
97

  Chapter 1.  Optics and Quantum Electronics

&KDSWHU��� 2SWLFV�DQG�4XDQWXP�(OHFWURQLFV

$FDGHPLF�DQG�5HVHDUFK�6WDII

3URIHVVRU�+HUPDQQ�$��+DXV��3URIHVVRU�(ULFK�3��,SSHQ��3URIHVVRU�-DPHV�*��)XMLPRWR��3URIHVVRU�3HWHU�/��+DJHO�
VWHLQ��'U��%UHWW�(��%RXPD��'U��-D\�1��'DPDVN

9LVLWLQJ�6FLHQWLVWV�DQG�5HVHDUFK�$IILOLDWHV

'U��0DUN�(��%UH]LQVNL���'U��.DWKHULQH�/��+DOO��'U��-�UJHQ�+HUUPDQQ���'U��6WHIDQR�/RQJKL��'U��0RUGHKDL�0DUJDOLW�
'U��0DVD\XNL�0DWVXPRWR��'U��9LFWRU�3��0LNKDLORY���/HR�-��0LVVDJJLD���'U��6KX�1DPLNL��'U��'RPLQLTXH�6��3HWHU�
'U��&DUPHQ�3XOLDILWR���'U��-RHO�6FKXPDQ���'U��*�QWHU�6WHLQPH\HU��(ULF�$��6ZDQVRQ���*DVWRQ�7XGXU\��'U��-DPHV
1��:DOSROH�

*UDGXDWH�6WXGHQWV

,JRU�3��%LOLQVN\��6WHSKHQ�$��%RSSDUW��3R�+VLX�&KHQJ�� �6HRQJ�+R�&KR��3DWULFN�&��&KRX��'DYLG�-��'RXJKHUW\�
-RKQ�0��)LQL���0DWWKHZ�(��*UHLQ��%RULV�*ROXERYLF��0LFKDHO�5��+HH��'DYLG�-��-RQHV��)DU]DQD�,��.KDWUL��0RKDP�
PHG�-��.KDQ��&KULVWLQD�0DQRODWRX��/\QQ�(��1HOVRQ�� �&RVWDQWLQRV�3LWULV��5RKLW�3UDVDQNXPDU��'DQLHO�-��5LSLQ�
6XVDQ�6XMRQR���*XLOOHUPR�-��7HDUQH\��(ULN�5��7KRHQ��&RQVWDQWLQH�7]LOLJDNLV��:LOOLDP�6��:RQJ��&KDUOHV�<X

8QGHUJUDGXDWH�6WXGHQWV�

5DYLQGUD�9��'DODO

7HFKQLFDO�DQG�6XSSRUWLQJ�6WDII

0DU\�&��$OGULGJH��'RQQD�/��*DOH��&\QWKLD�<��.RSI

��� 0RGHORFNHG�/DVHUV�XVLQJ�(UELXP�
GRSHG�*ODVV�:DYHJXLGH�$PSOLILHUV

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
*UDQW�)�������������

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
*UDQW�)���������������

3URMHFW�6WDII

'DYLG�-��-RQHV��3URIHVVRU�+HUPDQQ�$��+DXV��3URIHV�
VRU�(ULFK�3��,SSHQ��'U��6KX�1DPLNL

,Q�RXU�SDVW�ZRUN�RQ�VKRUW�SXOVH�ILEHU�ODVHUV��ZH�KDYH
GHYHORSHG� ERWK� VROLWRQ� DQG� VWUHWFKHG�SXOVH� ILEHU
ODVHUV���7KHVH�ILEHU� ODVHUV��ZKLFK�RSHUDWH� LQ� WKH����
µP�UHJLRQ��KDYH�XWLOL]HG�HUELXP�GRSHG�ILEHU��(')��DV
WKH� JDLQ� HOHPHQW�� 5HFHQWO\�� HUELXP�GRSHG� SODQDU
ZDYHJXLGH� DPSOLILHUV� KDYH� EHHQ� GHYHORSHG� DV� DQ
DOWHUQDWLYH� WR�(')����:LWK�D� W\SLFDO� OHQJWK�RI�����FP
WKHVH�LQWHJUDWHG�RSWLFDO�DPSOLILHUV�DUH�DEOH�WR�GHOLYHU

1 Research Affiliate, Cardiac Unit, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts.

2 MIT Lincoln Laboratory, Lexington, Massachusetts.

3 International Laser Center, Polytechnical Academy, Minsk, Belarus.

4 MIT Lincoln Laboratory, Lexington, Massachusetts.

5 Chairman, Department of Ophthalmology, Tufts University Medical School and Director, New England Eye Center, Boston, Massachu-
setts.

6 Director, Glaucoma Services, New England Eye Center, Tufts New England Medical Center, Boston, Massachusetts.

7 MIT Lincoln Laboratory, Lexington, Massachusetts.

8 Ibid.

9 L.E. Nelson, D.J. Jones, K. Tamura, H.A. Haus, and E.P. Ippen, "Ultrashort-Pulse Fiber Ring Lasers," Appl. Phys. B 65: 277 (1997).

10 D. Barbier, M. Rattay, F. Saint Andre, G. Clauss, M. Trouillon, A. Kevorkian, J.-M. P. Delavaux, and E. Murphy, "Amplifying Four-Wave-
length Combiner, Based on Erbium/Ytterbium-Doped Waveguide Amplifiers and Integrated Splitters," IEEE Photonics Technol. Lett. 9: 
315 (1997). 



  Chapter 1.  Optics and Quantum Electronics

98   RLE Progress Report Number 140 

���G%�RI�JDLQ�DW������µP�ZLWK�����QP�SXPS�SRZHUV
RI�����P:��,Q�WKLV�SURMHFW�ZH�LQYHVWLJDWHG�WKH�RSHUDW�
LQJ�FKDUDFWHULVWLFV�DQG�SHUIRUPDQFH�RI�D�PRGHORFNHG
VROLWRQ� ILEHU� ODVHU�XVLQJ�VXFK�D�ZDYHJXLGH�DPSOLILHU
DV�WKH�JDLQ�HOHPHQW���

7KH�NH\�DGYDQWDJH�RI�XVLQJ�ZDYHJXLGH�DPSOLILHUV�LQ
PRGHORFNHG�ILEHU�ODVHUV�LV�D�VKDUS�UHGXFWLRQ�LQ�FDYLW\
OHQJWK��DOORZLQJ�IXQGDPHQWDO�UHSHWLWLRQ�UDWHV�RI�����
����0+]��$QRWKHU�DGYDQWDJH�LV�WKH�SRVVLEOH�RQ�FKLS
IDEULFDWLRQ� RI� D� ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[LQJ
SXPS� FRXSOHU� WR� FUHDWH� D� WUXO\� FRPSDFW� LQWHJUDWHG
RSWLFDO�FRPSRQHQW�IRU�FRQVWUXFWLQJ�PRGHORFNHG�ILEHU
ODVHUV��%XW�PRVW� LPSRUWDQWO\�� D� VKRUW� FDYLW\� VLPXOWD�
QHRXVO\� UHGXFHV� WZR� SDUDVLWLF� HIIHFWV� WKDW� OLPLW� WKH
SHUIRUPDQFH�RI� VROLWRQ� ILEHU� ODVHUV���� UHVRQDQW� VLGH�
EDQG� IRUPDWLRQ� DQG� VDWXUDWLRQ� RI� WKH� SRODUL]DWLRQ
DGGLWLYH�SXOVH�PRGHORFNLQJ��3�$30��PHFKDQLVP�

6LPLODU� WR� ORQJ� GLVWDQFH� WUDQVPLVVLRQ� V\VWHPV�� GLV�
SHUVLYH�ZDYHV�JHQHUDWHG�E\�SHULRGLF�SHUWXUEDWLRQV�LQ
WKH�ODVHU�FDYLW\�IRUP�UHVRQDQW�VLGHEDQGV��,Q�WKH�FDVH
RI� VROLWRQ� ILEHU� ODVHUV�� WKH� SXOVH� ZLGWK� LV� OLPLWHG� E\
VLGHEDQG� JHQHUDWLRQ� ZKHQ� WKH� VROLWRQ� SHULRG� =

R

DSSURDFKHV�WKH�FDYLW\�OHQJWK�=
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WLRQDO�WR�τ���WKLV�FRQGLWLRQ�HIIHFWLYHO\�FODPSV�WKH�SXOVH
ZLGWK��%\�UHGXFLQJ�WKH�FDYLW\�OHQJWK�WR�����P���ZKLOH
NHHSLQJ� WKH� QHW� GLVSHUVLRQ� VWURQJO\� DQRPDORXV� WR
PDLQWDLQ� D� KLJK� SXOVH� HQHUJ\�� JHQHUDWLRQ� RI� VLJQLIL�
FDQWO\�VKRUWHU�VROLWRQV�EHFRPHV�SRVVLEOH��

$Q�DGGLWLRQDO� HIIHFW� WKDW� OLPLWV� WKH�SHDN�SRZHU� �DQG
KHQFH�WKH�SXOVH�HQHUJ\��RI�VROLWRQ�ILEHU�ODVHUV�LV�VDW�
XUDWLRQ� RI� WKH� 3�$30� PHFKDQLVP�� 7KLV� FRQGLWLRQ
RFFXUV� EHFDXVH� RI� WKH� LQWHUIHURPHWULF� QDWXUH� RI� 3�
$30�ZKLFK� KDV� D� VLQXVRLGDO� GHSHQGHQFH� RI� WUDQV�
PLVVLRQ� ZLWK� SHDN� SRZHU�� $V� D� UHVXOW�� PRVW� VROLWRQ
ILEHU�ODVHUV�WHQG�WR�PXOWLSXOVH�DW�KLJK�SXPS�SRZHUV�
6KRUWHQLQJ�WKH�WRWDO�ILEHU�OHQJWK�WR�����P�UHGXFHV�WKH
QHW�QRQOLQHDULW\�SHU�SDVV��WKXV�DYRLGLQJ�3�$30�VDWX�
UDWLRQ�DQG�SURGXFWLRQ�RI�PXOWLSOH�SXOVHV��
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WLRQ�UDWHV�JUHDWHU�WKDQ�����0+]�
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L]DWLRQ�DGGLWLYH�SXOVH�PRGHORFNLQJ��3�$30��LQ�D�VHOI�
VWDUWLQJ� ULQJ�FDYLW\�ZLWK�QRQ�SRODUL]DWLRQ�PDLQWDLQLQJ
�30�� ILEHU�� 6XFK� D� FRQILJXUDWLRQ� LV� VHQVLWLYH� WR
PHFKDQLFDO� DQG� WHPSHUDWXUH� YDULDWLRQV� ZKLFK� PD\
LQGXFH� GULIWV� LQ� WKH� SRODUL]DWLRQ� ELDV� RI� WKH� 3�$30
DQG�WKXV�DIIHFW�LWV�HQYLURQPHQWDO�VWDELOLW\��3UHYLRXVO\
UHSRUWHG� HQYLURQPHQWDOO\�VWDEOH� VROLWRQ� ILEHU� ODVHUV
KDYH� XVHG� D� OLQHDU� WRSRORJ\� DQG� D� )DUDGD\� PLUURU
�)50��WR�HOLPLQDWH�OLQHDU�ELDV�GULIW��$V�D�VWHS�WRZDUGV
REWDLQLQJ�KLJK�SRZHUV�DQG�EURDGHU�VSHFWUD��ZH�KDYH
GHYHORSHG�DQ�HQYLURQPHQWDOO\�VWDEOH�VWUHWFKHG�SXOVH
ILEHU�ODVHU�WKDW�XVHV�D�VLJPD�FDYLW\�GHVLJQ����

7KH�FDYLW\�FRQVWUXFWLRQ� LV�VKRZQ� LQ�)LJXUH����3XOVH
VKDSLQJ�YLD�3�$30�RFFXUV�RQO\�LQ�WKH�SLJWDLO�VHFWLRQ
DQG� WKH� )50� HOLPLQDWHV� DQ\�3�$30� HQYLURQPHQWDO
GHSHQGHQFH�� (PHUJLQJ� IURP� WKH� 3�$30� WUDQVPLV�
VLRQ� SRUW�� D� SRUWLRQ� RI� WKH� SXOVH� LV� WDSSHG�RII� YLD� D
YDULDEOH�RXWSXW�FRXSOHU�ZKLFK�SURYLGHV�D�KLJK�TXDOLW\

SXOVH�� $IWHU� ILOWHULQJ�� WKH� SXOVH� SURSDJDWHV� WKURXJK
WKH� DQRPDORXV� GLVSHUVLRQ� ULQJ� FRQVWUXFWHG� RI� 30
ILEHU�LQ�D�OLQHDU�SRODUL]DWLRQ�VWDWH�DQG�WKHQ�LV�LQMHFWHG
EDFN� LQWR� WKH�3�$30�SLJWDLO�VHFWLRQ��30�ILEHU� LQ� WKH
ULQJ� VHFWLRQ� HQVXUHV� HQYLURQPHQWDO� VWDELOLW\� LQ� WKLV
SRUWLRQ�RI�WKH�FDYLW\�

)LJXUH��� ��6WUHWFKHG�SXOVH�VLJPD�FDYLW\��:'0��
ZDYH�OHQJWK�GLYLVLRQ�PXOWLSOH[HU��)5��)DUDGD\�
URWDWRU��%73��ELUHIULQJHQW�WXQLQJ�SODWH��$0��DPSOLWXGH�
PRGXODWRU��4:3��TXDUWHU�ZDYH�SODWH��+:3��KDOI�ZDYH�
SODWH��30��SRODUL]DWLRQ�PDLQWDLQLQJ�

7KH� VLJPD� GHVLJQ� LV� QRW� D� WUDYHOLQJ�ZDYH� FDYLW\
WKURXJK� LWV�HQWLUH� OHQJWK��)LUVW�RUGHU� UHIOHFWLRQV� IURP
EXON�HOHPHQWV� LQ� WKH� OLQHDU�VHFWLRQ�RI� WKH�FDYLW\�FDQ
IRUP� HWDORQV� ZKLFK� LPSHGH� VHOI�VWDUWLQJ� YLD� PRGH�
SXOOLQJ���� 6SDWLDO� KROH�EXUQLQJ� LQ� WKH� HUELXP�GRSHG
ILEHU� LV�DQ�DGGLWLRQDO�KLQGUDQFH�IRU�VHOI�VWDUWLQJ����7R
RYHUFRPH� WKHVH� REVWDFOHV�� D� ILEHU� SLJWDLOHG� /L1E2
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WUDYHOLQJ�ZDYH�PRGXODWRU�LV�LQFOXGHG�LQ�WKH�ULQJ�VHF�
WLRQ� RI� WKH�FDYLW\� IRU�DVVLVWDQFH�ZLWK� SXOVH� VWDUW�XS�
$IWHU�PRGHORFNLQJ�LV�LQLWLDWHG�E\�WXUQLQJ�RQ�WKH�PRGX�
ODWRU� DQG� DGMXVWLQJ� WKH� ZDYH�SODWHV� DQG� ILOWHU�� WKH
PRGXODWRU� LV� WXUQHG� RII� DQG� VLQJOH� SXOVH� RSHUDWLRQ
UHPDLQV��%\�UHO\LQJ�RQ�WKH�PRGXODWRU�WR�SURYLGH�SXOVH
VWDUW�XS�� D� KLJK�HQHUJ\� SXOVH� VWDWH� FDQ� EH� GLUHFWO\
REWDLQHG�ZLWK�GLRGH�SXPS�OHYHOV�RI�������P:��7KLV�LV
D�VLJQLILFDQW�DVSHFW�RI�WKLV�ODVHU�DV�LW�UHSUHVHQWV�WKH
ILUVW� KLJK�SRZHU� VWUHWFKHG�SXOVH� HUELXP�GRSHG� ILEHU
ODVHU� ZKLFK� FDQ� EH� SXPSHG� E\� FRQYHQWLRQDO� ODVHU
GLRGHV��
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)ROORZLQJ� WKH� SUHYLRXVO\� GHVFULEHG� VWDUW�XS� SURFH�
GXUH�� WKLV� ODVHU�JHQHUDWHV�QDQRMRXOH�SXOVHV�ZLWK���
QP� RI� VSHFWUDO� ZLGWK� WKDW� DUH� FRPSUHVVLEOH� WR� VXE�
����IV��(QYLURQPHQWDO�VWDELOLW\�LV�YHULILHG�E\�LPSRVLQJ
ORFDO�WHPSHUDWXUH�FKDQJHV�RI�����GHJUHHV�&HOVLXV�DW
YDULRXV� SRLQWV� RQ� WKH� ILEHU� ZLWK� D� KHDW� JXQ�� (YHQ
XQGHU�WKHVH�FRQGLWLRQV�WKH�VLJPD�ODVHU�UHPDLQHG�VWD�
EO\�PRGHORFNHG��0HFKDQLFDO�SHUWXUEDWLRQV�DSSURSUL�
DWH�WR� UHVHDUFK�JUDGH� ODVHU�SDFNDJLQJ�DOVR� IDLOHG�WR
GLVUXSW�PRGHORFNLQJ��2YHUDOO� WXUQ�NH\�RSHUDWLRQ�ZLWK
WKH� VLJPD� ODVHU� ZDV� REVHUYHG� RYHU� D� SHULRG� RI
PRQWKV�� 3UHVHQWO\�ZH� DUH�ZRUNLQJ�ZLWK�&ODUN�0;5�
,QF�� WR� GHYHORS� WKLV� YHUVLRQ� RI� WKH� VWUHWFKHG�SXOVH
ODVHU�LQWR�D�FRPPHUFLDO�SURGXFW�

��� +LJK�5HSHWLWLRQ�5DWH�/DVHU�6RXUFHV

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

0DWWKHZ�(��*UHLQ��'U��0RUGHKDL�0DUJDOLW��3URIHVVRU
(ULFK�3��,SSHQ��3URIHVVRU�+HUPDQQ�$��+DXV

$FWLYH� PRGHORFNLQJ� LV� DQ� DWWUDFWLYH� WHFKQLTXH� IRU
DSSOLFDWLRQV�UHTXLULQJ�V\QFKURQL]DWLRQ�RI�D�ODVHU�WR�DQ
H[WHUQDO�FORFN��)RU�DQ�XOWUD�KLJK�VSHHG�WHOHFRPPXQL�
FDWLRQV� V\VWHP� HPSOR\LQJ� WLPH�GLYLVLRQ�PXOWLSOH[HG
�7'0�� FKDQQHOV�� WKH� UHTXLUHPHQWV� IRU� VXFK� D� ODVHU
VRXUFH�LQFOXGH�UHSHWLWLRQ�UDWHV�LQ�H[FHVV�RI����*ELW�V�
SXOVHZLGWKV�RQ�WKH�RUGHU�RI�RQH�SLFRVHFRQG��DQG�ORZ
DPSOLWXGH�DQG�WLPLQJ�MLWWHU��

7KH� SXOVHZLGWKV� H[SHFWHG� IURP� D� ILEHU� ODVHU� ZLWK
DFWLYH� PRGHORFNLQJ� DORQH�� DW� ��� *+]�� DUH� RQ� WKH
RUGHU� RI� ���� SLFRVHFRQGV�� 7KLV� JURXS��� KDV� SUHYL�
RXVO\� VKRZQ� WKHRUHWLFDOO\���DQG� H[SHULPHQWDOO\� WKDW
PXFK� VKRUWHU� SXOVHV� FDQ� EH� DFKLHYHG� E\� WDNLQJ
DGYDQWDJH�RI�VROLWRQ�IRUPDWLRQ�LQ�WKH�ILEHU��*UDGXDWH

VWXGHQW�'DYLG�-��-RQHV�KDV�SUHYLRXVO\�GHPRQVWUDWHG
���� IV�SXOVHV�DW���*+]��DQG�JUDGXDWH�VWXGHQW�0DW�
WKHZ�*UHLQ�KDV�UHFHQWO\�DFKLHYHG�����IV�SXOVHV�DW���
*+]��7KHVH�SXOVHZLGWKV�DUH�VKRUWHU�E\�D�IDFWRU�RI��
WKDQ� WKRVH�SUHGLFWHG�E\�WKH�6LHJPDQ�.XL]HQJD�WKH�
RU\���DQG�DSSHDU� WR�EH�FRQVLVWHQW�ZLWK� WKH�WKHRU\�RI
.lUWQHU���� 7KHVH� DUH� LPSRUWDQW� UHVXOWV� IRU� WZR� UHD�
VRQV�� WKH\� YHULI\� WKDW� VROLWRQLF� HIIHFWV� SURGXFH� WKH
SXOVH�VKRUWHQLQJ�SUHGLFWHG�E\�WKHRU\��DQG�WKH\�GHP�
RQVWUDWH� WKDW�ZH� FDQ�GLUHFWO\�JHQHUDWH� VXE�SLFRVHF�
RQG� SXOVHV� DW� KLJK� UHSHWLWLRQ� UDWHV�� ,Q� IDFW�� ���� IV
SXOVHV� DUH� WKH� VKRUWHVW� SXOVHV� UHSRUWHG� WR� GDWH�
GLUHFWO\�JHQHUDWHG�DW����*+]�

,Q� DFKLHYLQJ� WKHVH� UHFHQW� UHVXOWV�� ZH� KDYH� VKRZQ
WKDW�ILOWHULQJ�SOD\V�DQ�H[WUHPHO\�LPSRUWDQW�UROH�LQ�WKH
RSHUDWLRQ� RI� WKH� ODVHU�� ,QGHHG�� ZH� KDYH� IRXQG� WKDW
XVLQJ�WKH�EURDGHVW�ILOWHUV�OHDGV�WR�WKH�VKRUWHVW�SXOVHV�
:KLOH�WKDW�IDFW�PD\�QRW�VHHP�VR�VXUSULVLQJ��ZH�IRXQG
WKDW�� LQ�DGGLWLRQ��RSHQLQJ�XS� WKH� ILOWHU�EDQGZLGWK�GLG
QRW�FRPH�DW�WKH�H[SHQVH�RI�SXOVH�WR�SXOVH�DPSOLWXGH
IOXFWXDWLRQV��+HUH�DJDLQ��ZH� ILQG�EHQHILFLDO� IHDWXUHV
RI�VROLWRQ� IRUPDWLRQ��VROLWRQ�HIIHFWV�ZLWK� WKH�DGGLWLRQ
RI� VSHFWUDO� ILOWHULQJ� SURYLGH� DQ� LQWHQVLW\�GHSHQGHQW
ORVV���� 7KH� H[SODQDWLRQ� LV� WKDW� VKRUWHU� SXOVHV� KDYH
WKH�EURDGHVW�VSHFWUD��WKXV�VHH�WKH�PRVW�ORVV�LQ�WKH�ILO�
WHU�� 7KH� VSHFWUDO� ORVV� GLVFRXUDJHV� WKH� EXLOGXS� RI� D
VLQJOH�� YHU\� VKRUW� SXOVH� DQG� HQFRXUDJHV� WKH� HTXDO�
L]DWLRQ�RI�SXOVH�HQHUJLHV�DPRQJ�WKH�WLPH�VORWV��

$Q�LOOXVWUDWLRQ�RI�WKH�ODVHU�RXWSXW�LV�JLYHQ�LQ�)LJXUH���
7KH� DXWRFRUUHODWLRQ� GLVSOD\V� D� EDFNJURXQG�IUHH� ���
SLFRVHFRQG� SXOVH� DQG� UI� VLGHPRGH� VXSSUHVVLRQ
JUHDWHU�WKDQ����G%��LQGLFDWLQJ�WKDW�WKH�DPSOLWXGH�IOXF�
WXDWLRQV�DUH� OHVV�WKDQ����������RU�D�SRVVLEOH�SXOVH
GURSRXW�UDWH�RI���HYHU\��������SXOVHV�
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)LJXUH��� ��$XWRFRUUHODWLRQ�DQG�UI�VSHFWUXP�RI�WKH�
ODVHU�RXWSXW�

2QH� RI� WKH� FKDOOHQJHV� WR�PDLQWDLQLQJ� DFWLYH�PRGH�
ORFNLQJ� LV� XQFRQWUROOHG� GHWXQLQJ� EHWZHHQ� WKH� LQWUD�
FDYLW\�PRGXODWRU�DQG�WKH�ODVHU�FDYLW\�KDUPRQLF��7HP�
SHUDWXUH� YDULDWLRQV� FDXVH� D� FKDQJH� LQ� WKH� HIIHFWLYH
OHQJWK�RI�WKH�ILEHU��OHDGLQJ�WR�D�FKDQJH�RI�WKH�UHSHWL�
WLRQ�UDWH�RI�WKH�ODVHU�UHODWLYH�WR�WKDW�RI�WKH�PRGXODWRU�
7KH�DOORZDEOH�GHWXQLQJ�EHWZHHQ� WKH�PRGXODWRU�DQG
WKH� FDYLW\� KDUPRQLF� LV� RQ� WKH� RUGHU� RI� WHQV� RI� NLOR�
KHUW]�� :LWKRXW� FRUUHFWLQJ� IRU� GHWXQLQJ�� LW� KDV� EHHQ
REVHUYHG�LQ�WKH�ODE�WKDW�PRGHORFNLQJ�LV�ORVW�DIWHU�RQO\
D�IHZ�PLQXWHV�RI�RSHUDWLRQ��7R�FRUUHFW�IRU�GHWXQLQJ�LQ
WKH� ODVHU�� ZH� KDYH� FRQVWUXFWHG� D� UHJHQHUDWLYH��

VFKHPH�� 7KH� NH\� HOHPHQW� RI� WKH� UHJHQHUDWLYH
VFKHPH� LV� WKH� FORFN� H[WUDFWLRQ� FLUFXLW� �&(&�²FRP�
SULVHG� RI� D� SKRWRGHWHFWRU�� DPSOLILHU�� ILOWHU�� DQG� D
SKDVH�VKLIWHU²WKDW�UHJHQHUDWHV�WKH�VLJQDO�GULYLQJ�WKH
PRGXODWRU�IURP�WKH�KDUPRQLFV�RI�WKH�ODVHU�LWVHOI��:H
KDYH�VKRZQ�WKDW�HPSOR\LQJ�WKH�&(&�HQVXUHV�WKDW�WKH
ODVHU� UHPDLQV� PRGHORFNHG� LQGHILQLWHO\�� )XWXUH� ZRUN
LQFOXGHV�VWDELOL]LQJ�WKH�ODVHU�ZLWK�DFWLYH�FRQWURO�RI�WKH
FDYLW\�OHQJWK�WR�DFKLHYH�UHSHWLWLRQ�UDWH�VWDELOLW\�LQ�WKH
HIIRUW�WR�EXLOG�D�WUXO\�FORFN�V\QFKURQL]HG�ODVHU�VRXUFH�

7KHVLV

*UHLQ�� 0�(�� $� 5HJHQHUDWLYHO\� 0RGHORFNHG�� )LEHU
5LQJ�/DVHU��0�6��WKHVLV��'HSDUWPHQW�RI�(OHFWULFDO
(QJLQHHULQJ� DQG� &RPSXWHU� 6FLHQFH�� 0,7�� 6HS�
WHPEHU������

��� $V\QFKURQRXV�3KDVH�0RGXODWHG�
2SWLFDO�)LEHU�%XIIHU

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

'DYLG�-��-RQHV��'U��.DWKHULQH�/��+DOO��3URIHVVRU�+HU�
PDQQ�$��+DXV��3URIHVVRU�(ULFK�3��,SSHQ

:H� GHPRQVWUDWHG� VXFFHVVIXO� ORDGLQJ�� VWRUDJH�� DQG
XQORDGLQJ� RI� ��*ELW�VHF� SDFNHWV� IURP� DQ� DV\QFKUR�
QRXV�SKDVH�PRGXODWHG�RSWLFDO�ILEHU�ULQJ�EXIIHU����7KH
DV\QFKURQRXV� PRGH� RI� RSHUDWLRQ��� RIIHUV� VHYHUDO
SUDFWLFDO� DGYDQWDJHV� RYHU� V\QFKURQRXV� RSHUDWLRQ��

LQFOXGLQJ� WROHUDQFH� RI� GULIWV� LQ� FDYLW\� OHQJWK� DQG
ORDGHG� SDFNHW� FKDUDFWHULVWLFV� DV� ZHOO� DV� SRVVLEOH
HOLPLQDWLRQ�RI�FORFN�UHFRYHU\�RQ�LQFRPLQJ�SDFNHWV��

,Q�HVVHQFH��DQ�RSWLFDO� ILEHU�EXIIHU�RI� WKLV� W\SH� LV�DQ
DFWLYHO\�PRGHORFNHG�ILEHU�ULQJ�ODVHU�WKDW�LV�KHOG�EHORZ
WKUHVKROG� VR� WKDW� SXOVHV� FDQQRW� EH� VSRQWDQHRXVO\
FUHDWHG��+RZHYHU�� LI�SXOVHV��VHHGHG�E\�³RQHV´�LQ�DQ
LQSXW�SDFNHW��DUH�DEOH�WR�EXLOG�XS�DQG�VXSSUHVVLRQ�RI
³]HURV´� LV� PDLQWDLQHG�� WKH� EXIIHU� FDQ� VXFFHVVIXOO\
VWRUH�WKH�SDFNHW��9LHZHG�LQ�WKLV�OLJKW��LW�LV�QRW�VXUSULV�
LQJ� WKDW� ORDGLQJ� RI� SDFNHWV� LQWR� WKH� EXIIHU� LQGXFHV
UHOD[DWLRQ�RVFLOODWLRQV��52��WKDW�PRGXODWH�WKH�SDFNHW
LQWHQVLW\�DV� LW� FLUFXODWHV�DURXQG� WKH�FDYLW\��7KH� WLPH
FRQVWDQW� RI� WKH� 52� LV� WKH� JHRPHWULF� PHDQ� RI� WKH
XSSHU�VWDWH�OLIHWLPH�RI�WKH�HUELXP�GRSDQW��LQ�WKH�VLOLFD
KRVW�� DQG� WKH� SKRWRQ� OLIHWLPH� LQ� WKH� UHVRQDWRU� DQG
HTXDOV�DSSUR[LPDWHO\����PV��7KH�GHWULPHQWDO�HIIHFWV
RI� 52� KDYH� OLPLWHG� WKH� VWRUDJH� RI� SUHYLRXV� RSWLFDO
ILEHU�ULQJ�EXIIHUV�WR����PV��

7KH�YDULDWLRQ�LQ�WKH�DYHUDJH�SRZHU�RI�WKH�FLUFXODWLQJ
SDFNHWV�� GXH� WR� 52�� FDQ� EH�PLQLPL]HG� E\� RSWLFDOO\
LQMHFWLQJ� D� &:� KROGLQJ� EHDP��:LWK� WKLV� WHFKQLTXH�
HLWKHU�WKH�SDFNHW�RU�D�&:�VLJQDO�LV�ODXQFKHG�LQWR�WKH
EXIIHU�� %\� FRUUHFWO\� DGMXVWLQJ� WKH� SRZHU� RI� WKH� &:
VLJQDO� UHODWLYH� WR� WKH� DYHUDJH� SDFNHW� SRZHU�� WKH
LQMHFWHG�SKRWRQ�QXPEHU�LV�FRQVHUYHG��WKHUHE\�LQKLELW�
LQJ� DQ\� 52�� ,Q� WKLV� H[SHULPHQW� D� KROGLQJ� EHDP� LV
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25  C.R. Doerr, W.S. Wong, H.A. Haus, and E.P. Ippen, “Additive Pulse Mode-Locking/Limiting Storage Ring,” Opt. Lett. 19: 1747 (1994).
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JHQHUDWHG� E\� D� JDLQ�VZLWFKHG� VHPLFRQGXFWRU� ODVHU
ZKLFK�LV�LQMHFWHG�LQWR�WKH�EXIIHU�ZKHQ�SDFNHWV�DUH�QRW
SUHVHQW��,QFRUSRUDWLQJ�WKH�KROGLQJ�EHDP�OHG�WR�VLJQLI�
LFDQWO\� HQKDQFHG� VWRUDJH� WLPHV� RI� OHDVW� ���� PV
������ FLUFXODWLRQV��� /LPLWDWLRQV� ZLWK� RXU� GLDJQRVWLF
HTXLSPHQW� SUHYHQWHG� XV� IURP� REVHUYLQJ� VWRUDJH
EH\RQG�WKLV�OLPLW�

$OWKRXJK�ZH� REVHUYHG� VWRUDJH� RI� WKH� SDFNHW� HQYH�
ORSH�IRU�DW�OHDVW�����PV��LW�LV�LPSRUWDQW�WR�YHULI\�PDLQ�
WHQDQFH�RI� WKH� LQGLYLGXDO�ELWV� LQ� WKH�SDFNHW��$����ELW
SRUWLRQ�RI�WKH�ORDGHG�SDFNHW�GLVSOD\HG�RQ�D����*+]
VDPSOLQJ�VFRSH�LV�JLYHQ�LQ�)LJXUH��D��ZKLOH�)LJXUH��E
VKRZV�WKH�VDPH����ELW�SRUWLRQ�DIWHU�����URXQGWULSV��D

�VWRUDJH�WLPH�RI������PV���7R�REWDLQ�WKH�WUDFH�LQ�)LJ�
XUH��E��WKH�VDPSOLQJ�VFRSH�LV�WULJJHUHG�DW�WKH�ORDGLQJ
HYHQW�DQG�WKH�GHOD\�LV�VHW�WR������PV��7KH�DSSDUHQW
ZLGHQLQJ� RI� WKH� SXOVHV� LQ� )LJXUH� �E� LV� FDXVHG� E\
RVFLOORVFRSH� WLPLQJ� MLWWHU� GXH� WR� WKH� ORQJ� WLPH�GHOD\
DIWHU� WKH� WULJJHU� HYHQW�� 6LPLODU� SXOVH� EURDGHQLQJ� LV
REVHUYHG�RQ�D�WUDFH�WDNHQ�GLUHFWO\�RI�WKH�SDFNHWV�ZLWK
D� ���PV� WULJJHU� GHOD\�� FRQILUPLQJ� RVFLOORVFRSH� MLWWHU
DV�WKH�VRXUFH��,Q�DGGLWLRQ��WKH�VDPSOLQJ�VFRSH�IDLOHG
WR� KROG� LWV� WULJJHU� EH\RQG� WKLV� SRLQW�� SUHYHQWLQJ� XV
IURP�REWDLQLQJ�D�SDFNHW�WUDFH�SDVW�D�VWRUDJH�WLPH�RI
�����PV��

)LJXUH��� ��+LJK�VSHHG�VDPSOLQJ�VFRSH�WUDFH�VKRZLQJ�D�SRUWLRQ�RI��D��WKH�LQLWLDO��ORDGHG�SDFNHW���E��DIWHU�WKH�����
FLUFXODWLRQV��3XOVH�EURDGHQLQJ�LQ�WKH�VWRUHG�SDFNHW�LV�FDXVHG�E\�MLWWHU�IURP�WKH�VDPSOLQJ�RVFLOORVFRSH�

��� 2SWLFDO�3XOVH�)LOWHULQJ�ZLWK�
'LVSHUVLRQ�,PEDODQFHG�/RRS�
0LUURUV

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
-RLQW�6HUYLFHV�(OHFWURQLFV�3URJUDP
1DWLRQDO�6FLHQFH�)RXQGDWLRQ
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII
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+DXV��'U��3HU�3��+DQVHQ����'U��7RUEHQ�1��1LHOVHQ��

7KH�QRQOLQHDU�RSWLFDO� ORRS�PLUURU� �12/0���� DQG� WKH
QRQOLQHDU�DPSOLI\LQJ�ORRS�PLUURU��1$/0����KDYH�EHHQ
VKRZQ�WR�SRVVHVV�RSWLFDO�VZLWFKLQJ�SURSHUWLHV���ZKHQ
WKH\�DUH� LPEDODQFHG�E\�DQ�DV\PPHWULF�FRXSOHU�DQG
E\� DQ� DV\PPHWULFDOO\� SODFHG� JDLQ� HOHPHQW�� UHVSHF�
WLYHO\��7KH\�FDQ�EH� DSSOLHG� LQ�D�QXPEHU� RI�DSSOLFD�
WLRQV� VXFK� DV� DOO�RSWLFDO� GHPXOWLSOH[LQJ� RI� GDWD
VWUHDPV��� DQG� SDVVLYH� PRGHORFNLQJ� RI� VKRUW�SXOVH
ILEHU�ODVHUV����

:H�KDYH�GHPRQVWUDWHG�H[SHULPHQWDOO\�WKH�SRVVLELOLW\
RI�FRQVWUXFWLQJ�D�QHZ�QRQOLQHDU�RSWLFDO�6DJQDF�ORRS
WKDW� LV� LPEDODQFHG�E\�GLVSHUVLRQ����7KH�UHVSRQVH�RI
WKLV� ORRS� LV� VLJQLILFDQWO\� GLIIHUHQW� IURP� WKRVH� RI
12/0V�DQG�1$/0V²VLQFH�GLVSHUVLRQ�DFWV�RQO\�RQ
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SXOVHV��FZ�LQSXW�OLJKW�RI�DUELWUDU\�LQWHQVLW\�LV�UHIOHFWHG
ZKLOH� VKRUW� SXOVHV� DUH� VZLWFKHG� RXW�� 2XU� LGHD� LV� WR
FRQVWUXFW� WKH� ORRS��DV�VKRZQ�LQ�)LJXUH��D��ZLWK�RQH
VHJPHQW� RI� ILEHU� RI� KLJK� DQRPDORXV� GLVSHUVLRQ� '

�

�
DQG�DQRWKHU�VHJPHQW�ZLWK�D�PXFK� ORZHU�DPRXQW�RI
GLVSHUVLRQ�'

�

��,Q�WKH�FORFNZLVH�SURSDJDWLQJ�GLUHFWLRQ
LQVLGH� WKH� ORRS� PLUURU�� WKH� 1� �� �� �1� LV� WKH� VROLWRQ
RUGHU�� LQFLGHQW� SXOVH� GLVSHUVHV� TXLFNO\� DQG� WKHQ
UHPDLQV�EURDG�LQ�WKH�VHFRQG�VHJPHQW��LQGXFLQJ�OLWWOH
QRQOLQHDU� SKDVH� VKLIW�� � RQ� WKH� RWKHU� KDQG�� WKH
FRXQWHU�FORFNZLVH�SURSDJDWLQJ� SXOVH� UHPDLQV� VKRUW
IRU�WKH�HQWLUH�ILUVW�VHJPHQW�ZKHUH�WKH�ILEHU�LV�DOPRVW
GLVSHUVLRQOHVV��WKXV�DFTXLULQJ�D�ODUJH�DPRXQW�RI�QRQ�
OLQHDU� SKDVH� VKLIW� WKDW� LV� ERWK� LQWHQVLW\�GHSHQGHQW
DQG�SURSRUWLRQDO� WR�/

�

� �)LJXUH��E��� ,W� LV� LPSRUWDQW� WR
QRWH� WKDW� VXFK� QRQUHFLSURFDO� SKDVH� VKLIW� H[LVWV� IRU
SXOVHG�LQSXW�EXW�QRW�IRU�FZ�LQSXW��,Q�RWKHU�ZRUGV��WKH
GLVSHUVLRQ�LPEDODQFHG�ORRS�LV�D�QRQOLQHDU�SXOVH�ILOWHU
WKDW�UHVSRQGV�QRW�WR�D�GF�LQSXW�LQWHQVLW\��EXW�UDWKHU�WR
WKH�VHFRQG�GHULYDWLYH�RI�WKH�HOHFWULF�ILHOG�HQYHORSH�X
ZLWK�UHVSHFW�WR�WLPH�

7KH� LQSXW� DQG� WUDQVPLWWHG� RSWLFDO� VSHFWUD� DUH�PHD�
VXUHG�DQG�VKRZQ�LQ�)LJXUH����7KH�H[WLQFWLRQ��ORVV��IRU
FZ�LQ�WKH�RXWSXW��UHODWLYH�WR�WKDW�RI�WKH�SXOVH�RXWSXW��LV
���G%���0RUHRYHU��WKH�SXOVH�VSHFWUXP�LV�PRGLILHG�LQ�D
IDYRUDEOH�ZD\²WKH� VSHFWUDO� ZLGWK� EURDGHQV� IURP� �
QP�WR����QP��ZKLOH�WKH�UHVRQDQW�VROLWRQLF�VLGHEDQGV
DUH� UHMHFWHG� E\� WKH� ORRS�� UHVXOWLQJ� LQ� D� VKRUWHU� DQG
FOHDQHU� SXOVH� DIWHU� SURSDJDWLRQ� LQ� D� '&)� ILEHU�� $V
VKRZQ� LQ�)LJXUH���� WKH�RXWSXW�):+0�SXOVH�ZLGWK� LV
FRPSUHVVHG�WR�����IV�DIWHU�����P�RI�'&)��DVVXPLQJ�D
VHFK� VKDSH� �WLPH�EDQGZLGWK�SURGXFW�  � ������� 7KH
VXSSUHVVLRQ�RI� WKH�SHGHVWDO�GXH� WR�FZ� LV�HYLGHQW� LQ
WKH�ORJ�SORW�RI�WKH�SXOVH�DXWRFRUUHODWLRQV�EHIRUH�DQG
DIWHU�WKH�ORRS�

,Q�FROODERUDWLRQ�ZLWK�/XFHQW�7HFKQRORJLHV�LQ�+ROPGHO�
1HZ�-HUVH\��ZH�DOVR�GHPRQVWUDWHG�WKH�SRVVLELOLW\�RI
XVLQJ�D�GLVSHUVLRQ�LPEDODQFHG�ORRS�PLUURU�WR�SHUIRUP
QRQOLQHDU� QRLVH� ILOWHULQJ� RQ� D� ���*E�V� QRLVH�ORDGHG
SXOVH� VWUHDP���� ,Q� D� ILEHU�RSWLF� FRPPXQLFDWLRQ� V\V�
WHP�ZLWK�LQ�OLQH�RSWLFDO�DPSOLILHUV��LW�LV�WKH�SUHVHQFH�RI
DPSOLILHG� VSRQWDQHRXV� HPLVVLRQ� �$6(�� QRLVH� LQ� WKH
VLJQDO�VWUHDP�WKDW� ORZHUV�WKH�VLJQDO�WR�QRLVH�UDWLR�RI
WKH�VLJQDO�DW�WKH�RSWLFDO�UHFHLYHU��UHVXOWLQJ�LQ�D�KLJKHU
ELW� HUURU� UDWH� LQ� WUDQVPLVVLRQ�� %\� UHPRYLQJ� WKH� LQ�
EDQG�$6(�QRLVH�� WKH�UHVXOWLQJ� UHFHLYHU�VHQVLWLYLW\� LV
LPSURYHG�IURP�±�����G%P�WR�±�����G%P��7KH�H[SHUL�
PHQW� VHWXS� LV� VKRZQ� LQ� )LJXUH� ��� $� ��� *+]� SXOVH
WUDLQ��ZKHUH�WKH����SV�SXOVHV�KDYH�D�WLPH�EDQGZLGWK�
SURGXFW�RI������DW������QP��LV�PRGXODWHG�DW����*E�V
E\�D�OLWKLXP�QLREDWH�DPSOLWXGH�PRGXODWRU�ZLWK�D������
SVHXGR�UDQGRP�ELW�VHTXHQFH��7KH�QRLVH�VRXUFH�FRQ�
VLVWV� RI� WZR� HUELXP�GRSHG� DPSOLILHU� VWDJHV� LQ� FDV�
FDGH�� LQWR�ZKLFK�D���QP�EDQG�SDVV� ILOWHU� LV� LQVHUWHG
EHWZHHQ�WKH�WZR�VWDJHV�WR�ORZHU�WKH�QRLVH�EDQGZLGWK
DQG� LQFUHDVH� WKH� QRLVH� VSHFWUDO� SRZHU� VLPXOWD�
QHRXVO\��$V�D�UHVXOW������G%P�RI�$6(�QRLVH�LV�JHQHU�
DWHG�DW�WKH�VLJQDO�ZDYHOHQJWK�ZLWK�D�EDQGZLGWK�RI����
QP��7KH�VLJQDO�DQG�WKH�$6(�QRLVH�DUH�ERWK�ODXQFKHG
LQWR�WKH�ORRS�PLUURU�YLD�D�������FRXSOHU�IROORZHG�E\�D
WKUHH�SRUW� RSWLFDO� FLUFXODWRU�� 7KH� GLVSHUVLRQ�LPEDO�
DQFHG� ORRS�PLUURU� LV� FRQVWUXFWHG�ZLWK� D� ������ FRX�
SOHU�� ������ NP� RI� /XFHQW� 7UXH:DYH� ILEHU� ZLWK� DQ
DQRPDORXV� GLVSHUVLRQ� RI� ������ SV��QP�NP��� DQG
������NP�RI�7UXH:DYH�ILEHU�ZLWK�DQ�DQRPDORXV�GLV�
SHUVLRQ�RI�������SV��QP�⋅�NP��DW��������QP��

31 D.M. Patrick, A.D. Ellis, and D.M. Spirit, “Bit-rate Flexible All-Optical Soliton De-multiplexing using a Nonlinear Optical Loop Mirror,” 
Electron. Lett. 29: 702 (1993). K. Uchiyama, H. Takara, T. Morioka, S. Kawanishi, and M. Saruwatari, “100 Gbit/s Multiple-channel Out-
put All-optical Demultiplexing based on TDM-WDM Conversion in a Nonlinear Optical Loop Mirror,” Electron. Lett. 32: 1989 (1996).

32 I.N. Duling, III, “Subpicosecond All-fibre Erbium laser,” Electron. Lett. 27: 544 (1991); D.J. Richardson, R.I. Laming, D.N. Payne, V. 
Matsas, and M.W. Phillips, “Self-starting, Passively Modelocked Erbium Fibre Ring laser Based on the Amplifying Sagnac Switch,” 
Electron. Lett. 27: 542 (1991); S. Wu, J. Strait, and R.L. Fork, “High-power Passively Mode-locked Er-doped Fiber Laser with a Nonlin-
ear Optical Loop Mirror,” Opt. Lett. 18: 1444 (1993).

33 W.S. Wong, S. Namiki, M. Margalit, E.P. Ippen, and H.A. Haus, “Optical Pulse Filtering with Dispersion Imbalanced Nonlinear Loop 
Mirrors,” OFC '97 postdeadline paper PD-8, Dallas, Texas, 1997; W.S. Wong, S. Namiki, M. Margalit, E.P. Ippen, and H.A. Haus, “Self-
switching of Optical Pulses in Dispersion-imbalanced Nonlinear Loop Mirrors,” Opt. Lett. 22: 1150 (1997).

34 W.S. Wong, P.B. Hansen, T.N. Nielsen, M. Margalit, S. Namiki, E.P. Ippen, and H.A. Haus,  “In-band Amplified Spontaneous Emission 
Noise Filtering with a Dispersion-imbalanced Nonlinear Loop Mirror,” submitted to J. Lightwave Technol.
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���

)LJXUH��� ���D��&RQFHSWXDO�RSHUDWLRQ�RI�D�GLVSHUVLRQ�LPEDODQFHG�ORRS�PLUURU�VKRZLQJ�SXOVH�VWUHWFKLQJ�DQG�
FRPSUHVVLRQ���E��3ORWV�RI�WKH�SXOVH�SHDN�LQWHQVLW\�DV�D�IXQFWLRQ�RI�GLVWDQFH�DORQJ�WKH�WZR�SURSDJDWLRQ�GLUHFWLRQV�

)LJXUH��� ���,QSXW�DQG�RXWSXW�RSWLFDO�VSHFWUD�

�D� �E�
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)LJXUH��� ��$XWRFRUUHODWLRQV�RI�WKH�LQSXW�SXOVH��τ
):+0

�=�����IV��

)LJXUH��� ��([SHULPHQWDO�VHWXS���3&��SRODUL]DWLRQ�FRQWUROOHU���(')$��HUELXP�GRSHG�ILEHU�DPSOLIHU���%')��EDQG�
SDVV�ILOWHU�

)RU�SXOVH� LQSXW�ZLWKRXW�QRLVH� LQMHFWHG�� WKH� WUDQVPLW�
WHG�SRZHU�DV�D�IXQFWLRQ�RI� LQSXW�SRZHU� LV�PHDVXUHG
DQG�VKRZQ�LQ�)LJXUH����7KH�VZLWFKLQJ�HQHUJ\�FRUUH�
VSRQGLQJ� WR� WKH� ILUVW� SHDN� LV� �� S-�� DQG� WKH� RXWSXW
):+0�SXOVH�ZLGWK�LV�VKRUWHQHG�WR���SV�DW�WKDW�SRLQW�
7KH� DJUHHPHQW� ZLWK� QXPHULFDO� VLPXODWLRQV�� FRP�
SXWHG�ZLWK�D�VSOLW�VWHS�)RXULHU�DOJRULWKP��LV�JRRG��7KH
LQSXW�DQG�WKH�WUDQVPLWWHG�VLJQDO�WKURXJK�WKH�ORRS�PLU�
URU� DUH� ERWK� IHG� WR� DQ� RSWLFDOO\� SUH�DPSOLILHG� OLJKW�
ZDYH� UHFHLYHU� IRU� ELW� HUURU� UDWH� PHDVXUHPHQWV�

:LWKRXW�QRLVH� ORDGLQJ�� WKH�PHDVXUHG�%(5V� WKURXJK
WKH�ORRS�PLUURU�DW����P:�RI�LQSXW�SRZHU�DUH�VKRZQ�LQ
)LJXUH� ��� DV� FLUFOHV��:KHQ� FRPSDUHG� WR� WKH�%(5V
ZLWKRXW� WKH� ORRS�PLUURU� �VTXDUHV��� RQH�FDQ�VHH� WKDW
WKH�LQVHUWLRQ�RI�WKH�ORRS�PLUURU�FDXVHV�QR�SHQDOW\� LQ
UHFHLYHU�VHQVLWLYLW\��)XUWKHUPRUH��ZKHQ�LQ�EDQG�$6(
QRLVH�LV�DGGHG�WR�WKH�V\VWHP�VXFK�WKDW�WKH�LQSXW�RSWL�
FDO�VLJQDO�WR�QRLVH�UDWLR�GHFUHDVHV�IURP����G%�WR���
G%�LQ�����QP�RI�EDQGZLGWK�� WKH�GHJUDGHG�VHQVLWLYLW\
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RI�������G%P�PHDVXUHG�ZLWKRXW�WKH�ORRS�PLUURU��WULDQ�
JOHV��FDQ�EH� LPSURYHG� WR� ������G%P��LQYHUWHG� WULDQ�
JOHV��

)LJXUH��� ��6ZLWFKLQJ�FKDUDFWHULVWLFV�RI�WKH�
GLVSHUVLRQ�LPEDODQFHG�ORRS�PLUURU�

)LJXUH���� ���0HDVXUHG�ELW�HUURU�UDWH�FXUYHV�DV�D�
IXQFWLRQ�RI�SRZHU�UHFHLYHG�DW�WKH�UHFHLYHU�

����� 3XEOLFDWLRQV

:RQJ��:�6���6��1DPLNL��0��0DUJDOLW��(�3��,SSHQ��DQG
+�$��+DXV�� ³2SWLFDO� 3XOVH�)LOWHULQJ�ZLWK�'LVSHU�

VLRQ� ,PEDODQFHG� 1RQOLQHDU� /RRS�0LUURUV�´� 2)&

��� SRVWGHDGOLQH� SDSHU� 3'���� 'DOODV�� 7H[DV�
������

:RQJ��:�6���6��1DPLNL��0��0DUJDOLW��(�3��,SSHQ��DQG
+�$�� +DXV�� ³6HOI�VZLWFKLQJ� RI� 2SWLFDO� 3XOVHV� LQ
'LVSHUVLRQ�LPEDODQFHG�1RQOLQHDU�/RRS�0LUURUV�´
2SW��/HWW������������������

��� 6WUHWFKHG�3XOVH�3URSDJDWLRQ

6SRQVRU

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

3URIHVVRU� +HUPDQQ� $�� +DXV�� 'U�� 0DVD\XNL� 0DWVX�
PRWR

/LQHDU� QRQ�UHWXUQ�WR�]HUR� �15=�� ORQJ�GLVWDQFH� FRP�
PXQLFDWLRQV� ZLWKRXW� UHSHDWHUV� KDV� EHHQ� LQ� SODFH
VLQFH�������&RPSHWLQJ�QRQOLQHDU�VROLWRQ�FRPPXQLFD�
WLRQV�KDV�QRW�\HW�ZRQ�D�FRPSHWLWLYH�HGJH�IRU�WKH�IRO�
ORZLQJ�UHDVRQV�

�� /RQJ�GLVWDQFH�VROLWRQ�FRPPXQLFDWLRQ�V\VWHPV�
KDYH�EHHQ�EDVHG�RQ�WKH�VOLGLQJ�JXLGLQJ�ILOWHU�
SULQFLSOH�����:KHUHDV�WKH�SHUIRUPDQFH�RI�WKHVH�
V\VWHPV�LV�JUHDWO\�VXSHULRU�WR�WKH�³OLQHDU´�
DSSURDFK��WKH�VOLGLQJ�JXLGLQJ�ILOWHUV�UHTXLUH�GLI�
IHUHQW�ILOWHUV�LQ�GLIIHUHQW�DPSOLILHU�SRGV��7KLV�
IHDWXUH�VHHPV�XQDFFHSWDEOH�WR�V\VWHP�HQJL�
QHHUV�

�� 15=�FDQ�VSDQ�WKH�3DFLILF�ZLWK�D�ELW�UDWH�RI���
*ELW�V�DQG�DOORZV�H[SDQVLRQ�ZLWK�ZDYHOHQJWK�
GLYLVLRQ�PXOWLSOH[LQJ��

+RZHYHU��QRQOLQHDU�VFKHPHV�RI�SURSDJDWLRQ�DFFRP�
PRGDWH��WR�D�JUHDW�H[WHQW��WKH�QRQOLQHDU�SURSHUWLHV�RI
ILEHUV�DQG�DOORZ�IRU�D�KLJKHU�6�1�UDWLR��:H�KDYH�EHHQ
VWXG\LQJ�WKH�SURSDJDWLRQ�RI�SXOVHV�RI�KLJK�LQWHQVLW\�LQ
V\VWHPV�RI�DOWHUQDWLQJ�QHJDWLYH�DQG�SRVLWLYH�GLVSHU�
VLRQ�ILEHU�VHJPHQWV����7KH�SXOVHV�DOWHUQDWHO\�VWUHWFK
DQG�FRPSUHVV�ZLWKLQ�HDFK��FHOO��RI�D�SDLU�RI�SRVLWLYHO\
DQG� QHJDWLYHO\� GLVSHUVLYH� ILEHU� VHJPHQWV�� ,Q� WKLV
UHVSHFW��WKH�SURSDJDWLRQ�LV�VLPLODU�WR�WKH�SURSDJDWLRQ
RI�SXOVHV�ZLWKLQ�WKH�SDVVLYHO\�PRGHORFNHG�VWUHWFKHG
SXOVH�ODVHU����7KH�VWUHWFKHG�SXOVH�ODVHU�RSHUDWHV�YLD
VHOI�SKDVH�PRGXODWLRQ��VHOI�DPSOLWXGH�PRGXODWLRQ��ILO�
WHULQJ� DQG� JURXS� YHORFLW\� GLVSHUVLRQ�� ,Q� VWUHWFKHG
SXOVH� FRPPXQLFDWLRQV� WKHUH� LV� QR� QHHG� IRU� VHOI�

35 L.F. Mollenauer, J P. Gordon, and S.G. Evangelides, “The Sliding Frequency Guiding Filter: an Improved form of Soliton Jitter Control,” 
Opt. Lett. 17: 1575 (1992).

36 M. Matsumoto and H.A. Haus, “Stretched-pulse Optical Fiber Communications,” IEEE Photonics Technol. Lett. 9: 785 (1997).
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DPSOLWXGH� PRGXODWLRQ� UHTXLUHG� LQ� D� ODVHU� IRU� SXOVH
VWDELOLW\�DJDLQVW�QRLVH�EXLOG�XS��6WUHWFKHG�SXOVH�SURS�
DJDWLRQ�FDQ�RFFXU� LQ� WKH�UHJLPH�RI�QHJDWLYH�DV�ZHOO
DV�SRVLWLYH�DYHUDJH�GLVSHUVLRQ��,Q�WKH�ODWWHU�FDVH��WKH
SXOVHV�DUH�FKLUSHG��7KH�VFKHPH�KDV�VHYHUDO�DGYDQ�
WDJHV��

�� 7KH�DYHUDJH�GLVSHUVLRQ�FDQ�EH�VHW�E\�DGMXVW�
PHQW�RI�WKH�LQGLYLGXDO�ILEHU�VHJPHQW�OHQJWKV�
DQG�LV�QRW�GHWHUPLQHG�E\�WKH�DYDLODELOLW\�RI�ILEHU�
RI�D�SDUWLFXODU�GLVSHUVLRQ�FKDUDFWHULVWLF��7KH�
DYHUDJH�GLVSHUVLRQ�FDQ�EH�VHW�DW�D�PXFK�ORZHU�
YDOXH�WKDQ�FRXOG�EH�DFKLHYHG�ZLWK�XQLIRUP�ILEHU�
XQGHU�H[LVWLQJ�IDEULFDWLRQ�WROHUDQFHV��6PDOO�
GLVSHUVLRQ�UHGXFHV�WKH�*RUGRQ�+DXV�MLWWHU���
DQG�WKXV�LW�LV�SRVVLEOH�WR�DWWDLQ�DFFHSWDEOH�
WUDQVPLVVLRQ�FKDUDFWHULVWLFV�HYHQ�ZLWKRXW�VOLG�
LQJ�JXLGLQJ�ILOWHUV�

�� 7KH�DYHUDJH�GLVSHUVLRQ�FDQ�EH�SRVLWLYH�DV�
ZHOO��7KLV�SHUPLWV�FKDQQHO�GLVWULEXWLRQV�RYHU�D�
ZLGHU�EDQGZLGWK�WKDQ�ZRXOG�EH�SRVVLEOH�LI�
SURSDJDWLRQ�ZHUH�OLPLWHG�WR�QHW�QHJDWLYH�GLV�
SHUVLRQ�

�� 6LQFH�WKH�SXOVHV�DUH�QRW�VROLWRQV�DQG�DUH�
FKLUSHG��SKDVH�PDWFKLQJ�WR�VLGHEDQGV�RI�SHU�
WXUEDWLRQV�GXH�WR�SHULRGLF�DPSOLILFDWLRQ�LV�
UHGXFHG��SHUPLWWLQJ�D�JUHDWHU��PRUH�WKDQ�WULSOH��
DPSOLILHU�VSDFLQJ�WKDQ�WKDW�RI�VROLWRQ�V\VWHPV�

:H�DUH�SXUVXLQJ�WKH�VWXG\�RI�WKHVH�V\VWHPV�LQ�SDUWLF�
XODU�ZLWK�UHVSHFW�WR�SXOVH�FROOLVLRQV�RQ�ELW�HUURU�UDWHV
RI�ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[HG�V\VWHPV�

����� 3XEOLFDWLRQ

0DWVXPRWR�� 0��� DQG� +�$�� +DXV�� ³6WUHWFKHG�3XOVH
2SWLFDO�)LEHU�&RPPXQLFDWLRQV�´� ,(((�3KRWRQLFV
7HFKQRO��/HWW����������������

��� 'LUHFW�0HDVXUHPHQW�RI�6HOI�3KDVH�
6KLIW�GXH�WR�)LEHU�1RQOLQHDULW\

6SRQVRUV

1DWLRQDO�6FLHQFH�)RXQGDWLRQ
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK

3URMHFW�6WDII

'U�� 0RUGHKDL� 0DUJDOLW�� &KDUOHV� <X�� 3URIHVVRU� +HU�
PDQQ�$��+DXV��3URIHVVRU�(ULFK�3��,SSHQ

0DQ\� QRQOLQHDU� RSWLFDO� H[SHULPHQWV� XWLOL]H� JODVV
ILEHU�� 2QH� RI� WKH� PRVW� LPSRUWDQW� QRQOLQHDU� HIIHFWV
H[SHULHQFHG�E\�D�SXOVH�SURSDJDWLQJ�WKURXJK�WKH�ILEHU
LV�WKH�DFFXPXODWLRQ�RI�D�QRQOLQHDU�SKDVH�VKLIW��7KXV�
WKLV�QRQOLQHDU�SKDVH�VKLIW� LV�D�JRRG�PHDVXUH�RI� WKH
ILEHU� QRQOLQHDULW\�� 0RUHRYHU�� IRU� VRPH� H[SHULPHQWV
WKLV� SKDVH� GLUHFWO\� FRQWUROV� WKH� H[SHULPHQWDO� RXW�
FRPH���� .QRZOHGJH� RI� WKH� QRQOLQHDU� SKDVH� VKLIW� LV
HVVHQWLDO��0RVW�SUHYLRXVO\�XVHG�PHDVXUHPHQW� WHFK�
QLTXHV� RQO\� FKDUDFWHUL]H� WKH� G\QDPLF� SKDVH� ZLWKLQ
WKH�SXOVH�DQG�GR�QRW�GHWHUPLQH� WKH�DEVROXWH�SKDVH
VKLIW�

:H� KDYH� GHYLVHG� D� QRYHO� PHWKRG� WR� PHDVXUH� WKLV
SKDVH�VKLIW�EDVHG�RQ�VSHFWUDO�LQWHUIHURPHWU\��6,�����6,
PHDVXUHV� WKH� VXP� VSHFWUXP� RI� D� UHIHUHQFH� DQG� D
VLJQDO� WKDW�DUH�FRKHUHQW�DQG�VHSDUDWHG� LQ� WLPH�E\� W�
7KH�EHDWLQJ�EHWZHHQ�VLJQDO�DQG�UHIHUHQFH�JHQHUDWHV
D�VLQXVRLG� LQ� IUHTXHQF\�ZKRVH�SHULRG� LV� WKH� LQYHUVH
RI�WKH�WHPSRUDO�VHSDUDWLRQ�W��:H�HQVXUH�WKDW�RQO\�WKH
VLJQDO��QRW�WKH�UHIHUHQFH��LV�DIIHFWHG�E\�WKH�ILEHU�QRQ�
OLQHDULW\��6R�WKH�QRQOLQHDU�SKDVH�LPSRVHG�RQ�WKH�VLJ�
QDO� GLVWRUWV� WKH� VLJQDO�UHIHUHQFH� EHDWLQJ� VLQXVRLG�
1HDU�WKH�FHQWHU�RI�WKH�VSHFWUXP�WKH�GLVWRUWLRQ�LV�PDQ�
LIHVWHG�E\�D�VKLIW�RI�WKH�EHDWLQJ�SDWWHUQ��DQG�WKH�VKLIW
LV�D�GLUHFW�PHDVXUH�RI� WKH�SKDVH�DW� WKH�SHDN�ZDYH�
OHQJWK��:H� KDYH� VKRZQ� QXPHULFDOO\� WKDW� LW� DSSUR[L�
PDWHV�ZHOO�WKH�QRQOLQHDU�SKDVH�VKLIW�DW�WKH�WHPSRUDO
SHDN�RI�WKH�SXOVH�

37 H.A. Haus, K. Tamura, L.E. Nelson, and E.P. Ippen, "Stretched Pulse Additive Pulse Mode-Locking in Fiber Ring Lasers; Theory and 
Experiment," J. Quant. Electron. 31: 1-8 (1995).

38 J.P. Gordon and H.A. Haus, “Random Walk of Coherently Amplified Solitons in Optical Fiber Transmission,” Opt. Lett. 11: 665-67 
(1986).

39 K. Bergman and H.A. Haus, “Squeezing in Fibers with Optical Pulses,” Opt. Lett. 16: 663 (1991);  W. Wong, S. Namiki, M. Margalit, 
H.A. Haus, and E.P. Ippen, “Self-Switching of Optical Pulses in Dispersion-Imbalanced Nonlinear Loop Mirrors,” Opt. Lett. 22: 1150 
(1997).

40 C. Froehly, A. Lacourt, and J. Vienot, “Time Impulse Response and Time Frequency Response of Optical Pupils:  Experimental Confir-
mations and Applications,” J. Opt. (Paris)  4: 183 (1973).
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:H� KDYH� LPSOHPHQWHG� WKLV� WHFKQLTXH� LQ� DQ� H[SHUL�
PHQW� XVLQJ� ���� NP� RI� ILEHU�� :H� WXQHG� RXU� RSWLFDO
VRXUFH� VR� WKDW� WKH� ILEHU� GLVSHUVLRQ�ZDV� QHJDWLYH� RU
SRVLWLYH�GHSHQGLQJ�RQ�WKH�ZDYH�OHQJWK�RI�WKH�RSWLFDO
VLJQDO��:H�REVHUYHG� WKDW� IRU� WKH�SRVLWLYH�GLVSHUVLRQ
FDVH� WKH� VSHFWUXP� EURDGHQV� DV� WKH� LQSXW� SRZHU
LQFUHDVHV��7KH�QRQOLQHDU�SKDVH�VKLIW�DOVR� LQFUHDVHV
OLQHDUO\�ZLWK�LQSXW�SRZHU��)RU�WKH�QHJDWLYH�GLVSHUVLRQ
FDVH�� WKH� VSHFWUXP� QDUURZV� DV� WKH� LQSXW� SRZHU� LQ�
FUHDVHV� EHFDXVH� RI� VROLWRQ� HIIHFWV�� 7KH� QRQOLQHDU
SKDVH� VKLIW� DOVR� LQFUHDVHV� LQLWLDOO\�� +RZHYHU�� ZKHQ
WKH� VROLWRQ� FRQGLWLRQ� LV� UHDFKHG�� ERWK� WKH� VSHFWUDO
EDQGZLGWK� DQG� WKH� QRQOLQHDU� SKDVH� VKLIW� VWD\� WKH
VDPH��7KLV�LV�EHFDXVH�DQ�LQFUHDVH�RI�WKH�LQSXW�SRZHU
EH\RQG� WKH� VROLWRQ� OLPLW� JHQHUDWHV� FRQWLQXXP� DQG
GRHV�QRW�FRQWULEXWH�WR�WKH�VROLWRQ�HQHUJ\��

7KHVH�H[SHULPHQWDO�REVHUYDWLRQV�DJUHH�ZHOO�ZLWK�RXU
WKHRUHWLFDO� FDOFXODWLRQV� DQG� QXPHULFDO� VLPXODWLRQV�
)LJXUH� ��� VKRZV� VRPH� RI� WKH� H[SHULPHQWDO� UHVXOWV�
)LJXUH���D�VKRZV� WKH�RSWLFDO�VSHFWUXP�RI� WKH�SXOVH
SDLU� EHIRUH� DQG� DIWHU� WKH� ILEHU� ZKHQ� GLVSHUVLRQ� LV
QHJDWLYH��)LJXUH���E�VKRZV�WKH�VDPH�VSHFWUD�RQ�DQ
H[SDQGHG��� QP�VFDOH�� 7KH� IULQJHV�DUH� XQLIRUP�DQG
WKH� SKDVH� VKLIW� FDQ� EH� HDVLO\� GHGXFHG�� )LJXUH� ��F
DQG�)LJXUH���G�VKRZ�WKH�VSHFWUD�IRU�WKH�SRVLWLYH�GLV�
SHUVLRQ� FDVH� ZLWK� GLIIHUHQW� VSDQV�� 7KH� IULQJHV� DUH
DJDLQ�XQLIRUP��7KLV� WHFKQLTXH� LV�HDV\� WR� LPSOHPHQW
DQG�YHU\�DFFXUDWH��:H�H[SHFW�LW�WR�EH�D�XVHIXO�GLDJ�
QRVWLF�WRRO�IRU�PDQ\�QRQOLQHDU�ILEHU�H[SHULPHQWV�

)LJXUH���� ���D��6SHFWUD�EHIRUH�DQG�DIWHU�ILEHU�����QP�VSDQ���E��6SHFWUD�EHIRUH�DQG�DIWHU�ILEHU����QP�VSDQ�IRU�
GLIIHUHQW�SRZHUV��QHJDWLYH�GLVSHUVLRQ�FDVH���F��6SHFWUD�EHIRUH�DQG�DIWHU�WKH�ILEHU�����QP�VSDQ���G��6SHFWUD�
EHIRUH�DQG�DIWHU�ILEHU����QP�VSDQ�IRU�GLIIHUHQW�SRZHUV��SRVLWLYH�GLVSHUVLRQ�FDVH�

�D� ��E�

�F�

�G�
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��� :DYHOHQJWK�6WDELOL]HG�0RGHORFNHG�
/DVHU�6RXUFH�*\UR�$SSOLFDWLRQV

6SRQVRU

&KDUOHV�6��'UDSHU�/DERUDWRU\

3URMHFW�6WDII

3DWULFN�&��&KRX��'U��2OGULFK�0��/D]QLFND��3URIHVVRU
+HUPDQQ�$��+DXV

:H�DUH� LQYHVWLJDWLQJ�WHFKQLTXHV�IRU�JHQHUDWLQJ�RSWL�
FDO�UDGLDWLRQ�VXLWDEOH�IRU�H[FLWLQJ�D�KLJK�SHUIRUPDQFH
ILEHURSWLF�J\URVFRSH�DQG�RWKHU� ILEHU�EDVHG�VHQVRUV�
$Q� LGHDO� VRXUFH� ZRXOG� EH� FRQWLQXRXV� ZDYH�� KLJK
SRZHU�� YHU\� ORZ� LQ� FRKHUHQFH�� DQG� ZLWK� D� PHDQ
ZDYHOHQJWK� VWDEOH� WR� EHWWHU� WKDQ� D� SDUW� SHU�PLOOLRQ�
/RZ�FRKHUHQFH� LV�QHFHVVDU\�WR�PLQLPL]H�HUURUV�GXH
WR� EDFNVFDWWHULQJ�� 6LQFH� PHDVXUHPHQWV� FDQ� RFFXU
RYHU�SHULRGV�RI�GD\V�RU�ZHHNV��ZDYHOHQJWK�VWDELOLW\�LV
UHTXLUHG�EHFDXVH�WKH�PHDVXUHG�VLJQDO�PXVW�QRW�GULIW
RYHU�WKDW�WLPH�

7KH� FRQYHQWLRQDO� VFKHPH�XVHV�D�VXSHUOXPLQHVFHQW
GLRGH�� LQ� ZKLFK� LW� LV� GLIILFXOW� WR� DFKLHYH� KLJK� SRZHU
DQG�ORZ�FRKHUHQFH�VLPXOWDQHRXVO\��HVSHFLDOO\�DW�����
µP�ZKHUH�VXSHUOXPLQHVFHQW�GLRGH�WHFKQRORJ\�LV�UHO�
DWLYHO\�XQGHYHORSHG��7KH�EDVLV�RI�RXU�RSWLFDO�VRXUFH
LV� D� VWUHWFKHG� SXOVH� ILEHU� ODVHU�� ZKLFK� LV� DWWUDFWLYH
EHFDXVH�RI� LWV�ZLGH�RSWLFDO�EDQGZLGWK�DQG�UHODWLYHO\
KLJK�SRZHU��7KH�ZLGH�EDQGZLGWK� WUDQVODWHV� LQWR� ORZ
FRKHUHQFH��7KLV�ODVHU�KDV�KLJK�SRZHU�RXWSXW��XQOLNH
WKH�VXSHUOXPLQHVFHQW�GLRGH�ZKLFK�WHQGV�WR�QDUURZ�LQ
EDQGZLGWK�DV�SRZHU�LV�LQFUHDVHG��

2QH� GUDZEDFN� WR� WKH� VWUHWFKHG� SXOVH� ILEHU� ODVHU� LV
WKDW� LWV� RXWSXW� SXOVHV� KDYH� YHU\� KLJK�SHDN� LQWHQVLW\
DQG�UHVXOW� LQ�HUURUV�GXH�WR�RSWLFDO�QRQOLQHDULW\� LQ�WKH
ILEHU�RI�WKH�J\UR�FRLO��:H�KDYH�VKRZQ�WKDW�WKLV�FDQ�EH
DOOHYLDWHG� E\� SURSHUO\� SUHSDULQJ� WKH� SXOVHV� EHIRUH
WKH\�HQWHU�WKH�J\UR��2QH�PXVW�VHQG�WKHP�WKURXJK�D
KLJKO\� GLVSHUVLYH� PHGLXP� VR� WKDW� WKH� SXOVH� ZLGWKV
EHFRPH�VR�ORQJ�WKDW�WKH\�RYHUODS�HDFK�RWKHU��,W�PD\
DOVR� EH� QHFHVVDU\� WR� VFUDPEOH� WKH� SKDVHV� RI� WKH
SXOVHV�WR�SUHYHQW�EHDWV�

0HDQ�ZDYHOHQJWK�VWDELOL]DWLRQ�LV�DOVR�D�FULWLFDO�LVVXH�
6WDELOL]LQJ� D� EURDGEDQG� RSWLFDO� VRXUFH� LV� GLIIHUHQW
IURP�WKH�PRUH�FRPPRQ�SUREOHP�RI�VWDELOL]LQJ�D�VLQ�
JOH�IUHTXHQF\�ODVHU��)LUVW��RQH�PXVW�DFFXUDWHO\�VHQVH
WKH� PHDQ� ZDYHOHQJWK�� DQDORJRXV� WR� WKH� FHQWHU� RI
PDVV�RI�WKH�VSHFWUXP��$�FRPSDFW�DQG�VWDEOH�GHYLFH
WR� PHDVXUH� WKLV� TXDQWLW\� LV� FXUUHQWO\� EHLQJ� FXVWRP
PDQXIDFWXUHG� LQ� D� JODVV�ZDYHJXLGH� VWUXFWXUH�� 6HF�

RQG�� RQH� PXVW� EH� DEOH� WR� FRQWURO� WKH� PHDQ� ZDYH�
OHQJWK��6LQFH�ZH�DUH�ZRUNLQJ�ZLWK�FKLUSHG�SXOVHV��ZH
FDQ�WDNH�DGYDQWDJH�RI�WKH�IDFW� WKDW�WKH�GLIIHUHQW�IUH�
TXHQFLHV�RI�D�FKLUSHG�SXOVH�DUH�VSUHDG�RXW�RYHU�WLPH�
:H�FDQ�WKHQ�FRQWURO�WKH�RSWLFDO�VSHFWUXP�E\�PRGXOD�
WLRQ�LQ�WKH�WLPH�GRPDLQ�

)RU� WKH�ILEHUJ\UR�DSSOLFDWLRQ�� ORZ�IUHTXHQF\�QRLVH� LV
DOVR�DQ�LVVXH�EHFDXVH�WKH�GHWHFWLRQ�VFKHPHV�LQFRU�
SRUDWH�PRGXODWLRQ�DW� IUHTXHQFLHV�IURP�����N+]�WR�D
IHZ�0+]�� ,W� LV� QRW� FOHDU� \HW� ZKHWKHU� LW� LV� HDVLHU� WR
EXLOG� D� KLJK�SRZHU�� ORZ�QRLVH� SXOVH� VRXUFH� RU� DQ
DPSOLILHG� ORZ�SRZHU�� ORZ�QRLVH�VRXUFH��:H�DUH� FXU�
UHQWO\�LQYHVWLJDWLQJ�ERWK�FDVHV�

���� 2SWLFDO�0HDVXUHPHQWV�RI�3KRWRQLF�
%DQGJDS�5HVRQDWRUV�LQ�WKH�1HDU�
,QIUDUHG

6SRQVRUV

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�056(&
8�6��$LU�)RUFH�±�2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

'DQLHO�-��5LSLQ��'U��%UHQW�(��/LWWOH��'U��*�QWHU�6WHLQP�
H\HU��(ULN�5��7KRHQ��3URIHVVRU�(ULFK�3��,SSHQ

3KRWRQLF� EDQGJDS� FU\VWDOV� �3%*V�� DUH� SHULRGLF� ODW�
WLFHV� FRPSULVHG� RI� PDWHULDOV� ZLWK� YHU\� GLIIHUHQW
GLHOHFWULF�FRQVWDQWV��7KHVH�FU\VWDOV�FDQ�EH�XVHG� IRU
WKH�EDVLF�PDQLSXODWLRQ�DQG�FRQWURO�RI�OLJKW��VLPLODU�WR
WKH� ZD\V� WKDW� HOHFWURQLF� FU\VWDOV� PDQLSXODWH� HOHF�
WURQV��:LWK�WKH�DGGLWLRQ�RI�GHIHFWV��SKRWRQLF�FU\VWDOV
FDQ� FRQILQH� OLJKW� WR� GLPHQVLRQV� RQ� WKH� RUGHU� RI� LWV
ZDYHOHQJWK�� 2QH�GLPHQVLRQDO� GLHOHFWULF� VWUXFWXUHV
XWLOL]LQJ�WKHVH�XQLTXH�SURSHUWLHV�KDYH�EHHQ�GHVLJQHG
WR�VHUYH�DV�QDUURZ�EDQGSDVV�ZDYHOHQJWK�ILOWHUV��7KH
EDVLF� GHVLJQ� LV� DQ� RSWLFDO� ULGJH� ZDYHJXLGH� ZLWK
HYHQO\� VSDFHG� DLU� KROHV�� $� GHIHFW� LQ� WKH� VSDFLQJ
EHWZHHQ� WZR� RI� WKH� KROHV� LV� LQWURGXFHG� WR� FUHDWH� D
KLJK�4�FDYLW\�� /LJKW�RQ� UHVRQDQFH�ZLWK� WKH�FDYLW\� LV
WUDQVPLWWHG��ZKLOH�DOO�RWKHU�ZDYHOHQJWKV�DUH�UHIOHFWHG�
6WUXFWXUHV� ZLWK� WKLV� GHVLJQ� KDYH� EHHQ� IDEULFDWHG� LQ
WZR�PDWHULDO� V\VWHPV��6L�6L2

�

� DQG�*D$V�$O
[

2
\

�� )LO�
WHUV�LQ�WKH�SURSHU�ZDYHOHQJWK�UHJLPH�KDYH�WKH�SRWHQ�
WLDO� WR� EH� DSSOLHG� DV� FKDQQHO� GURSSLQJ� ILOWHUV� IRU
:'0��RU�DV�FRPSRQHQWV�RI�LQWHJUDWHG�SKRWRQLF�FKLS
GHYLFHV�

:H� KDYH� FKDUDFWHUL]HG� YDULRXV� GHYLFHV� GHVLJQHG
DQG� IDEULFDWHG� LQ� FROODERUDWLRQ� ZLWK� WKH� JURXSV� RI
3URIHVVRUV� -RDQQRSRXORV�� .LPHUOLQJ�� .RORG]LHMVNL�
DQG�6PLWK�DQG�REVHUYHG�IRU�WKH�ILUVW�WLPH�D�3%*�UHV�
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RQDQFH� LQ� WKH�QHDU� ,5��$�FZ� WXQDEOH�1D&O�)�FHQWHU
ODVHU�ZDV�XVHG�IRU� WKH�WUDQVPLVVLRQ�PHDVXUHPHQWV�
7KLV�ODVHU�LV�WXQDEOH�IURP������QP�WR������QP��ZLWK
DQ� DYHUDJH� RXWSXW� SRZHU� RI� ���� P:�� 7KH� OLJKW� LV
FRXSOHG�LQWR�VPDOO�ULGJH�ZDYHJXLGHV�ZLWK�GLPHQVLRQV
����[�����µP�XVLQJ�DQ�RSWLFDO�ILEHU�ZLWK�D�OHQVHG�RXW�
SXW�WLS��)LJXUH����VKRZV�WKH�WUDQVPLVVLRQ�PHDVXUHG
WKURXJK�WKH�3%*�GHYLFH�LQ�WKH�VLOLFRQ�V\VWHP����7KH
UHVRQDQFH�LV�DW������QP��ZLWKLQ����RI�WKH�FDOFXODWHG
YDOXH������QP��DQG�KDV�D�TXDOLW\�IDFWRU�RI������7KH
PRGDO� YROXPH�ZDV� FDOFXODWHG� WR� EH� ������ µP��� %\
XVLQJ� VWUXFWXUHV� ZLWK� VFDOHG� KROH� GLPHQVLRQV�� ZH
ZHUH�DEOH� WR�REVHUYH� WKH�EDQG�HGJHV�RI� WKH�JDS��$
VKLIW�ZDV� WKHQ�FDOFXODWHG� WR�SXW� WKH�EDQG�HGJHV�RQ
WKH� VDPH� SORW� DV� WKH� UHVRQDQFH�� JLYLQJ� H[FHOOHQW
DJUHHPHQW�ZLWK�WKHRU\�

)LJXUH���� ��&RPSDULVRQ�RI�PHDVXUHG�WUDQVPLVVLRQ�
�VROLG�OLQHV��WR�FDOFXODWHG�WUDQVPLVVLRQ��GRWWHG�OLQH��
IRU�D�3%*�PLFURFDYLW\�ZLWK�IRXU�KROHV�RQ�HDFK�VLGH�RI�
WKH�PLFURFDYLW\��7KH�XSSHU�EDQG�DQG�ORZHU�EDQG�
HGJH�WUDQVPLVVLRQ�GDWD�KDYH�EHHQ�VKLIWHG�LQ�
ZDYHOHQJWK�DFFRUGLQJ�WR�KROH�GLPHQVLRQ�VFDOLQJ�

8VLQJ� WKH� VDPH� H[SHULPHQWDO� VHWXS�� ZH� KDYH� DOVR
VWXGLHG� WUDQVPLVVLRQ� WKURXJK� ULQJ� UHVRQDWRUV�� D
SURPLVLQJ�DOWHUQDWLYH�WR�3%*�GHYLFHV�IRU�ZDYHOHQJWK
ILOWHULQJ��7KH� ULQJ�UHVRQDWRU�� WZR�KLJK�GLHOHFWULF�FRQ�
WUDVW� ZDYHJXLGHV� VLGH�FRXSOHG� WR� D� FLUFXODU� ULQJ
ZDYHJXLGH�� ZDV� DOVR� PDQXIDFWXUHG� LQ� WKH� VLOLFRQ
PDWHULDO� V\VWHP� DQG� PHDVXUHG���� 7KH� ZDYHJXLGH
GLPHQVLRQV�DUH�WKH�VDPH�DV�DERYH�EXW�DUH�IDEULFDWHG
ZLWK� SRO\FU\VWDOOLQH� VLOLFRQ��7KHVH�ZDYHJXLGHV�ZHUH
PHDVXUHG� WR� KDYH� VFDWWHULQJ� ORVVHV� DURXQG� ��� G%�
FP��7KH�IDEULFDWHG�ULQJV�KDYH�UDGLL�UDQJLQJ�IURP���WR

��PP��6HYHUDO�UHVRQDQFHV�ZHUH�REVHUYHG�QHDU�����
QP�ZLWK�D�TXDOLW\�IDFWRUV�XS�WR�����DQG�IUHH�VSHFWUDO
UDQJHV��)65��DV�ODUJH�DV����QP��7KH�GHSWKV�RI�WKH
QXOOV�ZHUH�PHDVXUHG�WR�EH�GHHSHU�WKDQ����G%�GRZQ
IURP�WKH�RII�UHVRQDQFH�YDOXHV�

3%*�GHYLFHV�XVLQJ�*D$V� VWUXFWXUHV� DUH� DOVR�EHLQJ
IDEULFDWHG� LQ� 3URIHVVRU� .RORG]LHMVNL¶V� ODERUDWRU\�
7KHVH� GHYLFHV� LQFOXGH� DLU�EULGJH� VWUXFWXUHV� DV� ZHOO
DV�WKH�ULGJH�JHRPHWU\�GLVFXVVHG�DERYH��,Q�DLU�EULGJH
FU\VWDOV�� WKH�3%*� LV� VXVSHQGHG�RYHU� DLU�� ZKLFK�ZLOO
LQFUHDVH� WKH� GLHOHFWULF� FRQWUDVW� EHWZHHQ� WKH� JXLGH
DQG� VXUURXQGLQJ�PDWHULDO� DQG� SURGXFH� HYHQ� WLJKWHU
UHVRQDWRU� PRGH� FRQILQHPHQW�� &RXSOLQJ� WR� WKHVH
EULGJHV�DQG�ZDYHJXLGH�WUDQVPLVVLRQ�ORVVHV�LV�EHLQJ
LQYHVWLJDWHG� H[SHULPHQWDOO\�� 1HZ� H[SHULPHQWV� DUH
DOVR�XQGHUZD\� WR� IXUWKHU�GHYHORS� WKH� ULQJ� UHVRQDWRU
WHFKQRORJ\��

������ 3XEOLFDWLRQ

)RUHVL��-�6���3�5��9LOOHQHXYH��-��)HUUHUD��(�5��7KRHQ�
*��6WHLQPH\HU��6��)DQ��-�'��-RDQQRSRXORV��/�&�
.LPHUOLQJ��+�,��6PLWK��DQG�(�3��,SSHQ��³3KRWRQLF�
%DQGJDS� 0LFURFDYLWLHV� LQ� 2SWLFDO�:DYHJXLGHV�´
1DWXUH�����������������

���� 2SWLFDO�5HVRQDQW�6WUXFWXUHV

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\
1DWLRQDO�6FLHQFH�)RXQGDWLRQ�056(&

3URMHFW�6WDII

0RKDPPDG�-DODO�.KDQ��&KULVWLQD�0DQRODWRX��'U��-D\
1�� 'DPDVN�� 'U�� 6KDQ�+XL� )DQ�� 'U�� %UHQW� (�� /LWWOH�
3URIHVVRU�+HUPDQQ�$��+DXV

:H�DUH�LQYHVWLJDWLQJ�WKH�GHVLJQ�DQG�PRGHOLQJ�RI�UHV�
RQDQW� VWUXFWXUHV� IRU� XVH� DV�FKDQQHO�GURSSLQJ� ILOWHUV
WKDW� DUH� NH\� FRPSRQHQWV� IRU� :'0�� 7KHVH� ILOWHUV
DFFHVV�RQH�SDUWLFXODU�FKDQQHO�RI�D�:'0�VLJQDO�ZLWK�
RXW�GLVWXUELQJ�RWKHU�FKDQQHOV��7KH�OLQHZLGWK�RI�FKDQ�
QHO� GURSSLQJ� ILOWHUV� PXVW� EH� ZLGH� HQRXJK� WR� DF�
FRPPRGDWH�WKH�EDQGZLGWK�RI�WKH�LQGLYLGXDO�FKDQQHOV
�DERXW� ��� *+]�� EXW� DOVR� QDUURZ� HQRXJK� WR� DYRLG
FURVV�WDON�IURP�DGMDFHQW�FKDQQHOV��VSDFHG�DERXW����
*+]�DSDUW��� ,Q�RUGHU� WR�DFFRPPRGDWH� WKH� IXOO�EDQG�

41 J.S. Foresi, P.R. Villeneuve, J. Ferrera, E.R. Thoen, G. Steinmeyer, S. Fan, J.D. Joannopoulos, L.C. Kimerling, H.I. Smith, and E.P. 
Ippen, “Photonic-Bandgap Microcavities in Optical Waveguides,” Nature 390: 143 (1997).

42 B.E. Little, J.S. Foresi, G. Steinmeyer, E.R. Thoen, S.T. Chu, H.A. Haus, E.P. Ippen, L.C. Kimerling, W. Greene, “Ultra-Compact Si/
SiO2 Microring Resonator Optical Channel Dropping Filters,” IEEE Photonic Tech. Lett., forthcoming.
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ZLGWK�RI�WKH�HUELXP�GRSHG�ILEHU�DPSOLILHUV��DERXW���
QP�DURXQG�WKH������QP�RSWLFDO�ZDYHOHQJWK��WKHVH�ILO�
WHUV�PXVW�DOVR�KDYH�ODUJH�IUHH�VSHFWUDO�UDQJH��)65��

5HVRQDQW� VWUXFWXUHV� FDQ� DFKLHYH� YHU\� QDUURZ� OLQH�
ZLGWKV�IRU�D�JLYHQ�GHYLFH�VL]H�DQG�FDQ�EH�FRPELQHG
WRJHWKHU�WR�IXUWKHU�PRGLI\�WKH�/RUHQW]LDQ�UHVSRQVH�RI
D�VLQJOH�UHVRQDWRU�\LHOGLQJ�KLJKHU�RUGHU�ILOWHUV��3ODFHG
EHWZHHQ�D�EXV�DQG�D� UHFHLYHU�ZDYHJXLGH�� WKH\�FDQ
WDS�RII�DOO�WKH�SRZHU�RI�D�SDUWLFXODU�FKDQQHO�IURP�WKH
EXV��DW�WKH�UHVRQDQFH�IUHTXHQF\��DQG�WUDQVIHU�LW�WR�WKH
UHFHLYHU��,Q�RUGHU�WR�VDWLVI\�WKH�:'0�V\VWHP�UHTXLUH�
PHQWV�WKH�ORDGHG��DQG�WKH�UDGLDWLRQ�4
V�RI�WKH�UHVR�
QDWRUV� VKRXOG� EH� RI� WKH� RUGHU� RI� ���� DQG� ����
UHVSHFWLYHO\��DQG� WKHLU�VL]H�VKRXOG�EH�VPDOO� LQ�RUGHU
WR�DFKLHYH�D�ODUJH�)65��7KH�XVH�RI�UHVRQDWRUV�EDVHG
RQ� KLJK� LQGH[� FRQWUDVW� VWUXFWXUHV� PD\� EH� D� YLDEOH
DSSURDFK�OHDGLQJ�WR�GHYLFH�VL]HV�RQO\�RI�WKH�RUGHU�RI
D�IHZ�ZDYHOHQJWKV�

:H�DUH�LQYHVWLJDWLQJ�D�W\SH�RI�FKDQQHO�GURSSLQJ�ILOWHU
WKDW�HPSOR\V�GHJHQHUDWH�V\PPHWULF�DQG�DQWLV\PPHW�
ULF� UHVRQDQW�PRGHV�� 7KH� VLPSOHVW� UHDOL]DWLRQ� RI� WKH
EDVLF�VWUXFWXUH�LV�D�ULQJ�UHVRQDWRU��7KH�ULQJ�VXSSRUWV
WZR�PRGHV� WKDW�FDQ�EH�GHVFULEHG�HLWKHU� LQ� WHUPV�RI
FLUFXODWLQJ� ZDYHV� LQ� RSSRVLWH� GLUHFWLRQV� DURXQG� WKH
ULQJ�RU�LQ�WHUPV�RI�VWDQGLQJ�ZDYHV��7KH�PDLQ�GLIILFXOW\
LQ� WKH� XVH�RI� ULQJ� UHVRQDWRUV� LV� DVVRFLDWHG�ZLWK� WKH
VXUIDFH� URXJKQHVV� RI� WKH� ULQJ� ZDYHJXLGH� � ZDOOV�
ZKLFK�� LQ�DGGLWLRQ� WR�FDXVLQJ�UDGLDWLRQ� ORVV��FRXSOHV
WKH� WZR� FRXQWHU� SURSDJDWLQJ� WUDYHOLQJ� ZDYHV� DQG
GHJUDGHV�WKH�SHUIRUPDQFH�

7KH�SULQFLSOH�RI� RSHUDWLRQ�RI� WKH� ULQJ� UHVRQDWRU� FDQ
EH�JHQHUDOL]HG�WR�VWDQGLQJ�ZDYH�UHVRQDQW�VWUXFWXUHV
ZLWK� V\PPHWU\�� VXFK� DV� D� SDLU� RI� PXWXDOO\� FRXSOHG
LGHQWLFDO� VWDQGLQJ� ZDYH� UHVRQDWRUV�� :KHQ� WKHVH
PRGHV� DUH� VLGH�FRXSOHG� WR� WZR� ZDYHJXLGHV�� IXOO
SRZHU� WUDQVIHU� FDQ� EH� DFKLHYHG� DW� UHVRQDQFH� SUR�
YLGHG� WKDW� WKH� V\PPHWULF� DQG� DQWLV\PPHWULF�PRGHV
KDYH�WKH�VDPH�UHVRQDQFH�IUHTXHQF\�DQG�TXDOLW\�IDF�
WRU��

&RXSOLQJ�RI�PRGHV�LV�RXU�ILUVW�DSSUR[LPDWLRQ�IRU�DQD�
O\]LQJ� WKH� ILOWHU� SHUIRUPDQFH� DQG� IRU� GHULYLQJ� DQ
HTXLYDOHQW� FLUFXLW� ZKLFK� SURYLGHV� D� FRUUHVSRQGHQFH
ZLWK�VWDQGDUG�ILOWHU�GHVLJQ�WHFKQLTXHV��7KLV�DSSURDFK
FDQ� IXUWKHU�EH�XVHG� IRU�GHVLJQ�RI�PXOWLSROH� ILOWHUV� LQ
WKH�FDVH�WKDW� WKH����G%�GHFDGH�UROO�RII�RI� WKH�VLQJOH
SROH�/RUHQW]LDQ�UHVSRQVH�LV�QRW�DGHTXDWH�WR�PHHW�WKH
FURVV�WDON� VSHFLILFDWLRQV�� �7KLV� LV� GRQH� E\� FRXSOLQJ
VHYHUDO�SDLUV�RI�GHJHQHUDWH�UHVRQDWRUV��WKH�FRXSOLQJ
EHWZHHQ� WKH� UHVRQDWRUV� LV� DSSURSULDWHO\� FKRVHQ� WR
REWDLQ�WKH�GHVLUHG�VSHFWUDO�UHVSRQVH��

$� URXJK� HVWLPDWH� FDQ� EH� REWDLQHG� DQDO\WLFDOO\�� EXW
WKH�DFWXDO�SHUIRUPDQFH�FDQ�RQO\�EH�GHWHUPLQHG�IURP
D�IXOO�QXPHULFDO�VROXWLRQ�RI�0D[ZHOO
V�HTXDWLRQV�ZKLFK
LQFOXGHV�WKH� ORDGLQJ�RI� WKH�UHVRQDQFHV��:H�XVH�WKH
ILQLWH�GLIIHUHQFH� WLPH�GRPDLQ��)'7'��PHWKRG� WR� ILQG
WKH� UHVRQDWRU�PRGHV�� WKH� UDGLDWLRQ�DQG� ORDGHG�4
V�
DQG� WKH� VSHFWUDO� UHVSRQVH� RI� WKH� ILOWHU� RYHU� D� ZLGH
EDQGZLGWK� IRU� GLIIHUHQW� PDWHULDO� DQG� JHRPHWULFDO
SDUDPHWHUV�RI�WKH�ZDYHJXLGHV�DQG�UHVRQDWRUV��

$�VTXDUH�RU�UHFWDQJXODU�GLHOHFWULF�VWUXFWXUH�LV�D�YHU\
VLPSOH� UHDOL]DWLRQ� RI� D� VWDQGLQJ� ZDYH� UHVRQDWRU�� ,Q
VXFK�VWUXFWXUHV�PRVW�RI�WKH�UDGLDWLRQ�ORVV�LV�H[SHFWHG
DW�WKH�FRUQHUV��VR�D�PRGH�ZLWK�D�KLJK�4�VKRXOG�KDYH
QXOOV�DW� WKH�FRUQHUV��)LJXUH����VKRZV�WKH�ILHOG�FRP�
SXWHG� XVLQJ� )'7'� LQ� D� VTXDUH� UHVRQDWRU� VLGH� FRX�
SOHG�WR�D�ZDYHJXLGH��DIWHU�HODSVH�RI�WLPH�VR�WKDW�WKH
PRGH� ZLWK� WKH� KLJKHVW� 4� KDV� VXUYLYHG�� 2I� DOO� WKH
PRGHV�WKDW�DUH�LQLWLDOO\�H[FLWHG�LQ�WKH�UHVRQDWRU�E\�WKH
ZDYHJXLGH�ILHOG�� WKH�RQHV�ZLWK�KLJK�ILHOG� LQWHQVLW\�DW
WKH�FRUQHUV��VRRQ�UDGLDWH�DZD\� OHDYLQJ�WKH�PRGH�RI
)LJXUH� ��� WKDW� KDV� QXOOV� DORQJ� WKH� GLDJRQDOV� RI� WKH
VTXDUH��7KH�XOWLPDWH�DLP�LV�WR�FRQVWUXFW�D�GHJHQHUDWH
V\PPHWULF�DQG�DQWLV\PPHWULF�PRGH�RI�WZR�VTXDUH�RU
UHFWDQJXODU� UHVRQDWRUV� YLD� VLGH�FRXSOLQJ� WR� WZR
ZDYHJXLGHV�DV�VKRZQ�LQ�)LJXUH����

)LJXUH���� ���7KH�HOHFWULF�ILHOG�LQWHQVLW\�RI�WKH�PRGH�
RI�KLJKHVW�4�LQ�D�VTXDUH�FDYLW\�
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)LJXUH���� ���$�FRXSOHG�FDYLW\�FKDQQHO�GURS��RU�DGG�
ILOWHU�

���� 8OWUDIDVW�*DLQ�,QGH[�&RXSOLQJ�LQ�
,Q*D$V3�'LRGH�/DVHUV

6SRQVRUV

-RLQW�6HUYLFHV�(OHFWURQLFV�3URJUDP
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

(ULN� 5�� 7KRHQ�� 'U�� *�QWHU� 6WHLQPH\HU�� 3R�+VLX
&KHQJ�� 'DQLHO� -�� 5LSLQ�� 'U�� .DWKHULQH� /�� +DOO�� 'U�
-RVHSK�3��'RQQHOO\��3URIHVVRU�(ULFK�3��,SSHQ

'LRGH�ODVHUV�DQG�VHPLFRQGXFWRU�RSWLFDO�DPSOLILHUV�DW
WHOHFRPPXQLFDWLRQ� ZDYHOHQJWKV� DUH� EHLQJ� XVHG
LQFUHDVLQJO\�IRU�KLJK�VSHHG�GDWD�WUDQVPLVVLRQ��RSWLFDO
VZLWFKLQJ�� IRXU�ZDYH� PL[LQJ�� DQG� RWKHU� QRQOLQHDU
RSWLFDO� DSSOLFDWLRQV�� $� EDVLF� XQGHUVWDQGLQJ� RI� WKHLU
QRQOLQHDU� SURSHUWLHV� RQ� XOWUDIDVW� WLPH� VFDOHV� LV
HVVHQWLDO�WR�GHILQH�WKH�OLPLWV�RI�WKH�FXUUHQW�WHFKQROR�
JLHV� DQG� WR� GHILQH� QHZ� DSSOLFDWLRQV��:H� KDYH� SHU�
IRUPHG� KHWHURG\QH� SXPS�SUREH� PHDVXUHPHQWV� WR
GHWHUPLQH� WKH� XOWUDIDVW� UHVSRQVH�RI� ,Q*D$V3�TXDQ�
WXP�ZHOO�VHPLFRQGXFWRU�RSWLFDO�DPSOLILHUV�DW�������P�
$� IHPWRVHFRQG� RSWLFDO� SDUDPHWULF� RVFLOODWRU� V\VWHP
KDV�EHHQ�XVHG�WR�VWXG\�WKH�ZDYHOHQJWK�GHSHQGHQFH
RI�WKH�YDULRXV�FRQWULEXWLRQV�WR�WKH�XOWUDIDVW�UHVSRQVH
LQ�WKHVH�GHYLFHV�

$Q�H[SHULPHQWDO� LQYHVWLJDWLRQ�RI�G\QDPLF�JDLQ�LQGH[
FRXSOLQJ� LQ� VXFK� DPSOLILHUV� KDV� EHHQ� SHUIRUPHG
XVLQJ� VLPXOWDQHRXV� PHDVXUHPHQWV� RI� WUDQVPLVVLRQ
DQG�SKDVH�FKDQJHV��%RWK�JDLQ�DQG� LQGH[�G\QDPLFV
DUH� H[SHFWHG� WR� FRQWULEXWH� DUWLIDFWV� WR� HDFK� RWKHU¶V
PHDVXUHPHQWV�SURSRUWLRQDO� WR� WKH� WLPH�GHULYDWLYH�RI
WKH� UHVSRQVH� DQG� WKH� VSHFWUDO� VORSH� RI� WKH� OLQHDU
WUDQVPLVVLRQ�IXQFWLRQ��7\SLFDO�H[SHULPHQWDO�WUDFHV�RI
WKH�DSSDUHQW�JDLQ�DQG�LQGH[�G\QDPLFV�DUH�VKRZQ�LQ
)LJXUH�����7KH�GHGXFHG�FRQWULEXWLRQ�RI�WKH�G\QDPLF

FRXSOLQJ�� VKRZQ� E\� WKH� GDVKHG� FXUYH�� TXDOLWDWLYHO\
H[KLELWV� WKH� H[SHFWHG� GHSHQGHQFHV�� 7KH� PHDVXUH�
PHQWV� VXJJHVW�� KRZHYHU�� WKDW� HYHQ� ZKHQ� WKH� JDLQ�
LQGH[� FRXSOLQJ� LV� DFFRXQWHG� IRU�� D� GHOD\� LQ� FDUULHU
KHDWLQJ� LV� VWLOO� D� VLJQLILFDQW� FRPSRQHQW� LQ� WKH� JDLQ
UHVSRQVH�DV�LQGLFDWHG�LQ�RXU�SUHYLRXV�ZRUN�

%HFDXVH� RXU� KHWHURG\QH� WHFKQLTXH� LV� FDSDEOH� RI
ERWK� JDLQ� DQG� LQGH[� PHDVXUHPHQWV�� FDUHIXO� PHD�
VXUHPHQWV� RI� WKH�DOSKD� SDUDPHWHUV�DVVRFLDWHG�ZLWK
LQWUDEDQG� GHQVLW\� FKDQJHV� DQG� LQWHUEDQG� FDUULHU
KHDWLQJ�KDYH�EHHQ�REWDLQHG�DV�D�IXQFWLRQ�RI�FXUUHQW
LQMHFWLRQ� DQG� ZDYHOHQJWK�� 7KLV� LV� WKH� ILUVW� WLPH� WKDW
WKH�DOSKD�SDUDPHWHU�DVVRFLDWHG�ZLWK�FDUULHU�KHDWLQJ
KDV� EHHQ�PHDVXUHG� DV� D� IXQFWLRQ� RI�ZDYHOHQJWK� LQ
WKHVH�GHYLFHV�

&XUUHQWO\�ZH�DUH�RSWLPL]LQJ�D�ILEHU�ODVHU�EDVHG�XSRQ
WKH� HUELXP�GRSHG� VWUHWFKHG�SXOVH� ILEHU� ODVHU� WR� EH
XVHG� IRU� VXE����� IHPWRVHFRQG� PHDVXUHPHQWV� RI
ODVHU� GLRGHV�� :LWK� VXFK� VKRUW� SXOVHV�� WKH� HIIHFW� RI
G\QDPLF� JDLQ�LQGH[� FRXSOLQJ� VKRXOG� EH� HYHQ� PRUH
VLJQLILFDQW�� DQG� WKH� WLPH� FRQVWDQW� RI� FDUULHU�FDUULHU
VFDWWHULQJ�FDQ�EH�PRUH�DFFXUDWHO\�PHDVXUHG�

)LJXUH���� ��7KH�PHDVXUHG�JDLQ��WRS��DQG�LQGH[�
�ERWWRP��UHVSRQVH�RI�DQ�RSWLFDO�DPSOLILHU��,Q�WKH�WRS�
JUDSKLF��WKH�GRWWHG�OLQH�LV�WKH�H[WUDFWHG�FRPSRQHQW�RI�
WKH�JDLQ�UHVSRQVH�GXH�WR�G\QDPLF�JDLQ�LQGH[�
FRXSOLQJ�

�E�

�D�
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���� )HPWRVHFRQG�6WXGLHV�RI�7+]�
$FRXVWLF�3KRQRQV�LQ�3E7H�4XDQWXP�
'RWV

6SRQVRUV

-RLQW�6HUYLFHV�(OHFWURQLFV�3URJUDP
8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK

3URMHFW�6WDII

(ULN� 5�� 7KRHQ�� *DVWRQ� 7XGXU\�� 'U�� *�QWHU� 6WHLQP�
H\HU��'DQLHO�-��5LSLQ��'U��3DWULFN�/DQJORLV��3URIHVVRU
(ULFK�3��,SSHQ

%HFDXVH�RI�WKHLU�VWURQJ�TXDQWXP�FRQILQHPHQW��VHPL�
FRQGXFWRU�TXDQWXP�GRWV�RIIHU�WKH�SRWHQWLDO�RI�DSSOLFD�
WLRQ�DV�HIILFLHQW�QRQOLQHDU�RSWLFDO�HOHPHQWV��5HFHQWO\�
WKHLU� XVH� IRU� VDWXUDEOH� DEVRUEHU� PRGHORFNLQJ� KDV
EHHQ� VXFFHVVIXOO\� GHPRQVWUDWHG�� 3UHYLRXV� ZRUN� RQ
WKH� QRQOLQHDU� UHVSRQVH� RI� TXDQWXP� GRWV� KDV� EHHQ
PDLQO\�FRQFHQWUDWHG�RQ�FDGPLXP�FRPSRXQG�QDQRF�
U\VWDOV��ZKLFK�H[KLELW�VWURQJ�QRQOLQHDULWLHV�LQ�WKH�YLVL�
EOH�VSHFWUXP��7KH�ORZHU�EDQGJDS�RI�OHDG�FRPSRXQGV
SURYLGHV� RSSRUWXQLW\� WR� SURGXFH� TXDQWXP� GRWV� DE�
VRUELQJ�LQ� WKH�ZDYHOHQJWK�UDQJH�IURP���WR���µP��VR
WKH\�FDQ�EH�WDLORUHG�WR�WKH�JDLQ�VSHFWUD�RI�YLUWXDOO\�DOO
VROLG�VWDWH�ODVHUV�LQ�WKDW�UDQJH��$OVR��ZLWK�WKHLU�ODUJH
EXON�H[FLWRQ�%RKU�UDGLXV��WKH\�DOORZ�VWURQJ�TXDQWXP
FRQILQHPHQW�ZLWK�UHODWLYHO\�ODUJH�QDQRFU\VWDOV�

:H�DUH�LQYHVWLJDWLQJ�WKH�QRQOLQHDU�WUDQVPLVVLRQ�FKDU�
DFWHULVWLFV� RI� 3E7H� TXDQWXP� GRW� JODVVHV� �REWDLQHG
WKURXJK� FROODERUDWLRQ�ZLWK�&�/��&HVDU�RI�81,&$03�
&DPSLQDV��%UD]LO��ZLWK�D�KLJK�VHQVLWLYLW\�KHWHURG\QH
SXPS�SUREH� H[SHULPHQW�� $� IHPWRVHFRQG� RSWLFDO
SDUDPHWULF�RVFLOODWRU�V\VWHP�SURGXFLQJ�SXOVHV�RI����
IV�� WXQDEOH� IURP������ WR�����µP��ZDV�XVHG� LQ� WKHVH
H[SHULPHQWV�� 7KH� QRQOLQHDU� UHVSRQVH�RI�D� TXDQWXP
GRW�VDPSOH�ZLWK�DQ�H[FLWRQ�SHDN�DW�������µP�H[FLWHG
ZLWK� ���� µP� SXPS� EHDP� LV� VKRZQ� LQ� )LJXUH� ���� ,W
H[KLELWV�WKUHH�FRPSRQHQWV��D�VORZ�H[SRQHQWLDO�GHFD\
ZLWK�D�UHVSRQVH�WLPH�RI����SV��D�IDVW�UHVSRQVH�ZLWK�D
WLPH�FRQVWDQW�LQ�WKH�UDQJH�RI�����IV��DQG�DQ�RVFLOOD�
WRU\� FRPSRQHQW� ZLWK� D� IUHTXHQF\� RI� ����� 7+]� DQG
GDPSLQJ� WLPH� FRQVWDQW� RI� DERXW� ���� SV�� 7KH� IUH�
TXHQF\�RI�WKHVH�RVFLOODWLRQV�LV�FOHDUO\�D�VLJQDWXUH�RI
DFRXVWLF�YLEUDWLRQV��7R�RXU�NQRZOHGJH��WKLV�LV�WKH�ILUVW
WLPH� WKDW� FRKHUHQW� DFRXVWLF� SKRQRQV� KDYH� EHHQ
REVHUYHG�LQ�TXDQWXP�GRWV�LQ�D�JODVV�PDWUL[�

$FRXVWLF�SKRQRQV� LQ�TXDQWXP�GRWV�KDYH�EHHQ�DQD�
O\]HG�WKHRUHWLFDOO\�E\�VHYHUDO�DXWKRUV��8VLQJ�WKH�EXON
YHORFLW\�RI�VRXQG�LQ�3E7H��ZH�FDOFXODWH�D�UHVRQDQFH
IUHTXHQF\�RI�����7+]� IRU� WKH� IXQGDPHQWDO�EUHDWKLQJ
PRGH�RI�D�����QP�XQVWUDLQHG�TXDQWXP�GRW��7KLV�IUH�
TXHQF\� DJUHHV� TXDOLWDWLYHO\� ZLWK� ZKDW� LV� REVHUYHG
H[SHULPHQWDOO\��:H�DUH�LQ�WKH�SURFHVV�RI�LQYHVWLJDWLQJ
WKH� ZDYHOHQJWK� GHSHQGHQFH� RI� WKH� RVFLOODWLRQV� DQG
WKH� GDPSLQJ� DQG� UHODWLQJ� WKHP� WR� WKH� GLVWULEXWLRQ�
GHSKDVLQJ��DQG�RWKHU�ORVV�PHFKDQLVPV�

)LJXUH���� ��7UDQVPLVVLRQ�RI�WKH�SUREH�DW�����PP�DV�
D�IXQFWLRQ�RI�WLPH�WKURXJK�3E7H�TXDQWXP�GRWV�LQ�D�
JODVV�PDWUL[��7KH�RVFLOODWLRQV�UHVXOW�IURP�H[FLWDWLRQ�RI�
WKH�VSKHURLGDO�DFRXVWLF�PRGH�RI�WKH�TXDQWXP�GRWV�

���� 8OWUDVKRUW�3XOVH�*HQHUDWLRQ�DQG�
8OWUDIDVW�3KHQRPHQD

6SRQVRUV

-RLQW�6HUYLFHV�(OHFWURQLFV�3URJUDP
*UDQW�'$$+������������

8�6��$LU�)RUFH���2IILFH�RI�6FLHQWLILF�5HVHDUFK
&RQWUDFW�)���������������

8�6��1DY\���2IILFH�RI�1DYDO�5HVHDUFK��0)(/�
&RQWUDFW�1���������-������
&RQWUDFW�1����������������

3URMHFW�6WDII

'U��%UHWW�(��%RXPD��,JRU�3��%LOLQVN\��6HRQJ�+R�&KR�
%RULV�*ROXERYLF��5RKLW�3UDVDQNXPDU��3URIHVVRU�(ULFK
3��,SSHQ��'U��-DPHV�1��:DOSROH����/HR�-��0LVVDJJLD���

'U�� � 9LFWRU� 3�� 0LNKDLORY���� 3URIHVVRU� -DPHV�*�� )XML�
PRWR

43 MIT Lincoln Laboratory, Lexington, Massachusetts.
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������ 1RYHO�0RGHORFNHG�/DVHU�&DYLW\�
'HVLJQV�)RU�+LJK�3HDN�,QWHQVLWLHV

8OWUDVKRUW� SXOVH� VRXUFHV� DUH� RI� IXQGDPHQWDO� LPSRU�
WDQFH�IRU�DGYDQFHV�LQ�VLJQDO�SURFHVVLQJ��KLJK�VSHHG
FRPPXQLFDWLRQV��DQG�LQYHVWLJDWLRQ�RI�XOWUDIDVW�QRQOLQ�
HDU� SURFHVVHV� LQ� VHPLFRQGXFWRU� PDWHULDOV� DQG
GHYLFHV�� *HQHUDOO\�� WKHVH� VRXUFHV�PXVW� EH� WHFKQR�
ORJLFDOO\�VLPSOH��UREXVW��DQG�FRVW�HIIHFWLYH��,Q�WKH�ODVW
VHYHUDO�\HDUV��VLJQLILFDQW�DGYDQFHV�KDYH�EHHQ�PDGH
LQ�WKH�GHYHORSPHQW�RI�.HUU� OHQV�PRGHORFNLQJ��./0�
XWLOL]LQJ� HOHFWURQLF� .HUU� HIIHFW� IRU� IDVW� VDWXUDEOH
DEVRUEHU�DFWLRQ��./0�KDV�DOORZHG�JHQHUDWLRQ�RI�WKH
VKRUWHVW� SXOVHV� HYHU� SURGXFHG�GLUHFWO\� IURP�D� ODVHU
RVFLOODWRU����:RUNLQJ� LQ�FROODERUDWLRQ�ZLWK�3URIHVVRUV
(ULFK�3��,SSHQ�DQG�+HUPDQQ�$��+DXV��ZH�KDYH�GHYHO�
RSHG� D� WKHRUHWLFDO�PRGHO�ZKLFK� SURYLGHV� D� IRXQGD�
WLRQ� IRU� XQGHUVWDQGLQJ� DQG� RSWLPL]LQJ� VKRUW�SXOVH
./0�ODVHUV���

*HQHUDWLRQ�RI�IHPWRVHFRQG�SXOVHV�ZLWK�KLJK�LQWHQVL�
WLHV� LQ� WKH� 0:� UDQJH� LV� HVVHQWLDO� IRU� D� QXPEHU� RI
DSSOLFDWLRQV� LQFOXGLQJ� RSWLFDO� KDUPRQLF� JHQHUDWLRQ
DQG� LQYHVWLJDWLRQ� RI� XOWUDIDVW� QRQOLQHDU� RSWLFDO� SKH�
QRPHQD��7KH�SHDN�SRZHU�GLUHFWO\�JHQHUDWHG�E\�PRG�
HORFNHG�7L�$O

�

2
�

� ODVHU�VRXUFHV�LV� LQ�WKH�UDQJH�RI����
0:�ZKLFK�LV�RIWHQ�LQVXIILFLHQW�IRU�VWXGLHV�RI�QRQOLQHDU
SKHQRPHQD�� $ORQJ� ZLWK� D� WUDGLWLRQDO� VKRUW� SXOVH
DPSOLILHU� DSSURDFK�� RXU� JURXS� KDV� UHFHQWO\� GHPRQ�
VWUDWHG�WKH�XVH�RI�FDYLW\�GXPSLQJ�WR�LQFUHDVH�RXWSXW
SXOVH�SHDN�SRZHU�IURP�D�./0�7L�$O

�

2
�

�ODVHU����,QYHV�
WLJDWRUV� KDYH� DOVR� H[DPLQHG� WHFKQLTXHV� WR� GHVLJQ
VWDQGDUG�UHSHWLWLRQ�UDWH�./0�ODVHUV�WR�RSHUDWH�DW�KLJK
SRZHU� DQG� DFKLHYH� KLJK�LQWHQVLW\� SXOVHV���� 7KH
GHYHORSPHQW�RI�ORZ�FRVW��KLJK�LQWHQVLW\�ODVHU�VRXUFHV
ZLOO�HQDEOH�D�ZLGHU� UDQJH�RI� IHPWRVHFRQG�PHDVXUH�

PHQW� DSSOLFDWLRQV�� PDNLQJ� WKLV� WHFKQRORJ\� PRUH
DYDLODEOH�WR�ERWK�WKH�UHVHDUFK�DQG�WKH�GHYHORSPHQW
FRPPXQLW\�

:H�IRFXVHG�RXU�HIIRUWV�RQ�GHVLJQV�WKDW�JHQHUDWH�KLJK
LQWHQVLW\� SXOVHV� GLUHFWO\� IURP� D� PRGHORFNHG� ODVHU
RVFLOODWRU�ZLWKRXW�WKH�QHHG�IRU�DPSOLILFDWLRQ��$OWKRXJK
WKHVH� PHWKRGV� ZLOO� QRW� DFKLHYH� SXOVH� HQHUJLHV� DV
KLJK�DV� WKRVH�REWDLQHG�XVLQJ� WUDGLWLRQDO� VKRUW� SXOVH
DPSOLILHUV�� WKH\�RIIHU�D�VLJQLILFDQW�DGYDQWDJH� LQ�FRVW
DQG�V\VWHP�FRPSOH[LW\��

:H� GHYHORSHG� D� VLPSOH� DOWHUQDWLYH� PHWKRG� IRU
LPSURYLQJ� SHDN� SRZHU� IURP� D� ODVHU� E\� GHVLJQLQJ� D
QRYHO�ORQJ�FDYLW\�JHRPHWU\�IRU�./0��2XU�REMHFWLYH�LV
WR�LQFUHDVH�WKH�ODVHU�RXWSXW�SXOVH�HQHUJLHV�DQG�LQWHQ�
VLWLHV�E\�LQFUHDVLQJ�ODVHU�FDYLW\�OHQJWK��:KLOH�NHHSLQJ
WKH� ODVHU� DYHUDJH�RXWSXW�SRZHU� FRQVWDQW�� WKH� SXOVH
HQHUJ\�FDQ�EH�LQFUHDVHG�E\�UHGXFLQJ�WKH�ODVHU�UHSHWL�
WLRQ� UDWH�� 7KH� GHYHORSPHQW� RI� ORQJ�FDYLW\� ODVHUV
UHTXLUHV� FDUHIXO� GHVLJQ� EHFDXVH� WKH� RSHUDWLRQ� RI
./0� GHSHQGV� FULWLFDOO\� RQ� ODVHU� FDYLW\� GHVLJQ�� 7KH
ODVHU�FDYLW\�PXVW�EH�RSHUDWHG�LQ�D�SDUWLFXODU�VXEVHW�RI
LWV� VWDELOLW\� UHJLRQ� LQ� RUGHU� WR� RSWLPL]H�PRGHORFNLQJ
SHUIRUPDQFH�

$V�DQ�DSSURDFK�WR�GHYHORSLQJ�ORQJ�FDYLW\�ODVHUV��ZH
H[SORUHG�WKH�XVH�RI�+HUULRWW�VW\OH�PXOWLSOH�SDVV�FDYLW\
�03&�����7KH�03&�LV�FRQVWUXFWHG�E\�D�SDLU�RI�FXUYHG
PLUURUV� VHSDUDWHG� E\� D� JLYHQ� GLVWDQFH�� 7KH� RSWLFDO
EHDP�LV�LQWURGXFHG�LQWR�WKH�03&��VWULNHV�WKH�ILUVW�PLU�
URU�RII�FHQWHU��LV�VXEVHTXHQWO\�UHIOHFWHG�EHWZHHQ�WKH
WZR�PLUURUV�LQ�D�FLUFXODU�SDWWHUQ��DQG�FDQ�EH�H[WUDFWHG
DIWHU�D�JLYHQ�QXPEHU�RI�URXQG�WULSV��7KH�EHDP�LV�DOVR
IRFXVHG�RQ�VXEVHTXHQW�UHIOHFWLRQV�VR�WKDW� LWV�SURSD�
JDWLRQ�UHVHPEOHV�SURSDJDWLRQ�WKURXJK�D�SHULRGLF�OHQV
DUUD\��7KLV�GHYLFH�LV�GHVLJQHG�VXFK�WKDW�LW�SURYLGHV�D
XQLW\� WUDQVIRUPDWLRQ�RI� WKH�T�SDUDPHWHU�RI� WKH� ODVHU
EHDP�DIWHU�D�JLYHQ�QXPEHU�RI�WUDQVLWV����7KXV��LI�WKLV
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GHYLFH� LV� LQVHUWHG� LQWR� WKH� ./0� ODVHU�� LW� FDQ� EH
GHVLJQHG�VXFK�WKDW�LW�KDV�D�]HUR�HIIHFWLYH�OHQJWK�DQG
OHDYHV�WKH�ODVHU�FDYLW\�PRGH�DQG�QRQOLQHDU�IRFXVLQJ
EHKDYLRU�LQYDULDQW��

)ROORZLQJ� WKLV� DSSURDFK�� ZH� GHVLJQHG� D� KLJK� SHDN
SRZHU� ODVHU� XVLQJ� D� VWDQGDUG�� GLVSHUVLRQ� FRPSHQ�
VDWHG� ./0� 7L�$O

�

2
�

� UHVRQDWRU� ZLWK� D�03&� LQFRUSR�
UDWHG� LQWR� RQH� RI� WKH� DUPV�� :H� XVHG� D� GHVLJQ� IRU
ZKLFK� WKH� EHDP�PDGH� ��� URXQG� WULSV� EHWZHHQ� WKH
03&�PLUURUV��6WDEOH�./0�PRGHORFNLQJ�ZDV�DFKLHYHG
UHVXOWLQJ� LQ� ��� IV� SXOVHV� DW� ���0+]� UHSHWLWLRQ� UDWH�
FRPSDUHG�WR�D�UHSHWLWLRQ�UDWH�RI�����0+]�W\SLFDO�IRU
FRQYHQWLRQDO�UHVRQDWRU�JHRPHWULHV��7KLV�UHVXOWHG�LQ�D
KLJKHU�SHDN�SRZHU�IRU�D�JLYHQ�DYHUDJH�RXWSXW�SRZHU�
)XUWKHUPRUH��EHFDXVH� WKH�SXOVH�UHSHWLWLRQ� UDWHV�DUH
VLJQLILFDQWO\� ORZHU�� SDUDVLWLF� WKHUPDO� HIIHFWV� LQ
XOWUDIDVW�PHDVXUHPHQWV�XVLQJ�WKLV�VRXUFH�ZLOO�EH�VLJ�
QLILFDQWO\�VPDOOHU�WKDQ�IRU�FRQYHQWLRQDO�KLJK�UHSHWLWLRQ
UDWH�����0+]�ODVHUV�

$� OLPLWDWLRQ� RQ� WKH� DYDLODEOH� SXOVH� HQHUJLHV� LQ� RXU
V\VWHP� ZDV� LPSRVHG� E\� PXOWLSOH� SXOVH� LQVWDELOLWLHV
WKDW� WHQG� WR� DULVH� DW� KLJK�SXOVH� HQHUJLHV�� 7KLV� LV� D
FRQVHTXHQFH�RI� WKH�KLJK�SHDN� LQWHQVLWLHV�SUHVHQW� LQ
WKLV� ODVHU� DQG� WKH� VDWXUDWLRQ� RI� WKH� VHOI� DPSOLWXGH
PRGXODWLRQ�HIIHFWV��$V� WKH� OHQJWK�RI� WKH� ODVHU�FDYLW\
LV�LQFUHDVHG��WKH�LQWUDFDYLW\�SXOVH�HQHUJLHV�DQG�LQWHQ�
VLWLHV�DUH�DOVR�LQFUHDVHG�WR�KLJKHU�OHYHOV�WKDQ�LQ�VWDQ�
GDUG�ODVHUV��

$�GHWDLOHG�XQGHUVWDQGLQJ�RI�WKH�./0�PHFKDQLVP�DQG
WKH� FDYLW\� RSHUDWLRQ� LV� UHTXLUHG� IRU� IXUWKHU� LPSURYH�
PHQW�RI�WKH�ODVHU�RSHUDWLRQ��:H�DUH�FXUUHQWO\�RSWLPL]�
LQJ�WKH�ODVHU�GHVLJQ�LQ�RUGHU�WR�DFKLHYH�VKRUWHU�SXOVH
GXUDWLRQ�DQG�KLJKHU�RXWSXW�SRZHU�ZKLOH�DYRLGLQJ�PXO�
WLSOH�SXOVLQJ�

������ 1RYHO�6DWXUDEOH�$EVRUEHU�0DWHULDOV�
DQG�'HYLFHV

2YHU� WKH� SDVW� VHYHUDO� \HDUV�� VLJQLILFDQW� DGYDQFHV
KDYH� EHHQ�PDGH� LQ� JHQHUDWLRQ� RI� XOWUDVKRUW� RSWLFDO
SXOVHV�IURP�SDVVLYHO\�PRGHORFNHG�VROLG�VWDWH�ODVHUV�
.HUU�OHQV�PRGHORFNLQJ�LV�WKH�PRVW�ZLGHO\�XVHG�PRG�
HORFNLQJ�WHFKQLTXH��EXW�LW�LV�JHQHUDOO\�QRW�VHOI�VWDUWLQJ
DQG� UHTXLUHV� YHU\� SUHFLVH� UHVRQDWRU� GHVLJQ� DQG

DOLJQPHQW��)RU�VWDUWLQJ�DQG�VWDELOL]DWLRQ�RI�PRGHORFN�
LQJ�� D� IDVW� VDWXUDEOH� DEVRUEHU� ZLWK� ORZ� ORVVHV� DQG
DSSURSULDWH�VDWXUDWLRQ�LQWHQVLW\�LV�UHTXLUHG�

,Q� UHFHQW� \HDUV�� WKHUH� KDV� EHHQ� D� ODUJH� DPRXQW� RI
ZRUN�GRQH�LQ�DSSOLFDWLRQ�RI�VHPLFRQGXFWRU�VDWXUDEOH
DEVRUEHUV�WR�ODVHU�PRGHORFNLQJ����&RPSDUHG�WR�RWKHU
DSSURDFKHV�WR�ODVHU�PRGHORFNLQJ��VDWXUDEOH�DEVRUE�
HUV� KDYH� D� QXPEHU� RI� DGYDQWDJHV�� LQFOXGLQJ� VHOI�
VWDUWLQJ�RSHUDWLRQ��UREXVWQHVV�DQG�VLPSOLFLW\�RI�ODVHU
GHVLJQ�� DQG� D� QXPEHU� RI� DGMXVWDEOH� SDUDPHWHUV
LQFOXGLQJ� RSHUDWLQJ� ZDYHOHQJWK�� UHFRYHU\� WLPH�� DQG
VDWXUDWLRQ�IOXHQFH�ZKLFK�PDNH�LW�SRVVLEOH�WR�WDLORU�WKH
GHYLFH� SDUDPHWHUV� IRU� D� VSHFLILF� DSSOLFDWLRQ�� 7KLV
SRZHUIXO�WHFKQRORJ\�KDV�EHHQ�DSSOLHG�IRU�ERWK�PRGH�
ORFNLQJ� DQG� VHOI�VWDUWLQJ� LQ� D� ZLGH� UDQJH� RI� ODVHU
PDWHULDOV� LQ� WKH� ����� ����� ����� DQG� ���� �P� ZDYH�
OHQJWKV�UHJLRQV�

$OWKRXJK�WKLV�WHFKQRORJ\�KDV�VLJQLILFDQW�DGYDQWDJHV�
LW�DOVR�KDV� WKH�PDMRU�GLVDGYDQWDJH�RI� UHTXLULQJ�HSL�
WD[LDO� JURZWK� �W\SLFDOO\�PROHFXODU� RU� FKHPLFDO� EHDP
H[SLWD[\��RI�VHPLFRQGXFWRU�OD\HUV��(SLWD[LDO�PDWHULDOV
JURZWK�LV�FRPSOH[�DQG�FRVWO\�DQG�WKXV�LV�D�EDUULHU�WR
ZLGHVSUHDG�FRPPHUFLDO�DSSOLFDWLRQ�RI�VHPLFRQGXFWRU
VDWXUDEOH�DEVRUEHUV��

6HPLFRQGXFWRU�GRSHG�FRORU�JODVVHV��ZKLFK�KDYH�KLJK
QRQOLQHDULWLHV�DQG�UDSLG�UHOD[DWLRQ�WLPHV��FDQ�SRWHQ�
WLDOO\� RIIHU� D� VLPSOH� DQG� LQH[SHQVLYH� DOWHUQDWLYH� WR
VHPLFRQGXFWRU�VDWXUDEOH�DEVRUEHU�PLUURUV�� ,Q�HDUOLHU
VWXGLHV�� LQIUDUHG� FRORU� ILOWHU� JODVV� IURP�+R\D� �+R\D
,5����KDV�EHHQ�GHPRQVWUDWHG�WR�JHQHUDWH�VHOI�VWDUW�
LQJ�����SV�SXOVHV�IURP�D�7L�$O

�

2
�

�ODVHU���

:H�KDYH�GHVLJQHG�QRYHO�PRGHORFNLQJ�GHYLFHV�EDVHG
RQ� FRPPHUFLDO� FRORU� ILOWHU� JODVV� IRU� ERWK� VDWXUDEOH
DEVRUEHU� DQG� VHOI�VWDUWLQJ� ./0� RSHUDWLRQ� LQ� D
7L�$O

�

2
�

� ODVHU�� &RPPHUFLDO� VHPLFRQGXFWRU� GRSHG
FRORU� JODVVHV� IURP� 6FKRWW� �5*����� DQG� 5*�����
ZHUH� DWWDFKHG� WR� VLOLFD� RU� VDSSKLUH� VXEVWUDWHV� DQG
WKH� VWUXFWXUH� ZDV� JURXQG� DW� DQ� DQJOH� RI� �� GHJUHH
UHVXOWLQJ�LQ�D�ZHGJH�RI�FRORU�JODVV�RQ�WRS�RI�WKH�VXE�
VWUDWH�� 7KH� ZHGJH�VKDSHG� GHVLJQ� HQDEOHG� XV� WR
REWDLQ� WKLQQHU� FRORU� JODVV� WKDQ� RWKHUZLVH� SRVVLEOH
�GRZQ�WR�����P��DQG�WR�FRQWLQXRXVO\�YDU\�WKH�VDWXUD�
EOH�DEVRUEHU�ORVV�E\�FKDQJLQJ�WKH�FRORU�JODVV�LQVHU�

52 U. Keller, K.J. Weingarten, F.X. Kärtner, D. Kopf, B. Braun, I.D. Jung, R. Fluck, C. Hönninger, N. Matuschek, and J. Aus der Au, “Semi-
conductor Saturable Absorber Mirrors (SESAM’s) for Femtosecond to Nanosecond Pulse Generation in Solid-State Lasers,” IEEE J. 
Select. Top. Quantum Electron. 2: 435-53 (1996);  S. Tsuda, W.H. Knox, S.T. Cundiff, W.Y. Jan, and J.E. Cunningham, “Mode-Locking 
Ultrafast Solid-State Lasers with Saturable Bragg Reflectors,” IEEE J. Select. Top. Quantum Electron. 2: 454-64 (1996).

53 N. Sarukura, Y. Ishida, T. Yanagawa, and H. Nakano, “All Solid State CW Passively Mode-locked Ti:Sapphire Laser Using a Colored 
Glass Filter,” Appl. Phys. Lett. 57: 229-30 (1990).
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WLRQ��7KH�VDSSKLUH�VXEVWUDWH�PDGH�WKH�VWUXFWXUH�PRUH
UREXVW�WKDQ�SUHYLRXV�GHVLJQV�XVLQJ�WKLQ�IUHH�VWDQGLQJ
JODVV� DQG� DOVR� VHUYHG� DV� DQ� HIILFLHQW� KHDW� VLQN�
UHGXFLQJ�SDUDVLWLF�WKHUPDO�HIIHFWV�

:H�XVHG�D�VWDQGDUG�]�VKDSHG�FDYLW\�WHUPLQDWHG�ZLWK
DQ�DGGLWLRQDO�IROG�FRPSULVLQJ�WZR����FP�UDGLXV�RI�FXU�
YDWXUH�PLUURUV��%\�SODFLQJ� WKH�VDWXUDEOH�DEVRUEHU�DW
RU�QHDU�WKH�IRFXV�RI�WKH�DGGLWLRQDO� IROG��ZH�REWDLQHG
VHOI�VWDUWLQJ� VDWXUDEOH� DEVRUEHU� PRGHORFNHG� RSHUD�
WLRQ�ZLWK�SXOVH�GXUDWLRQV�RI�����SV��9DU\LQJ�WKH�VDWX�
UDEOH�DEVRUEHU�SRVLWLRQ�UHODWLYH�WR�WKH�IRFXV�HQDEOHG
XV� WR� YDU\� WKH� HIIHFWLYH� VDWXUDWLRQ� FURVV�VHFWLRQ�
8VLQJ�D�ELUHIULQJHQW�ILOWHU��WXQDEOH�PRGHORFNHG�RSHUD�
WLRQ�ZDV�DFKLHYHG�IURP�����WR�����QP�XVLQJ�5*����
JODVV�DQG�IURP�����WR�����QP�XVLQJ�5*�����JODVV�

6HOI�VWDUWLQJ� PRGHORFNHG� RSHUDWLRQ� ZDV� DOVR
DFKLHYHG�XVLQJ�WKH�5*�����JODVV�VDWXUDEOH�DEVRUEHU
LQ� FRQMXQFWLRQ� ZLWK� D� UHVRQDWRU� RSWLPL]HG� IRU� .HUU
OHQV�PRGHORFNLQJ� �./0�� UHVXOWLQJ� LQ�VHOI�VWDUWLQJ���
IV� WUDQVIRUP� OLPLWHG� SXOVHV�� 7KH� VHOI�VWDUWLQJ� ./0
RSHUDWLRQ�ZDV�UREXVW�DQG�LQVHQVLWLYH�WR�FDYLW\�SHUWXU�
EDWLRQV��$Q�LQWUDFDYLW\�FKRSSHU�ZDV�XVHG�WR�VWXG\�WKH
PRGHORFNLQJ� VHOI�VWDUWLQJ� G\QDPLFV� E\� PRQLWRULQJ
ERWK� WKH� DYHUDJH� SRZHU� DQG� WKH� VHFRQG� KDUPRQLF
�6+*�� VLJQDO�� 7KH� PRGHORFNLQJ� EXLOG� XS� WLPH� ZDV
PHDVXUHG�WR�EH�����PV�

:H�EHOLHYH�WKDW�WKH�VSHFWUXP��DQG�WKHUHIRUH�WKH�XOWL�
PDWH�SXOVH�GXUDWLRQ��LV�OLPLWHG�E\�WKH�VSHFWUDO�ILOWHULQJ
FRPELQDWLRQ�RI�WKH�PLUURU�VHW�RQ�WKH�ORQJ�ZDYHOHQJWK
VLGH�DQG�WKH�UDSLGO\�LQFUHDVLQJ�DEVRUSWLRQ�RI�WKH�5*�
����JODVV�RQ� WKH�VKRUW�ZDYHOHQJWK�VLGH��8VLQJ� WKLQ�
QHU�JODVV�VWUXFWXUHV�RU�FRORU�JODVV�ZLWK� ORZHU�VHPL�
FRQGXFWRU� GRSLQJ� GHQVLW\� ZRXOG� JUHDWO\� LQFUHDVH
WXQDELOW\�WR�VKRUWHU�ZDYHOHQJWKV�DQG�VXSSRUW�EURDGHU
VSHFWUD��WKXV�OHDGLQJ�WR�VKRUWHU�SXOVHV��:H�DUH�DOVR
FXUUHQWO\� ZRUNLQJ� RQ� LQFRUSRUDWLQJ� WKH� FRORU� JODVV
VDWXUDEOH�DEVRUEHU�LQWR�D�UHIOHFWLYH�JHRPHWU\�GLHOHF�
WULF�PLUURU�GHYLFH�ZKLFK�ZLOO� IXUWKHU�VLPSOLI\�WKH�ODVHU
GHVLJQ�

:H�EHOLHYH�WKDW�GHYLFHV�LQFRUSRUDWLQJ�FRPPHUFLDO�RU
H[SHULPHQWDO�VHPLFRQGXFWRU�GRSHG�FRORU�JODVVHV�FDQ
SRWHQWLDOO\�VHUYH�DV�VLPSOH�DQG�LQH[SHQVLYH�GHYLFHV
IRU� ERWK� LQLWLDWLQJ� ./0� DQG�PRGHORFNLQJ� VROLG�VWDWH
ODVHUV��

������ 5DSLG�:DYHOHQJWK�7XQLQJ�RI�1HDU�,5�
/DVHUV

5DSLG� ZDYHOHQJWK� WXQLQJ� RI� VROLG�VWDWH� ODVHUV� LV
LPSRUWDQW�IRU�D�QXPEHU�RI�DSSOLFDWLRQV�LQFOXGLQJ�RSWL�
FDO� UDQJLQJ�� RSWLFDO� FRPPXQLFDWLRQV�� 5DPDQ� VSHF�
WURVFRS\�� DQG� IOXRUHVFHQFH� VSHFWURVFRS\�� (DUOLHU
VWXGLHV�RI� IUHTXHQF\�WXQDEOH�VRXUFHV�XVHG�PHWKRGV
VXFK�DV� DFRXVWR�RSWLF� WXQLQJ��� DQG� WKHUPDO� WXQLQJ��

WR�VFDQ�WKH�ZDYHOHQJWK�UDQJH�

,Q� WKH� SDVW� \HDU�� ZH� KDYH� H[WHQGHG� RXU� SUHYLRXV
UHVHDUFK� RQ� WKH� VSHFWURVFRS\� DQG� PRGHORFNLQJ� RI
FKURPLXP�GRSHG� IRUVWHULWH� �&U���0J

�

6L2
�

�� ODVHUV� WR
GHYHORS� D� QHZ� UDSLGO\� WXQDEOH� VRXUFH� LQ� WKH� QHDU
LQIUDUHG�� &U���IRUVWHULWH� KDV� D� ���� QP� FZ� WXQLQJ
UDQJH���� PDNLQJ� LW� VXLWDEOH� IRU� UDSLGO\� DQG� EURDGO\
WXQDEOH� ODVHU�� :H� LPSOHPHQWHG� WKLV� ODVHU� XVLQJ� D
VWDQGDUG� ]�FDYLW\� FRQILJXUDWLRQ�� 7KH� ZDYHOHQJWK
VHOHFWLRQ�� DV� ZHOO� DV� VSHFWUDO� ILOWHULQJ�� ZDV� DFFRP�
SOLVKHG�E\�LQVHUWLQJ�IRXU�%UHZVWHU�DQJOHG�SULVPV�DQG
D� FDYLW\� HQG�PLUURU� LQWR� RQH� DUP� RI� WKH� FDYLW\�� 7KH
DQJXODU� GHIOHFWLRQ� RI� D� OLJKW� EHDP� SDVVLQJ� WKURXJK
WKH�SULVPV�LV�ZDYHOHQJWK�GHSHQGHQW��DQG�WKHUHIRUH�D
QDUURZ� EDQG� RI� IUHTXHQFLHV� ZLOO� EH� UHWXUQHG� DIWHU
UHIOHFWLQJ� IURP� WKH� HQG� PLUURU�� PRUH� SULVPV� JLYH
VWURQJHU�ZDYHOHQJWK�ILOWHULQJ��%\�WLOWLQJ�WKH�HQG�PLUURU�
ZH�WXQHG�WKH�IUHTXHQFLHV�HPLWWHG�IURP�WKH�ODVHU��7KLV
ZDV�GRQH�E\�SODFLQJ�WKH�HQG�PLUURU�XSRQ�D�WLOWLQJ�JDO�
YDQRPHWHU��ZKLFK�ZDV�GULYHQ�ZLWK� WULDQJXODU�YROWDJH
ZDYHIRUPV�DW� IUHTXHQFLHV� XS� WR� �� N+]� DQG�DQJXODU
GHIOHFWLRQ� DPSOLWXGHV� VXIILFLHQW� WR� FRYHU� WKH� EDQG�
ZLGWK�RI�WKH�ODVHU��:LWK�WKLV�VRXUFH��WKH�WXQLQJ�UDQJH
RI������WR������QP�FDQ�EH�VZHSW�LQ�OHVV�WKDQ�����µV�
6FDQQLQJ�VSHHGV�DUH�OLPLWHG�E\�FDYLW\�PRGH�EXLOGXS
WLPHV� DQG� UHOD[DWLRQ� RVFLOODWLRQ� HIIHFWV�� &U�IRUVWHULWH
SUHVHQWV� D� EURDGEDQG�� UHODWLYHO\� KLJK� SRZHU�� DQG
VLPSOH� UDSLGO\� WXQDEOH� ODVHU� VRXUFH� LQ� WKH� ���� �P
ZDYHOHQJWK�UHJLRQ��LPSRUWDQW�IRU�RSWLFDO�FRPPXQLFD�
WLRQV�

54 K. Takada, “High-Resolution OFDR with Incorporated Fiber-Optic Frequency Encoder,” IEEE Photonics Technol. Lett. 4: 1069-72 
(1992)

55 U. Glombitza and E. Brinkmeyer, “Coherent Frequency-Domain Reflectometry for Characterization of Single-Mode Integrated Optical 
Waveguides,” J. Lightwave Technol. 11: 1377-84 (1993)

56 B. Golubovic, Study of Near-Infrared Pumped Solid-State Lasers and Applications, Ph.D. diss., Department of Electrical Engineering 
and Computer Science, MIT, 1997.
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,Q�RSWLFDO�IUHTXHQF\�GRPDLQ�UHIOHFWRPHWU\��2)'5���D
FZ�ODVHU�LV�XVHG�DV�WKH�LQSXW�WR�DQ�LQWHUIHURPHWHU�DQG
LV�VZHSW�RYHU�D�ZLGH� UDQJH�RI� IUHTXHQFLHV��$�GHOD\
LQWURGXFHG�LQWR�RQH�DUP�RI�WKH�LQWHUIHURPHWHU�FDXVHV
D� GLIIHUHQFH� EHWZHHQ� WKH� IUHTXHQFLHV� RI� WKH� OLJKW
ZKLFK� DUH� UHWXUQHG� IURP� WKH� WZR� DUPV�� 7KLV� IUH�
TXHQF\�GLIIHUHQFH�FDQ�EH�GHWHFWHG�E\�LQWHUIHULQJ�WKH
WZR�EHDPV�DQG�FDQ� WKHQ�EH�XVHG� WR�GHWHUPLQH� WKH
SDWK�OHQJWK�GLIIHUHQFH�EHWZHHQ�WKH�DUPV�RI�WKH�LQWHU�
IHURPHWHU��%\�XWLOL]LQJ�D�IUHTXHQF\�GRPDLQ�WHFKQLTXH
WR�WXQH�WKH�ODVHU��ZH�GHPRQVWUDWHG�2)'5�DQG�LPDJ�
LQJ� DW� UHVROXWLRQV� VLPLODU� WR� WKRVH� DFKLHYHG� XVLQJ
PRGHORFNHG� ODVHUV� DQG� ORZ�FRKHUHQFH� LQWHUIHURPH�
WU\��7KH� IUHTXHQF\�GRPDLQ� WHFKQLTXHV�FDQ�KDYH� WKH
DGYDQWDJH�RI�D�VLJQLILFDQW�UHGXFWLRQ� LQ�V\VWHP�FRP�
SOH[LW\�DQG�VWLOO�DFKLHYH�KLJK�UHVROXWLRQ�VLQFH�WKH�GLV�
WDQFH�UHVROXWLRQ�RI� WKH�V\VWHP�LV�SURSRUWLRQDO� WR� WKH
WXQLQJ�EDQGZLGWK�RI�WKH�ODVHU�

������ 2SWLFDO�)UHTXHQF\�'RPDLQ�
5HIOHFWRPHWU\�8VLQJ�5DSLG�
:DYHOHQJWK�7XQLQJ

2SWLFDO� UDQJLQJ� DQG� WRPRJUDSKLF� WHFKQLTXHV� KDYH
DSSOLFDWLRQV� WR� YDULRXV� ILHOGV� IURP� HQJLQHHULQJ� WR
PHGLFLQH�� 2SWLFDO� IUHTXHQF\� GRPDLQ� UHIOHFWRPHWU\
�2)'5�� LV� EDVHG� RQ� LQWHUIHURPHWU\� DQG� DOORZV� IRU
YHU\� KLJK�UHVROXWLRQ� D[LDO� PHDVXUHPHQWV� FRPSDUHG
WR� RSWLFDO� WLPH� GRPDLQ� UHIOHFWRPHWU\� �27'5����

$QRWKHU� DWWUDFWLYH� IHDWXUH� RI� 2)'5� LV� WKDW� UDQJLQJ
FDQ� EH� SHUIRUPHG�ZLWKRXW� WKH� QHHG� IRU� PHFKDQLFDO
VFDQQLQJ�RI�WKH�SDWK�OHQJWK�RI�WKH�LQWHUIHURPHWHU�UHI�
HUHQFH� DUP� OLNH� LQ� RSWLFDO� FRKHUHQFH� WRPRJUDSK\
�2&7����� DQG� LW� VFDQV� WKH� ZDYHOHQJWK� RI� D� QDUURZ�
EDQG�VRXUFH��0RUHRYHU�� REWDLQLQJ�KLJK�VLQJOH�WUDQV�
YHUVH�PRGH� SRZHU� IURP� D� EURDGEDQG� OLJKW� VRXUFH
PD\�SUHVHQW� WHFKQLFDO�GLIILFXOWLHV��D� WXQDEOH�QDUURZ�
EDQG�VRXUFH�RI�HTXDO�EULJKWQHVV�PD\�EH�VLJQLILFDQWO\
OHVV�FRPSOH[�

2)'5�XVHV�D�IL[HG�UHIHUHQFH�SDWK�DQG�FRQWLQXRXVO\
VZHHSV� D� QDUURZ�EDQG� RSWLFDO� VRXUFH� RYHU� D� ZLGH
VSDQ�RI�IUHTXHQFLHV��,Q�WKLV�FDVH�� WKH�ZDYHOHQJWK�RI
WKH�OLJKW�GHWHFWHG�DW�WKH�LQWHUIHURPHWHU�RXWSXW�SRUW�LV
D�IXQFWLRQ�RI�WLPH��5DQJLQJ�LV�SHUIRUPHG�E\�PHDQV�RI
D�0LFKHOVRQ� LQWHUIHURPHWHU� IRU�ZKLFK�ERWK�DUPV�DUH

RI�IL[HG�OHQJWK��RQH�WHUPLQDWHG�E\�D�UHIHUHQFH�PLUURU�
DQG� WKH� RWKHU� E\� WKH� VDPSOH� XQGHU� LQYHVWLJDWLRQ�
,QWURGXFLQJ�D�UHODWLYH�WHPSRUDO�GHOD\�LQWR�WKLV�LQWHUIHU�
RPHWHU�ZLOO�WKHQ�JLYH�ULVH�WR�D�GLIIHUHQFH�LQ�WKH�ZDYH�
OHQJWK� RI� WKH� OLJKW� HPLWWHG� IURP� HDFK� DUP�� 7KH
IUHTXHQF\�RI�WKH�EHDW�DW�WKH�RXWSXW�SRUW�RI�WKH�LQWHU�
IHURPHWHU� LV� WKHQ� XVHG� WR� GHWHUPLQH� WKH� SDWKOHQJWK
GLIIHUHQFH�DQG� WR� ORFDOL]H�EDFNUHIOHFWLRQ�VLWHV� LQ� WKH
VDPSOH�DUP��3UHYLRXV�VWXGLHV�RI� WKH�XVH�RI� WXQDEOH
VRXUFHV� IRU� 2)'5� ZHUH� W\SLFDOO\� EDVHG� RQ� IUH�
TXHQF\�WXQDEOH�VHPLFRQGXFWRU�GLRGH� ODVHU�V\VWHPV�
,Q�RXU�V\VWHP�ZH�SUHVHQW�WKH�XVH�RI�D�UDSLGO\�WXQHG
FZ� &U���IRUVWHULWH�&U���0J

�

6L2
�

�� ODVHU��� IRU� 2)'5
DSSOLFDWLRQV��

7KLV�V\VWHP�DFKLHYHV�KLJK� UHVROXWLRQ� LPDJLQJ�XWLOL]�
LQJ�WKH�KLJK�SRZHU�DQG�EURDG�EDQGZLGWK�SRWHQWLDO�RI
VROLG�VWDWH� ODVHUV��$�GHSWK� UHVROXWLRQ� RI�����P�ZDV
GHPRQVWUDWHG��ZLWK�VSHHGV�DV�IDVW�DV������ORQJLWXGL�
QDO� VFDQV� SHU� VHFRQG�� 7KH� VLJQDO�WR�QRLVH� UDWLR� RI
WKLV�V\VWHP�ZDV�PHDVXUHG�WR�EH����G%��8VLQJ�RWKHU
WXQDEOH�VROLG�VWDWH�ODVHU�PDWHULDOV��RQH�FRXOG�SHUIRUP
RSWLFDO�UDQJLQJ�DQG�2&7�ZLWK�KLJK�UHVROXWLRQ�DW�RWKHU
ZDYHOHQJWKV� DW�ZKLFK� XOWUDVKRUW�SXOVH� JHQHUDWLRQ� LV
SUREOHPDWLF�� 7KH� XOWLPDWH� H[WHQVLRQ� RI� WKHVH� WHFK�
QLTXHV� XVLQJ� QDUURZ�OLQHZLGWK� WXQDEOH� GLRGH� ODVHU
VRXUFHV�ZRXOG� DIIRUG� HYHQ� KLJKHU� VFDQQLQJ� VSHHGV
DQG�JUHDWHU�HDVH�RI�XVH�

������ 3XEOLFDWLRQV

%LOLQVN\�� ,�3���%�(��%RXPD�� DQG� -�*��)XMLPRWR�� �6HOI�
VWDUWLQJ�./0�7L�$O

�

2
�

� /DVHU�8VLQJ�6HPLFRQGXF�
WRU�'RSHG�*ODVV�6WUXFWXUHV�´�3DSHU�SUHVHQWHG�DW
WKH� ����� &RQIHUHQFH� RQ� /DVHUV� $QG� (OHFWUR�
2SWLFV�� 6DQ� )UDQFLVFR�� &DOLIRUQLD�� 0D\� ����
�����

&KR��6�+���%�(��%RXPD��(�3�� ,SSHQ��DQG�-�*��)XMLP�
RWR�� �$����0+]�+LJK�3HDN�3RZHU�./0�7L�$O

�

2
�

/DVHU� XVLQJ� 0XOWLSOH� 3DVV� /RQJ� &DYLW\��� 3DSHU
SUHVHQWHG� DW� WKH� ����� &RQIHUHQFH� RQ� /DVHUV
$QG� (OHFWUR�2SWLFV�� 6DQ� )UDQFLVFR�� &DOLIRUQLD�
0D\�����������

*ROXERYLF�� *��� %�(�� %RXPD�� *�-�� 7HDUQH\�� DQG� -�*�
)XMLPRWR�� �2SWLFDO� )UHTXHQF\�'RPDLQ� 5HIOHFWR�
PHWU\� XVLQJ� 5DSLG� :DYHOHQJWK� 7XQLQJ� RI� D

57 S.D. Personick, “Photon Probe Optical-fiber Time-domain Reflectometer,” Bell Syst. Tech. J. 56: 355-66 (1977); D. Uttam and B. 
Culshaw, “Precision Time Domain Reflectometry in Optical Fiber Systems using a Frequency Modulated Continuous Wave Ranging 
Technique,” J. Lightwave Technol. 3: 971-977 (1985).

58 D. Huang, E.A. Swanson, C.P. Lin, J.S. Schuman, W.G. Stinson, W. Chang, M.R. Hee, T. Flotte, K. Gregory, C.A. Puliafito, and J.G. 
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2SWLFDO�FRKHUHQFH�WRPRJUDSK\��2&7��LV�D�QHZ�LPDJ�
LQJ�WHFKQRORJ\�ZKLFK�ZDV�GHYHORSHG�E\�RXU�JURXS�LQ
�������� 2&7� LV� DQDORJRXV� WR� XOWUDVRXQG� RU� UDGDU
LPDJLQJ�H[FHSW�WKDW� LW�XVHV�OLJKW� LQVWHDG�RI�VRXQG�WR
SHUIRUP� KLJK� UHVROXWLRQ� FURVV� VHFWLRQDO� LPDJLQJ� RI

ELRORJLFDO�VSHFLPHQV�DQG�PDWHULDOV��,W�DOORZV� LQ�YLWUR
RU� LQ� YLYR� LPDJLQJ� RI� WLVVXH� LQ� YLUWXDOO\� DQ\� RUJDQ
DFFHVVLEOH� YLD� FDWKHWHU� RU� HQGRVFRSH�� JHQHUDWLQJ
WZR�GLPHQVLRQDO� WRPRJUDSKLF� LPDJHV� RI� WLVVXH
PLFURVWUXFWXUH� RU� WKUHH�GLPHQVLRQDO� UHFRQVWUXFWHG
YROXPHV�

2&7� ZDV� ILUVW� XVHG� WR� LPDJH� RSWLFDOO\� WUDQVSDUHQW
VWUXFWXUHV�VXFK�DV�WKH�DQWHULRU�H\H�DQG�UHWLQD����3UH�
OLPLQDU\�FOLQLFDO�LQYHVWLJDWLRQV�VXJJHVW�WKDW�2&7�LV�D
SURPLVLQJ�WHFKQRORJ\�IRU�WKH�GHWHFWLRQ�DQG�PDQDJH�
PHQW�RI�D�YDULHW\�RI� UHWLQDO�GLVHDVHV� LQFOXGLQJ�JODX�
FRPD�DQG�PDFXODU�HGHPD����5HFHQW�DGYDQFHV�KDYH
OHG�WR�WKH�DSSOLFDWLRQ�RI�WKLV�PRGDOLW\�WR�QRQ�WUDQVSDU�
HQW� WLVVXH���� $OWKRXJK� WKH� LPDJLQJ� GHSWK� RI�2&7� LV
OLPLWHG�E\�WKH�OLJKW�VFDWWHULQJ�DQG�DWWHQXDWLRQ�SURSHU�
WLHV�RI�WLVVXH��SHQHWUDWLRQ�RI�����PP�FDQ�EH�DFKLHYHG
HYHQ� LQ�KHDYLO\� FDOFLILHG�VDPSOHV��7KH� UHVROXWLRQ�RI
2&7�LV�RQ�WKH�PLFURQ�VFDOH��XS�WR�WZR�RUGHUV�RI�PDJ�
QLWXGH� KLJKHU� WKDQ� FRQYHQWLRQDO� XOWUDVRXQG�� ,Q
HVVHQFH�� LPDJLQJ� LV� EHLQJ� SHUIRUPHG� RYHU� WKH� GLV�
WDQFH�RI�D�FRQYHQWLRQDO�ELRSV\�DQG�QHDU� WKH�UHVROX�
WLRQ�RI�KLVWRSDWKRORJ\��KHQFH�WKH�GHVFULSWLRQ�RI�2&7
DV� DQ� �RSWLFDO� ELRSV\��� 3UHYLRXV� VWXGLHV� ZLWK� 2&7
KDYH� LQFOXGHG� WKH� LGHQWLILFDWLRQ� RI� SDWKRORJ\� LQ� WKH
FDUGLRYDVFXODU� V\VWHP�� JDVWURLQWHVWLQDO� WUDFW�� DQG
VNLQ�� LQ� DGGLWLRQ� WR� VWXGLHV� RI� QRUPDO� XULQDU\� WUDFW�
QHUYRXV� V\VWHP�� DQG� UHSURGXFWLYH� WUDFW���� $� VPDOO
FDWKHWHU�HQGRVFRSH� V\VWHP� KDV� DOVR� EHHQ� GHYHO�
RSHG� ZKLFK� DOORZHG� KLJK� UHVROXWLRQ� LPDJLQJ� WR� EH
SHUIRUPHG�LQ�YLYR�LQ�D�UDEELW�PRGHO���
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2&7�LV�EDVHG�RQ�WKH�GHWHFWLRQ�RI�LQIUDUHG�OLJKW�ZDYHV
WKDW� DUH� EDFN�VFDWWHUHG� � RU� UHIOHFWHG� IURP� GLIIHUHQW
OD\HUV� DQG� VWUXFWXUHV� ZLWKLQ� WKH� WLVVXH�� 8WLOL]LQJ� D
0LFKHOVRQ�LQWHUIHURPHWHU��WKH�EHDP�OHDYLQJ�WKH�RSWL�
FDO�OLJKW�VRXUFH�LV�VSOLW�LQWR�WZR�SDUWV��D�UHIHUHQFH�DQG
D�VDPSOH�EHDP��7KH�UHIHUHQFH�EHDP�LV�UHIOHFWHG�RII
RI� D�PLUURU� DW� D� NQRZQ� GLVWDQFH� DQG� UHWXUQV� WR� WKH
GHWHFWRU�� 7KH� VDPSOH� EHDP� UHIOHFWV� RII� RI� GLIIHUHQW
OD\HUV�ZLWKLQ�WKH�WLVVXH��/LJKW�UHWXUQLQJ�IURP�WKH�VDP�
SOH� DQG� UHIHUHQFH� DUPV� UHFRPELQHV� DQG� LI� WKH� WZR
OLJKW�EHDPV�KDYH�WUDYHOHG�WKH�VDPH�GLVWDQFH��RSWLFDO
SDWKOHQJWK���WKH�WZR�EHDPV�ZLOO�LQWHUIHUH��/RZ�FRKHU�
HQFH�FDQ�EH�XVHG�WR�ORFDOL]H�EDFNUHIOHFWLRQ�VLWHV�DQG
SURYLGH�WKH�GHVLUHG�KLJK�D[LDO�UHVROXWLRQ��2&7�PHD�
VXUHV�WKH� LQWHQVLW\�RI� WKH� LQWHUIHUHQFH�REWDLQHG�IURP
GLIIHUHQW�SRLQWV�ZLWKLQ�WKH�WLVVXH�E\�PRYLQJ�WKH�PLUURU
LQ�WKH�UHIHUHQFH�DUP�ZKLFK�FKDQJHV�WKH�GLVWDQFH�OLJKW
WUDYHOV�LQ�WKDW�DUP��7ZR�RU�WKUHH�GLPHQVLRQDO�LPDJHV
DUH�SURGXFHG�E\�VFDQQLQJ�WKH�EHDP�DFURVV�WKH�VDP�
SOH� DQG� UHFRUGLQJ� WKH� RSWLFDO� EDFNVFDWWHULQJ� YHUVXV
GHSWK�DW�GLIIHUHQW�WUDQVYHUVH�SRVLWLRQV��7KH�UHVXOWLQJ
GDWD�LV�D� WZR�RU�WKUHH�GLPHQVLRQDO�UHSUHVHQWDWLRQ�RI
WKH�RSWLFDO�EDFNVFDWWHULQJ�RI�WKH�VDPSOH�RQ�D�PLFURQ
VFDOH�

:LWK�SUHYLRXV�2&7�V\VWHPV��WKH�RSWLFDO�GHOD\�LQ�WKH
UHIHUHQFH�DUP�ZDV�YDULHG�ZLWK�HLWKHU�D�OLQHDUO\�WUDQV�
ODWLQJ�JDOYDQRPHWHU�RU�E\�VWUHWFKLQJ�DQ�RSWLFDO� ILEHU
ZLWK� D� SLH]RHOHFWULF� FU\VWDO���� +RZHYHU�� FRPPHUFLDO
JDOYDQRPHWHUV�GR�QRW�JHQHUDWH�VXIILFLHQW�PHFKDQLFDO
WUDQVODWLRQ�UDWHV�WR�DOORZ�LPDJLQJ�LQ�UHDO�WLPH��3LH]R�
HOHFWULF�ILEHU�VWUHWFKHUV�DOORZ�UDSLG�VFDQQLQJ��EXW�WKH\
VXIIHU�IURP�KLJK�SRZHU�UHTXLUHPHQWV��QRQOLQHDU�IULQJH
PRGXODWLRQ�GXH�WR�K\VWHUHVLV��XQFRPSHQVDWHG�SRODU�
L]DWLRQ� GLVSHUVLRQ� PDWFKHV�� DQG� SRRU� WHPSHUDWXUH
VWDELOLW\�� )RU� WKHVH� UHDVRQV�� ZH� GHVLJQHG� D� KLJK�
VSHHG� RSWLFDO� GHOD\� OLQH� XVLQJ� SKDVH� FRQWURO� WHFK�
QLTXHV� RULJLQDOO\� GHYHORSHG� IRU� IHPWRVHFRQG� SXOVH
VKDSLQJ����7KLV�GHYLFH�FDQ�EH�FRQVWUXFWHG�ZLWK�FRP�

PRQ�RSWLFDO�FRPSRQHQWV��KDV�PRGHVW�SRZHU�UHTXLUH�
PHQWV�� LV� UHSHDWDEOH�� DQG� LV� WHPSHUDWXUH� VWDEOH���

7KH�SKDVH�FRQWURO�RSWLFDO�GHOD\�OLQH�FRQWDLQHG�D�OHQV�
JUDWLQJ�SDLU�WR�)RXULHU�WUDQVIRUP�WKH�WHPSRUDO�SURILOH
RI� WKH� ORZ�FRKHUHQFH� �EURDG�VSHFWUXP�� OLJKW� LQ� WKH
UHIHUHQFH�DUP��$�PLUURU��PRXQWHG�WR�D�JDOYDQRPHWHU�
SODFHG�DW�WKH�)RXULHU�SODQH��DOORZHG�DQJXODU�WLOW�WR�EH
PDSSHG�WR�JURXS�GHOD\����7KH�JURXS�GHOD\�ZDV�YDU�
LHG� E\� UDSLGO\� FKDQJLQJ� WKH� DQJOH� RI� WKH� PLUURU
PRXQWHG� WR� WKH� JDOYDQRPHWHU�� DOORZLQJ� WKH� DFTXLVL�
WLRQ�RI������D[LDO�VFDQV�SHU�VHFRQG��RU���WR���IUDPHV
SHU�VHFRQG��ZLWK�D� WRWDO�RSWLFDO�SDWK� OHQJWK�GHOD\�RI
a��PP��7KLV�PHWKRG��LQ�FRQMXQFWLRQ�ZLWK�D�ILEHU�RSWLF
FDWKHWHU�HQGRVFRSH� ZDV� XVHG� WR� SHUIRUP� LQ� YLYR
2&7�LPDJLQJ�IRU�WKH�ILUVW�WLPH���

7KH�GHOLYHU\�RI�RSWLFDO�UDGLDWLRQ�IRU�PHGLFDO�GLDJQRV�
WLF� DQG� LPDJLQJ� DSSOLFDWLRQV� KDV� PRWLYDWHG� VHYHUDO
XQLTXH� RSWLFDO� V\VWHP� GHVLJQV�� )RUZDUG�LPDJLQJ
GHYLFHV� RYHUFRPH� D� OLPLWDWLRQ� RI� VLGH�LPDJLQJ
GHYLFHV��SHUPLWWLQJ�GDWD�WR�EH�FROOHFWHG�EHIRUH�LQWUR�
GXFLQJ�WKH�GHYLFH�LQWR�WLVVXH��7KLV�FRQFHSW�DOVR�SHU�
PLWV� WKH� LPDJH�JXLGHG� SODFHPHQW� RI� WKH� GHYLFH� LQ
VXUJHU\�DQG�IRU�PRQLWRULQJ�LQWHUYHQWLRQDO�SURFHGXUHV
VXFK�DV�WLVVXH�LQFLVLRQ��UHVHFWLRQ��DQG�ODVHU�VXUJHU\�
7R�SHUIRUP�IRUZDUG�LPDJLQJ�RI�D�VLQJOH�PRGH�EHDP�
D� OHQV�� ILEHU�� RU� FRPELQDWLRQ� WKHUHRI� PD\� EH� WUDQV�
ODWHG�ZLWK�PRWRUV�� SLH]RHOHFWULF� FDQWLOHYHUV�� RU�HOHF�
WURVWDWLF�PDJQHWLF�WHFKQLTXHV��

$� VHFRQG� GHVLJQ� SHUPLWV� YDULDEOH� PDJQLILFDWLRQ� E\
VFDQQLQJ�D�FOHDYHG�ILEHU�WLS�LQ�WKH�IRFDO�SODQH�RI�WKH
ILUVW�OHQV�LQ�D�WHOHVFRSH��7KH�EHDP�LV�FROOLPDWHG�DQG
WKHQ� IRFXVHG� E\� D� VHFRQG� OHQV� ZKLFK� HIIHFWLYHO\
UHOD\�LPDJHV� WKH� ILEHU� WLS� RQWR� WKH� REMHFW� RU� VSHFL�
PHQ�� 7KH� DGYDQWDJHV� RI� WKLV� GHVLJQ� LQFOXGH� ORZ
PDVV�RQ�WKH�SLH]RHOHFWULF�FDQWLOHYHU�SHUPLWWLQJ�KLJKHU
WUDQVODWLRQ�YHORFLWLHV�DQG�LQWHUFKDQJHDEOH�PDJQLILFD�
WLRQ�YLD�GLIIHUHQW�OHQVHV����,Q�FRQWUDVW�WR�WKH�KDQG�KHOG
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SUREH�IRU�RSHQ�ILHOG�VXUJLFDO�SURFHGXUHV��ULJLG�ODSDUR�
VFRSHV�SHUPLW�YLVXDOL]DWLRQ�RI�WLVVXH�DW�GLVWDQW�������
FP�� LQWHUQDO� VLWHV� ZKLOH� PDLQWDLQLQJ� D� VPDOO� LQVWUX�
PHQW� GLDPHWHU� IRU� LQVHUWLRQ� WKURXJK� VPDOO� LQFLVLRQV
GXULQJ�PLQLPDOO\�LQYDVLYH�VXUJLFDO�SURFHGXUHV��$�VLQ�
JOH�URG�OHQV�RU�D�VHULHV�RI�UHOD\�OHQVHV��+RSNLQV�W\SH�
FDQ�EH�XVHG�WR�LPDJH���� �7KH�ODSDURVFRSH�DOVR�SHU�
PLWV�VLPXOWDQHRXV�HQ�IDFH�2&7�LPDJLQJ�RI�WKH�DUHD�
$� ULJLG� 2&7� ODSDURVFRSH� ZDV� FRQVWUXFWHG� XVLQJ� D
����� PP� GLDPHWHU�� ����� FP� ORQJ�� URG� OHQV� ZLWK� D
QRPLQDO�SLWFK�OHQJWK�RI�����IRU�YLVLEOH�ZDYHOHQJWKV��7R
GHPRQVWUDWH�WKH�LPDJLQJ�FDSDELOLW\�RI�WKH�KDQG�KHOG
SUREH� GHVLJQ�� LQ� YLWUR� LPDJHV� RI� KXPDQ� RYDU\� DQG
OXQJ� ZHUH� DFTXLUHG� ZLWK� ��� �P� D[LDO� DQG� ��� �P
WUDQVYHUVH� UHVROXWLRQ�� 7KH�H[WHUQDO� VXUIDFH� LPDJLQJ
RULHQWDWLRQ�IRU�WKH�RYDU\�LV�VLPLODU�WR�WKDW�HQFRXQWHUHG
GXULQJ� RSHQ�ILHOG� VXUJLFDO� SURFHGXUHV�� ,Q� VXPPDU\�
ZH�KDYH�SUHVHQWHG�KDQG�KHOG�SUREH�DQG�ULJLG�ODSDUR�
VFRSH�IRUZDUG�LPDJLQJ�RSWLFDO�LQVWUXPHQWV�IRU�RSWLFDO
FRKHUHQFH�WRPRJUDSKLF�LPDJLQJ��7KHVH�WZR�GHYLFHV
UHSUHVHQW�GLIIHUHQW�DSSURDFKHV�IRU�2&7�LPDJLQJ�DQG
FDQ�EH�SRZHUIXO�GLDJQRVWLF�WRROV�IRU�PHGLFDO�DQG�VXU�
JLFDO�DSSOLFDWLRQV�� ,Q�IXWXUH�DSSOLFDWLRQV��2&7�LPDJ�
LQJ�PLJKW�DOVR�EH�LQWHJUDWHG�ZLWK�ODVHU�EDVHG�VXUJHU\
WR�SHUPLW�WKH�VLPXOWDQHRXV�YLVXDOL]DWLRQ�DQG�VXUJLFDO
LQFLVLRQ�RI�WLVVXHV�RQ�D�PLFURQ�VFDOH�

������ 2SWLFDO�%LRSV\�8VLQJ�2SWLFDO�
&RKHUHQFH�7RPRJUDSK\

$� WHFKQRORJ\� FDSDEOH� RI� SHUIRUPLQJ� RSWLFDO� ELRSV\
VKRXOG�SURYH�WR�EH�D�SRZHUIXO�GLDJQRVWLF�PRGDOLW\�LQ
FOLQLFDO�PHGLFLQH�� 2SWLFDO� ELRSV\� LV� GHILQHG� KHUH� DV
LPDJLQJ�WLVVXH�PLFURVWUXFWXUH�DW�RU�QHDU� WKH� OHYHO�RI
KLVWRSDWKRORJ\�ZLWKRXW� WKH� QHHG� IRU� WLVVXH� H[FLVLRQ�
$W�OHDVW�WKUHH�FOLQLFDO�VFHQDULRV�H[LVW�LQ�ZKLFK�RSWLFDO
ELRSV\� ZLOO� OLNHO\� KDYH� D� FRQVLGHUDEOH� LPSDFW� RQ
SDWLHQW� PDQDJHPHQW�� 7KH� ILUVW� LV� LQ� VLWXDWLRQV� LQ
ZKLFK�VDPSOLQJ�HUURUV�VHYHUHO\�UHVWULFW�WKH�HIIHFWLYH�

QHVV� RI� H[FLVLRQDO� ELRSV\�� VXFK� DV� WKH� KLJK� IDLOXUH
UDWHV�DVVRFLDWHG�ZLWK�EOLQG�ELRSVLHV�XVHG� WR� VFUHHQ
WKH� SUHPDOLJQDQW� FRQGLWLRQV� RI� XOFHUDWLYH� FROLWLV� RU
%DUUHWW¶V�HVRSKDJXV����$�QHHG�DOVR�H[LVWV�IRU�RSWLFDO
ELRSV\�ZKHQ�FRQYHQWLRQDO�H[FLVLRQDO�ELRSV\�LV�SRWHQ�
WLDOO\� KD]DUGRXV�� ([DPSOHV� RI� YXOQHUDEOH� UHJLRQV
LQFOXGH�WKH�FHQWUDO�QHUYRXV�V\VWHP��WKH�YDVFXODU�V\V�
WHP�� DQG� DUWLFXODU� FDUWLODJH�� )LQDOO\�� WKH� DELOLW\� WR
LPDJH�DW� WKH� FHOOXODU� OHYHO� FRXOG� LPSURYH� WKH� HIIHF�
WLYHQHVV� RI�PDQ\� VXUJLFDO� DQG�PLFURVXUJLFDO� SURFH�
GXUHV� LQFOXGLQJ� FRURQDU\� DWKHUHFWRP\�� WUDQVXUHWKUDO
SURVWDWHFWRPLHV��DQG�PLFURYDVFXODU�UHSDLU���

0\RFDUGLDO�LQIDUFWLRQ��EHWWHU�NQRZQ�DV�D�KHDUW�DWWDFN�
UHPDLQV�RQH�RI�WKH�PRVW�FRPPRQO\�GLDJQRVHG�SURE�
OHPV� LQ� KRVSLWDOL]HG� SDWLHQWV� LQ� WKH� 8QLWHG� 6WDWHV�
0RVW�KHDUW� DWWDFNV�DUH�FDXVHG�E\� WKH� UXSWXUH�RI�DQ
DWKHURVFOHURWLF�SODTXH��ZKLFK�UHVXOWV�LQ�WKURPEXV�IRU�
PDWLRQ� DQG� VXEVHTXHQW� FRURQDU\� DUWHU\� RFFOXVLRQ�
3ODTXHV� H[KLELWLQJ� ODUJH� OLSLG� FRUHV� KHOG� E\� ZHDN
ILEURXV�FDSV�DUH�DW�WKH�JUHDWHVW�ULVN�RI�UXSWXUH��&XU�
UHQWO\��LPDJLQJ�PRGDOLWLHV�VXFK�DV�DQJLRVFRS\��XOWUD�
VRXQG��DQG�05,�DUH�QRW�DEOH� WR� LGHQWLI\� WKHVH�KLJK�
ULVN�SODTXHV��$QJLRVFRS\�LV�OLPLWHG�EHFDXVH�RQO\�WKH
VXUIDFH�RI�WKH�DUWHU\�FDQ�EH�YLHZHG�LQ�WKH�DEVHQFH�RI
EORRG��8OWUDVRXQG� DQG�05,� DUH� ERWK� OLPLWHG� E\� ORZ
UHVROXWLRQ�DQG�G\QDPLF�UDQJH��,Q�DGGLWLRQ��05,�LV�DQ
H[SHQVLYH� DQG� FRPSOLFDWHG� GLDJQRVWLF� WRRO�� 2&7¶V
KLJK� UHVROXWLRQ� HQDEOHG� D� VHULHV� RI� LQ� YLWUR� H[SHUL�
PHQWV� WR�H[DPLQH�DUWHULDO�VWUXFWXUH� LQFOXGLQJ� LQWLPDO
ZDOO� WKLFNQHVV�� OLSLG�FRQWHQW��DQG�HYHQ�KHDYLO\�FDOFL�
ILHG�SODTXHV����)ROORZLQJ�WKH�GHYHORSPHQW�RI�D�FDWKH�
WHU�EDVHG�2&7�V\VWHP��DQ� LQ�YLWUR� VWXG\�FRPSDULQJ
WKH� UHVROXWLRQ� RI� 2&7� DQG� LQWUDYDVFXODU� XOWUDVRXQG
ZDV� SHUIRUPHG�� 7KH� LPDJHV� REWDLQHG� XVLQJ� 2&7
\LHOGHG�VXSHULRU�VWUXFWXUDO�GHWDLO�LQ�DOO�SODTXHV�H[DP�
LQHG����2&7¶V�ILEHU�RSWLF�GHVLJQ�KDV�WKH�DELOLW\�WR�EH
GHOLYHUHG� WKURXJK� LQWUDYDVFXODU� FDWKHWHUV�� PDNLQJ
FOLQLFDO� GLDJQRVLV� DQG� VXUJLFDO� JXLGDQFH� SUDFWLFDO
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DSSOLFDWLRQV�RI� WKLV� WHFKQRORJ\��7KH�DELOLW\� WR�GHWHFW
VPDOO�DWKHURVFOHURWLF�SODTXHV�DV�ZHOO�DV�H[LVWLQJ�ILV�
VXUHV�LQ�WKH�YHVVHO�ORQJ�EHIRUH�WKH\�UXSWXUH�KDV�REYL�
RXV�EHQHILWV�LQ�KHDUW�DWWDFN�SUHYHQWLRQ�

&DQFHU�LV�VHFRQG�RQO\�WR�KHDUW�GLVHDVH�DV�D�OHDGLQJ
FDXVH�RI�PRUWDOLW\�LQ�WKH�LQGXVWULDOL]HG�ZRUOG����(IIHF�
WLYH� VFUHHQLQJ� DQG� GHWHFWLRQ� RI� HDUO\� QHRSODVWLF
FKDQJHV�DUH�LPSRUWDQW�LQ�LPSURYLQJ�D�SDWLHQW¶V�SURJ�
QRVLV�� VLQFH� RQFH� PHWDVWDWLF�� WUHDWPHQW� LV� GLIILFXOW
ZKLOH�FXUH��IRU�WKH�PRVW�SDUW��LV�QRW�SRVVLEOH����0DQ\
H[LVWLQJ� GLDJQRVWLF�PRGDOLWLHV�� LQFOXGLQJ� [�UD\� LPDJ�
LQJ��XOWUDVRXQG��DQG�HQGRVFRS\�GR�QRW�KDYH�VXIILFLHQW
UHVROXWLRQ� WR� GHWHFW� FKDQJHV� DVVRFLDWHG� ZLWK� HDUO\
QHRSODVLD��([FLVLRQDO�ELRSV\��ZKLFK�LV�WKH�JROG�VWDQ�
GDUG�IRU�GLDJQRVLV��LV�EDVHG�PRVWO\�RQ�WKH�LGHQWLILFD�
WLRQ� RI� VWUXFWXUDO� DQG� FHOOXODU� FKDQJHV� DVVRFLDWHG
ZLWK�WKH�GLVHDVH��([FLVLRQ�RI�VSHFLPHQV��KRZHYHU��LV
VRPHWLPHV�QRW�SRVVLEOH��KDV� OLPLWHG�DUHD�FRYHUDJH�
DQG� FDQ� OHDG� WR� XQDFFHSWDEOH� IDOVH� QHJDWLYH� UDWHV
EHFDXVH� RI� VDPSOLQJ� HUURUV���� ,QWHUYHQWLRQDO� GHFL�
VLRQV�UHTXLUH�DFFXUDWH�GLDJQRVLV�DQG�SRVLWLYH�LGHQWLIL�
FDWLRQ�RI�WKH�WXPRU�PDUJLQV�ZKLFK�DUH�QRW�HDVLO\�DQG
UHDGLO\�TXDQWLILDEOH�GXH� WR� WKH� OLPLWDWLRQV�DVVRFLDWHG
ZLWK�FRQYHQWLRQDO�ELRSVLHV��

$� GLDJQRVWLF� LPDJLQJ� WHFKQRORJ\� WKDW� FDQ� SHUIRUP
UHDO�WLPH��KLJK�UHVROXWLRQ�WRPRJUDSKLF�LPDJLQJ�RI�WKH
DUFKLWHFWXUDO� PRUSKRORJ\� RI� WLVVXH� LQ� VLWX� FRXOG
LPSURYH� WKH� GLDJQRVLV� RI� HDUO\� QHRSODVLD� DQG� WKXV
UHGXFH� PRUELGLW\� DQG� PRUWDOLW\�� 2SWLFDO� FRKHUHQFH
WRPRJUDSK\�FROG�ILOO�WKLV�YRLG��2&7�LPDJLQJ�ZDV�SHU�
IRUPHG�LQ�YLWUR�RQ�D�VHULHV�RI�KXPDQ�WLVVXHV�RI�YDU\�
LQJ�GHJUHHV�RI�QHRSODVWLF�LQILOWUDWLRQ��LQFOXGLQJ�FRORQ�
FHUYL[��XWHUXV�DQG�OXQJ��0LFURVWUXFWXUDO�DQG�HSLWKHOLDO
FKDQJHV�DVVRFLDWHG�ZLWK�QHRSODVLD��VXFK�DV�GLODWHG
DQG�GLVWRUWHG�JODQGV��ZHUH�UHDGLO\�LPDJHG�DQG�IDYRU�
DEO\�PDWFKHG�WR�KLVWRSDWKRORJ\��:H�ZHUH�DOVR�DEOH�WR
LQYHVWLJDWH�WKH�VWUXFWXUH�DQG�RUJDQL]DWLRQ�RI�WKH�HSL�
WKHOLXP�DQG�DVVHVV�ZKHUH�LW�ZDV�GHVWUR\HG�DQG�WKH
LQWHJULW\� RI� WKH�EDVDO�PHPEUDQH�ZDV�FRPSURPLVHG�
,Q�PRUH�DGYDQFHG�VWDJHV�RI�FDQFHU��QHR�YDVFXODUL]D�
WLRQ�ZDV�DOVR�HYLGHQW��

$OWKRXJK�WKH�SHQHWUDWLRQ�RI�2&7�LPDJLQJ�LV�OLPLWHG�WR
D� IHZ�PLOOLPHWHUV�� LW� LV� VXIILFLHQW� WR� LPDJH� HSLWKHOLDO
FHOO� OD\HUV� LQ� PRVW� RUJDQ� V\VWHPV� DQG� GHWHFW
FKDQJHV� DVVRFLDWHG�ZLWK� HDUO\� QHRSODVLD��2&7� IHD�
WXUHV�� GHVFULEHG� HDUOLHU�� FRXSOHG� ZLWK� WKH� UHFHQW
H[SHULPHQWDO�UHVXOWV�VXJJHVW�WKDW�2&7�FRXOG�SURYLGH
DQ�HIIHFWLYH�WRRO�IRU�WKH�GLDJQRVLV�DQG�DVVHVVPHQW�RI
QHRSODVWLF�FKDQJHV�RI�WLVVXH���

������ ,Q�9LYR�,PDJLQJ�ZLWK�2SWLFDO�
&RKHUHQFH�7RPRJUDSK\

$�PDMRU�VWHS�LQ�SURPRWLQJ�2&7�DV�D�FOLQLFDOO\�YLDEOH
DQG�GLDJQRVWLFDOO\�XVHIXO�LPDJLQJ�PRGDOLW\��LV�LQYHVWL�
JDWLQJ�DQG�DVVHVVLQJ�LWV�FDSDELOLWLHV�LQ�YLYR��7R�GR�VR�
ZH� KDYH� GHPRQVWUDWHG� LQ� YLYR� HQGRVFRSH�EDVHG
2&7�LPDJLQJ�RI� WKH�JDVWURLQWHVWLQDO��UHVSLUDWRU\�DQG
FDUGLRYDVFXODU�WUDFWV�LQ�DQ�DQLPDO�PRGHO�ZLWK�DQ�D[LDO
UHVROXWLRQ�RI����PP�DW�IRXU�WR�HLJKW�IUDPHV�SHU�VHF�
RQG��7KH�RSWLFDO�GHOD\�OLQH�DQG�FDWKHWHU�HQGRVFRSH�
ERWK� GHVFULEHG�HDUOLHU��ZHUH� XVHG� WR� LPDJH�QRUPDO�
���ZHHN�ROG�1HZ�=HDODQG�:KLWH�UDEELWV�

2&7�LPDJHV�RI�WKH�LQ�YLYR�UDEELW�HVRSKDJXV�DOORZHG
YLVXDOL]DWLRQ�RI�DOO�OD\HUV�RI�WKH�HVRSKDJHDO�ZDOO��)RU
H[DPSOH�� WKH� LQQHUPRVW� OD\HU�� WKH� PXFRVD�� ZDV
UHDGLO\�GLVWLQJXLVKHG�RZLQJ�WR�LWV�ORZ�UHIOHFWLYLW\�FRP�
SDUHG�ZLWK�WKH�VXEPXFRVD��9DVFXODU�VWUXFWXUHV�ZHUH
DOVR� LGHQWLILHG�ZLWKLQ� WKH�ZDOO��7KHVH�KLJK�UHVROXWLRQ
LPDJHV� GHPRQVWUDWH� WKH� FDSDELOLW\� RI� 2&7� WR� ERWK
UHVROYH�PLFUR�VWUXFWXUDO� GHWDLO� DQG� LPDJH� WKH� HQWLUH
UDEELW�HVRSKDJXV�WR�WKH�VHURVD��,Q�YLYR�2&7�LPDJHV
RI� WKH� UDEELW� WUDFKHD� SHUPLWWHG� GLIIHUHQWLDWLRQ� RI� WKH
SVHXGRVWUDWLILHG� HSLWKHOLXP��PXFRVD�� DQG� VXUURXQG�
LQJ� K\DOLQH� FDUWLODJH�� %HFDXVH� PRVW� QHRSODVPV� RI
WKH�HVRSKDJXV�DQG� UHVSLUDWRU\� WUDFW�RULJLQDWH� LQ� WKH
HSLWKHOLXP��WKH�DELOLW\�RI�2&7�WR�SUHFLVHO\�LGHQWLI\�WKH
PXFRVD�FRXOG�KDYH�LPSRUWDQW�FOLQLFDO�LPSOLFDWLRQV�

,Q� YLYR�2&7� LPDJLQJ� �)LJXUH����� RI� D� OLYLQJ� UDEELW¶V
DRUWD�ZDV�SHUIRUPHG�YLD�D�VPDOO��FDWKHWHU�EDVHG�V\V�
WHP� ZLWK� D� ��� �P� UHVROXWLRQ�� 2&7¶V� LQWUDYDVFXODU
LPDJLQJ�UHSUHVHQWHG�D�WHQ�IROG�LPSURYHPHQW�LQ�UHVR�
OXWLRQ�RYHU��VWDWH�RI�WKH�DUW��LQWUDYDVFXODU�XOWUDVRXQG
�,986�� WUDQVGXFHUV�� +LJK� FRQWUDVW� ZDV� QRWHG
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EHWZHHQ� WKH�PHGLD� DQG� WKH� VXUURXQGLQJ� VXSSRUWLYH
WLVVXH�� ,Q� DGGLWLRQ�� ILQH� VWUXFWXUDO� GHWDLO� ZDV� QRWHG
ZLWKLQ� WKH�VXUURXQGLQJ�VXSSRUWLYH� WLVVXH��7KLV�ZRUN�
WDNHQ� WRJHWKHU� ZLWK� SUHYLRXV� VWXGLHV� H[DPLQLQJ� LQ
YLWUR� DWKHURVFOHURWLF� SODTXH�� VWURQJO\� VXJJHVW� D� UROH
IRU�2&7� LQ�KLJK�UHVROXWLRQ� LQWUDDUWHULDO�DVVHVVPHQWV
RI�FRURQDU\�DWKHURVFOHURVLV��$Q�REVHUYDWLRQ�RI�SDUWLF�
XODU� LPSRUWDQFH� LQ� WKLV� VWXG\� ZDV� WKH� DWWHQXDWLRQ
ZKLFK�UHVXOWHG�IURP�WKH�SUHVHQFH�RI�EORRG��1R�VLJQLI�
LFDQW� VWUXFWXUDO� LQIRUPDWLRQ� ZDV� REWDLQHG� XQOHVV
VLPXOWDQHRXV� LQMHFWLRQV�RI�VDOLQH��DW�D� UHODWLYHO\� ORZ
SUHVVXUH� DQG� VPDOO� YROXPHV��ZHUH� SHUIRUPHG�� 7KLV

OLNHO\� UHVXOWV� IURP� WKH� ODUJH� QXPEHUV� RI� VFDWWHULQJ
SDUWLFOHV��L�H���5%&V��SUHVHQW�ZLWKLQ�EORRG����,I�VDOLQH
LQMHFWLRQV�DUH�UHTXLUHG�IRU�LQ�YLYR�SDWLHQW�LPDJLQJ��FOL�
QLFLDQV� ZLOO� QHHG� WR� ZHLJK� WKH� LQFUHDVHG� UHVROXWLRQ
DQG�ORZ�FRVW�DJDLQVW�WKH�OLNHO\�LQFUHDVH�LQ�SURFHGXUH
WLPH��,Q�WKLV�ZRUN��LPDJLQJ�RI�DWKHURVFOHURWLF�VDPSOHV
ZDV�QRW�SHUIRUPHG��)XWXUH� WHFKQRORJ\�GHYHORSPHQW
ZLOO� IRFXV� RQ� LQFUHDVLQJ� GDWD� DFTXLVLWLRQ� UDWHV� DQG
LQWHJUDWLQJ�WKH�V\VWHP�ZLWK�ORZ�FRVW�OLJKW�VRXUFHV�

)LJXUH���� ��5DEELW�DRUWD�LPDJHV�DIWHU�VDOLQH�LQMHFWLRQ��,QLWLDWLRQ�RI�LQMHFWLRQ��$���PD[LPDO�GLVWHQWLRQ��%��DQG�
UHOD[DWLRQ��&���$OVR�YLVLEOH�DUH�WKH�PHGLD��P��DQG�DGYHQWLD��D��DQG�D�YHLQ�DGMDFHQW�WR�WKH�DRUWD��Y��

������ *XLGLQJ�0LFURVXUJLFDO�,QWHUYHQWLRQ�
ZLWK�2SWLFDO�&RKHUHQFH�7RPRJUDSK\

2SWLFDO�LQVWUXPHQWV�KDYH�EHFRPH�ZHOO�LQWHJUDWHG�LQWR
WKH� VXUJLFDO� VHWWLQJ� WR� YLVXDOL]H� WLVVXH� DQG� LPSURYH
SDWLHQW� RXWFRPH�� 6XUJLFDO� PLFURVFRSHV� DQG� ORXSHV
PDJQLI\� WLVVXH� WR� SUHYHQW� LDWURJHQLF� LQMXU\� DQG� WR
JXLGH� GHOLFDWH� VXUJLFDO� WHFKQLTXHV�� $OWKRXJK� WKH
UHSDLU�RI�VHQVLWLYH�VWUXFWXUHV�DUH�SHUIRUPHG�ZLWK� WKH
DLG� RI� VXUJLFDO�PLFURVFRSHV� WR�PDJQLI\� WKH� VXUJLFDO
ILHOG��VXUJHRQV�KDYH�EHHQ�OLPLWHG�WR�WKH�HQ�IDFH�YLHZ
WKDW�WKH\�SURYLGH��2&7�SURYLGHV�D�WHFKQLTXH�FDSDEOH
RI�VXEVXUIDFH��WKUHH�GLPHQVLRQDO��PLFURQ�VFDOH�LPDJ�
LQJ�LQ�UHDO�WLPH��7KLV�SHUPLWV�WKH�LQWUDRSHUDWLYH�PRQL�
WRULQJ� RI� PLFURVXUJLFDO� SURFHGXUHV�� RIIHULQJ
LPPHGLDWH� IHHGEDFN� WR� WKH� VXUJHRQ�� 6WXGLHV� RI� LQ

YLWUR�VXUJLFDO�WLVVXH�VSHFLPHQV�KDYH�VKRZQ�SRWHQWLDO
IRU�VXUJLFDO�GLDJQRVWLFV�ZLWKLQ� WKH�VXUJLFDO�RSHUDWLQJ
VXLWH����

2&7� LV�DQ�RSWLFDO� LPDJLQJ� WHFKQRORJ\� LGHDOO\�VXLWHG
IRU�UDSLGO\�DFTXLULQJ�PLFURQ�VFDOH�UHVROXWLRQ�WZR��DQG
WKUHH�GLPHQVLRQDO� LPDJHV� RI� ELRORJLFDO� WLVVXH�� VXFK
DV� VPDOO� YHVVHOV� DQG� QHUYHV�� 7KH�2&7� WHFKQRORJ\
FDQ�EH� UHDGLO\� LQWHJUDWHG�ZLWK�PHGLFDO� DQG� VXUJLFDO
RSWLFDO� LQVWUXPHQWV�� 2&7� LPDJLQJ� KDV� EHHQ� SHU�
IRUPHG�ZLWK�D� UDGLDO� LPDJLQJ� IOH[LEOH� FDWKHWHU�HQGR�
VFRSH� IRU� DFFHVVLQJ� WRUWXRXV� ERG\� OXPHQV� VXFK� DV
WKH� JDVWURLQWHVWLQDO� WUDFW� DQG� YDVFXODU� V\VWHP���� $
KDQG�KHOG� VXUJLFDO� SUREH� KDV� EHHQ� GHYHORSHG� IRU
RSHQ�ILHOG�VXUJLFDO�LPDJLQJ�DQG�DQ�2&7�ODSDURVFRSH
KDV� EHHQ� FRQVWUXFWHG� IRU� LQWHUQDO� LPDJLQJ� GXULQJ

86 J.M. Steinke and A.P. Shepherd, “Comparison of Mie Theory and the Light Scattering of Red Blood Cells,” Appl. Opt. 27: 4027-33 
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PLQLPDOO\� LQYDVLYH� VXUJLFDO� SURFHGXUHV���� �2&7� FDQ
IXQFWLRQ�DV�D�W\SH�RI��³RSWLFDO�ELRSV\�´�SHUPLWWLQJ�WKH
LPDJLQJ�RI� LQ�YLYR�ELRORJLFDO�PRUSKRORJ\�ZLWKRXW� WKH
QHHG� WR� H[FLVLRQDOO\� UHPRYH� DQG� SURFHVV� D� WLVVXH
VSHFLPHQ�DV�LQ�FRQYHQWLRQDO�KLVWRORJ\��

0LFURVXUJLFDO�SURFHGXUHV�LQYROYH�WKH�UH�DQDVWRPRVLV
RU� UH�DWWDFKPHQW� RI� VHYHUHG� QHUYHV� DQG� YHVVHOV�
7KHVH� GHOLFDWH� RSHUDWLRQV� DUH� QHFHVVDU\� WR� UHVWRUH
QHUYH�IXQFWLRQ�RU�YDVFXODU�SHUIXVLRQ�RQ�WKH�H[WUHPL�
WLHV�RU�IDFH�IROORZLQJ�WUDXPDWLF�LQMXU\��7R�JXLGH�PLFUR�
VXUJLFDO� LQWHUYHQWLRQV�� WKH� 2&7� WHFKQRORJ\� ZDV
LQWHJUDWHG� ZLWK� D� VWHUHR� VXUJLFDO� PLFURVFRSH�� 7KH
PLFURVFRSH�HQDEOHG�WKH�ORFDWLRQ�RI�WKH�2&7�LPDJLQJ
EHDP�WR�EH�REVHUYHG�ZLWK�KLJK�SUHFLVLRQ�IRU�UHDO�WLPH
LPDJLQJ� GXULQJ�PLFURVXUJLFDO� SURFHGXUHV���� � $UWHULDO
OXPHQ�REVWUXFWLRQ�LV�D�OHDGLQJ�FDXVH�RI�IDLOXUH�IROORZ�
LQJ� PLFURVXUJLFDO� SURFHGXUHV�� &URVV�VHFWLRQDO� 2&7
LPDJLQJ�HQDEOHV�LPPHGLDWH�IHHGEDFN�WR�WKH�RSHUDWRU
DQG�ZDV�XVHG�WR�ORFDWH�LQWUDOXPLQDO�REVWUXFWLRQV�DQG
SRWHQWLDO�WKURPEXV�IRUPLQJ�VLWHV�IROORZLQJ�WKH�LQ�YLWUR
DQDVWRPRVLV�RI�D�VHYHUHG�DUWHU\��,GHQWLI\LQJ�SRWHQWLDO
REVWUXFWLRQV� LQWUDRSHUDWLYHO\� PD\� LPSURYH� WKH� RXW�
FRPH�RI�VXUJLFDO�SURFHGXUHV��,Q�SDUWLFXODU��LGHQWLI\LQJ
SRVVLEOH� WKURPRERJHQLF� VLWHV� PD\� UHGXFH� WKH� LQFL�
GHQFH�RI� ODWH�YDVFXODU�RFFOXVLRQ�DIWHU� WKH� LQMXU\�VLWH
KDV�EHHQ�FORVHG�DQG�EDQGDJHG�

2&7�KDV�DOVR�EHHQ�XVHG�WR� LPDJH�SHULSKHUDO�QHUYH
IDVFLFOHV� LQ� WZR�DQG� WKUHH�GLPHQVLRQV��$�SHULSKHUDO
QHUYH� LV� FRPSRVHG�RI� VHYHUDO� VPDOOHU� IDVFLFOH� EXQ�
GOHV��'XULQJ�VXUJLFDO� UHSDLU��FRUUHVSRQGLQJ� IDVFLFOHV
IURP�VHYHUHG�HQGV�PXVW�EH�DSSURSULDWHO\�FRQQHFWHG
WR�HIIHFWLYHO\�UHVWRUH�GLVWDO�IXQFWLRQ��7KH�WKUHH�GLPHQ�
VLRQDO�LPDJLQJ�FDSDELOLWLHV�RI�2&7�KDYH�EHHQ�DSSOLHG
WR�WUDFNLQJ�LQGLYLGXDO�QHUYH�IDVFLFOHV�DORQJ�WKH�D[LV�RI
SHULSKHUDO�QHUYHV��$��'�LPDJH�ZLWK�D�VHJPHQWHG�IDV�
FLFOH�LV�VKRZQ�LQ�)LJXUH�����$OVR�VKRZQ�LQ�WKLV�ILJXUH
LV�D�ELIXUFDWLRQ�RI�RQH�IDVFLFOH�ZKLFK�ZDV�QRW�HYLGHQW
IURP��'�LPDJHV��7KH�XVH�RI�2&7�WR�LQWUDRSHUDWLYHO\
DVVHVV�PLFURVXUJLFDO�UHSDLU�DQG�WR�DYRLG�VXEVXUIDFH
YHVVHOV�DQG�QHUYHV�SULRU�WR�LQFLVLRQ�RIIHUV�SURPLVH�IRU
UHGXFLQJ� SDWLHQW� PRUELGLW\� DQG� PRUWDOLW\� IROORZLQJ
VXUJLFDO�SURFHGXUHV�

)LJXUH���� ��7KUHH�GLPHQVLRQDO�2&7�GHPRQVWUDWLQJ�
LQGLYLGXDO�IDVFLFOHV�ZLWKLQ�D�KXPDQ�SHULSKHUDO�QHUYH��
$�ELIXUFDWLRQ��E��REVHUYHG�LQ��'�ZDV�QRW�DSSDUHQW�
IURP��'�LPDJHV�

������ 2SKWKDOPLF�,PDJLQJ�DQG�'LDJQRVLV�
ZLWK�2SWLFDO�&RKHUHQFH�7RPRJUDSK\

6WURQJ�FROODERUDWLYH�HIIRUWV�KDYH� OHG�WR� WKH�GHYHORS�
PHQW�DQG�FOLQLFDO�DSSOLFDWLRQ�RI�DQ�RSKWKDOPLF�LPDJ�
LQJ� 2&7� V\VWHP�� :RUNLQJ� ZLWK� 0,7� /LQFROQ� /DE�
RUDWRU\��D�FRPSDFW�2&7�V\VWHP�XWLOL]LQJ�D�ILEHU�FRX�
SOHG�VXSHU�OXPLQHVFHQW�GLRGH� OLJKW�VRXUFH�RSHUDWLQJ
DW�����QP�ZDV� LQWHJUDWHG�ZLWK�D�FOLQLFDO�RSKWKDOPLF
VOLW�ODPS�ELRPLFURVFRSH��7KH�ELRPLFURVFRSH�SHUPLW�
WHG� WKH� RSHUDWRU� WR� VLPXOWDQHRXVO\� YLVXDOL]H� D
SDWLHQW¶V�UHWLQD�ZKLOH�YLHZLQJ�WKH�SRVLWLRQ�RI�WKH�2&7
LPDJLQJ� EHDP�RQ� WKH� UHWLQD� YLD� D� FRLQFLGHQW� YLVLEOH
DLPLQJ� EHDP�� 7KH� IXOO\� FRPSXWHU�FRQWUROOHG� 2&7
V\VWHP�DOORZHG�DUELWUDU\�VFDQ�SDWWHUQV�RQ�WKH�UHWLQD
RU�DQWHULRU�H\H�VWUXFWXUHV���� �$XWRPDWHG� LPDJH�SUR�
FHVVLQJ�URXWLQHV�KDYH�EHHQ�GHYHORSHG�WR�GHWHUPLQH
UHWLQDO�WKLFNQHVV�DQG�SURGXFH�PXOWL�FRORU�WRSRJUDSKLF
PDSV�IRU�UDSLG�FOLQLFDO�DVVHVVPHQW�RI�RFXODU�SDWKROR�
JLHV�

89 S.A. Boppart, B.E. Bouma, C. Pitris, G.J. Tearney, M.E. Brezinski, and J.G. Fujimoto, “Forward-imaging Instruments for Optical Coher-
ence Tomographic Imaging,” Opt. Lett. 22: 1618-20 (1997).
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Coherence Tomography for Microsurgical Diagnostics,” Radiol., forthcoming.

91  M.R. Hee, J.A. Izatt, E.A. Swanson, D. Huang, J.S. Schuman, C.P. Lin, C.A. Puliafito, and J.G. Fujimoto, “Optical Coherence Tomog-
raphy of the Human Retina,” Arch. Ophthalmol. 113: 325-32 (1995).
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7R�GDWH��RSKWKDOPRORJ\�KDV�EHHQ� WKH�PDMRU� FOLQLFDO
DSSOLFDWLRQ� IRU� 2&7�� ,Q� FROODERUDWLRQ� ZLWK� WKH� 1HZ
(QJODQG� (\H� &HQWHU� RI� 7XIWV� 8QLYHUVLW\� 6FKRRO� RI
0HGLFLQH��RYHU������SDWLHQWV�ZLWK�D�YDULHW\�RI�PDFX�
ODU� GLVHDVHV� DQG� GLVHDVHV� RI� WKH� RSWLF� QHUYH� KHDG
KDYH�EHHQ�DVVHVVHG�DQG�IROORZHG����7KH�WHFKQRORJ\
KDV�EHHQ�WUDQVIHUUHG�WR�LQGXVWU\�DQG�ZDV�LQWURGXFHG
IRU� FOLQLFDO� DQG� UHVHDUFK� XVH� LQ� �����E\�+XPSKUH\
,QVWUXPHQWV�� D� 'LYLVLRQ� RI� &DUO� =HLVV�� ,QF�� $SSUR[L�
PDWHO\�����XQLWV�KDYH�EHHQ�ILHOGHG�WR�GDWH��,Q�PDQ\
FDVHV��2&7�VHUYHV� DV� WKH� GHILQLWLYH� GLDJQRVWLF� WRRO
EHFDXVH�LW�SURYLGHV�D�FURVV�VHFWLRQDO�LPDJH�RI�UHWLQDO
VWUXFWXUH�LQ�DGGLWLRQ�WR�WKH�VXUIDFH�IHDWXUHV�VHHQ�RQ
IXQGRVFRSLF�H[DP��7KH�FURVV�VHFWLRQDO�YLHZ�RI�2&7
KDV�EHHQ�HIIHFWLYH�LQ�WKH�GLDJQRVLV�DQG�PRQLWRULQJ�RI
PDFXODU� KROHV�� PDFXODU� HGHPD�� UHWLQDO� GHWDFK�
PHQWV����PDFXODU�GHJHQHUDWLRQ����DQG�JODXFRPD�

7KH� IRUPDWLRQ�RI�PDFXODU�KROHV� LV�D� UHWLQDO� GLVHDVH
ZKLFK� RIWHQ� SURJUHVVHV� WR� FRPSOHWH� ORVV� RI� FHQWUDO
YLVLRQ�� 2&7� LV� XVHIXO� IRU� LGHQWLI\LQJ� HDUO\� PDFXODU
KROH� IRUPDWLRQ�� VWDJLQJ� PDFXODU� KROH� SURJUHVVLRQ�
DQG� IRU� GHWHUPLQLQJ� ZKHQ� VXUJLFDO� LQWHUYHQWLRQ� LV
QHFHVVDU\���� (DUO\� VXUJLFDO� LQWHUYHQWLRQ� FDQ� RIWHQ
SUHYHQW� RU� FRUUHFW� YLVLRQ� ORVV�� 0DFXODU� HGHPD� LV� D
GLVHDVH� ZKHUH� LQWUDUHWLQDO� IOXLG� DFFXPXODWLRQ� SUR�
GXFHV�VZHOOLQJ�DQG�LQMXU\�WR�WKH�UHWLQD��7KH�GHYHORS�
PHQW�RI�PDFXODU�HGHPD�LV�D�PDMRU�WUHDWDEOH�FDXVH�RI
YLVLRQ� ORVV� LQ� SDWLHQW�ZLWK� GLDEHWHV��2&7� LV� D�PRUH
VHQVLWLYH�DQG�REMHFWLYH�LQGLFDWRU�RI�UHWLQDO�WKLFNHQLQJ
GXH� WR� PDFXODU� HGHPD� WKDQ� HLWKHU� VOLW�ODPS� ELRPL�
FURVFRS\�RU� IOXRUHVFHLQ�DQJLRJUDSK\��2&7�FDQ�DOVR
TXDQWLWDWLYHO\�IROORZ�WKH�UHVROXWLRQ�RI�HGHPD�IROORZLQJ
WKHUDS\�� $� WRSRJUDSKLF� GLVSOD\� SURWRFRO� RI� PDFXODU
WKLFNQHVV� KDV� EHHQ� GHYHORSHG�� 7KH� XVH� RI� D� VWDQ�
GDUGL]HG�SURWRFRO�PHDQV� WKDW�2&7�PD\�KDYH�D�VLJ�
QLILFDQW� LPSDFW� RQ� SXEOLF� KHDOWK�DV�D� VFUHHQLQJ� WRRO
IRU� WKH� GHYHORSPHQW� RI� UHWLQRSDWK\� LQ� GLDEHWLF
SDWLHQWV��

5HFHQW� HIIRUWV� LQ� WKH� FOLQLFDO� DSSOLFDWLRQ� RI� 2&7� LQ
RSKWKDOPRORJ\�KDYH� IRFXVHG�RQ� WKH�HDUO\�GLDJQRVLV
RI�JODXFRPD��*ODXFRPD�LV�WKH�WKLUG�OHDGLQJ�FDXVH�RI
EOLQGQHVV� LQ� WKH� 8QLWHG� 6WDWHV�� &XUUHQW� GLDJQRVWLF
WHFKQLTXHV� VXFK� DV� GLUHFW� DQG� LQGLUHFW� RSKWKDOPRV�
FRS\�DQG�HYDOXDWLRQ�RI�WKH�FXS�WR�GLVF�UDWLR�DUH�VXE�
MHFWLYH��0HDVXULQJ�SHULSKHUDO� ILHOG� ORVV� LQ�JODXFRPD
SDWLHQWV� SURYLGHV� TXDQWLWDWLYH� SDUDPHWHUV�� KRZHYHU�
XS�WR�����RI�WKH�UHWLQDO�QHUYH�ILEHU�OD\HU�PD\�EH�ORVW
SULRU� WR� DQ\� QRWLFHDEOH� V\PSWRPV�� +LJK�UHVROXWLRQ
FURVV�VHFWLRQDO� 2&7� LPDJHV� RI� WKH� UHWLQD� SHUPLW
UHSURGXFLEOH� QHUYH� ILEHU� OD\HU� WKLFNQHVV� PHDVXUH�
PHQWV� ZLWKLQ� ��� WR� ��� PLFURQV���� 1HUYH� ILEHU� OD\HU
WKLFNQHVV�PHDVXUHG�E\�2&7�FRUUHODWHV�ZHOO�ZLWK�WKH
IXQFWLRQDO� VWDWXV� RI� WKH� RSWLF� QHUYH� DQG� WKH� YLVXDO
ILHOG� ORVV� GHWHUPLQHG� E\� WUDGLWLRQDO� H[DPLQDWLRQ�
1RYHO�FRPSXWHU�DOJRULWKPV�KDYH�EHHQ� LPSOHPHQWHG
WR� IXUWKHU� LPSURYH� WKH� DFFXUDF\� DQG� PRQLWRULQJ� RI
FKDQJHV� LQ� QHUYH� ILEHU� OD\HU� WKLFNQHVV���� 7KHVH
UHVXOWV�LQGLFDWH�WKDW�2&7�LV�SRWHQWLDOO\�DEOH�WR�GHWHFW
WKH�HDUO\�RQVHW�RI�JODXFRPD�EHIRUH�LUUHYHUVLEOH�YLVLRQ
ORVV�RFFXUV�

������ 6XEFHOOXODU�2SWLFDO�&RKHUHQFH�
7RPRJUDSK\�,PDJLQJ���,PSOLFDWLRQV�
IRU�WKH�(DUO\�'HWHFWLRQ�RI�1HRSODVPV

2&7� LV� DQ� RSWLFDO� LPDJLQJ� WHFKQRORJ\� FDSDEOH� RI
VXEFHOOXODU� UHVROXWLRQV�ZKLFK�PD\�XOWLPDWHO\�KDYH�D
UROH� LQ� WKH�HDUO\�GLDJQRVLV�RI�PDOLJQDQFLHV��1HRSOD�
VLDV� DUH�PRVW� UHVSRQVLYH� WR�PHGLFDO� LQWHUYHQWLRQ�DW
HDUO\� VWDJHV�� SULRU� WR� XQGHUJRLQJ�PHWDVWDVLV��:KHQ
WKHVH� GLVRUGHUV� DULVH� IURP� NQRZQ� SUHPDOLJQDQW
VWDWHV��DQG�LI�D�GHWHFWLRQ�PHWKRG�H[LVWV��WKH�KLJK�ULVN
SRSXODWLRQ� FDQ� EH� VFUHHQHG� WR� UHGXFH� SDWLHQW�PRU�
ELGLW\� DQG� PRUWDOLW\�� 2UJDQV� ZKHUH� WKHVH� SUHPDOLJ�
QDQW� FRQGLWLRQV� RFFXU� DW� UHODWLYHO\� KLJK� IUHTXHQF\
LQFOXGH� WKH� HVRSKDJXV�� XWHUXV�� EODGGHU�� FRORQ�� DQG
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VWRPDFK��7KH�DELOLW\� WR� LPDJH� WKHVH�RUJDQV� LQ� UHDO�
WLPH� DW� VXEFHOOXODU� UHVROXWLRQV� FRXOG� UHSUHVHQW� D
SRZHUIXO�WRRO�IRU�WKH�HDUO\�LGHQWLILFDWLRQ�RI�QHRSODVPV�

1HZ� WHFKQRORJLHV� ZKLFK� KDYH� EHHQ� SXUVXHG�� ZLWK
OLPLWHG� VXFFHVV�� IRU� WKH� KLJK�UHVROXWLRQ� DVVHVVPHQW
RI� VXEFHOOXODU�VWUXFWXUH� LQFOXGH�PDJQHWLF� UHVRQDQFH
LPDJLQJ��05,���[�UD\�PLFURVFRS\��DQG�KLJK�IUHTXHQF\
XOWUDVRXQG��7KHVH� WHFKQLTXHV�� KRZHYHU�� VXIIHU� IURP
ORQJ�DFTXLVLWLRQ�WLPHV��SRWHQWLDOO\�KD]DUGRXV�LRQL]LQJ
UDGLDWLRQ��DQG�GLUHFW�FRQWDFW�ZLWK�WLVVXH��UHVSHFWLYHO\�
5HFHQW�DGYDQFHV� LQ�KLJK�VSHHG�� LQ YLYR�� ODVHU�VFDQ�
QLQJ�FRQIRFDO�PLFURVFRS\�KDYH�SURYLGHG�UHVHDUFKHUV
ZLWK� D� PHDQV� RI� LPDJLQJ� FHOOXODU� PRUSKRORJ\� LQ
VNLQ����+RZHYHU��FRQIRFDO�PLFURVFRS\�KDV�D�SHQHWUD�
WLRQ�GHSWK�OLPLWHG�WR�D�IHZ�KXQGUHG�PLFURQV�DQG�FDQ�
QRW�EH�UHDGLO\�SHUIRUPHG�WKURXJK�DQ�HQGRVFRSH��

2&7�FRPELQHV� WKH� KLJK� UHVROXWLRQV� RI�PRVW� RSWLFDO
WHFKQLTXHV�ZLWK�DQ�DELOLW\�WR�UHMHFW�PXOWLSO\�VFDWWHUHG
SKRWRQV�DQG�KHQFH� LPDJH�DW�FHOOXODU� UHVROXWLRQV�XS
WR�PLOOLPHWHUV�GHHS� LQ�QRQ�WUDQVSDUHQW�WLVVXH��3HQH�
WUDWLRQ� OLPLWDWLRQV� RI� RWKHU� RSWLFDO� WHFKQRORJLHV� DUH
RYHUFRPH� E\� WKH� XVH� RI� QHDU�LQIUDUHG� ZDYHOHQJWKV
ZKLFK�DUH�DEVRUEHG�DQG�VFDWWHUHG�OHVV�WKDQ�VKRUWHU�
YLVLEOH� ZDYHOHQJWKV�� %HFDXVH� 2&7� UHOLHV� RQ� YDULD�
WLRQV� LQ� LQGH[�RI� UHIUDFWLRQ�DQG�RSWLFDO�VFDWWHULQJ� IRU
LPDJH�FRQWUDVW��QR�H[RJHQRXV�IOXRURSKRUHV�DUH�QHF�
HVVDU\�IRU�LPDJLQJ�ZKLFK�FDQ�OLPLW�WKH�YLDELOLW\�RI�OLY�
LQJ� FHOOV��2&7� KDV� EHHQ� GHPRQVWUDWHG� DV� D� XVHIXO
UHVHDUFK� PLFURVFRS\� WHFKQLTXH� IRU� GHYHORSPHQWDO
ELRORJ\��,Q�YLYR�GHYHORSLQJ�HPEU\RV�FDQ�EH�IROORZHG
WR� REVHUYH� WKH� PRUSKRORJLFDO� H[SUHVVLRQ� RI� JHQHV
DQG�JHQHWLF�DEQRUPDOLWLHV����+LJK�VSHHG�2&7� LPDJ�
LQJ� KDV� SHUPLWWHG� WKH� LQ� YLYR� DVVHVVPHQW� RI� IXQF�
WLRQDO� FDUGLRYDVFXODU� SDUDPHWHUV� LQ� GHYHORSLQJ
VSHFLPHQV������

$OWKRXJK�SUHYLRXV�VWXGLHV�KDYH�GHPRQVWUDWHG�LQ�YLYR
2&7� LPDJLQJ� RI� WLVVXH� PRUSKRORJ\�� PRVW� KDYH
LPDJHG� WLVVXH� DW� UHVROXWLRQV� RI� a������ �P�� ZKLFK
GRHV� QRW� DOORZ� GLIIHUHQWLDWLRQ� RI� FHOOXODU� VWUXFWXUH�
7KH�;HQRSXV�ODHYLV��$IULFDQ�IURJ��WDGSROH��D�FRPPRQ
GHYHORSPHQWDO� ELRORJ\� DQLPDO� PRGHO�� ZDV� XVHG� WR

GHPRQVWUDWH�WKH�IHDVLELOLW\�RI�2&7�IRU�LQ�YLYR�VXEFHO�
OXODU� LPDJLQJ��$�EURDG�VSHFWUDO� EDQGZLGWK�.HUU�OHQV
PRGHORFNHG� &U���IRUVWHULWH� ODVHU� HQDEOHG� UHVROXWLRQ
DV�KLJK�DV����P��2&7�ZDV�DEOH�WR�LGHQWLI\�WKH�PLWRWLF
DFWLYLW\�� WKH� QXFOHDU�WR�F\WRSODVPLF� UDWLR�� DQG� WKH
PLJUDWLRQ�RI�GHYHORSLQJ�FHOOV�IRU�H[WHQGHG�SHULRGV�RI
WLPH����� 2&7� LPDJHV� RI� FHOO� VWUXFWXUHV� ZHUH� KLJKO\
FRUUHODWHG�ZLWK�FRUUHVSRQGLQJ�KLVWRORJ\��$�FURVV�VHF�
WLRQDO�2&7� LPDJH�RI�DFWLYHO\�GLYLGLQJ�FHOOV� LV�VKRZQ
LQ� )LJXUH� ���� ,QGLYLGXDO� FHOOV�� FHOO� PHPEUDQHV�� DQG
FHOO�QXFOHL�DUH�UHDGLO\�REVHUYHG�GHHS�ZLWKLQ�WKH�VFDW�
WHULQJ� WLVVXH� RI� D� QRQ�WUDQVSDUHQW� WDGSROH��0HODQLQ�
ODGHQ�QHXUDO�FUHVW�FHOOV�DUH�DOVR�REVHUYHG�DORQJ�ZLWK
WKH� ODUJH� KHPLVSKHUH� RI� WKH� QHXUDO� WXEH� �EUDLQ��
7KUHH�GLPHQVLRQDO� QHXUDO� FUHVW� FHOO� PLJUDWLRQ� KDV
EHHQ� IROORZHG� LQ� WKHVH� VSHFLPHQV�� 7KHVH� UHVXOWV
KDYH�LPSOLFDWLRQV�IRU�2&7�LPDJLQJ�RI� LQ�YLYR�FHOOXODU
PRUSKRORJ\� ZKLFK�� RQ� H[WHQVLRQ� WR� KXPDQV�� FRXOG
UHSUHVHQW�D�SRZHUIXO� WRRO� IRU� WKH�HDUO\�HYDOXDWLRQ�RI
QHRSODVWLF�FKDQJHV�

)LJXUH���� ��6XEFHOOXODU�2&7�LPDJLQJ�ZLWKLQ�D�
GHYHORSLQJ�;HQRSXV�WDGSROH��0LWRWLFDOO\�DFWLYH�FHOOV�
�F��DQG�PLJUDWLQJ�QHXUDO�FUHVW�FHOOV��QF��DUH�REVHUYHG�
LQ�YLYR�QH[W�WR�WKH�QHXUDO�WXEH��QW��RU�EUDLQ�RI�WKH�
WDGSROH�
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100 S.A. Boppart, G.J. Tearney, B.E. Bouma, M.E. Brezinski, J.F. Southern, and J.G. Fujimoto, “Noninvasive Assessment of the Develop-
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3XEOLFDWLRQV

%RSSDUW�� 6�$��� %�(�� %RXPD�� &�� 3LWULV�� *�-�� 7HDUQH\�
-�)��6RXWKHUQ��0�(��%UH]LQVNL��DQG�-�*��)XMLPRWR�
³7KUHH�GLPHQVLRQDO�2SWLFDO�&RKHUHQFH�7RPRJUD�
SK\�IRU�0LFURVXUJLFDO�'LDJQRVWLFV���5DGLRO��)RUWK�
FRPLQJ�

%RSSDUW�� 6�$��� 0�(�� %UH]LQVNL�� &�� 3LWULV�� DQG� -�*�
)XMLPRWR�� �2SWLFDO� &RKHUHQFH� 7RPRJUDSK\� IRU
WKH� ,GHQWLILFDWLRQ� RI� +XPDQ� %UDLQ� 7XPRUV� DQG
0DUJLQV�´�6XEPLWWHG�WR�1HXURVXUJ��

%RSSDUW��6�$���*�-��7HDUQH\��%�(��%RXPD��-�)��6RXWK�
HUQ��0�(��%UH]LQVNL��DQG�-�*��)XMLPRWR���1RQLQYD�
VLYH� $VVHVVPHQW� RI� WKH� 'HYHORSLQJ� ;HQRSXV
&DUGLRYDVFXODU�6\VWHP�XVLQJ�2SWLFDO�&RKHUHQFH
7RPRJUDSK\�´�3URF��1DW��$FDG��6FL�������������
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0�(�� %UH]LQVNL�� -�*�� )XMLPRWR�� �,Q� 9LYR�� +LJK
6SHHG� 6XEFHOOXODU� ,PDJLQJ�� )HDVLELOLW\� IRU� WKH
(DUO\� 'LDJQRVLV� RI� 1HRSODVPV��� 6XEPLWWHG� WR
1DWXUH�0HG�

%RXPD��%�(���/�(��1HOVRQ��*�-��7HDUQH\��'�-��-RQHV�
0�(�� %UH]LQVNL�� DQG� -�*�� )XMLPRWR�� ³2SWLFDO
&RKHUHQFH�7RPRJUDSKLF�,PDJLQJ�RI�+XPDQ�7LV�
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GRSHG� )LEHU� 6RXUFHV�´� -�� %LRPHG�� 2SW�� )RUWK�
FRPLQJ��

%UH]LQVNL��0�(��� *�-�� 7HDUQH\�� 1�-��:HLVVPDQ�� 6�$�
%RSSDUW��%�(��%RXPD��0�5��+HH��$�(��:H\PDQ�
(�$��6ZDQVRQ��-�)��6RXWKHUQ��DQG�-�*��)XMLPRWR�
³$VVHVVLQJ� $WKHURVFOHURWLF� 3ODTXH� 0RUSKRORJ\�
&RPSDULVRQ� RI� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\
DQG� +LJK� )UHTXHQF\� ,QWUDYDVFXODU� 8OWUDVRXQG�´
%ULW��+HDUW�-���������������������

%UH]LQVNL�� 0�(��� *�-�� 7HDUQH\�� 6�$�� %RSSDUW�� (�$�
6ZDQVRQ�� -�)�� 6RXWKHUQ�� DQG� -�*�� )XMLPRWR�
³2SWLFDO�%LRSV\�ZLWK�2SWLFDO�&RKHUHQFH�7RPRJ�
UDSK\�� )HDVLELOLW\� IRU� 6XUJLFDO� 'LDJQRVWLFV�´� -�
6XUJLFDO�5HV��������������������

&KLQQ��6�5���(�$��6ZDQVRQ��DQG�-�*��)XMLPRWR��³2SWL�
FDO�&RKHUHQFH�7RPRJUDSK\�XVLQJ�D�)UHTXHQF\�
WXQDEOH� 2SWLFDO� 6RXUFH�´� 2SW�� /HWW�� ���� ������
�������

'L&DUOR��&�'���:�3��5RDFK��'�$��*DJOLDQR��6�$��%RS�
SDUW��'�;��+DPPHU��$�%��&R[��DQG�-�*��)XMLPRWR�
³&RPSDULVRQ�RI�2SWLFDO�&RKHUHQFH�7RPRJUDSK\
�2&7��,PDJLQJ�RI�&DWDUDFWV�ZLWK�+LVWRSDWKORJ\��
6XEPLWWHG�WR�,QYHVWLJDW��2SKWKDOPRO��9LVXDO�6FL�

)XMLPRWR�� -�*��� 6�$�� %RSSDUW�� *�-�� 7HDUQH\�� %�(�
%RXPD��&��3LWULV��DQG�0�(��%UH]LQVNL��³+LJK�5HV�
ROXWLRQ� ,Q�9LYR� ,QWUDDUWHULDO� ,PDJLQJ�ZLWK�2SWLFDO
&RKHUHQFH�7RPRJUDSK\���6XEPLWWHG�WR�&LUFXODW�

+HUUPDQQ�� -�0��� 0�(�� %UH]LQVNL�� %�(�� %RXPD�� 6�$�
%RSSDUW��&�� 3LWULV�� DQG� -�*��)XMLPRWR�� �7ZR� DQG
7KUHH� 'LPHQVLRQDO� +LJK� 5HVROXWLRQ� ,PDJLQJ� RI
WKH� +XPDQ� 2YLGXFW� ZLWK� 2SWLFDO� &RKHUHQFH
7RPRJUDSK\���)HUWLO��6WHULO��)RUWKFRPLQJ��

+HUUPDQQ��-�0���&��3LWULV��%�(��%RXPD��6�$��%RSSDUW�
-�*��)XMLPRWR��DQG�0�(��%UH]LQVNL��³+LJK�5HVROX�
WLRQ�,PDJLQJ�RI�1RUPDO�DQG�:VWHRDUWKHULWLF�&DUWL�
ODJH� ZLWK� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\��
6XEPLWWHG�WR�-��5KHXPDWRO��

1DUD\DQ��'�*����&�$��7RWK��6��%RSSDUW��0�5��+HH��-�*�
)XMLPRWR��5��%LUQJUXEHU��&�3��&DLQ��&�'��'L&DUOR�
DQG�:�3��5RDFK��³$�&RPSDULVRQ�RI�5HWLQDO�0RU�
SKRORJ\�9LHZHG�E\�2SWLFDO�&RKHUHQFH�7RPRJUD�
SK\� DQG� /LJKW� 0LFURVFRS\�´� ,QYHVWLJDW�
2SKWKDOPRO��9LVXDO�6FL��)RUWKFRPLQJ��

7HDUQH\�� *�-��� 0�(�� %UH]LQVNL�� -�)�� 6RXWKHUQ�� %�(�
%RXPD��6�$��%RSSDUW��DQG�-�*��)XMLPRWR��³2SWLFDO
%LRSV\� LQ�+XPDQ�8URORJLF� 7LVVXH� XVLQJ�2SWLFDO
&RKHUHQFH� 7RPRJUDSK\�´� -��8URO�� ����� �������
�������

7HDUQH\��*�-���0�(��%UH]LQVNL��%�(��%RXPD��6�$��%RS�
SDUW��&��3LWULV��-�)��6RXWKHUQ��DQG�-�*��)XMLPRWR�
³,Q�9LYR�(QGRVFRSLF�2SWLFDO�%LRSV\�ZLWK�2SWLFDO
&RKHUHQFH� 7RPRJUDSK\�´� 6FL�� ����� �������
��������

7HDUQH\�� *�-��� 0�(�� %UH]LQVNL�� -�)�� 6RXWKHUQ�� %�(�
%RXPD��6�$��%RSSDUW��DQG�-�*��)XMLPRWR��³2SWLFDO
%LRSV\� LQ� +XPDQ� *DVWURLQWHVWLQDO� 7LVVXH� XVLQJ
2SWLFDO�&RKHUHQFH�7RPRJUDSK\�´�$P��-��*DVWUR�
HQWHURO���������������������

7HDUQH\��*�-���%�(��%RXPD��DQG�-�*��)XMLPRWR��³+LJK�
VSHHG�3KDVH��DQG�*URXS�GHOD\�6FDQQLQJ�ZLWK�D
*UDWLQJ�EDVHG� 3KDVH�&RQWURO� 'HOD\� /LQH�´�2SW�
/HWW���������������������

7RQJ�� <�3�� �� 3�0�� :�� )UHQFK�� -�5�� 7D\ORU�� DQG� -�*�
)XMLPRWR�� ³$OO�VROLG�VWDWH� )HPWRVHFRQG� 6RXUFHV
LQ�WKH�1HDU� ,QIUDUHG�´�2SW��&RPPXQ������� �����
����������

7RWK�� &�$��� 5�� %LUQJUXEHU�� 6�$�� %RSSDUW�� 0�5�� +HH�
-�*��)XMLPRWR��&�'��'L&DUOR��(�$��6ZDQVRQ��&�3�
&DLQ��'��1DUD\DQ��*�'��1RRMLQ��DQG�:�3��5RDFK�
³$UJRQ�5HWLQDO�/DVHU�/HVLRQV�(YDOXDWHG� ,Q�9LYR
E\�2SWLFDO�&RKHUHQFH�7RPRJUDSK\�´�$P��-��2SK�
WKDOPRO���������������������

=XFOLFK�� -�$��� 6�7�� 6FKXVFKHUHED�� +�� =ZLFN�� 6�$�
%RSSDUW�� -�*�� )XMLPRWR�� )�(�� &KHQH\�� DQG� %�(�
6WXFN�� ³$� &RPSDULVRQ� RI� /DVHU�LQGXFHG�5HWLQDO
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'DPDJH�IURP�,QIUDUHG�:DYHOHQJWKV�WR�WKDW�IURP
9LVLEOH�:DYHOHQJWKV�´� /DVHUV� /LJKW� 2SKWKDOPRO�
����������������

&RQIHUHQFH�3UHVHQWDWLRQV�

%RSSDUW��%�$���-�0��+HUUPDQQ��&��3LWULV��%�(��%RXPD�
*�-��7HDUQH\��0�(��%UH]LQVNL��DQG�-�*��)XMLPRWR�
�,QWHUYHQWLRQDO� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\
IRU�6XUJLFDO�*XLGDQFH���6XEPLWWHG� IRU�SUHVHQWD�
WLRQ� DW� WKH� &RQIHUHQFH� RQ� /DVHUV� DQG� (OHFWUR
2SWLFV��&/(2����6DQ�)UDQFLVFR��&DOLIRUQLD��0D\
������

%RSSDUW��6�$���0�(��%UH]LQVNL��%�(��%RXPD��&��3LWULV�
-�)�� 6RXWKHUQ� DQG� -�*�� )XMLPRWR�� �0LFURVXUJLFDO
*XLGDQFH� XVLQJ� 2SWLFDO� &RKHUHQFH� 7RPRJUD�
SK\���&RQIHUHQFH� RQ� /DVHUV� DQG�(OHFWUR�2SWLFV
&/(2µ���� %DOWLPRUH�� 0DU\ODQG�� 0D\� ������
�������SDSHU�&:'���

%RSSDUW��6�$���%�(��%RXPD��&��3LWULV��-�)��6RXWKHUQ�
0�(�� %UH]LQVNL�� DQG� -�*�� )XMLPRWR�� �2SWLFDO
&RKHUHQFH�7RPRJUDSKLF�,PDJLQJ�RI�,Q�9LYR�&HO�
OXODU� '\QDPLFV��� 3DSHU� SUHVHQWHG� DW� WKH
$GYDQFHV�LQ�2SWLFDO�,PDJLQJ�DQG�3KRWRQ�0LJUD�
WLRQ� &RQIHUHQFH�� 2UODQGR�� )ORULGD�� 0DUFK� �����
�����

%RXPD��%�(���*�-��7HDUQH\��6�$��%RSSDUW��%��*ROXER�
YLF�� ,�3�� %LOLQVN\�� DQG� -�*�� )XMLPRWR�� �0RGH
/RFNHG� 6ROLG� 6WDWH� /DVHU� 6RXUFHV� IRU� 2SWLFDO
7RPRJUDSK\�´�&RKHUHQFH�'RPDLQ�2SWLFDO�0HWK�
RGV� LQ�%LRPHGLFDO�6FLHQFH�DQG�&OLQLFDO�$SSOLFD�
WLRQV�� %,26� ��� ,QWHUQDWLRQDO� %LRPHGLFDO� 2SWLFV
6\PSRVLXP�� 63,(�� )HEUXDU\� ������ ������ 6DQ
-RVH��&DOLIRUQLD�

%UH]LQVNL�� 0�(��� *�-�� 7HDUQH\�� 6�$�� %RSSDUW�� %�(�
%RXPD��1�-��:HLVVPDQ��&��3LWULV��-�*��)XMLPRWR�
�0LFURQ� 6FDOH� &DWKHWHU� %DVHG� ,Q� 9LYR� DQG� ,Q
9LWUR� ,PDJLQJ�ZLWK�2SWLFDO�&RKHUHQFH�7RPRJUD�
SK\��� 2UDO� SUHVHQWDWLRQ�� 7UDQVFDWKHWHU� &DUGLR�
YDVFXODU� 7KHUDSHXWLFV�� :DVKLQJWRQ�� '�&��
6HSWHPEHU�������������

%UH]LQVNL�� 0�(��� -�0�� +HUUPDQQ�� &�� 3LWULV�� %�(�
%RXPD��6�$��%RSSDUW��-�)��6RXWKHUQ��-�*��)XMLP�
RWR���8OWUDKLJK�5HVROXWLRQ�,PDJLQJ�RI�1RUPDO�DQG
2VWHRDUWKULWLF� &DUWLODJH� 0LFURVWUXFWXUH��� 3RVWHU
SUHVHQWDWLRQ�� $PHULFDQ� &ROOHJH� RI� 5KHXPDWRO�
RJ\� 1DWLRQDO� 6FLHQWLILF� 0HHWLQJ�� :DVKLQJWRQ�
'�&���1RYHPEHU������������

%UH]LQVNL�� 0�(��� *�-�� 7HDUQH\�� 6�$�� %RSSDUW�� %�
%RXPD�� (�$�� 6ZDQVRQ�� -�)�� 6RXWKHUQ�� DQG� -�*�
)XMLPRWR�� �,Q� 9LYR� ,PDJLQJ� ZLWK� 2SWLFDO� &RKHU�
HQFH�7RPRJUDSK\���$PHULFDQ�&ROOHJH�RI�&DUGLRO�
RJ\� ��WK� $QQXDO� 6FLHQWLILF� 6HVVLRQ�� $QDKHLP�
&DOLIRUQLD��0DUFK������������

%UH]LQVNL��0�(���%�(��%RXPD��6�$��%RSSDUW��&��3LWULV�
-�)�� 6RXWKHUQ�� DQG� -�*�� )XMLPRWR�� �,Q� 9LYR� +LJK
5HVROXWLRQ� ,PDJLQJ� RI� *DVWURLQWHVWLQDO� 7LVVXH
XVLQJ� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\��� 3DSHU
SUHVHQWHG�DW�WKH�$QQXDO�0HHWLQJ�RI�WKH�$PHULFDQ
6RFLHW\�IRU�*DVWURLQWHVWLQDO�(QGRVFRS\�DW�'LJHV�
WLYH�'LVHDVH�:HHN��:DVKLQJWRQ��'�&���0D\� ���
���������

%UH]LQVNL��0�(���&��3LWULV��6�$��%RSSDUW��*�-��7HDUQH\�
-�)��6RXWKHUQ��DQG�-�*��)XMLPRWR�� �0LFURQ�6FDOH
2SWLFDO�%LRSV\�ZLWK�2SWLFDO�&RKHUHQFH�7RPRJUD�
SK\���6XEPLWWHG�IRU�SUHVHQWDWLRQ�WR�$6&2�$QQXDO
0HHWLQJ��'HQYHU��&RORUDGR��0D\�������������

&KHUQLNRY�� 6�9��� -�5�� 7D\ORU�� 9�3�� *DSRQWVHY�� %�(�
%RXPD�� DQG� -�*�� )XMLPRWR�� �$� ���QP�� ���P:
6XSHUIOXRUHVFHQW� <WWHUELXP� )LEHU� 6RXUFH�2SHU�
DWLQJ� $URXQG� �����PP��� &RQIHUHQFH� RQ� /DVHUV
DQG�(OHFWUR�2SWLFV� &/(2� ¶���� %DOWLPRUH��0DU\�
ODQG��0D\��������������SDSHU�&7X*���

&RNHU�� -�*�� 0�5�� +HH�� &�$�� 3XOLDILWR�� -�&�� 6]ZDUW]�
-�6�� 'XNHU�� (�� 5HLFKHO�� -�� 6�� 6FKXPDQ�� (�$�
6ZDQVRQ�� DQG� -�*�� )XMLPRWR�� �3URJQRVLV� DQG
$QDWRPLF� 2XWFRPH� RI� 0DFXODU� +ROH� 6XUJHU\
$VVHVVHG� E\� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\��
$VVRFLDWLRQ�IRU�5HVHDUFK�LQ�9LVLRQ�DQG�2SKWKDO�
PRORJ\� $QQXDO� 0HHWLQJ�� )RUW� /DXGHUGDOH�� )ORU�
LGD��0D\��������������SDSHU������%���

)XMLPRWR�� -�*���*�� 7HDUQH\�� 6�� %RSSDUW�� &�� 3LWULV�� %�
%RXPD�� -�� 6RXWKHUQ�� DQG� 0�� %UH]LQVNL�� �1HZ
7HFKQLTXHV�IRU�+LJK�5HVROXWLRQ�DQG�+LJK�6SHHG
2SWLFDO� &RKHUHQFH� 7RPRJUDSK\��� 1HZ� <RUN
$FDGHP\� RI� 6FLHQFHV� DQG� WKH� &HQWHU� IRU
$GYDQFHG�7HFKQRORJ\�DW�&81<�RQ�$GYDQFHV�LQ
2SWLFDO�%LRSV\�DQG�2SWLFDO�0DPPRJUDSK\��$SULO
�������������1HZ�<RUN�

)XMLPRWR��-�*���%�(��%RXPD��*�-��7HDUQH\��6�$��%RS�
SDUW��&��3LWULV��-�)��6RXWKHUQ��DQG�0�(��%UH]LQVNL�
�+LJK�6SHHG�DQG�+LJK�5HVROXWLRQ�2SWLFDO�&RKHU�
HQFH� 7RPRJUDSK\� XVLQJ� )HPWRVHFRQG� /DVHUV��
&RQIHUHQFH� RQ� /DVHUV� DQG� (OHFWUR� 2SWLFV
&/(2¶���� 0D\� ������� ������ %DOWLPRUH�� 0DU\�
ODQG���LQYLWHG��SDSHU�&7X6���

)XMLPRWR��-�*���*�-��7HDUQH\��6�$��%RSSDUW��&��3LWULV�
DQG�%�(��%RXPD�� �+LJK�6SHHG�+LJK�5HVROXWLRQ
2SWLFDO� &RKHUHQFH� 7RPRJUDSK\� IRU� 2SWLFDO
%LRSV\���/$6(5PHG�������WK�,QWHUQDWLRQDO�&RQ�
JUHVV� /DVHU� 0HGLFLQH�� 0XQLFK�� *HUPDQ\�� -XQH
�������������

)XMLPRWR��-�*���*�-��7HDUQH\��6�$��%RSSDUW��&��3LWULV�
%�(�� %RXPD�� -�� +HUUPDQQ�� -�)�� 6RXWKHUQ�� DQG
0�(��%UH]LQVNL���2SWLFDO�&RKHUHQFH�7RPRJUDSKLF
LQ�0HGLFLQH���)LIWK�&RQJUHVV�RI� WKH� ,QWHUQDWLRQDO
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6RFLHW\� IRU�6NLQ� ,PDJLQJ��9LHQQD��$XVWULD��6HS�
WHPEHU��������������LQYLWHG�WDON��

)XMLPRWR�� -�*�� �2SWLFDO� &RKHUHQFH� 7RPRJUDSK\� IRU
%LRPHGLFDO� ,PDJLQJ��� 7KH� ,QWHUQDWLRQDO� 7RSLFDO
:RUNVKRS�RQ�&RQWHPSRUDU\�3KRWRQLF�7HFKQROR�
JLHV��7RN\R��-DSDQ��-DQXDU\��������������LQYLWHG
WDON��

+HUUPDQQ��-�0���&��3LWULV��%�(��%RXPD��6�$��%RSSDUW�
-�*�� )XMLPRWR�� DQG� 0�(�� %UH]LQVNL�� �7ZR� DQG
7KUHH� 'LPHQVLRQDO� ,PDJLQJ� RI� 1RUPDO� DQG
2VWHRDUWKULWLF�&DUWLODJH�0LFURVWUXFWXUH�ZLWK�2SWL�
FDO�&RKHUHQFH�7RPRJUDSK\���3DSHU�SUHVHQWHG�DW
WKH� $GYDQFHV� LQ� 2SWLFDO� ,PDJLQJ� DQG� 3KRWRQ
0LJUDWLRQ� &RQIHUHQFH�� 2UODQGR�� )ORULGD�� 0DUFK
�����������

+HUUPDQQ�� -�0��� 6�$�� %RSSDUW�� %�(�� %RXPD�� *�-�
7HDUQH\�� &�� 3LWULV�� 0�(�� %UH]LQVNL�� DQG� -�*�
)XMLPRWR���5HDO�7LPH�,PDJLQJ�RI�/DVHU�,QWHUYHQ�
WLRQ�ZLWK�2SWLFDO�&RKHUHQFH�7RPRJUDSK\���3DSHU
SUHVHQWHG� DW� WKH� $GYDQFHV� LQ� 2SWLFDO� ,PDJLQJ
DQG�3KRWRQ�0LJUDWLRQ�&RQIHUHQFH��2UODQGR��)ORU�
LGD��0DUFK������������

+XDQJ�� /�1��� -�6�� 6FKXPDQ�� 7�3�� .ORL]PDQ�� /�
3LHURWK�� 1�� :DQJ�� 0�5�� +HH�� -�*�� &RNHU�� &�$�
3XOLDILWR��-�*��)XMLPRWR��DQG�(�$��6ZDQVRQ���7KH
&RPSDULVRQ� RI� 1HUYH� )LEHU� /D\HU� 7KLFNQHVV� LQ
*ODXFRPDWRXV�0RQNH\�(\HV�0HDVXUHG�E\�2SWL�
FDO� &RKHUHQFH� 7RPRJUDSK\��� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 9LVLRQ� DQG� 2SKWKDOPRORJ\� $QQXDO
0HHWLQJ�� )RUW� /DXGHUGDOH�� )ORULGD�� 0D\� ������
������SDSHU������%����

.LP��9�<���6��5RK��/��3LHURWK��7��3HGXW�.ORL]PDQ��0�
+HH��-�*��&RNHU��-�&��6]ZDUW]��&�$��3XOLDILWR��-�6�
6FKXPDQ��(�$��6ZDQVRQ��-�*��)XMLPRWR��DQG�-�6�
'XNHU�� �4XDQWLILFDWLRQ�RI�1HUYH�)LEHU�/D\HU�DQG
5HWLQDO� 7KLFNQHVV� XVLQJ� 2SWLFDO� &RKHUHQFH
7RPRJUDSK\�LQ�3DWLHQWV�ZLWK�+XPDQ�,PPXQRGH�
ILFLHQF\� 9LUXV� ,QIHFWLRQ��� $VVRFLDWLRQ� IRU
5HVHDUFK� LQ� 9LVLRQ� DQG� 2SKWKDOPRORJ\� $QQXDO
0HHWLQJ�� )RUW� /DXGHUGDOH�� )ORULGD�� 0D\� ������
������SDSHU������%����

3LHURWK��/���-�6��6FKXPDQ��(��+HUW]PDUN��0�5��+HH�
-�*�&RNHU��3�<��&KXQJ��7��3HGXW�.ORL]PDQ��&�$�
3XOLDILWR�� &�� 0DWWR[�� -�*�� )XMLPRWR�� DQG� (�$�
6ZDQVRQ���&RPSDULVRQ�RI�WKH�1HUYH�)LEHU�/D\HU
E\� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\� %HIRUH� DQG
$IWHU� ,QWUDRFXODU� 3UHVVXUH� /RZHULQJ� 3URFH�
GXUHV��� $VVRFLDWLRQ� IRU� 5HVHDUFK� LQ� 9LVLRQ� DQG
2SKWKDOPRORJ\� $QQXDO� 0HHWLQJ�� )RUW� /DXGHU�
GDOH�� )ORULGD�� 0D\� ������� ������ SDSHU� �����
%����

3LWULV��&���6�$��%RSSDUW��%�(��%RXPD��*��7HDUQH\��-�*�
)XMLPRWR�� DQG�0�(�� %UH]LQVNL�� �+LJK� 5HVROXWLRQ

,Q�YLYR�,QWUDYDVFXODU�,PDJLQJ�ZLWK�2SWLFDO�&RKHU�
HQFH� 7RPRJUDSK\��� 3DSHU� SUHVHQWHG� DW� WKH
$GYDQFHV�LQ�2SWLFDO�,PDJLQJ�DQG�3KRWRQ�0LJUD�
WLRQ� &RQIHUHQFH�� 2UODQGR�� )ORULGD�� 0DUFK� �����
������

7HDUQH\�� *�-��� 6�$�� %RSSDUW�� %�(�� %RXPD�� &�� 3LWULV�
0�(�� %UH]LQVNL�� -�)�� 6RXWKHUQ�� (�� $�� 6ZDQVRQ�
DQG�-�*��)XMLPRWR�� �+LJK�6SHHG�&DWKHWHU�(QGR�
VFRSLF� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\� IRU� WKH
2SWLFDO�%LRSV\�RI�LQ�YLYR�7LVVXHV�´�&RQIHUHQFH�RQ
/DVHUV�DQG�(OHFWUR�2SWLFV�&/(2�¶����%DOWLPRUH�
0DU\ODQG��0D\��������������SDSHU�&:'���

3LWULV�� &��� 6�$�� %RSSDUW�� %�(�� %RXPD�� DQG� -�*�
)XMLPRWR�� �&HOOXODU�DQG�1HRSODVWLF�7LVVXH� ,PDJ�
LQJ� ZLWK� 2SWLFDO� &RKHUHQFH� 7RPRJUDSK\��� 6XE�
PLWWHG� IRU� SUHVHQWDWLRQ� DW� WKH� &RQIHUHQFH� RQ
/DVHUV�DQG�(OHFWUR�2SWLFV��&/(2����6DQ�)UDQ�
FLVFR��&DOLIRUQLD��0D\������

7HDUQH\�� *�-��� 0�(�� %UH]LQVNL�� %�(�� %RXPD�� -�)�
6RXWKHUQ�� DQG� -�*�� )XMLPRWR�� �+LJK� 5HVROXWLRQ
,PDJLQJ�RI�8URORJLF�7LVVXHV�XVLQJ�2SWLFDO�&RKHU�
HQFH�7RPRJUDSK\���$PHULFDQ�8URORJLFDO�$VVRFL�
DWLRQ� ����� $QQXDO� 0HHWLQJ�� 1HZ� 2UOHDQV�
/RXLVLDQD��$SULO��������������$EVWUDFW������

7HDUQH\��*�-���%�(��%RXPD��6�$��%RSSDUW��0�(��%UH]�
LQVNL�� -�)�� 6RXWKHUQ�� (�$�� 6ZDQVRQ�� DQG� -�*�
)XMLPRWR���(QGRVFRSLF�2SWLFDO�&RKHUHQFH�7RPR�
JUDSK\�´� 7RPRJUDSK\� DQG� 6SHFWURVFRS\� RI� 7LV�
VXH�� %,26� ��� ,QWHUQDWLRQDO� %LRPHGLFDO� 2SWLFV
6\PSRVLXP��63,(��6DQ�-RVH��&DOLIRUQLD��)HEUX�
DU\�������������

7RWK��&�$���'�*��1DUD\DQ��:�3��5RDFK��6�$��%RSSDUW�
0�5�� +HH�� &�'�� 'L&DUOR�� (�$�� 6ZDQVRQ�� &�3�
&DLQ�� *�'�� 1RRMLQ�� DQG� -�*�� )XMLPRWR�� �5HWLQDO
,QMXU\� (YDOXDWHG� XVLQJ� 2SWLFDO� &RKHUHQFH
7RPRJUDSK\���%,26���� ,QWHUQDWLRQDO�%LRPHGLFDO
2SWLFV�6\PSRVLXP��63,(��6DQ�-RVH��&DOLIRUQLD�
)HEUXDU\������������

7RWK��&�$���'�*��1DUD\DQ��:�3��5RDFK��6�$��%RSSDUW�
0�5�� +HH�� -�*�� )XMLPRWR�� 5�� %LUQJUXEHU�� &�'�
'L&DUOR��&�3��&DLQ�� DQG�*�'��1RRMLQ�� �$QDO\]LQJ
5HWLQDO�/DVHU�(IIHFWV��2OG�DQG�1HZ�7HFKQLTXHV��
&RQIHUHQFH�RQ�/DVHUV�DQG�(OHFWUR�2SWLFV�&/(2
¶���� %DOWLPRUH�� 0DU\ODQG�� 0D\� ������� �����
�LQYLWHG��SDSHU�&7X7��
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���� $QDO\WLFDO�&RQILUPDWLRQ�RI�
6WRFKDVWLF�6ROLWRQ�)RUPXODWLRQ

3URMHFW�6WDII

-RKQ�0��)LQL��3URIHVVRU�3HWHU�/��+DJHOVWHLQ�DQG�3UR�
IHVVRU�+HUPDQQ�$��+DXV

2SWLFDO�VROLWRQV�KDYH�EHHQ�GHPRQVWUDWHG�LQ�UHJLPHV
XVHIXO� IRU� ORQJ�GLVWDQFH� FRPPXQLFDWLRQV� DQG� WKH
JHQHUDWLRQ�RI�VTXHH]HG�OLJKW��4XDQWXP�HIIHFWV�DUH�RI
IXQGDPHQWDO� LPSRUWDQFH� LQ� VXFK�V\VWHPV�� VLQFH� WKH
GRPLQDQW�QRLVH� LV�RIWHQ�RI�TXDQWXP�PHFKDQLFDO� RUL�
JLQ�� 3UHYLRXV� ZRUN���� KDV� OHG� WR� D� JRRG� WKHRUHWLFDO
XQGHUVWDQGLQJ� RI� VROLWRQ� SURSDJDWLRQ� DQG� LQWHUDF�
WLRQV��LQ�DJUHHPHQW�ZLWK�H[SHULPHQW����

$Q� DOWHUQDWLYH� VWRFKDVWLF� IRUPXODWLRQ� RI� WKH� VDPH
TXDQWXP� HYROXWLRQ� ZDV� JLYHQ� E\� 'UXPPRQG� DQG
&DUWHU�HDUO\�RQ�����DQG�KDV�EHHQ�XVHG�QXPHULFDOO\�WR
HYDOXDWH�VTXHH]LQJ��8QWLO�QRZ��QR�GLUHFW�FRPSDULVRQ
KDV�EHHQ�PDGH�RI�UHVXOWV�RI�WKH�WZR�IRUPXODWLRQV�

:H�KDYH�DSSOLHG�WKH�VWRFKDVWLF�WKHRU\�WR�WKH�FRPSX�
WDWLRQ�RI�EDVLF�� LQWHUHVWLQJ�TXDQWLWLHV²WKH�VSUHDGLQJ
RI� SRVLWLRQ� DQG� SKDVH� LQ� D� IUHHO\� SURSDJDWLQJ� VROL�
WRQ�����VHH�)LJXUH������7KH�UHVXOW�LV�WKDW�WKH�OLQHDUL]HG
VWRFKDVWLF� WKHRU\� DJUHHV� H[DFWO\�ZLWK� SUHGLFWLRQV� RI
WKH� RSHUDWRU� WKHRU\����� 7KLV� YDOLGDWHV� WKH� VWRFKDVWLF
PHWKRG�DQG�DOORZV�JUHDWHU� FRQILGHQFH� LQ� LWV� IXUWKHU
DSSOLFDWLRQ�

)LJXUH���� ��7KLV�ILJXUH�GHSLFWV�DFFXPXODWHG�
TXDQWXP�XQFHUWDLQW\�LQ�WKH�SRVLWLRQ�RI�SXOVHV�LQ�D�
FRPPXQLFDWLRQV�V\VWHP��7KH�DFFXPXODWLQJ�
XQFHUWDLQW\�LQ�SRVLWLRQ��DQG�WKXV�LQ�DUULYDO�WLPH��RI�D�
SXOVH�SODFHV�IXQGDPHQWDO�OLPLWDWLRQV�RQ�WKH�
FRPPXQLFDWLRQ�UDWH��

,Q� WKH� VHFRQG�TXDQWL]HG� IRUPXODWLRQ�� � LV� WKH
RSHUDWRU� DQDORJ� RI� WKH� ILHOG� DPSOLWXGH� DQG� HYROYHV
DFFRUGLQJ�WR

� ���

7KH�EDVLF�HTXDWLRQV�RI�PRWLRQ�IRU�WKH�VWRFKDVWLF�IRU�
PDOLVP�JRYHUQ� WKH� IRUPDO��FRPSOH[� YDULDEOHV�φ� DQG
φ���7KH�HYROXWLRQ�

���

���

LV�� DFFRUGLQJ� WR� LWV� GHULYDWLRQ�� H[DFWO\� HTXLYDOHQW� WR
WKH�RSHUDWRU�HTXDWLRQ�

7UDGLWLRQDO� VROLWRQ� SHUWXUEDWLRQ� WKHRU\� H[WUDFWV� VROY�
DEOH� PRGHV� RI� WKH� OLQHDUL]HG� HTXDWLRQV� RI� PRWLRQ�
$GDSWLQJ�WKLV�EDVLF�SULQFLSOH� WR� WKH�VWRFKDVWLF�GLIIHU�
HQWLDO�HTXDWLRQV�����DQG������ZH�FDQ�VLPLODUO\�SURMHFW
RXW�IRXU�VSHFLDO�PRGHV�ZKLFK�DUH�GHFRXSOHG�IURP�DOO
RWKHU�PRGHV�RI�WKH�V\VWHP��+DYLQJ�VROYHG�WKH�6'(V
IRU�WKHVH�PRGHV��ZH�FDQ�WKHQ�UHODWH�WKHP�WR�SK\VLFDO
YDULDEOHV�RI�LQWHUHVW�LQ�DFFRUGDQFH�ZLWK�WKH�VWRFKDV�
WLF�FRQVWUXFWLRQ�

6SHFLILFDOO\�� MXVW� DV� SHUWXUEDWLRQ� WKHRU\� DSSOLHG� WR
HTXDWLRQ� ���� JLYHV� WKH� HYROXWLRQ� RI� SRVLWLRQ� DQG
PRPHQWXP�RSHUDWRUV�

���

VR�GR�WKH�VWRFKDVWLF�HTXDWLRQV�JLYH��

���

102 J.P. Gordon and H.A. Haus, Opt. Lett. 11: 665 (1986); Y. Lai and H.A. Haus, Phys. Rev. A 40: 844 (1989); Y. Lai and H.A. Haus, Phys. 
Rev. A 40: 854 (1989); P.L. Hagelstein, Phys. Rev. A 54: 2426 (1996).

103 H.A. Haus and W.S. Wong, Rev. Mod. Phys. 68: 423 (1996).

104 P.D. Drummond and S.J. Carter, J. Opt. Soc. Am. B 4: 1565 (1987).

105 J.M. Fini, P.L. Hagelstein, and H.A. Haus, Phys. Rev. A, forthcoming.

106 H.A. Haus and Y. Lai, J. Opt. Soc. Am. B 7: 386 (1990); Y. Lai, J. Opt. Soc. Am. B 10: 475 (1993); P.L. Hagelstein, Phys. Rev. A 54: 
2426 (1996).
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(TXDWLRQ�����DQG�WKH�FRUUHVSRQGLQJ�HYROXWLRQV�IRU�Q�
S��DQG�θ�FRQVWLWXWH�D� OLQHDU�V\VWHP��HDVLO\�VROYHG� LQ
WHUPV� RI� WKH� FRPSOH[� QRLVH� GULYHV�� 7KH� YDULDEOHV
F
[�VWRFK

�� HWF��� UHSUHVHQW� WKH� VWDWLVWLFV� RI� WKH� TXDQWXP

RSHUDWRUV� �� �� HWF���EXW�RQO\� LQGLUHFWO\��7R�FRQQHFW
TXDQWXP�DQG�VWRFKDVWLF�VWDWLVWLFV��ZH�PXVW�FDUHIXOO\
IROORZ� WKH� �VRPHZKDW� FRXQWHU�LQWXLWLYH�� UXOHV� SUH�
VFULEHG�E\�WKH�'UXPPRQG�DQG�&DUWHU�FRQVWUXFWLRQ����

7KH�EDVLF�VWDWLVWLFDO�FRUUHVSRQGHQFH�EHKLQG�WKH�VWR�
FKDVWLF�PHWKRG�ORRNV�GHFHSWLYHO\�VLPSOH�

���

:H�PXVW�EH�FDXWLRXV�EHFDXVH�ZKLOH� � DQG� �DUH
RSHUDWRUV� DQG� DUH� +HUPLWLDQ� FRQMXJDWH� WR� RQH
DQRWKHU��φ�DQG�φ��DUH�FRPSOH[�QXPEHUV�DQG�DUH�JHQ�
HUDOO\� QRW� FRQMXJDWH�� &DUH� PXVW� EH� WDNHQ� ZLWK� WKH
RUGHULQJ� RI� RSHUDWRUV�� 7KH� IXQFWLRQV� φ� DQG� φ��PXVW
QRW�EH�WKRXJKW�RI�DV�SK\VLFDO�YDULDEOHV��H[FHSW�LQVR�
IDU� DV� WKH\� JHQHUDWH� SK\VLFDO� PRPHQWV� WKURXJK
HTXDWLRQ������3UDFWLFDOO\��WKLV�PHDQV�WKDW�WKH�VWRFKDV�
WLF� PHWKRG� LQYROYHV� WUDGLWLRQDO� RSHUDWRU� DOJHEUD� DV
ZHOO�DV�VWRFKDVWLF�PDQLSXODWLRQV�

,Q� FDOFXODWLQJ� YDULDQFHV� RI� WKH� VROLWRQ� SRVLWLRQ� DQG
SKDVH��WKH�FRUUHFW�FRUUHVSRQGHQFHV�KDYH�WKH�IRUP�

���

7KH� VWRFKDVWLF� PRPHQW�� FRPSXWHG� E\� VROYLQJ� WKH
V\VWHP�����DQG�����LV�WKHQ�FRPELQHG�ZLWK�WKH�FRPPX�
WDWRU�WHUP�UHVXOWLQJ�IURP�RSHUDWRU�DOJHEUD��&RPPXWD�
WRUV� JLYH� XV� WKH� LQLWLDO� YDFXXP� IOXFWXDWLRQV� RI� D
FRKHUHQW�VWDWH��ZKLOH�VWRFKDVWLF�PRPHQWV�DGG�VXEVH�
TXHQW� GHYLDWLRQV� IURP� FRKHUHQW�VWDWH� VWDWLVWLFV� LQ
TXDGUDWXUH��7KH�UHVXOW�LV�LQ�IXOO�DJUHHPHQW�ZLWK�SUHYL�
RXV� UHVXOWV� RQ� WKH� HYROXWLRQ� RI� VSUHDGLQJ� LQ� VROLWRQ
SRVLWLRQ��SKDVH��PRPHQWXP��DQG�SKRWRQ�QXPEHU�

7KH� FDOFXODWLRQ� ZH� KDYH� GRQH� DOORZV� XV� WR� SODFH
JUHDWHU�FRQILGHQFH�LQ�WKH�VWRFKDVWLF�PHWKRG��ZKHWKHU
LW�LV�DSSOLHG�DQDO\WLFDOO\�RU�QXPHULFDOO\��,W�VHUYHV�DV�D
PRGHO� FDOFXODWLRQ�� EULQJLQJ� RXW� VHYHUDO� QRQLQWXLWLYH
DVSHFWV�RI�WKH�WKHRU\��)LQDOO\��ZH�KDYH�IRXQG�WKDW�DOO

HVVHQWLDO�IHDWXUHV�RI�WKLV�FDOFXODWLRQ�DQG�WKH�VWRFKDV�
WLF�PHWKRG�FDQ�EH�FDSWXUHG�LQ�D�VLPSOLILHG�VLQJOH�QRQ�
OLQHDU�RVFLOODWRU�WXWRULDO��

������ 3XEOLFDWLRQ

)LQL�� -�0��� 3�/�� +DJHOVWHLQ�� DQG� +�$�� +DXV�� �$JUHH�
PHQW� RI� 6WRFKDVWLF� 6ROLWRQ� )RUPDOLVP� ZLWK
6HFRQG�4XDQWL]HG� DQG� &RQILJXUDWLRQ�6SDFH
0RGHOV���3K\V��5HY��$��)RUWKFRPLQJ�

���� /RQJ�7LPH�(YROXWLRQ�RI�6ROLWRQ�
3RVLWLRQ�DQG�3KDVH�LQ�WKH�6HFRQG�
4XDQWL]HG�0RGHO

3URMHFW�6WDII

-RKQ�0��)LQL��3URIHVVRU�3HWHU�/��+DJHOVWHLQ��DQG�3UR�
IHVVRU�+HUPDQQ�$��+DXV

4XDQWXP�PRGHOV� RI� VROLWRQ� SURSDJDWLRQ� KDYH� EHHQ
XVHG� WR� XQGHUVWDQG� QRLVH� DQG� LQWHUDFWLRQ� RI� WKHVH
SXOVHV� LQ� RSWLFDO� ILEHU�� 5HFHQWO\�� +DJHOVWHLQ���� KDV
GHPRQVWUDWHG� D� VLPSOH� DQG� HIIHFWLYH� DSSURDFK� WR
TXDQWXP�RSWLFV�SUREOHPV��XVLQJ�D�SKRWRQ�FRQILJXUD�
WLRQ�VSDFH�PRGHO�EDVHG�RQ�WKH�IDPLOLDU�VHFRQG�TXDQ�
WL]HG� WKHRU\����� KH� KDV� FRPSXWHG� WKH� ORQJ�WLPH
HYROXWLRQ��EH\RQG�WKH�OLQHDUL]DWLRQ��RI�VROLWRQ�SRVLWLRQ
DQG�SKDVH�VSUHDG��

:KLOH� WKH�XVH�RI� WKLV�DSSURDFK�PD\�KDYH�IDU�UHDFK�
LQJ� LPSOLFDWLRQV� IRU� WKH�PRUH�JHQHUDO�XVH�RI�SKRWRQ
FRQILJXUDWLRQ� VSDFH�� WKH� FDOFXODWLRQ� LWVHOI� GRHV� QRW
LQYROYH� DQ\� UDGLFDO� QHZ� DVVXPSWLRQV�� 7R� GHPRQ�
VWUDWH� WKLV�� ZH� VKRZ� WKDW� IUHH�SDUWLFOH� G\QDPLFV� IRU
VROLWRQ�SRVLWLRQ�DQG�SKDVH�DUH�WKH�UHVXOW�RI�WKH�+DU�
WUHH�DSSUR[LPDWLRQ�DQG�RI�ODUJH�SKRWRQ�QXPEHU�����%\
UHGHULYLQJ� WKHVH� G\QDPLFV�� ZH� FODULI\� WKH� HVVHQWLDO
IHDWXUHV�RI�WKH�V\VWHP�DQG�GHPRQVWUDWH�WKDW�WKH�FDO�
FXODWLRQ� FDQ� EH� PDGH� HQWLUHO\� ZLWKLQ� WKH� VHFRQG�
TXDQWL]HG�IUDPHZRUN��,Q�SDUWLFXODU��WKH�LVVXH�RI�GHILQ�
LQJ� D� TXDQWXP� SKDVH� RSHUDWRU� IRU� VROLWRQV� LV
H[SORUHG��

6ROLWRQ� SRVLWLRQ� DQG� SKDVH� IROORZ� IUHH� SDUWLFOH
G\QDPLFV��7KDW� LV�� WKH\�DFW�DV�FRRUGLQDWHV�HYROYLQJ
ZLWK� QR� DSSOLHG� IRUFH�� 7KH� LQWXLWLYH� SLFWXUH� FRUUH�
VSRQGLQJ� WR� WKLV�PRWLRQ� LV�HVVHQWLDOO\�FODVVLFDO� �)LJ�

107 P.D. Drummond and S.J. Carter, J. Opt. Soc. Am. B 4: 1565 (1987); C.W. Gardiner, Handbook of Stochastic Methods for Physics, 
Chemistry, and the Natural Sciences (New York: Springer-Verlag, 1985).
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108 P.L. Hagelstein, Phys. Rev. A 54: 2426 (1996).

109 Y. Lai and H.A. Haus, Phys. Rev. A 40: 844 (1989); Y. Lai and H.A. Haus, Phys. Rev. A 40: 854 (1989).

110 J.M. Fini, P.L. Hagelstein, and H.A. Haus, "Nonperturbative Calculation of Sloiton Variables." Submitted to Phys. Rev. A.
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XUH� ����� 7KHVH� G\QDPLFV� DUH� UHIOHFWHG� LQ� WKH
DSSHDUDQFH�RI�FRQVHUYHG��FRQMXJDWH�YDULDEOHV��QXP�
EHU� DQG�PRPHQWXP�� LQ� WKH� OLQHDUL]HG� RSHUDWRU� WKH�
RU\����DQG�DUH�FOHDUO\�VSHOOHG�RXW�LQ�WKH�FRQILJXUDWLRQ
VSDFH�FDOFXODWLRQ�

)LJXUH���� ��7KH�HYROXWLRQ�LQ�SKDVH�VSDFH�RI�D�
FROOHFWLRQ�RI�IUHH�SDUWLFOHV�LV�LOOXVWUDWHG��6SUHDGLQJ�LQ�
SRVLWLRQ�UHVXOWV�IURP�HLWKHU�TXDQWXP�PHFKDQLFDO�RU�
VWDWLVWLFDO�PHFKDQLFDO�HYROXWLRQ�

7KH� FDVH� RI� SRVLWLRQ� LV� VLPSOHU�� +HUH� ZH� KDYH� WKH
H[DFW�UHODWLRQ�

���

���

+DJHOVWHLQ� VKRZV� WKLV�E\� VHSDUDWLQJ�FHQWHU�SRVLWLRQ
DQG� UHODWLYH�SRVLWLRQ�SDUWV�RI� WKH�+DPLOWRQLDQ��+RZ�
HYHU��ZH�KDYH� REWDLQHG� WKHVH� UHODWLRQV� H[SOLFLWO\� E\
PDQLSXODWLQJ� SKRWRQ� RSHUDWRUV�� FRQVLVWHQW� ZLWK� WKH
GHILQLWLRQV� RI� /DL� DQG� +DXV����� )URP� KHUH�� +DJHO�
VWHLQ¶V�WLPH�GHSHQGHQFH�RI�SRVLWLRQ�VSUHDG�LV�VLPSO\
REWDLQHG� IURP�WKH�VWDQGDUG� UXOHV� IRU�HYROYLQJ�TXDQ�
WXP�H[SHFWDWLRQV��LQ�DQ\�SLFWXUH��

����

7KH�FDVH�RI�SKDVH�VSUHDGLQJ� LV�QRW�DV�VLPSOH�� ,W� LV
QRW�HYHQ�FOHDU�WKDW�ZH�FDQ�ZULWH�GRZQ�D�YDOLG�SKDVH
RSHUDWRU� LQ� WHUPV�RI�SKRWRQ�RSHUDWRUV��7KH�SUREOHP
RI�ILQGLQJ�D�YDOLG�SKDVH�RSHUDWRU�IRU�D�VLQJOH�RVFLOODWRU
KDV� EHHQ� VWXGLHG� IRU� PDQ\� \HDUV����� 6DWLVIDFWRU\
UHVXOWV�DUH�SRVVLEOH� LQ� WKH� OLPLW�RI�KLJK�SKRWRQ�QXP�
EHU�� $Q� RSWLFDO� ILHOG� LV� QRW� D� VLQJOH� RVFLOODWRU�� EXW
UDWKHU�PDQ\�RSHUDWRUV��)RU�VROLWRQV��ZH�ZDQW�WR�LGHQ�
WLI\�D�VLQJOH�SKDVH�IRU�WKLV�PXOWLPRGH�ILHOG��7KLV�VXJ�
JHVWV� D� IDYRUHG� PRGH�� RU� D� VSHFLDO� DQQLKLODWLRQ

RSHUDWRU� �DVVRFLDWHG�ZLWK� WKH�FHQWUDO�SKDVH��:LWK

LQILQLWHO\�PDQ\� V�� LW� LV� QRW� REYLRXV�D� SULRUL� WKDW
DQ\�VSHFLDO�FRPELQDWLRQ�H[LVWV��

8VLQJ�WKH�+DUWUHH�DSSUR[LPDWLRQ�LQ�WKH�OLPLW�RI� ODUJH
SKRWRQ�QXPEHU�DOORZV�XV�WR�RYHUFRPH�WKHVH�GLIILFXO�
WLHV��2Q�WKH�RQH�KDQG��D�+DUWUHH�SURGXFW�VWDWH�FRUUH�
VSRQGLQJ�WR�D�VROLWRQ�KDV�D�ZHOO�GHILQHG�µµPRGH¶¶�WKDW
DOO�RI� WKH�SKRWRQV�DUH� LQ��DOORZLQJ�XV� WR�DVVRFLDWH�D

VLQJOH� � ZLWK� WKH� VROLWRQ�� ,W� WKHQ� PDNHV� VHQVH� WR
WKLQN�RI�1�DQG�θ� DV� �DSSUR[LPDWHO\�� FRQMXJDWH� YDUL�
DEOHV��

����

2Q� WKH� RWKHU� KDQG�� WKHUH� LV� D� ZHOO�GHILQHG� HQHUJ\
DVVRFLDWHG� ZLWK� WKH� QXPEHU� RI� D� +DUWUHH� SURGXFW
VWDWH��VR�WKDW�ZH�FDQ�ZULWH�WKH�HIIHFWLYH�+DPLOWRQLDQ

VHHQ�E\� �

� ����

:KLOH�WKH�LVVXHV�UHODWLQJ�WR�WKHVH�WZR�SK\VLFDO�VWDWH�
PHQWV�DUH�FRPSOLFDWHG��ZH�DVVHUW�WKDW�WKH\�SUHVHQW�D
FRUUHFW�DQG�LQWXLWLYH�GHVFULSWLRQ�IRU�KRZ�VROLWRQ�SKDVH
VKRXOG� ZRUN�����:H� ZLOO� QRZ� VKRZ� WKDW� WKH\� DUH� DOO
WKDW� LV�QHHGHG� WR�REWDLQ� IUHH�SDUWLFOH�G\QDPLFV� IXOO\
DQDORJRXV�WR�HTXDWLRQV�����DQG�����

)URP�WKH�DERYH�DVVXPSWLRQV��ZH�REWDLQ�TXLWH�GLUHFWO\

����

� ����

(TXDWLRQ������LQ�HVVHQFH�LGHQWLILHV�D�µµYHORFLW\¶¶�RSHU�

DWRU�DVVRFLDWHG�ZLWK� ��ZKLFK�LV�D�IXQFWLRQ�RI� ��7KH
VHFRQG�VWDWHV�WKDW� ��DQG�WKXV�DOVR�WKH�µµYHORFLW\�¶¶�LV
VWDWLRQDU\��7KH�WZR�UHSUHVHQW� IUHH�SDUWLFOH�G\QDPLFV
LQ� H[DFWO\� WKH� VDPH�ZD\� WKDW� HTXDWLRQV� ���� DQG� ���
GR�

)LQGLQJ� WKH� WLPH�GHSHQGHQFH� RI� SKDVH� VSUHDG� LV
DJDLQ� RQO\� D� PDWWHU� RI� DSSO\LQJ� VWDQGDUG� TXDQWXP
PHWKRGV��7KH�UHVXOW�� LQ� WKH� OLPLW�UHOHYDQW�WR�WKH�VROL�
WRQ�SUREOHP�LV

111 H.A. Haus and Y. Lai, J. Opt. Soc. Am. B 7: 386 (1990); Y. Lai, J. Opt. Soc. Am. B 10: 475 (1993).

112 Y. Lai and H.A. Haus, Phys. Rev. A 40: 844 (1989).

113 M.M. Nieto, Physica Scripta T48: 5 (1993).
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� ����

ZKHUH� ��7KLV�KDV�SUHYLRXVO\�EHHQ

VKRZQ� WR� DJUHH� ZLWK� WKH� OLQHDUL]HG� WKHRU\� RI� +DXV
DQG�/DL��

%\�FRQWLQXLQJ�WKH�DUJXPHQWV�RI�+DJHOVWHLQ��ZH�KDYH
DUULYHG� DW� ZKDW� LV� HVVHQWLDO� WR� WKH� IUHH�SDUWLFOH
G\QDPLFV� RI� VROLWRQ� SRVLWLRQ� DQG� SKDVH�� :H� KDYH
GHPRQVWUDWHG� WKDW� WKHVH� G\QDPLFV� FDQ� EH� GHULYHG
HQWLUHO\�ZLWKLQ�WKH�VHFRQG�TXDQWL]HG�IRUPXODWLRQ�DQG
KDYH� LGHQWLILHG� WKH� FKDUDFWHULVWLFV� RI� VROLWRQV� ZKLFK
DOORZ�XV�WR�ILQG�D�TXDQWXP�SKDVH�RSHUDWRU��:H�QRZ
KDYH� DQ� REYLRXV� DSSURDFK� WR� LGHQWLI\LQJ� SKDVH� IRU
PRUH�JHQHUDO�ILHOGV�

������ 3XEOLFDWLRQ

)LQL��-�0���3�/��+DJHOVWHLQ��DQG�+�$��+DXV���1RQSHU�
WXUEDWLYH�&DOFXODWLRQ� RI�6ROLWRQ�9DULDEOHV���6XE�
PLWWHG�WR�3K\V��5HY��$�

���� /RFDO�&RQVHTXHQFHV�RI�6WURQJ�
3KRQRQ�([FLWDWLRQ�LQ�D�/DWWLFH

3URMHFW�6WDII

3URIHVVRU�3HWHU�/��+DJHOVWHLQ

������ +\EULG�/DWWLFH�'HVFULSWLRQ

:H�DUH�IDPLOLDU�ZLWK�WZR�GHVFULSWLRQV�RI�WKH�PRWLRQ�RI
DWRPV�LQ�D�ODWWLFH��:H�FDQ�GHVFULEH�WKH�SRVLWLRQ�RI�WKH
DWRP� LQ� WHUPV�RI� WKH�FHQWHU�RI�PDVV� ORFDWLRQ�RI� WKH
QXFOHXV�� 7KLV� ZRXOG� EH� DSSURSULDWH� IRU� GHVFULELQJ
HQHUJHWLF�WZR�ERG\�LQWHUDFWLRQV��VXFK�DV�WKH�GLVORGJ�
LQJ�RI�DQ�DWRP�LQ�D�ODWWLFH�E\�DQ�0H9�QHXWURQ��$OWHU�
QDWLYHO\��ZH�FDQ�GHVFULEH�WKH�ORFDO�DWRPLF�G\QDPLFV
LQ�WHUPV�RI�WKH�YLEUDWLRQDO�PRGHV�RI�WKH�ODWWLFH��6XFK
D� GHVFULSWLRQ� ZRXOG� EH� XVHIXO� LQ� DQDO\]LQJ� WKH
UHVSRQVH�RI�DQ�DWRP�DQG�LWV�VXUURXQGLQJV�LQ�WKH�FDVH
RI�ORZ�HQHUJ\�WUDQVIHU��DV�PLJKW�RFFXU�LQ�WKH�FDVH�RI
%UDJJ�VFDWWHULQJ�RI�D�QHXWURQ� IURP�D�FU\VWDO��7KHVH
WZR� GLIIHUHQW� GHVFULSWLRQV� DUH� XOWLPDWHO\� FRPSOHWHO\
HTXLYDOHQW�� DV� GHVFULEHG� WKURXJK� WKH� TXDQWXP� UHOD�
WLRQ

� ����

7KH�SRVLWLRQ�RSHUDWRU�RI� WKH� LWK�DWRP�LV� ��DQG�WKH

DPSOLWXGH�RI� WKH�PWK�SKRQRQ�PRGH� LV� ��7KH�VXF�
FHVV�RI�WKLV�SRLQW�RI�YLHZ�LV�VR�FRPSOHWH�WKDW�E\�QRZ
ZH�WKLQN�RQO\�LQ�WHUPV�RI�RQH�YLHZ�RU�WKH�RWKHU��DOO�WKH
ZKLOH�UHFRJQL]LQJ�WKDW�WKH�WZR�DSSURDFKHV�DUH�FRP�
SOHWHO\�HTXLYDOHQW�

%XW�ZKDW�KDSSHQV�ZKHQ�WKH�ODWWLFH�LV�IRUFHG�WR�H[KLELW
LQWHUHVWLQJ�EHKDYLRU�ERWK�RQ� WKH� ORFDO� OHYHO�DQG�JOR�
EDOO\�DV�ZHOO"�6XSSRVH�ZH�VHW�XS�D�SUREOHP�LQ�ZKLFK
D� GHORFDOL]HG� SKRQRQ� PRGH� LV� YHU\� KLJKO\� H[FLWHG�
ZKLFK�QHFHVVLWDWHV�D�SKRQRQ�SRLQW�RI�YLHZ��DQG�WKHQ
DVN�TXHVWLRQV�DERXW�WKH�GHWDLOHG�ORFDO�G\QDPLFV�VXFK
DV� WKH� DWRP�DWRP� FRUUHODWLRQ��ZKLFK� QHFHVVLWDWHV� D
ORFDO�SRVLWLRQ�SRLQW�RI�YLHZ��:KLOH�WKH�SKRQRQ�SRLQW�RI
YLHZ�DOORZV�IRU�D�FRQYHQLHQW�GHVFULSWLRQ�RI�WKH�JOREDO
G\QDPLFV�� LW� LV�QRW�FRQYHQLHQW�DW�DOO� IRU� WUHDWLQJ� WKDW
DWRP�DWRP�LQWHUDFWLRQ�RQ�D�VPDOO�VFDOH��&RQYHUVHO\�
ZKLOH�D�SRVLWLRQ�RSHUDWRU�GHVFULSWLRQ�LV�YHU\�JRRG�DW
GHVFULELQJ�WKH�ORFDO�DWRP�DWRP�FRUUHODWLRQV��WKH�FRU�
UHVSRQGLQJ� GHVFULSWLRQ� RI� WKH� JOREDO� H[FLWDWLRQ
EHFRPHV�KLJKO\�LQFRQYHQLHQW�

7KLV�GLVFXVVLRQ�PRWLYDWHV�WKH�LQWURGXFWLRQ�RI�D�QRYHO
K\EULG� GHVFULSWLRQ�� LQ� ZKLFK� WKH� JOREDO� H[FLWDWLRQ� LV
GHVFULEHG�WKURXJK�WKH�XVH�RI�D�VLQJOH�SKRQRQ�DPSOL�
WXGH��DQG�LQ�ZKLFK�WKH�ORFDO�G\QDPLFV�DUH�GHVFULEHG
LQ�WHUPV�RI�D�UHVLGXDO�SRVLWLRQ�RSHUDWRU��:H�SURSRVH
WKH�K\EULG�FRQVWUXFWLRQ���

� ����

7KH� UHVLGXDO� ORFDO� SRVLWLRQ� RSHUDWRU� LV� �� ZKLFK� LV
PDGH�XS�RI�WKH�FRQWULEXWLRQV�RI�DOO�WKH�RWKHU�SKRQRQ
PRGHV� DQG� ZKLFK� EHKDYHV� YHU\� PXFK� OLNH� D� ORFDO
SRVLWLRQ�RSHUDWRU�� ,Q� WKH�DEVHQFH�RI� ODUJH�H[FLWDWLRQ
LQ� WKH� SKRQRQ� PRGH� WKDW� LV� VLQJOHG� RXW�� UHVXOWV
REWDLQHG�ZLWK�WKH�UHVLGXDO�RSHUDWRU�ZRXOG�EH�LQGLVWLQ�
JXLVKDEOH� IURP�UHVXOWV�REWDLQHG�XVLQJ� WKH� WUXH�SRVL�
WLRQ�RSHUDWRU�ZKHQ�WKH�ODWWLFH�LV�ODUJH��$�VFKHPDWLF�RI
WKLV�FRQVWUXFWLRQ�LV�JLYHQ�LQ�)LJXUH����
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115 P.L. Hagelstein, "Atom-atom Correlation in the Presence of Strong Terahertz Phonon Excitation," Phil. Mag. B, forthcoming.
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)LJXUH���� ��6FKHPDWLF�RI�FRQWULEXWLRQV�RI�WKH�KLJKO\�
H[FLWHG�SKRQRQ�PRGH�DQG�UHVLGXDO�SRVLWLRQ�RSHUDWRU�
WR�WKH�DWRPLF�SRVLWLRQ�LQ�D�ODWWLFH��

������ 4XDQWXP�0HFKDQLFDO�9HUVXV�&ODVVLFDO�
9LHZ

,I�D�SKRQRQ�PRGH�LV�KLJKO\�H[FLWHG��ZH�XVXDOO\�SLFWXUH
WKH�UHVXOWLQJ�G\QDPLFV�LQ�RXU�PLQG¶V�H\H�LQ�WHUPV�RI�D
FODVVLFDO�SLFWXUH��:H�VHH�DWRPV�DV�PDVVHV�DQG�WKH
LQWHUDFWLRQ�ZLWK�RWKHU�DWRPV�LQ�WHUPV�RI�VSULQJV��YHU\
VPDOO�VSULQJV��EXW�VSULQJV�QRQHWKHOHVV���7KH�PRWLRQ
RQ�WKH�DWRPLF�VFDOH�LV�WKDW�RI�DQ�DWRP�YLEUDWLQJ�V\Q�
FKURQRXVO\�ZLWK�RWKHU�DWRPV��RVFLOODWLQJ�DW�D�FKDUDF�
WHULVWLF� IUHTXHQF\�WKDW�PD\�EH�RQ�WKH�RUGHU�RI�D�IHZ
WHUDKHUW]�LQ�WKH�H[DPSOH�WKDW�LQWHUHVWV�XV�KHUH��,Q�RXU
FODVVLFDO� SLFWXUH�� WKH�PRUH�KLJKO\� H[FLWHG� WKH� ODWWLFH
LV�� WKH� ODUJHU� WKH� ORFDO�DPSOLWXGH�RI�YLEUDWLRQV�� ,I� WKH
WRWDO� YLEUDWLRQDO� HQHUJ\� RI� WKH� ODWWLFH� LV� (

/

�� WKHQ�ZH
LPDJLQH�WKDW�HDFK�LQGLYLGXDO�DWRP�KDV�DQ�HQHUJ\�WKDW
LV�RQ�WKH�RUGHU�RI

� ����

ZKHUH�1� LV� WKH� QXPEHU� RI� DWRPV� LQ� WKH� ODWWLFH�� )RU
H[DPSOH��LI�WKH�DYHUDJH�ORFDO�DWRPLF�HQHUJ\�LV�(

D

� ��
PH9�� DQG� LI� WKHUH� DUH� 1�  � ����� DWRPV� SUHVHQW� �ZH
LPDJLQH� KHUH� D� VPDOO� ODWWLFH��� WKHQ� WKH� WRWDO� ODWWLFH
HQHUJ\�(

/

� LV����0H9²D�YHU\� ODUJH� WRWDO� HQHUJ\� IRU
WKH�PDQ\�DWRP�ODWWLFH�

7KH�TXDQWXP�GHVFULSWLRQ�RI�WKH�ODWWLFH�LV�QRW�YHU\�GLI�
IHUHQW�LQ�PRVW�UHVSHFWV�IURP�WKH�FODVVLFDO�GHVFULSWLRQ�
(KUHQIHVW¶V� WKHRUHP� HQVXUHV� WKDW� WKH� G\QDPLFV� RI
WKH� DYHUDJH� SRVLWLRQ� RSHUDWRU� PDWFKHV� WKDW� RI� WKH
FODVVLFDO� SRVLWLRQV� IRU�DOO� ORFDO� SRWHQWLDO� WHUPV�XS� WR

VHFRQG�RUGHU��7KLV�PHDQV�WKDW�IRU�DOO�ORZ�RUGHU�LQWHU�
DFWLRQV� ZLWK� DWRPV� LQ� WKH� ODWWLFH� WKDW� RXU� FODVVLFDO
LQWXLWLRQ�LV�EDVLFDOO\�VRXQG��)RU�H[DPSOH��LQ�D�JHQWOH
FROOLVLRQ�RI�D�QHXWURQ�ZLWK�DQ�DWRP�LQ�WKH�ODWWLFH��WKH
FODVVLFDO�SLFWXUH�ZLOO�JLYH�WKH�FRUUHFW�DQVZHU�RQ�DYHU�
DJH� IRU� HQHUJ\� WUDQVIHU�� 7KLV� LV� QRW� WR� VD\� WKDW� RQ
FORVHU� LQVSHFWLRQ�WKHUH�DUH�QRW�TXDQWXP�HIIHFWV� WKDW
VKRZ�XS�� IRU� VXUHO\� WKHUH�DUH�� ,QVWHDG��ZH�KDYH�DQ
DVVXUDQFH�WKDW�RQ�DYHUDJH�HDFK�DWRP�UHVSRQGV�DV�LI
LW�KDG�DQ�HQHUJ\�RQ�DYHUDJH�RQ�WKH�RUGHU�RI�(

/

�1��,W�LV
QHYHU�WKH�FDVH�WKDW�WKH�WRWDO�ODWWLFH�HQHUJ\�VRPHKRZ
VKRZV�XS�DW�RQH�DWRPLF�VLWH�LQ�VXFK�ORZ�RUGHU�LQWHU�
DFWLRQV�

:LWKLQ� WKH� TXDQWXP� GHVFULSWLRQ� RXWOLQHG� DERYH�� WKH
H[FLWDWLRQ�RI�WKH�ODWWLFH�ZLWK�WKH�WRWDO�ODWWLFH�HQHUJ\�(

/

DSSHDUV� H[SOLFLWO\� LQ� WKH� GHVFULSWLRQ� RI� WKH� DWRPLF
SRVLWLRQ��)RU�H[DPSOH��LQ�ZULWLQJ

����

ZH�REVHUYH�WKDW�WKH�SKRQRQ�FRRUGLQDWH� �LV�SDUW�RI�D
PDQ\�SDUWLFOH� TXDQWXP� V\VWHP� ZLWK� D� WRWDO� HQHUJ\
WKDW�FDQ�EH����0H9� LQ�RXU�H[DPSOH��(DFK�DWRP�� LQ
IDFW��GRHV�NQRZ�DERXW� WKH�WRWDO� ODWWLFH�HQHUJ\�RI� WKH
H[FLWHG�PRGH��ZKHWKHU� DQ\� REVHUYDEOH� HIIHFWV� HYHU
DULVH� LV�DQRWKHU�VWRU\�DOWRJHWKHU��&HUWDLQO\� LW�FDQ�EH
VKRZQ�WKDW�QR�VLJQLILFDQW�HQHUJ\�H[FKDQJH�IURP�WKH
KLJKO\� H[FLWHG� PRGH� FDQ� RFFXU� WKURXJK� ILUVW� RUGHU

LQWHUDFWLRQV� WKDW� DUH� ORZ� RUGHU� LQ� �� %XW� ZKHWKHU
WKHUH�H[LVW� ILUVW�RUGHU� LQWHUDFWLRQV� WKDW�DUH�YHU\�KLJK

RUGHU� LQ� �RU�VHFRQG�RUGHU� LQWHUDFWLRQV� WKDW�EHKDYH
GLIIHUHQWO\�PXVW�EH�GHWHUPLQHG�E\�GLUHFW�FRPSXWDWLRQ
RU�E\�H[SHULPHQW��7KLV�LV�SUHVHQWO\�DQ�RSHQ�TXHVWLRQ�
RQH�WKDW�KDV�RQO\�MXVW�EHHQ�SRVHG�LQ�RXU�ZRUN�

������ ,PSDFW�RI�6WURQJ�3KRQRQ�([FLWDWLRQ�
RQ�/RFDO�&RUUHODWLRQV

$Q\� LQWHUDFWLRQ� WKDW� PLJKW� H[KLELW� LQWHUHVWLQJ� QHZ
HIIHFWV� LQ� ZKLFK� D� ODUJHU� IUDFWLRQ� RI� WKH� WRWDO� ODWWLFH

HQHUJ\�ZLOO�EH�LQYROYHG�PXVW�EH�KLJKO\�QRQOLQHDU�LQ� �
&RQVHTXHQWO\��ZH�VHHN�DQ\�YHU\�VWURQJ� LQWHUDFWLRQV
WKDW� DUH� KLJKO\� QRQOLQHDU� LQ� WKH� DWRPLF� SRVLWLRQV� DV
FDQGLGDWHV�WKDW�PD\�VKRZ�QHZ�SK\VLFV��2QH�REYLRXV
FDQGLGDWH� LV� WKH�&RXORPE� LQWHUDFWLRQ�DW�VKRUW� UDQJH
EHWZHHQ� WKH� DWRPLF� QXFOHL� RI� QHLJKERULQJ� DWRPV�
:KHQ�WZR�DWRPV�DSSURDFK�WR�ZLWKLQ����IHUPLV�RI�RQH
DQRWKHU�� WKH�DVVRFLDWHG�&RXORPE� LQWHUDFWLRQ� LV� YHU\
VWURQJ��WKH�DVVRFLDWHG�SRWHQWLDO�HQHUJ\�LV�DERXW����
NH9� IRU� SURWRQV��� DQG� WKH� LQWHUDFWLRQ� LV�H[FHHGLQJO\

QRQOLQHDU�LQ� ��2I�FRXUVH��LW�LV�D�UDUH�RFFXUUHQFH�WKDW
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WZR�DWRPV�ZLOO�HYHU�EH�VR�FORVH��EXW�ZKHQ� WKH\�DUH
ZH�PLJKW�H[SHFW�WKDW�WKH�UHVXOWLQJ�G\QDPLFV�PD\�EH
VHQVLWLYH�WR�WKH�WRWDO�ODWWLFH�HQHUJ\�LQ�VRPH�ZD\�

7R�LQYHVWLJDWH�WKLV��ZH�ZRUN�ZLWK�D�K\EULG�YHUVLRQ�RI
WKH�UHODWLYH�DWRP�DWRP�GLVSODFHPHQW�RSHUDWRU

� ����

ZKHUH� � LV� WKH� UHVLGXDO�DWRP�DWRP�GLVSODFHPHQW
LQ�WKH�DEVHQFH�RI�WKH�KLJKO\�H[FLWHG�PRGH��$Q\�QHZ
HIIHFWV� ZLOO� VKRZ� XS� LQ� PRGLILFDWLRQV� RI� WKH� ODWWLFH
ZDYHIXQFWLRQ��ZKLFK�ZH�PLJKW�DSSUR[LPDWH�ZLWK� WKH
K\EULG�GHVFULSWLRQ�LQ�WHUPV�RI

� ����

7KH�WRWDO�ODWWLFH�ZDYHIXQFWLRQ�Ψ�RQ�WKH�OHIW�NQRZV�LQ
GHWDLO�DERXW�WKH�G\QDPLFV�RI�DOO�WKH�DWRPV�LQ�WKH�ODW�

WLFH�� WKH� K\EULG� YHUVLRQ� � IRFXVHV� RXU

DWWHQWLRQ�RQ�WKH�KLJKO\�H[FLWHG�PRGH�DQG�RQ�WKH�ORFDO
UHVLGXDO� G\QDPLFV� RI� WKH� WZR� DWRPV�� 7KH� UHOHYDQW
6FKU|GLQJHU�HTXDWLRQ�LV�WKHQ�RI�WKH�IRUP

� ����

$SSUR[LPDWH�VROXWLRQV�RI�WKLV�HTXDWLRQ�FDQ�EH�GHYHO�
RSHG�DFFRUGLQJ�WR

� ����

LQ� WKH� JHQHUDO� VSLULW� RI� WKH� %RUQ�2SSHQKHLPHU
DSSUR[LPDWLRQ�� 7KLV� DSSURDFK� LV� SUHVHQWO\� XQGHU
LQYHVWLJDWLRQ�

������ 3RVVLELOLW\�RI�/DWWLFH�,QGXFHG�5HFRLO

:H�DUH�LQWHUHVWHG�LQ� WKH�SRVVLELOLW\�WKDW�VRPH�RI�WKH
HQHUJ\� LQ� WKH� KLJKO\� H[FLWHG� SKRQRQ�PRGH�PD\� EH
WUDQVIHUUHG�WR� WKH� ORFDO�GHJUHHV�RI� IUHHGRP��:H�DUH
LPDJLQLQJ� WKDW� WKH� ODWWLFH� LV� KLJKO\� H[FLWHG� VR� WKDW
HQHUJ\� LV�UHDGLO\�DYDLODEOH��DQG�ZH�DUH�LQWHUHVWHG�LQ
WKH�KLJK�RUGHU�QRQOLQHDULW\�RI� WKH�&RXORPE�SRWHQWLDO
DW� FORVH� UDQJH� ZKLFK� ZH� KRSH� ZLOO� PHGLDWH� WKH
HQHUJ\�WUDQVIHU��7KH�FRPSXWDWLRQ�RI�UHDFWLRQ�UDWHV�IRU
WKLV� SURFHVV� LQYROYLQJ� SURWRQV� IRU� H[DPSOH� IROORZV
IURP�)HUPL¶V�*ROGHQ�5XOH

� ����

,I�WKH�SKRQRQ�PRGH�GHJUHH�RI�IUHHGRP�ZHUH�VHSDUD�
EOH�IURP�WKH�ORFDO�GHJUHHV�RI�IUHHGRP

� ����

WKHQ�WKH�FRPSXWDWLRQ�RI�WKH�UHDFWLRQ�UDWH�LV�VWUDLJKW�
IRUZDUG��DQG� WKLV�PRGHO� OHDGV� WR�VLJQLILFDQW� UDWHV�RI
ODWWLFH�LQGXFHG� UHFRLO�� 7KH� LQFOXVLRQ� RI� FRUUHODWLRQ
EHWZHHQ� WKH� ORFDO� GHJUHHV� RI� IUHHGRP� DQG� WKH
SKRQRQ�PRGH�DPSOLWXGH�DV�GLVFXVVHG�DERYH�FRPSOL�
FDWHV�PDWWHUV�DQG�UHVXOWV�LQ�D�VLJQLILFDQW�UHGXFWLRQ�RI
WKH� SUHGLFWHG� UHFRLO� HPLVVLRQ� UDWHV� IURP� WKH� VHSD�
UDWHG�UHVXOW��:H�DUH�SXUVXLQJ�WKLV�WR�WU\�WR�REWDLQ�UHOL�
DEOH�HVWLPDWHV�RI�WKH�UDWH�IRU�WKLV�HIIHFW�

���� 6WHDG\�6WDWH�+\GURG\QDPLF�
$EODWLRQ

3URMHFW�6WDII

3URIHVVRU�3HWHU�/��+DJHOVWHLQ��6XVDQ�6XMRQR

,Q�PDQ\�[�UD\�ODVHU�H[SHULPHQWV��DQ�LQWHQVH�ODVHU�LV
LQFLGHQW� RQ� D� VROLG� VXUIDFH� LQ� OLQH� IRFXV�� DQG� KRW
SODVPD�LV�DEODWHG��:H�DUH�LQWHUHVWHG�LQ�WKH�WHPSHUD�
WXUH� DQG� GHQVLW\� SURILOH� LQ� RUGHU� WR� XQGHUVWDQG
ZKHWKHU� WKH� SODVPD� VR� FUHDWHG� LV� VXLWDEOH� IRU� WKH
GHYHORSPHQW� RI� JDLQ� LQ� WKH� (89� DQG� VRIW� [�UD\
UHJLPHV��:KLOH�WKH�SODVPD�HYROXWLRQ�LV�WUDQVLHQW��LW�LV
RI�LQWHUHVW�WR�XQGHUVWDQG�WKH�VWHDG\�VWDWH�OLPLW�RI�WKH
DEODWLRQ��PRVW�LQWHUHVWLQJO\�EHFDXVH�LW�UHSUHVHQWV�DQ
XSSHU�OLPLW�RI�WKH�FDSDELOLW\�RI�WKH�SODVPD�WR�FRQGXFW
KHDW� IURP� WKH� FULWLFDO� VXUIDFH� WR� WKH� ORZ�GHQVLW\
UHJLRQ�ZKHUH�JDLQ�LV�H[SHFWHG�

:H� KDYH� H[SORUHG� ERWK� RQH�GLPHQVLRQDO� DQG� WZR
GLPHQVLRQDO�YHUVLRQV�RI�WKH�SUREOHP�����7KH�F\OLQGUL�
FDO� H[SDQVLRQ� PRGHO� LQ� RQH� GLPHQVLRQ� SURYLGHV� D
YHU\� JRRG� DSSUR[LPDWLRQ� IRU� WKH� WZR�GLPHQVLRQDO
SUREOHP��)RU�WKLV�FDVH��ZH�VHHN�VROXWLRQV�RI�WKH�FRX�
SOHG�K\GURG\QDPLF�HTXDWLRQV
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116 S. Sujono, Analytical Study of Steady State Plasma Ablation from Soft X-ray Laser Target , M.Eng. thesis, Department of Electrical 
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� ����

7HPSHUDWXUH� DQG� YHORFLW\� SURILOHV� KDYH� EHHQ� FRP�
SXWHG�QXPHULFDOO\��:H�KDYH�DOVR�LQYHVWLJDWHG�WKH�XVH
RI�DQDO\WLF�PRGHOV��DQG�ZH�KDYH�IRXQG�WKDW�DFFXUDWH
QRUPDOL]HG�YHORFLW\�DQG�WHPSHUDWXUH�SURILOHV�FDQ�EH
GHYHORSHG�IURP�IHZ�SDUDPHWHU�ILWV�DFFRUGLQJ�WR

����

� ����

+HUH�X� LV� WKH�SODVPD�YHORFLW\� LQ� WHUPV�RI� WKH�VRXQG
VSHHG�DW�WKH�FULWLFDO�VXUIDFH��DQG�τ�LV�WKH�WHPSHUDWXUH
QRUPDOL]HG�WR�WKH�FULWLFDO�VXUIDFH�YDOXH��7KH�YDULDEOH
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