elec-

25 tromagnetic field generated from the electromagnetic field 
source within the volume is applied through the aperture. 

24. An qubit apparatus, comprising: 
a housing defining a cavity therein; 

13. The device as claimed in claim 1 wherein the electro­
magnetic field source is configured to induce a measurement 30 

of an eigenstate of at least one of one or more of the plurality 

a plurality of qubit devices arranged in the cavity; and 
an electromagnetic field source coupled to the housing and 

configured to apply an electromagnetic field within the 
cavity, of quantum systems and the composite quantum system. 

14. The device as claimed in claim 1 wherein the electro­
magnetic field source is configured to induce an electromag­
netic field within the cavity. 

15. The device as claimed in claim 14 wherein each of the 
plurality of quantum systems includes a transition frequency. 

16. The device as claimed in claim 15 wherein the electro­
magnetic field source is configured to induce transitions 
between eigenstates among the plurality of quantum systems. 

17. The device as claimed in claim 15 wherein the electro­
magnetic field source is configured to induce transitions 
between eigenstates of one or more quantum systems among 
the plurality of quantum systems. 

18. The array as claimed in claim 2 wherein each of the one 
or more quantum states includes a measurable feature. 

35 

wherein each of the plurality of qubit devices is arranged at 
a location in the cavity, which is relative to an electric 
fie!~ profile of a mode of interest from the electromag­
netic filed source, the location determining coupling 
strength between each of the plurality of qubit devices to 
the cavity and to other qubit devices. 

25. The array as claimed in claim 24 wherein each of the 

40 
plurality of qubits includes a resonance frequency and 
wherein the electromagnetic field is configured to generate 
one or mo~e quantum states in each of the plurality of qubits, 
and wherem the plurality of qubits are arranged in the cavity 
such that modes associated with each of the plurality of qubits 

45 
couple with one another. 
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