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$EVWUDFW

$ VLPXODWLRQ LQGLFDWHV WKDW WKH UPV WLPLQJ� }W� RI ����0H9�F PXRQV FRXOG EH GHWHUPLQHG
RYHU D EHDP RI ���FP UDGLXV WR �� SV YLD �&HUHQNRY UDGLDWLRQ HPLWWHG LQ � d � FP� TXDUW]
EDUV YLHZHG E\ +DPDPDWVX 5����8 PLFURFKDQQHO�SODWH SKRWRPXOWLSOLHUV� 7KH VLPXODWLRQ
LV YDOLGDWHG E\ FRPSDULVRQ ZLWK UHFHQW PHDVXUHPHQWV ZLWK ����*H9�F SLRQV� 7KLV WHFKQLTXH
ZRXOG SURYLGH DQ H[FHOOHQW VHFRQGDU\ WLPLQJ PHDVXUHPHQW IRU WKH SURSRVHG PXRQ�FRROLQJ
GHPRQVWUDWLRQ H[SHULPHQW� DQG QHDUO\ PHHWV WKH UHTXLUHPHQWV IRU WKH SULPDU\ WLPLQJ PHD�
VXUHPHQW�

� ,QWURGXFWLRQ

:H KDYH VLPXODWHG WKH WLPLQJ VLJQDO REWDLQHG ZKHQ FKDUJHG SDUWLFOHV WUDYHUVH D TXDUW] EDU�
HPLWWLQJ �&HUHQNRY UDGLDWLRQ ZKLFK LV GHWHFWHG E\ SKRWRPXOWLSOLHUV�
7KLV ZRUN ZDV PRWLYDWHG E\ WKH QHHG IRU D WLPLQJ PHDVXUHPHQW LQ WKH SURSRVHG PXRQ

FRROLQJ H[SHULPHQW >�@� LQ ZKLFK DOO � SKDVH�VSDFH SDUDPHWHUV RI LQGLYLGXDO� XQEXQFKHG PXRQV
DUH WR EH PHDVXUHG EHIRUH DQG DIWHU FRROLQJ� 7KHQ DQ\ GHVLUHG LQSXW EXQFK LQ PXRQ SKDVH
VSDFH FDQ EH IRUPHG LQ VRIWZDUH DQG WKH HmHFW RI WKH FRROLQJ DSSDUDWXV FDQ EH FDOFXODWHG
IRU WKH FRUUHVSRQGLQJ RXWSXW EXQFK�
7KH PRVW GHPDQGLQJ PHDVXUHPHQW LV WKDW RI WKH WLPH W RI LQGLYLGXDO PXRQV UHODWLYH WR

WKH SKDVH RI WKH ����0+] UI LQ WKH OLQDFV RI WKH FRROLQJ DSSDUDWXV� 7KH WLPH PXVW EH NQRZQ
WR � SV DW WKH HQWUDQFH DQG H[LW RI WKH FRROLQJ FKDQQHO� ,Q WKH EDVHOLQH VFHQDULR �)LJ� ��
>�@� WKLV LV DFFRPSOLVKHG YLD UI�WLPLQJ FDYLWLHV ZKLFK FKDQJH WKH PRPHQWXP RI D PXRQ E\
DQ DPRXQW SURSRUWLRQDO WR WLPH RmVHW EHWZHHQ WKH PXRQ DQG WKH QXOO SRLQW RI WKH nHOG� %\
PHDVXULQJ WKH PRPHQWXP EHIRUH DQG DIWHU WKH UI�FDYLW\� WKH WLPH RmVHW FDQ EH REWDLQHG ZLWK
DQ HVWLPDWHG DFFXUDF\ RI }W  � SV� 7KH H[WUDSRODWLRQ RI WKLV UHVXOW IURP WKH SRVLWLRQ RI WKH
UI FDYLW\ WR WKH FRROLQJ FKDQQHO LQFUHDVHV WKH XQFHUWDLQW\ WR � SV�
+RZHYHU� WKLV PHDVXUHPHQW RI D WLPH W LV DPELJXRXV ZLWK WLPH 7 �b W� ZKHUH 7 LV WKH UI

SHULRG� 7KXV� ZH QHHG DQ DGGLWLRQDO WLPLQJ PHDVXUHPHQW ZLWK }W
�
z 7 � { ��� SV WR UHVROYH

WKH DPELJXLW\�
7KH VHFRQG PHDVXUHPHQW WRJHWKHU ZLWK WKDW IURP WKH UI�WLPLQJ FDYLW\ FRXOG VHUYH WR

GLVWLQJXLVK PXRQV IURP HOHFWURQV DQG SLRQV E\ WLPH RI oLJKW� LI WKH DFFXUDF\ RI WKH VHFRQG
PHDVXUHPHQW VDWLVnHV }W � �� SV >�@� )LQDOO\� LI WKH VHFRQG WLPLQJ PHDVXUHPHQW KDV DQ
DFFXUDF\ }W � � SV� WKHUH PLJKW EH QR QHHG IRU WKH UDWKHU FRVWO\ UI�WLPLQJ DSSDUDWXV�
.LFKLPL HW DO� >�@ UHFHQWO\ UHSRUWHG UPV WLPH UHVROXWLRQ� }W� EHWWHU WKDQ �� SV IRU WKH

GHWHFWLRQ RI ����*H9�F SLRQV� XVLQJ +DPDPDWVX +���� nQH�PHVK 307
V WR YLHZ �&HUHQNRY
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)LJXUH �� 6NHWFK RI WKH GHWHFWRUV XVHG WR PHDVXUH DOO � SKDVH�VSDFH FRRUGLQDWHV
RI D PXRQ EHIRUH LW HQWHUV WKH SURSRVHG FRROLQJ DSSDUDWXV >�@�

OLJKW IURP TXDUW] EDUV� 7KLV LV OHVV WKDQ RQH nIWK RI WKH QRPLQDO WUDQVLW�WLPH VSUHDG� }77  
��� SV� TXRWHG IRU WKRVH 307
V� (QFRXUDJHG E\ WKLV UHVXOW� ZH GHVLUHG WR SUHGLFW WKH WLPH
UHVROXWLRQ WKDW FRXOG EH REWDLQHG ZLWK IDVWHU 307
V� )RU LQVWDQFH� +DPDPDWVX UHSRUWV WKH
WUDQVLW�WLPH VSUHDG RI WKHLU PLFURFKDQQHO�SODWH SKRWRPXOWLSOLHU �0&3�307� 5����8 WR EH
DV ORZ DV }77  �� SV >�@�

� 6LPXODWHG 6FHQDULR

2XU VLPXODWLRQ HVWLPDWHV WKH WLPLQJ FKDUDFWHULVWLFV RI �&HUHQNRY SKRWRQV GXH WR D KLJK�
HQHUJ\ SDUWLFOH SDVVLQJ WKURXJK D TXDUW] EDU� 6RPH RI WKH SKRWRQV ZLOO WUDYHO WR WKH HQG RI
WKH EDU E\ WRWDO LQWHUQDO UHoHFWLRQ �7,5�� ZKHUH WKH\ DUH GHWHFWHG ZLWK D VSHFLnHG HpFLHQF\
E\ SKRWRPXOWLSOLHUV� )URP DQDO\VLV RI WKH WLPLQJ VWDWLVWLFV RI WKH REVHUYHG SKRWRQV IRU
YDULRXV EDU JHRPHWULHV DQG WUDFN DQJOHV� ZH FDQ HVWLPDWH WKH WLPLQJ FDSDELOLWLHV RI VXFK
FRQnJXUDWLRQV DQG RSWLPL]H WKH GHWHFWRU SDUDPHWHUV�
$ UXQ RI WKH VLPXODWLRQ FRQVLVWV RI D JLYHQ QXPEHU RI HYHQWV� W\SLFDOO\ ��������� LQ HDFK

RI ZKLFK WKH �&HUHQNRY UDGLDWLRQ IURP D VLQJOH SDUWLFOH LV DQDO\]HG� ,Q D SDUWLFXODU UXQ RI
WKH VLPXODWLRQ� WKH SDUWLFOHV DOO KDYH WKH VDPH HQHUJ\ DQG DQJOH RI LQFLGHQFH tL ��

p LV QRUPDO
LQFLGHQFH� RQ D EDU RI WKLFNQHVV G� DQG DOO HQWHU WKH EDU DW WLPH W  � DW WKH VDPH SRLQW DW
GLVWDQFH ] IURP WKH IDFH RI WKH SKRWRPXOWLSOLHU DORQJ WKH D[LV RI WKH EDU�
7KH VLPXODWLRQ LV EDVHG RQ D 0LFURVRIW (;&(/ ZRUNVKHHW WKDW ZH REWDLQHG IURP 0DWV

6HOHQ� (YHQ WKRXJK D VLQJOH ZRUNVKHHW JHQHUDOO\ GRHV QRW DOORZ WKH LWHUDWLYH SURFHGXUHV

�



QHHGHG IRU D UXQ RI PXOWLSOH HYHQWV� ZH LPSOHPHQWHG WKHVH E\ ZULWLQJ VFULSWV LQ 9LVXDO %DVLF
�9%$� WKDW SDVV GDWD EHWZHHQ VHJPHQWV RI D ZRUNVKHHW� 0XOWLSOH UXQV� LQ ZKLFK RQH RU
PRUH RI WKH SDUWLFOHV
 LQLWLDO SDUDPHWHUV DUH YDULHG� ZHUH DOVR SURFHVVHG LWHUDWLYHO\ LQ D VLQJOH
(;&(/ ZRUNVKHHW�
7KH QXPEHU RI �&HUHQNRY SKRWRQV UDGLDWHG E\ WKH WHVW SDUWLFOH LQ WKH TXDUW] EDU LV FDO�
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ZKHUH WKH �&HUHQNRY�FRQH KDOI DQJOH LV JLYHQ E\

t&�w�  FRV
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Q�w� LV WKH ZDYHOHQJWK�GHSHQGHQW LQGH[ RI UHIUDFWLRQ �GLVSHUVLRQ�� n  Y F LV WKH YHORFLW\
RI WKH SDUWLFOH� m { � ��� LV WKH nQH�VWUXFWXUH FRQVWDQW� DQG Gy �Gw� LV WKH IUHTXHQF\
�ZDYHOHQJWK� LQWHUYDO RYHU ZKLFK WKH SKRWRQV DUH GHWHFWHG� )RU H[DPSOH� Q { ���� LQ TXDUW]
VR t& { ��

p DQG 1 { ����FP IRU WKH ZDYHOHQJWK LQWHUYDO ��� � w � ��� QP� 7KLV QXPEHU
LV ODUJH HQRXJK WKDW ZH LJQRUH oXFWXDWLRQV LQ LW�
$ VLQJOH HYHQW RI WKH VLPXODWLRQ SURFHHGV DV IROORZV� 1 �&HUHQNRY SKRWRQV DUH JHQHUDWHG

XQLIRUPO\ DW UDQGRP DORQJ WKH SDUWLFOH WUDFN ZLWKLQ WKH TXDUW] EDU� 7KH VLPXODWLRQ GRHV QRW
LQFOXGH p�UD\V� ZKLFK DUH UHSRUWHG WR FRQWULEXWH DERXW RQH �&HUHQNRY SKRWRQ SHU FP RI SDUWLFOH
WUDFN LQ TXDUW] >�@� (DFK SKRWRQ LV DVVLJQHG D IUHTXHQF\ ZKLFK LV XQLIRUPO\ GLVWULEXWHG DW
UDQGRP RYHU D VSHFLnHG LQWHUYDO� 7KH GLVWDQFHV ]� EHWZHHQ WKH SRLQW RI HPLVVLRQ RI WKH
SKRWRQ DQG WKH SKRWRPXOWLSOLHU DQG G� EHWZHHQ WKH SRLQW RI HQWUDQFH RI WKH SDUWLFOH DQG WKH
SRLQW RI HPLVVLRQ RI WKH SKRWRQ DUH DOVR FDOFXODWHG�
7KH SKRWRQV DUH HPLWWHG LQ D FRQH ZLWK KDOIDQJOH t&�w� WR WKH SDUWLFOH WUDFN� XQLIRUPO\

GLVWULEXWHG DW UDQGRP LQ D]LPXWKDO DQJOH� 7KH SKRWRQV DUH QRW WUDFNHG GRZQ WKH TXDUW] EDU
LQ GHWDLO� 5DWKHU� WKH LQLWLDO GLUHFWLRQ FRVLQHV RI HDFK SKRWRQ UHODWLYH WR WKH EDU D[HV DUH XVHG
WR FDOFXODWH ZKHWKHU WKH SKRWRQ ZLOO EH LQWHUQDOO\ UHoHFWHG DW WKH IDFHV RI WKH TXDUW] EDU� DQG
WKRVH SKRWRQV WKDW DUH QRW UHoHFWHG DUH GLVUHJDUGHG� 3KRWRQV QRW SURSDJDWLQJ WRZDUGV WKH
SKRWRPXOWLSOLHU DUH GLVUHJDUGHG� 7KH TXDUW] EDU LV FRXSOHG WR WKH SKRWRPXOWLSOLHU WKURXJK D
WKLQ OD\HU RI PDWHULDO RI LQGH[ Q�  ����� D SKRWRQ LV GLVUHJDUGHG LI LWV GLUHFWLRQ LV VXFK DV WR EH
LQWHUQDOO\ UHoHFWHG DW WKLV LQWHUIDFH� 7KH DWWHQXDWLRQ RI OLJKW LQ WKH TXDUW] LV FKDUDFWHUL]HG E\
D ZDYHOHQJWK�GHSHQGHQW DWWHQXDWLRQ OHQJWK e�w�� DQG D SKRWRQ LV GLVUHJDUGHG E\ D UDQGRP
VHOHFWLRQ ZLWK SUREDELOLW\ � b H[S�bO e�� ZKHUH O  ]� FRV t] LV WKH DFWXDO SDWKOHQJWK RI
WKH SKRWRQ ZLWK GLUHFWLRQ FRVLQH FRV t] LQ WKH TXDUW] EDU� 7KH DWWHQXDWLRQ FXUYH XVHG LQ WKH
VLPXODWLRQ LV EDVHG RQ WKH WUDQVPLWWDQFH RI 89�JUDGH TXDUW] JLYHQ LQ )LJ� ��WRS��
7KH UHVSRQVH RI WKH SKRWRPXOWLSOLHU WR SKRWRQV ZKLFK VWULNH WKH SKRWRFDWKRGH LV GHVFULEHG

E\ ZDYHOHQJWK GHSHQGHQFH RI WKH TXDQWXP HpFLHQF\ 4(�w�� DV VKRZQ LQ )LJ� �� $ SKRWRQ
LV GLVUHJDUGHG E\ D UDQGRP VHOHFWLRQ ZLWK SUREDELOLW\ � b 4(�w��

�&HUHQNRY SKRWRQV SDVVLQJ WKH DERYH FXWV DUH FRQVLGHUHG WR EH GHWHFWHG� DQG WKH WLPH RI
GHWHFWLRQ LV FDOFXODWHG DV FW  G� n � ]� >Q�w� FRV t]@� 7KH WUDQVLW�WLPH MLWWHU RI WKH 307 LV
VLPXODWHG E\ DGGLQJ D *DXVVLDQ�GLVWULEXWHG UDQGRP WLPH RmVHW ZLWK VWDQGDUG GHYLDWLRQ }77
WR WLPH W�
1R VLPXODWLRQ LV PDGH RI WKH 307 RXWSXW SXOVH VKDSH�

�



)LJXUH �� 7KH WUDQVPLWWDQFH RI 89�JUDGH TXDUW] YV� ZDYHOHQJWK IRU ��FP�WKLFN
VDPSOHV� LQFOXGLQJ WKH �� UHoHFWLRQ ORVVHV DW WKH VXUIDFHV� 7RS� $V UHSRUWHG
LQ WKH 0HOOHV�*ULRW FDWDORJ >�@� ZKLFK UHVXOWV ZHUH XVHG LQ WKH SUHVHQW VWXG\�
%RWWRP� 6XSUDVLO IXVHG VLOLFD IURP +HUHDXV >�@� ZKLFK FDQ KDYH VRPHZKDW
EHWWHU WUDQVPLWWDQFH WKDQ WKDW UHSRUWHG E\ 0HOOHV *ULRW�

� 3KRWRQ <LHOG

$V D nUVW YHULnFDWLRQ RI RXU VLPXODWLRQ� ZH FRPSDUH WKH SUHGLFWHG QXPEHU RI SKRWRQV GHWHFWHG
IRU D ����*H9�F {b EHDP LQFLGHQW RQ D �d�d��� FP� TXDUW] EDU ZLWK WKH UHVXOWV RI .LFKLPL
HW DO� >�@� 6HH )LJ� ��
7KH QXPEHU RI SKRWRQV REVHUYHG GHSHQGV VWURQJO\ RQ WKH SLRQ
V DQJOH RI LQFLGHQFH tL�

ZKLFK FKDQJHV WKH SLRQ
V WUDFN OHQJWK� DV ZHOO DV WKH FRQGLWLRQV IRU LQWHUQDO UHoHFWLRQ� 7KH
����*H9�F SLRQV JLYH ULVH WR �&HUHQNRY OLJKW DW DQ DQJOH t&  ��

p WR WKH SLRQ
V WUDFN� 7KH

�



Quantum efficiency curve used in simulation
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)LJXUH �� 7KH ZDYHOHQJWK GHSHQGHQFH RI WKH TXDQWXP HpFLHQF\ XVHG LQ WKH
VLPXODWLRQ� 7KH JHQWOH GURSRm DW ZDYHOHQJWKV EHORZ ��� QP RFFXUV EHFDXVH
WKH VHPLWUDQVSDUHQW SKRWRFDWKRGH LV WRR WKLQ IRU IXOO DEVRUSWLRQ RI VKRUW�
ZDYHOHQJWK SKRWRQV >�@� 7KH VWHHS GURSRm DW ZDYHOHQJWKV EHORZ ��� QP LV
GXH WR DEVRUSWLRQ LQ WKH JODVV IDFH RI WKH 307�

2x4x60 cm quartz bar, peak quantum efficiency is 0.25
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)LJXUH �� 2EVHUYHG >�@ DQG SUHGLFWHG �&HUHQNRY�SKRWRQ \LHOG IRU ����*H9�F
SLRQV LQFLGHQW RQ D � d � d ��� FP� TXDUW] EDU� 7KH QXPEHU RI REVHUYHG
SKRWRQV KDV D VWURQJ GHSHQGHQFH RQ WKH DQJOH RI LQFLGHQFH� tL� DV ZHOO DV RQ
WKH VKRUW�ZDYHOHQJWK FXWRm wPLQ�
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FULWLFDO DQJOH IRU 7,5 DW WKH TXDUW]�Q  ������DLU ERXQGDU\ LV ��p� :H WKHUHIRUH GRQ
W H[SHFW
WR REVHUYH �&HUHQNRY SKRWRQV IRU tL � b�p� �6RPH SKRWRQV ZLWK QRQ]HUR D]LPXWKDO DQJOH FDQ
EH FDSWXUHG E\ 7,5 ZKHQ b�p � tL � b�p�� 7KH SKRWRQV REVHUYHG ZLWK tL � b�p DUH GXH
WR p�UD\V� DQG WKHLU WLPLQJ�FKDUDFWHULVWLFV DUH QRW REYLRXV� <HW� WKHLU HmHFW RQ WKH RYHUDOO
WLPH UHVROXWLRQ FRXOG RQO\ EH DQ LPSURYHPHQW� VLQFH WKH\ LQFUHDVH WKH RYHUDOO DPRXQW RI
WLPH LQIRUPDWLRQ SHU HYHQW� 6LQFH RXU VLPXODWLRQ GRHV QRW LQFOXGH p�UD\V� ZH VKRXOG REWDLQ
FRQVHUYDWLYH HVWLPDWHV RI WKH WLPH UHVROXWLRQ�
,Q WKH H[SHULPHQW E\ .LFKLPL HW DO�� WKH PDLQ OLPLWDWLRQ RQ EDQGZLGWK LQ WKH ORZ ZDYH�

OHQJWK UDQJH ZDV WKH WUDQVSDUHQF\ RI WKH ERURVLOLFDWH ZLQGRZ RQ WKH SKRWRFDWKRGH �ZKRVH
HmHFWLYH GHWHFWLRQ UDQJH LV ��� WR ��� QP�� ,Q WKH VLPXODWLRQ FRUUHVSRQGLQJ WR WKDW H[SHUL�
PHQW� ZH WKHUHIRUH LPSRVH D FXW WKDW H[FOXGHV SKRWRQV ZLWK ZDYHOHQJWK VKRUWHU WKDQ wPLQ�
6LQFH WKH SKRWRQV DUH XQLIRUPO\ GLVWULEXWHG LQ HQHUJ\ �RU IUHTXHQF\�� WKHUH DUH PRUH SKRWRQV
LQ WKH VKRUW�ZDYHOHQJWK UDQJH� DQG WKH SKRWRQ \LHOG LV WKHUHIRUH YHU\ VHQVLWLYH WR WKH VKRUW
ZDYHOHQJWK FXWRm wPLQ� %\ VHWWLQJ wPLQ  ��� QP ZH REWDLQ D JRRG nW WR WKH H[SHULPHQWDO
GDWD DIWHU VXEWUDFWLQJ WKH FRQWULEXWLRQ RI DERXW nYH SKRWRQV�HYHQW IURP p�UD\V�

� 7LPH 5HVROXWLRQ

7KH FRPSDULVRQ RI SUHGLFWHG WLPH UHVROXWLRQ DJDLQVW H[SHULPHQW SURYLGHV DQRWKHU WHVW RI
RXU VLPXODWLRQ� )RU WKH FRQGLWLRQV XVHG LQ WKH H[SHULPHQW RI .LFKLPL HW DO�� RXU VLPXODWLRQ
SUHGLFWV WKH �&KHUHQNRY SKRWRQV WR DUULYH LQ SXOVHV FKDUDFWHUL]HG E\ D ):+0 UDQJLQJ IURP
� SV ���FP EDU� tL  ��

p� )LJ� ��WRS�� WR ��� SV �����FP EDU� tL  �
p� )LJ� ��ERWWRP���

.LFKLPL HW DO� REWDLQHG WKHLU WLPLQJ VLJQDO E\ IHHGLQJ WKH 307 RXWSXW LQWR D GLVFULPLQDWRU
?VHW DW �� P9� ZKLFK FRUUHVSRQGHG WR D IHZ SKRWRHOHFWURQ VLJQDO� >�@� ,Q RXU VLPXODWLRQ� ZH
GR QRW WDNH WKH 307 RXWSXW SXOVH VKDSH LQWR DFFRXQW� 6LQFH WKH SUHGLFWHG SXOVH ZLGWK RI WKH
DUULYLQJ SKRWRQV LV VKRUW FRPSDUHG WR WKH ����QV ULVH WLPH RI WKH +DPDPDWVX +���� 307
XVHG LQ WKH H[SHULPHQW� ZH PDNH WKH DSSUR[LPDWLRQ WKDW WKH 307 RXWSXW WKDW WULJJHUHG
WKH GLVFULPLQDWRU FRUUHVSRQGV WR D n[HG QXPEHU RI SKRWRQV KDYLQJ DUULYHG�
7KH XQFHUWDLQW\ LQ WKH WLPLQJ RI D FKDUJHG SDUWLFOH LV WKHUHIRUH VLPXODWHG DV WKH XQ�

FHUWDLQW\ LQ WKH DUULYDO WLPH RI WKH QWK DUULYLQJ SKRWRQ� ZKHUH WKH QXPEHU Q UHPDLQV WR
EH GHWHUPLQHG� )RU HDFK HYHQW LQ WKH VLPXODWLRQ� WKH DUULYDO�WLPHV �VPHDUHG E\ WKH 307
WUDQVLW�WLPH MLWWHU� RI DOO �&HUHQNRY SKRWRQV WKDW VDWLVI\ WKH GHWHFWRU FXWV DUH VRUWHG LQ RUGHU
RI LQFUHDVLQJ WLPH DQG VWRUHG� $IWHU WKH UXQ KDV EHHQ FRPSOHWHG� ZH FDOFXODWH WKH VWDQGDUG
GHYLDWLRQ }W�Q RI WKH GLVWULEXWLRQ RI WKH QWK DUULYLQJ SKRWRQ� )LJXUH � VKRZV WKH UHVXOWV ZLWK
DQG ZLWKRXW 307 WUDQVLW�WLPH MLWWHU IRU WZR GLmHUHQW FRQnJXUDWLRQV� FRUUHVSRQGLQJ WR WKH
EHVW DQG ZRUVW WLPLQJ FDVHV LQ WKH H[SHULPHQW RI .LFKLPL HW DO�

(YHQ WKRXJK WKH nUVW SKRWRQ JHQHUDOO\ KDV WKH OHDVW WLPH MLWWHU ZKHQ LW DUULYHV DW WKH
IDFH RI WKH 307� WKH HmHFW RI WKH 307 WUDQVLW�WLPH MLWWHU LV VXFK WKDW RQH FDQ REWDLQ EHWWHU
WLPLQJ EDVHG RQ WKH DUULYDO WLPH RI D ODWHU SKRWRQ� 7KLV RFFXUV ZKHQHYHU WKH WUDQVLW�WLPH
MLWWHU }77 RI WKH 307 LV ODUJH FRPSDUHG WR WKH LQWULQVLF WLPH MLWWHU }W�� RI WKH HDUOLHVW DUULYLQJ
SKRWRQ �QRW LQFOXGLQJ WKH VPHDULQJ E\ }77��
,W DSSHDUV WKDW .LFKLPL HW DO� XVHG WKH VDPH GLVFULPLQDWRU WKUHVKROG IRU DOO GLVWDQFHV

] EHWZHHQ 307 DQG SDUWLFOH WUDFN DQG DOO DQJOHV RI LQFLGHQFH� +HQFH ZH PXVW FKRRVH D
VLQJOH YDOXH RI SKRWRQ�DUULYDO QXPEHU Q LQ RXU VLPXODWLRQ RI DOO ] DQG tL� :H DFKLHYH D
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Pulseshape after averaging 500 events. Z=5 cm,
40 degrees, no jitter
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Pulseshape after averaging 500 events. Z=115 cm,
0 degrees, no jitter
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)LJXUH �� 6LPXODWHG GLVWULEXWLRQV RI DUULYDO WLPHV DW WKH IDFH RI WKH 307 RI
�&HUHQNRY SKRWRQV LQ � d � FP� TXDUW] EDUV IRU ����*H9�F SLRQV LQFLGHQW DW
� FP �WRS� DQG ��� FP �ERWWRP� IURP WKH 307� 7UDQVLW�WLPH MLWWHU LV QRW
LQFOXGHG�
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Std. dev. of arrival time of the first 78 photons, 5 cm 
bar, 40 degrees
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Std. dev. of arrival time of the first 20 photons, 115 
cm bar, 0 degrees
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)LJXUH �� 6LPXODWHG VWDQGDUG GHYLDWLRQV }W�Q RI WKH RUGHUHG�SKRWRQ DUULYDO
WLPHV IRU FRQGLWLRQV RI WKH H[SHULPHQW RI .LFKLPL HW DO�>�@� )LUVW�SKRWRQ WLPLQJ
LV QRW DOZD\V WKH EHVW� RQFH WKH 307
V WUDQVLW�WLPH MLWWHU LV WDNHQ LQWR DFFRXQW�
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)LJXUH �� 6LPXODWHG VWDQGDUG GHYLDWLRQ }W�� RI WKH DUULYDO WLPH RI WKH �WK
RUGHUHG SKRWRQ IRU YDULRXV DVVXPSWLRQV DV WR WKH 307 WUDQVLW�WLPH MLWWHU�
7KH UHVXOWV RI .LFKLPL HW DO� >�@ DUH VKRZQ IRU FRPSDULVRQ�

�



UHODWLYHO\ JRRG nW WR WKH H[SHULPHQWDO GDWD E\ FKRRVLQJ WKH �WK SKRWRQ� DV VKRZQ LQ )LJ� �
IRU WKUHH YDOXHV RI WKH 307 WUDQVLW�WLPH MLWWHU� %\ FKRRVLQJ D ODWHU SKRWRQ� ZH FRXOG LPSURYH
WKH VLPXODWHG WLPH UHVROXWLRQ IRU D VKRUW TXDUW] EDU� EXW WKLV ZRXOG GUDVWLFDOO\ ZRUVHQ WKH
WLPH UHVROXWLRQ IRU D ORQJ EDU� )RU WKH ����FP TXDUW] EDU WKH WLPH MLWWHU VHHPV WR LQFUHDVH
H[SRQHQWLDOO\ ZLWK SKRWRQ QXPEHU IRU SKRWRQV DIWHU WKH �WK� ,Q RUGHU WR UHSURGXFH WLPH
UHVROXWLRQ DV JRRG DV }W { �� SV �UHSRUWHG IRU WKH ��FP TXDUW] EDU DW tL  ��

p� IRU SKRWRQ
QXPEHU �� ZH LQIHU WKDW WKH 307 WUDQVLW�WLPH MLWWHU }77 ZDV ��� SV UDWKHU WKDQ ��� SV DV
TXRWHG E\ +DPDPDWVX�

� 7LPLQJ RI ����0H9�F 0XRQV ZLWK 0&3�307
V

+DYLQJ FDOLEUDWHG RXU VLPXODWLRQ DJDLQVW H[SHULPHQWDO GDWD� ZH FDQ HVWLPDWH WKH WLPH UHVR�
OXWLRQ IRU D VFHQDULR WKDW ZRXOG EH DSSURSULDWH IRU WKH PXRQ FRROLQJ H[SHULPHQW >�@�

��� 7KH 1HZ 6FHQDULR

7KH SDUWLFOHV VLPXODWHG DUH QRZ ����0H9�F PXRQV� UHVXOWLQJ LQ D QRPLQDO �&HUHQNRY DQJOH
t&  ��

p LQ TXDUW]� 7KH FULWLFDO DQJOH IRU WRWDO LQWHUQDO UHoHFWLRQ DW WKH TXDUW]�DLU ERXQGDU\
LV ��p� 7KHUHIRUH� DW QRUPDO LQFLGHQFH �tL  �� DOO RI WKH �&HUHQNRY SKRWRQV ZRXOG EH ORVW�
7R DYRLG WKLV� WKH TXDUW] EDU VKRXOG EH RULHQWHG DW DQ DQJOH WR WKH QRPLQDO PXRQ WUDMHFWRU\�
$W tL  ��p� IRU LQVWDQFH� SDUW RI WKH �&HUHQNRY FRQH ZRXOG EH GLUHFWHG GRZQ WKH TXDUW]
EDU WRZDUG WKH 307 ZLWKRXW DQ\ LQWHUQDO UHoHFWLRQ� SRVVLEO\ OHDGLQJ WR IDYRUDEOH WLPLQJ
FKDUDFWHULVWLFV�
7R DFKLHYH WKH EHVW WLPH�UHVROXWLRQ SRVVLEOH ZLWK FRPPHUFLDO 307
V� ZH SURSRVH WR

YLHZ WKH �&HUHQNRY SKRWRQV ZLWK +DPDPDWVX +����8 PLFURFKDQQHO�SODWH SKRWRPXOWLSOL�
HUV� +DPDPDWVX UHSRUWV D WUDQVLW�WLPH VSUHDG RI ���SV ):+0 >�@ IRU WKHVH GHYLFHV� ZKLFK
FRUUHVSRQGV WR }77  ���� SV IRU D *DXVVLDQ WUDQVLW�WLPH GLVWULEXWLRQ� 6HYHUDO UHFHQW H[SHU�
LPHQWV LQGLFDWH� KRZHYHU� WKDW WKH ):+0 WUDQVLW�WLPH MLWWHU LV PRUH OLNH �� SV >�� �� ��@� ,Q
YLHZ RI WKLV DPELJXLW\� ZH SUHGLFW WLPH UHVROXWLRQV IRU WKH FDVHV RI }77  �� SV DV ZHOO DV
}77  ���� SV�
7KH XVHIXO SKRWRFDWKRGH GLDPHWHU RI WKH +DPDPDWVX +����8 LV �� PP� 8VLQJ TXDUW]

EDUV ZLWK D � d � FP FURVV VHFWLRQ� WKH SKRWRFDWKRGH ZRXOG FRYHU ��� RI WKH EDU
V FURVV�
VHFWLRQDO DUHD� :H LQFRUSRUDWH WKLV LQ RXU VLPXODWLRQ E\ GLVUHJDUGLQJ HDFK SKRWRQ E\ D
UDQGRP VHOHFWLRQ ZLWK SUREDELOLW\ �����
7KH +DPDPDWVX +����8 LV HTXLSSHG ZLWK D TXDUW] ZLQGRZ� ZKLFK KDV D ZLGHU UHJLRQ RI

WUDQVSDUHQF\ WKDQ WKH ERURVLOLFDWH ZLQGRZ RI WKH 307 XVHG LQ WKH H[SHULPHQWV E\ .LFKLPL HW
DO�7KH ORZ�ZDYHOHQJWK GURSRm LV QRZ GRPLQDWHG E\ WKH ZDYHOHQJWK�GHSHQGHQW DWWHQXDWLRQ
LQ WKH TXDUW] EDU �)LJ� ��� DQG WKH TXDQWXP�HpFLHQF\ FXUYH RI WKH 307 �)LJ� ��� %\
XVLQJ XOWUDYLROHW�JUDGH TXDUW] EDUV� ZH PD[LPL]H RXU EDQGZLGWK DQG WKH QXPEHU RI GHWHFWHG
SKRWRQV SHU PXRQ�

��



��� 7LPLQJ 'HYLFH IRU WKH 0XRQ &RROLQJ ([SHULPHQW

$ SRVVLEOH FRQnJXUDWLRQ IRU D WLPLQJ GHYLFH LV VKRZQ LQ )LJ� �� 6LQFH WKH WLPH MLWWHU LQFUHDVHV
ZLWK EDU OHQJWK� WKH EDUV DUH DUUDQJHG LQ WZR DUUD\V HDFK FRYHULQJ KDOI WKH EHDP DUHD� 7KH
RSHQLQJ DQJOH EHWZHHQ WKH WZR KDOYHV FRUUHVSRQGV WR ���pb�tL� ,QFUHDVLQJ tL UHVXOWV LQ EHWWHU
UHVROXWLRQ GXH WR PRUH SKRWRQV DQG PRUH IDYRUDEOH 7,5 FRQGLWLRQV� +RZHYHU� LQFUHDVLQJ tL
LQFUHDVHV WKH SDWK OHQJWK� DQG KHQFH WKH DWWHQXDWLRQ� RI WKH �&HUHQNRY SKRWRQV LQVLGH WKH
EDU�

)LJXUH �� 3URSRVHG WLPLQJ GHYLFH EDVHG RQ +DPDPDWVX 5���� 0&3�307
V
YLHZLQJ �&HUHQNRY OLJKW IURP D PXRQ EHDP RI ���FP UDGLXV KLWWLQJ � d � FP�

TXDUW] EDUV�

7R GHWHUPLQH WKH RSWLPXP RSHQLQJ DQJOH� ZH VLPXODWHG WKH WLPH UHVROXWLRQ IRU D UDQJH
RI DQJOHV RI LQFLGHQFH tL ZLWK FRUUHVSRQGLQJ TXDUW] EDU OHQJWKV JLYHQ E\ ]  U FRV tL� ZKHUH
U LV WKH SHUSHQGLFXODU GLVWDQFH IURP WKH EHDP D[LV WR WKH 307
V �LQ FDVH RI VWUDLJKW EDUV��

��



6LQFH WKH QRPLQDO EHDP UDGLXV LQ WKH GHWHFWRU VHFWLRQV RI WKH FRROLQJ H[SHULPHQW LV �� FP�
U ZLOO QHHG WR EH DW OHDVW EH �� FP� ,Q JHQHUDO� U ZLOO EH JUHDWHU WKDQ WKLV� DV QHHGHG WR
DUUD\ WKH 307
V VR DV QRW WR KLW RQH DQRWKHU� DV VKRZQ LQ )LJ� �� )RU RXU LQLWLDO VLPXODWLRQ
ZH FKRVH U  �� FP� ZKLFK JLYHV XV �� FP RI UDGLDO VSDFH RXWVLGH WKH EHDP WR DUUDQJH WKH
SKRWRPXOWLSOLHUV�

��� 5HVXOWV

7KH SUHGLFWHG WLPH UHVROXWLRQ IRU WKH FDVH U  �� FP DQG YDULRXV tL FDQ EH VHHQ LQ 7DEOH �
DVVXPLQJ }77  ���� SV� DQG 7DEOH � IRU }77  �� SV� 7KH RSWLPXP RUGHUHG�SKRWRQ
QXPEHU DSSHDUV WR EH Q  �� DQG WKH RSWLPXP DQJOH RI LQFLGHQFH tL VHHPV WR EH DURXQG
��p� FRUUHVSRQGLQJ WR DQ RSHQLQJ DQJOH EHWZHHQ WKH WZR GHWHFWRU DUPV RI ��p� $W WKLV DQJOH�
ZH SUHGLFW DQ DYHUDJH RI �� GHWHFWHG SKRWRQV SHU HYHQW� UHVXOWLQJ LQ D WLPH UHVROXWLRQ RI
}W��  �� SV�
)LJ� � VKRZV WKH WLPH UHVROXWLRQV }W�Q RI WKH nUVW �� RUGHUHG SKRWRQV IRU tL  ��p�

U  �� FP DQG YDULRXV }77� &RPSDULVRQ RI WKH XSSHU WZR FXUYHV ZLWK WKH ORZHVW FXUYH�
ZKLFK H[FOXGHV 307 WUDQVLW�WLPH MLWWHU� LQGLFDWHV WKDW ZH DUH LQ IDFW DSSURDFKLQJ WKH LQWULQVLF
WLPH UHVROXWLRQ RI WKH GHYLFH� HVWLPDWHG WR EH }W  ��� SV�

Std. dev. of arrival time of the first 10 photons, 
28.3 cm bar, 45 degrees
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)LJXUH �� 6WDQGDUG GHYLDWLRQ }W�Q RI DUULYDO WLPH RI WKH nUVW �� SKRWRQV IRU
WKH WLPLQJ GHYLFH RI )LJ� � ZLWK RSHQLQJ DQJOH ��p� YDULRXV WUDQVLW�WLPH MLWWHUV�
DQG U  �� FP�

6LQFH WKH VWDQGDUG GHYLDWLRQ RI WKH SKRWRQ DUULYDO WLPHV VHHP WR LQFUHDVH OLQHDUO\ ZLWK
TXDUW]�EDU OHQJWK �)LJ� ��� WKHUH LV D ODUJH SRWHQWLDO DGYDQWDJH LQ UHGXFLQJ U E\ DUUDQJLQJ

��



7DEOH �� 3UHGLFWHG WLPH VSUHDG RI DUULYDO WLPH �}W�Q� IRU WKH nUVW � RUGHUHG
�&HUHQNRY SKRWRQV IURP ����0H9�F PXRQV IRU YDULRXV TXDUW]�EDU OHQJWKV DQG
DQJOHV RI LQFLGHQFH� 7KH DVVXPHG 307 WUDQVLW�WLPH VSUHDG LV }77  ���� SV�

tL %DU /HQJWK }W�Q

�GHJ� �FP� �SV�

Q  � Q  � Q  � Q  � Q  � Q  � Q  �
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WKH WLPLQJ GHYLFH VRPHZKDW GLmHUHQWO\� )RU LQVWDQFH� UDWKHU WKDQ KDYLQJ DOO TXDUW] EDUV
VWDFNHG WRJHWKHU LQ D VLQJOH DUUD\� RQH FRXOG GLVSODFH QHLJKERULQJ EDUV DORQJ WKH EHDP D[LV
VR WKDW WKH 307
V QR ORQJHU LQWHUIHUH� 7KLV ZRXOG HQDEOH WKH 307
V WR EH PRXQWHG RQO\
D IHZ FP RXWVLGH WKH EHDP� )LJXUH �� VKRZV WKDW DV U DSSURDFKHV �� FP �FRUUHVSRQGLQJ
WR ]  ���� FP RQ JUDSK�� WKH WLPH UHVROXWLRQ DSSURDFKHV ��� SV� +RZHYHU� VRPH PXRQV DW
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7DEOH �� 3UHGLFWHG WLPH VSUHDG RI DUULYDO WLPH �}W�Q� IRU WKH nUVW � RUGHUHG
�&HUHQNRY SKRWRQV IURP ����0H9�F PXRQV IRU YDULRXV TXDUW]�EDU OHQJWKV DQG
DQJOHV RI LQFLGHQFH� 7KH DVVXPHG 307 WUDQVLW�WLPH VSUHDG LV }77  ���� SV�

tL %DU /HQJWK }W�Q

�GHJ� �FP� �SV�

Q  � Q  � Q  � Q  � Q  � Q  � Q  �
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ODUJH DQJOHV WR WKH EHDP PLJKW SDVV WKURXJK WKH D VSDUVHO\ DUUD\HG WLPLQJ GHYLFH ZLWKRXW
KLWWLQJ DQ\ TXDUW] EDU�
1RWH DOVR WKDW WLPLQJ RI PXRQV DZD\ IURP WKH EHDP FHQWHU ZRXOG EH VRPHZKDW EHWWHU

WKDQ WKDW RI PXRQV DW EHDP FHQWHU ZKLFK DUH DVVXPHG LQ WKH FDVHV DERYH�
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Standard deviation of arrival time of 3rd photon
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)LJXUH ��� 6WDQGDUG GHYLDWLRQ RI DUULYDO WLPH }W�� RI WKH �UG SKRWRQ IRU WKH
GHWHFWRU RI )LJ� � ZLWK RSHQLQJ DQJOH RI ��p� YDULRXV WUDQVLW WLPH�MLWWHUV� DQG
EDU OHQJWKV ]  U FRV���p� IRU U  ��� �� DQG �� FP�

� 'LVFXVVLRQ�&RQFOXVLRQ

2XU VLPXODWLRQ SUHGLFWV WKDW D GHYLFH VLPLODU WR WKDW LQ )LJ� � FRXOG PHDVXUH WKH DUULYDO
WLPH RI PXRQV RYHU D EHDP RI ���FP UDGLXV ZLWK DQ DFFXUDF\ RI }W  �� SV� 7KLV UHVXOW LV
H[WUHPHO\ HQFRXUDJLQJ� DQG VXJJHVWV WKDW D EHDP WHVW EH SHUIRUPHG WR YHULI\ LW�

,Q WKH QHDU IXWXUH� ZH ZLOO DGG GLVFXVVLRQ DV WR WKH FKRLFH RI DOJRULWKP IRU EHVW WLPLQJ�

FRPSDULQJ QWK�RUGHUHG�SKRWRQ WLPLQJ WR DOJRULWKPV WKDW LQFOXGH WLPH DYHUDJLQJ� $QDO\WLF

H[SUHVVLRQV IRU PDQ\ DVSHFWV RI QWK�RUGHUHG SKRWRQ WLPLQJ ZLOO EH SUHVHQWHG�

� 5HIHUHQFHV

>�@ &�0� $QNHQEUDQGW HW DO�� ,RQL]DWLRQ &RROLQJ 5HVHDUFK DQG 'HYHORSPHQW 3URJUDP IRU D

+LJK /XPLQRVLW\ 0XRQ &ROOLGHU� �$SULO ��� ������
KWWS���ZZZ�IQDO�JRY�SURMHFWV�PXRQ FROOLGHU�FRRO�SURSRVDO�SURSRVDO�SV

>�@ &� /X HW DO�� $ 'HWHFWRU 6FHQDULR IRU WKH 0XRQ &RROLQJ ([SHULPHQW� 3ULQFHWRQ�xx�����
�0D\ ��� ������
KWWS���SXKHS��SULQFHWRQ�HGX�PXPX�PXPX������SV

>�@ +� .LFKLPL HW DO�� 7KH �&HUHQNRY FRUUHODWHG WLPLQJ GHWHFWRU� EHDP WHVW UHVXOWV IURP

TXDUW] DQG DFU\OLF EDUV� 1XFO� ,QVWU� DQG 0HWK� $���� �� �������
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>�@ 7HFKQLFDO 'DWD� 8OWUDIDVW 0&3�307 5����8� +DPDPDWVX �$XJ� ������
KWWS���SXKHS��SULQFHWRQ�HGX�PXPX�0&3���JLI

>�@ KWWS���SKRWRQ�EX�HGX�PHOOHV�VHFW���VHFW������KWPO
KWWS���SKRWRQ�EX�HGX�PHOOHV�VHFW���GUDZLQJ������MSJ

>�@ KWWS���ZZZ�EHVRSWLFV�FRP�KWPO�KHUHDXV�VXSUDVLO�KWPO

>�@ $�+� 6RPPHU� 3KRWRHPLVVLYH 0DWHULDOV �:LOH\� 1HZ <RUN� ������

>�@ %� *RPSI HW DO�� 5HVROYLQJ 6RQROXPLQHVFHQFH 3XOVH :LGWK ZLWK 7LPH�&RUUHODWHG 6LQJOH

3KRWRQ &RXQWLQJ� 3K\V� 5HY� /HWW� ��� ���� �������

>�@ 5REHUW $� +LOOHU� 6HWK -� 3XWWHUPDQ� DQG .HLWK 5� :HQLQJHU� 7LPH�UHVROYHG 6SHFWUD RI

6RQROXPLQHVFHQFH� 3K\V� 5HY� /HWW� ��� ���� �������

>��@ 0LFKDHO -� 0RUDQ DQG 'DUHQ 6ZHLGHU� 0HDVXUHPHQWV RI 6RQROXPLQHVFHQFH 7HPSRUDO

3XOVH 6KDSH� 3K\V� 5HY� /HWW� ��� ���� �������

��


