
5DGLRIUHTXHQF\ 6XSHUFRQGXFWLYLW\

$SSOLHG WR )UHH�(OHFWURQ /DVHUV

&RXUWODQGW /� %RKQ DQG 6WHSKHQ 9� %HQVRQ

7KRPDV -HIIHUVRQ 1DWLRQDO $FFHOHUDWRU )DFLOLW\

����� -HIIHUVRQ $YHQXH� 1HZSRUW 1HZV� 9$ �����

$EVWUDFW

/RZ ZDOO ORVVHV DQG ORZ ZDNHILHOGV LQKHUHQW LQ VXSHUFRQGXFWLQJ UDGLRIUHTXHQF\ �VUI� FDYLWLHV PDNH WKHP

DWWUDFWLYH FDQGLGDWHV IRU DFFHOHUDWRUV WKDW RSHUDWH HIILFLHQWO\ DW KLJK FRQWLQXRXV�ZDYH �FZ� JUDGLHQWV�

6XFK DFFHOHUDWRUV DUH GHVLUDEOH IRU IUHH�HOHFWURQ ODVHUV �)(/V� WKDW H[WUDFW KLJK�SRZHU FZ OLJKW IURP D

KLJK�DYHUDJH�FXUUHQW HOHFWURQ EHDP� RU WKDW SURGXFH XOWUDVKRUW�ZDYHOHQJWK OLJKW IURP D KLJK�HQHUJ\

HOHFWURQ EHDP� (IILFLHQF\ LV D SULPH FRQVLGHUDWLRQ LQ WKH IRUPHU FDVH� ZKLOH KLJK HOHFWURQ�EHDP TXDOLW\

LV D SULPH FRQVLGHUDWLRQ LQ WKH ODWWHU FDVH� 7KLV SDSHU VXPPDUL]HV WKH VWDWXV RI )(/ SURMHFWV LQYROYLQJ

VUI DFFHOHUDWRUV� ,W DOVR LQWURGXFHV -HIIHUVRQ /DE
V VUI )(/ DQG VXUYH\V LWV GHVLJQ EHFDXVH LW LV D QHZ

PDFKLQH� ZLWK FRPPLVVLRQLQJ KDYLQJ FRPPHQFHG LQ 2FWREHU ����� 2QFH FRPPLVVLRQLQJ LV FRPSOHWH�

WKLV )(/ VKRXOG SURGXFH WXQDEOH� FZ� N:�OHYHO OLJKW DW ��� �P ZDYHOHQJWK�

,QWURGXFWLRQ

$ JHQHULF IUHH�HOHFWURQ ODVHU �)(/� FRQVLVWV RI DQ DFFHOHUDWRU WKDW SUHSDUHV D UHODWLYLVWLF HOHFWURQ EHDP

DQG VHQGV LW WKURXJK D SHULRGLF PDJQHWLF ILHOG� D ZLJJOHU� 7KH PDJQHWLF ILHOG FDXVHV WKH HOHFWURQV WR

RVFLOODWH WUDQVYHUVHO\ DQG UDGLDWH HOHFWURPDJQHWLF ZDYHV� 7KHVH ZDYHV EXQFK WKH HOHFWURQV� FDXVLQJ

WKHP WR UDGLDWH FRKHUHQWO\ QHDU D UHVRQDQW ZDYHOHQJWK� 7KH UHVRQDQW ZDYHOHQJWK OU LV UHODWHG WR WKH

ZDYHOHQJWK RI WKH PDJQHWLF ILHOG OZ E\ ZD\ RI D /RUHQW] WUDQVIRUP DQG D 'RSSOHU VKLIW� L�H�� OU v

OZ���J
�
�� LQ ZKLFK J LV WKH WRWDO HOHFWURQ HQHUJ\ GLYLGHG E\ WKH HOHFWURQ©V UHVW�PDVV HQHUJ\� 6DWXUDWLRQ RI

WKH JDLQ SURFHVV RFFXUV LQ FRQMXQFWLRQ ZLWK RYHUEXQFKLQJ EURXJKW DERXW E\ WKH HOHFWURQ�SKRWRQ

LQWHUDFWLRQ� ,W FDQ EH FDWDO\]HG E\ LQVHUWLQJ WKH ZLJJOHU EHWZHHQ WZR PLUURUV IRUPLQJ DQ RSWLFDO FDYLW\�

$OWHUQDWLYHO\� DQ H[WHUQDO ODVHU FDQ EH XVHG WR VHQG FRKHUHQW OLJKW LQWR WKH ZLJJOHU DV DQ RSWLFDO VHHG�

+RZHYHU� WR JHQHUDWH XOWUDVKRUW ZDYHOHQJWKV� H�J�� [�UD\V� QHLWKHU PLUURUV QRU VHHG ODVHUV DUH DYDLODEOH�

,Q WKLV FDVH ODVLQJ DULVHV IURP VHOI�DPSOLILHG VSRQWDQHRXV HPLVVLRQ �6$6(� VWDUWLQJ IURP QRLVH� DQG D

UHODWLYHO\ ORQJ ZLJJOHU LV QHHGHG�

)RU HIILFLHQW ODVLQJ� WKH EXON RI WKH HOHFWURQV PXVW SDUWLFLSDWH LQ WKH ODVLQJ SURFHVV� 7KLV VHWV D FRQGLWLRQ

RQ WKH URRW�PHDQ�VTXDUH �UPV� QRUPDOL]HG WUDQVYHUVH HPLWWDQFH� HQ d JOU���S� >�@� +LJK JDLQ LV DVVXUHG

SURYLGHG WKH HOHFWURQ EHDP KDV ORZ HPLWWDQFH DQG KLJK SHDN FXUUHQW� FRQGLWLRQV WKDW FRUUHVSRQG WR KLJK

EULJKWQHVV %  ,S���H[H\�� LQ ZKLFK ,S GHQRWHV SHDN FXUUHQW DQG H[�\ GHQRWH WKH UPV HPLWWDQFHV LQ WKH

WUDQVYHUVH �[�\��SODQHV�
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,Q JHQHUDO� )(/V SURGXFH RSWLFDO SXOVH OHQJWKV WKDW URXJKO\ FRUUHODWH WR WKH HOHFWURQ EXQFK OHQJWKV�

7KXV� LI WKH DFFHOHUDWRU DQG HOHFWURQ�WUDQVSRUW V\VWHP JHQHUDWH VKRUW EXQFK OHQJWKV DW WKH HQWUDQFH WR WKH

ZLJJOHU� WKH RSWLFDO SXOVHV DUH DOVR VKRUW� )RU WKLV UHDVRQ� )(/V FDQ EH XVHG WR JHQHUDWH SLFRVHFRQG�

OHQJWK RSWLFDO SXOVHV� WZR RUGHUV RI PDJQLWXGH VKRUWHU WKDQ SXOVHV JHQHUDWHG LQ W\SLFDO V\QFKURWURQ OLJKW

VRXUFHV� &RQVHTXHQWO\� E\ JHQHUDWLQJ VXFK VKRUW SXOVHV� )(/V HQDEOH DQ H[SHULPHQWDOLVW WR VWXG\

WUDQVLHQW SKHQRPHQD RI VROLG�VWDWH SK\VLFV ZLWKRXW XQZDQWHG FRPSOLFDWLRQV VWHPPLQJ IURP SODVPD

IRUPDWLRQ DVVRFLDWHG ZLWK QDQRVHFRQG�SXOVH VRXUFHV�

(OHFWURQ EHDPV IRU )(/V DUH JHQHUDOO\ SURGXFHG XVLQJ VWRUDJH ULQJV RU OLQHDU DFFHOHUDWRUV� 6WRUDJH

ULQJV FDQ SURGXFH YHU\ VWDEOH KLJK�EULJKWQHVV HOHFWURQ EHDPV ZLWK DQ HQHUJ\ LQ WKH UDQJH RI DERXW ����

���� 0H9� &RQVHTXHQWO\� DFFRUGLQJ WR WKH UHVRQDQFH FRQGLWLRQ� WKH\ FDQ SURGXFH VKRUW�ZDYHOHQJWK

OLJKW� 6WRUDJH ULQJV HOHJDQWO\ UHPRYH WKH HQHUJ\ VSUHDG WKDW ODVLQJ LPSRVHV RQ D EHDP EXQFK E\

V\QFKURWURQ FRROLQJ WKH EXQFK� +RZHYHU� WKH HIILFLHQF\ E\ ZKLFK WKH ZLJJOHU FRQYHUWV HOHFWURQ�EHDP

HQHUJ\ WR OLJKW LV OLPLWHG LQ WKDW LW FDQQRW LQWURGXFH PRUH HQHUJ\ VSUHDG WKDQ WKH V\QFKURWURQ FRROLQJ FDQ

UHPRYH� 0RUH SUHFLVHO\� DW DOO HQHUJLHV WKH HIILFLHQF\ RI VWRUDJH ULQJV LV OLPLWHG WR D IHZ SHUFHQW E\ WKH

5HQLHUL OLPLW� ZKLFK VD\V WKDW WKH PD[LPXP DYHUDJH FRKHUHQW SRZHU WKDW FDQ EH JHQHUDWHG E\ D VWRUDJH�

ULQJ )(/ LV URXJKO\ SURSRUWLRQDO WR WKH WRWDO LQFRKHUHQW V\QFKURWURQ�UDGLDWLRQ SRZHU HPLWWHG LQ WKH ULQJ

LWVHOI GLYLGHG E\ WKH QXPEHU RI PDJQHWLF�ILHOG SHULRGV LQ WKH ZLJJOHU >�@� 7KHLU HPLWWDQFH� DQG WKHUHIRUH

WKHLU EULJKWQHVV� LV OLPLWHG DW ORZ HQHUJLHV E\ FROOHFWLYH HIIHFWV �VSHFLILFDOO\� 7RXVFKHN VFDWWHULQJ >�@��

DQG DW KLJK HQHUJLHV E\ TXDQWXP H[FLWDWLRQ DQG ORQJLWXGLQDO DQG WUDQVYHUVH ZDNHILHOG LQVWDELOLWLHV� 7KXV�

RXWVLGH WKH �������� 0H9 UDQJH� OLQHDU DFFHOHUDWRUV �OLQDFV� SURYLGH VXSHULRU EULJKWQHVV� ,Q WXUQ� OLQDFV

DUH SUHIHUUHG IRU )(/V WKDW RSHUDWH ZLWK KLJK HIILFLHQF\ DQG�RU SURGXFH ORQJ�ZDYHOHQJWK OLJKW� 7KH\ DUH

DOVR SUHIHUUHG IRU SURGXFWLRQ RI XOWUDVKRUW�ZDYHOHQJWK OLJKW IRU ZKLFK PLUURUV PD\ EH XQDYDLODEOH WR

FRPSULVH DQ RSWLFDO FDYLW\� ,Q WKDW FDVH WKH ZLJJOHU LV GHVLJQHG WR EH ORQJ HQRXJK WR SURYLGH JDLQ WKDW LV

VXIILFLHQWO\ KLJK WR SURGXFH VDWXUDWHG ODVLQJ LQ RQH SDVV�

6XSHUFRQGXFWLQJ UDGLRIUHTXHQF\ �VUI� OLQDFV FRPSULVH KLJK�4 DFFHOHUDWLQJ VWUXFWXUHV WKDW HVWDEOLVK VWDEOH

KLJK FRQWLQXRXV�ZDYH �FZ� DFFHOHUDWLQJ JUDGLHQWV� %HFDXVH VKXQW LPSHGDQFH LV UHODWLYHO\ XQLPSRUWDQW LQ

VUI FDYLWLHV YLV�j�YLV QRUPDO�FRQGXFWLQJ FDYLWLHV� VUI OLQDFV DOVR SURYLGH ODUJH EHDP DSHUWXUHV ZLWK

FRUUHVSRQGLQJO\ ORZ ZDNHILHOGV� 7KHUHIRUH� VUI WHFKQRORJ\ RIIHUV VHYHUDO SRWHQWLDO DGYDQWDJHV RYHU

QRUPDO�FRQGXFWLQJ WHFKQRORJ\� LQFOXGLQJ� JHQHUDWLRQ RI KLJK DYHUDJH FXUUHQWV IRU KLJK�DYHUDJH�SRZHU

)(/V� JHQHUDWLRQ RI KLJK�EULJKWQHVV HOHFWURQ EHDPV IRU XOWUDVKRUW�ZDYHOHQJWK )(/V� HIILFLHQW HQHUJ\

UHFRYHU\ IURP WKH HOHFWURQ EHDP� DQG EHWWHU HQHUJ\ DQG SKDVH VWDELOLW\ IRU XVHU DSSOLFDWLRQV� ([LVWLQJ

DQG SODQQHG VUI )(/ IDFLOLWLHV DUH GHVLJQHG WR H[SORLW DW OHDVW RQH RI WKHVH DGYDQWDJHV�

([LVWLQJ 6XSHUFRQGXFWLQJ 5DGLRIUHTXHQF\ )(/V

3UHVHQWO\ WKHUH DUH WKUHH H[LVWLQJ )(/ IDFLOLWLHV� 6WDQIRUG� 'DUPVWDGW� DQG -$(5,� DOO RI ZKLFK DUH

GHVLJQHG WR JHQHUDWH PLG�WR�IDU LQIUDUHG UDGLDWLRQ DW PRGHVW SRZHU OHYHOV� 7KHLU WRS�OHYHO SDUDPHWHUV

DUH OLVWHG EHORZ LQ 7DEOH �� ,Q 7DEOH �� DQG LQ 7DEOH � RI WKH QH[W VHFWLRQ� I GHQRWHV WKH RSHUDWLQJ

IUHTXHQF\ RI WKH OLQDF FDYLWLHV� ( LV WKH HOHFWURQ EHDP HQHUJ\ DW WKH ZLJJOHU� 4 LV WKH FKDUJH SHU EXQFK�

, LV WKH DYHUDJH EHDP FXUUHQW� O LV WKH )(/ ZDYHOHQJWK� 3 LV WKH )(/ SRZHU� DQG HQ LV WKH QRUPDOL]HG

UPV WUDQVYHUVH HPLWWDQFH�
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7DEOH �� ([LVWLQJ 65) )(/V�

([LVWLQJ I�0+]� (�0H9� 4�S&� ,�P$� O��P� 3�:� HQ�PP�PU�

6WDQIRUG ���� ����� �� ���� ����� ��� �

'DUPVWDGW ���� ����� � ���� ������ � ���

-$(5,� ����� ����� ��� ���� ����� �� !��

'XW\ IDFWRU OLPLWHG WR ����

�'XW\ IDFWRU OLPLWHG WR ���

7KH 6WDQIRUG )(/ KDV RSHUDWHG LQ YDULRXV IRUPV VLQFH WKH PLG�����V� ,W LQFRUSRUDWHV D WKHUPLRQLF GF

HOHFWURQ JXQ DQG LW LV SUHVHQWO\ FRQILJXUHG ZLWK WZR VXSHUFRQGXFWLQJ OLQDF VHFWLRQV� RQH JHQHUDWLQJ ��

0H9 EHDP� DQG ERWK WRJHWKHU JHQHUDWLQJ �� 0H9 EHDP >�@� 7KH PDFKLQH DOVR LQFRUSRUDWHV WZR

ZLJJOHUV� RQH ORFDWHG DIWHU WKH ILUVW OLQDF VHFWLRQ IRU JHQHUDWLQJ IDU�LQIUDUHG ZDYHOHQJWKV� DQG WKH RWKHU

ORFDWHG DIWHU WKH VHFRQG OLQDF VHFWLRQ IRU JHQHUDWLQJ PLG�LQIUDUHG ZDYHOHQJWKV� 7KH OLJKW RXWSXW LV TXLWH

VWDEOH� ZLWK ZDYHOHQJWK VWDELOLW\ EHWWHU WKDQ ���� SHDN�WR�SHDN DQG DPSOLWXGH VWDELOLW\ XVXDOO\ EHWWHU

WKDQ �� SHDN�WR�SHDN� 7KH OLQDF QHYHU RSHUDWHG DW ���� GXW\ IDFWRU GXH WR HOHFWURQ ORDGLQJ LQ WKH VUI

VWUXFWXUHV� KRZHYHU� LW KDV URXWLQHO\ RSHUDWHG DW KLJK GXW\ IDFWRU� XS WR DERXW ���� ,W SUHVHQWO\ LV

OLPLWHG WR ��� GXW\ IDFWRU� WKLV EHLQJ GXH WR DQ RYHUDOO GHJUDGDWLRQ RI FDYLW\ SHUIRUPDQFH RYHU WKH

\HDUV� &RQVHTXHQWO\� 6WDQIRUG LV LQ WKH SURFHVV RI UHSODFLQJ WKH OLQDF VHFWLRQV ZLWK 7(6/$ WHFKQRORJ\

DV GHVFULEHG LQ WKH QH[W VHFWLRQ�

7KH 'DUPVWDGW )(/ >�@ ILUVW ODVHG LQ 'HFHPEHU ���� LQ WKH PLG�LQIUDUHG� DQG LW RSHUDWHG DJDLQ LQ -XQH

���� >�@� ,WV GULYHU DFFHOHUDWRU LQFRUSRUDWHV D WKHUPLRQLF GF HOHFWURQ JXQ WKDW LQMHFWV EHDP DW ��� NH9

LQWR WKH OLQDF �6�'$/,1$& >�@� ZKLFK FRQVLVWV RI DQ LQMHFWLRQ OLQDF DQG D PDLQ OLQDF� 7KH LQMHFWLRQ OLQDF

LQFOXGHV D ��FHOO FDSWXUH VHFWLRQ DQG D VWDQGDUG FU\RPRGXOH KRXVLQJ WZR ���FHOO FDYLWLHV WR WDNH WKH

HOHFWURQ�EHDP HQHUJ\ XS WR �� 0H9� $IWHU DQ LVRFKURQRXV ���
R
EHQG� WKH EHDP HQWHUV WKH PDLQ OLQDF

ZKLFK FRQVLVWV RI IRXU FU\RPRGXOHV HDFK FRQWDLQLQJ WZR ���FHOO FDYLWLHV� DQG LW LV WKHUHE\ DFFHOHUDWHG WR

D QRPLQDO HQHUJ\ RI �� 0H9� 8SRQ H[LWLQJ WKH OLQDF� WKH EHDP WKHQ EHQGV WKURXJK DQRWKHU ���
R
WXUQ

DQG SDVVHV LQWR WKH ZLJJOHU�

7KH -$(5, )(/ ZDV FRPSOHWHG LQ ���� >�@� ,W LQFRUSRUDWHV VUI WHFKQRORJ\ VLPLODU WR WKDW XVHG DW

'(6<� 7KH DFFHOHUDWRU FRQVLVWV RI D WKHUPLRQLF HOHFWURQ JXQ IROORZHG E\ D EXQFKHU� WZR VLQJOH�FHOO

SUHDFFHOHUDWLQJ FDYLWLHV HDFK KRXVHG LQ LWV RZQ FU\RPRGXOH� DQG WZR PDLQ FU\RPRGXOHV� HDFK KRXVLQJ D

��FHOO FDYLW\� 7KH FU\RPRGXOHV DUH GLVWLQFWLYH LQ WKDW HDFK RQH LV HTXLSSHG ZLWK LWV RZQ KHOLXP

UHIULJHUDWRU WR NHHS WKH FDYLWLHV DW �. WHPSHUDWXUH� 7KH DFFHOHUDWRU RSHUDWHV ZLWK QRPLQDOO\ �� GXW\

IDFWRU� LWV UI V\VWHP LV OLPLWHG WR �� GXW\ IDFWRU >�@� $IWHU DFFHOHUDWLRQ� WKH HOHFWURQ EHDP SDVVHV

WKURXJK D ���
R
DFKURPDWLF EHQG WKDW GLUHFWV LW WR WKH ZLJJOHU�

7R GDWH� WKHUH LV VRPH DPELJXLW\ ZKHWKHU WKH -$(5, )(/ KDV ODVHG� 0RVW UHFHQWO\ �DV RI WKLV

:RUNVKRS� LW JHQHUDWHV FRQVLGHUDEOH JDLQ LQ WKH ZLJJOHU� EXW WKH JDLQ KDV QRW SHUVLVWHG RQ WLPH VFDOHV

H[FHHGLQJ DERXW ��� PV >�@� 7KH FDXVH RI WKLV FLUFXPVWDQFH UHPDLQV WR EH LGHQWLILHG�
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%RWK WKH 6WDQIRUG DQG 'DUPVWDGW )(/V LQYROYH HOHFWURQ EHDPV ZLWK ORZ FKDUJH SHU EXQFK� DQG

WKHUHIRUH FRUUHVSRQGLQJO\ ORZ VSDFH�FKDUJH IRUFHV ZLWKLQ WKH EXQFK� %\ FRQWUDVW� WKH -$(5, )(/

RSHUDWHV ZLWK KLJK FKDUJH SHU EXQFK DQG ORZ HOHFWURQ�EHDP HQHUJ\� &RQVHTXHQWO\� VSDFH FKDUJH LV

SRWHQWLDOO\ LPSRUWDQW LQ WKH -$(5, PDFKLQH�

3ODQQHG 6XSHUFRQGXFWLQJ 5DGLRIUHTXHQF\ )(/V

7RS�OHYHO SDUDPHWHUV RI SODQQHG VUI )(/V DUH SURYLGHG LQ 7DEOH � EHORZ� $OO EXW RQH WDNH DGYDQWDJH RI

WKH VUI WHFKQRORJ\ XQGHU GHYHORSPHQW IRU 7(6/$� 7KH VROH H[FHSWLRQ LV WKDW FRQVWUXFWHG DW 7KRPDV

-HIIHUVRQ 1DWLRQDO $FFHOHUDWRU )DFLOLW\ �-HIIHUVRQ /DE� IRUPHUO\ NQRZQ DV &(%$)�� ZKLFK LQFRUSRUDWHV

&(%$) VUI WHFKQRORJ\� ,Q DOO RI WKHVH PDFKLQHV� WKH FKDUJH SHU EXQFK LV UHODWLYHO\ ODUJH� VR VSDFH

FKDUJH LV D FRQFHUQ� SDUWLFXODUO\ DW ORZ HQHUJLHV LQ WKH UHVSHFWLYH LQMHFWRUV� DQG WKH VUI DFFHOHUDWLQJ

VWUXFWXUHV ZLOO EH KHDYLO\ EHDP ORDGHG�

7DEOH �� 3ODQQHG 65) )(/V�

3ODQQHG I�0+]� (�0H9� 4�S&� ,�P$� O��P� 3�:� JO ��S�PP�PU�

6WDQIRUG ���� ����� �� � ����� �� ��

'URVVHO �,�,,� ���� ����� �� � ������ �� ��

'(6< �,�,,� ���� �������� ���� ����� ���� QP ������ �

-HIIHUVRQ /DE ���� �� ��� � ��� ���� ��

'XW\ IDFWRU WDUJHWHG DW �����

$V PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ� 6WDQIRUG LV LQ WKH SURFHVV RI UHSODFLQJ LWV VUI OLQDF ZLWK 7(6/$

VWUXFWXUHV WR ERRVW LWV GXW\ IDFWRU WR ����� 7KH QHZ FU\RPRGXOHV ZLOO FRQWDLQ WZR ��FHOO 7(6/$

FDYLWLHV RSHUDWLQJ DW �� 09�P FZ DFFHOHUDWLQJ JUDGLHQW� 7KH\ ZLOO HQDEOH JHQHUDWLQJ PLOOLDPS�OHYHO

DYHUDJH FXUUHQW IRU D KXQGUHG�IROG LQFUHDVH LQ WKH )(/ SRZHU RXWSXW DW PLG�WR�IDU LQIUDUHG ZDYHOHQJWKV�

7KH XSJUDGH LV HQYLVLRQHG WR EH FRPSOHWH E\ PLG����� >�@�

7KH 'URVVHO FROODERUDWLRQ� RI ZKLFK NH\ SDUWLFLSDQWV DUH 5RVVHQGRUI /DERUDWRU\� '(6<� DQG %XGNHU� LV

SODQQLQJ D PDFKLQH VLPLODU WR 6WDQIRUG©V WKDW ZLOO EH LQVWDOOHG LQ D QHZ IDFLOLW\ DW 5RVVHQGRUI /DE LQ

'UHVGHQ� *HUPDQ\� 8QOLNH WKH 6WDQIRUG )(/� WKLV PDFKLQH LV HQYLVLRQHG WR LQFRUSRUDWH D VUI HOHFWURQ

JXQ FXUUHQWO\ XQGHU GHYHORSPHQW >��@� ZLWK WKH SULQFLSDO PRWLYDWLRQ EHLQJ WR SURYLGH PD[LPXP

IOH[LELOLW\ LQ HOHFWURQ�EHDP SURGXFWLRQ IRU DQ DUUD\ RI H[SHULPHQWV WKDW LQFOXGH EUHPVVWUDKOXQJ

JHQHUDWLRQ� FKDQQHOLQJ UDGLDWLRQ� DQG SDUDPHWULF [�UD\V IRU QXFOHDU�SK\VLFV H[SHULPHQWV� DV ZHOO DV WKH

)(/ LWVHOI� 'HYHORSPHQW RI WKH 'URVVHO PDFKLQH LV OLNHO\ WR SURFHHG LQ WZR PDMRU SKDVHV �LQGLFDWHG LQ

7DEOH �� FRUUHVSRQGLQJ WR VXFFHVVLYH LQVWDOODWLRQ RI WKH WZR �� 0H9 OLQDF VHFWLRQV� 7KH FROODERUDWLRQ LV

IXQGHG� DQG ZRUN KDV MXVW EHJXQ WR FOHDU WKH ODQG IRU WKH IDFLOLW\� &RPSOHWLRQ RI WKH PDFKLQH LV

SURMHFWHG IRU HDUO\ ���� >��@�
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$W WKH HQG RI 6HSWHPEHU ����� -HIIHUVRQ /DE KDG MXVW EHJXQ WR FRPPLVVLRQ LWV PDFKLQH� $Q RYHUYLHZ

RI LWV GHVLJQ LV SURYLGHG LQ WKH IROORZLQJ VHFWLRQ� DQG PRUH GHWDLOV DUH DYDLODEOH HOVHZKHUH >��@� ,W LV

FRQILJXUHG WR SURGXFH N:�OHYHO OLJKW LQ WKH PLG�LQIUDUHG ZLWK UHFLUFXODWLRQ RI WKH HOHFWURQ EHDP EDFN WR

WKH OLQDF IRU GHFHOHUDWLRQ DQG FRQYHUVLRQ RI ��� RI LWV HQHUJ\ WR UI SRZHU� $Q LQWHUPHGLDWH VWHS LV

SURGXFWLRQ RI ILUVW OLJKW H[FHHGLQJ ��� : DW D ZDYHOHQJWK RI DERXW � PP ZLWKRXW HQHUJ\ UHFRYHU\�

7KXV� LQ LWV ILUVW�OLJKW FRQILJXUDWLRQ� WKH -HIIHUVRQ /DE )(/ LV DOVR VLPLODU WR WKH XSJUDGHG 6WDQIRUG

PDFKLQH� 3ODQV DUH WR REWDLQ ILUVW OLJKW LQ 6SULQJ ����� IROORZ LW ZLWK D XVHU H[SHULPHQW� DQG WKHQ

SURFHHG ZLWK HQHUJ\ UHFRYHU\ DQG IXOO�SRZHU RSHUDWLRQ�

%\ FRQWUDVW� '(6<©V SULPDU\ HPSKDVLV LV RQ JHQHUDWLQJ XOWUDVKRUW ZDYHOHQJWK OLJKW� ZLWK RQO\ D

VHFRQGDU\ HPSKDVLV RQ KLJK SRZHU RXWSXW� $V D FRQVHTXHQFH� WKHLU )(/ ZLOO UHO\ RQ 6$6( LQ D ORQJ

��� P� ZLJJOHU� UDWKHU WKDQ RQ DQ RSWLFDO FDYLW\ DV LQ WKH RWKHU WDEXODWHG )(/V� 7KH ZLJJOHU ZLOO FRQVLVW

RI VL[ �P�ORQJ VHFWLRQV� 3URJUHVV LV SURMHFWHG WR SURFHHG WKURXJK WZR LQWHUPHGLDWH SKDVHV� XOWLPDWHO\

OHDGLQJ WR D �� *H9 OLQDF IRU SURGXFWLRQ RI $QJVWURP�OHYHO ZDYHOHQJWKV� 7KH '(6< PDFKLQH ZLOO

HYROYH IURP DFWLYLWLHV LQ WKH 7(6/$ 7HVW )DFLOLW\ >��@� 3KDVH , LQFRUSRUDWHV WKUHH 7(6/$ FU\RPRGXOHV

IRU SURGXFWLRQ RI D ��� 0H9 HOHFWURQ EHDP� (DFK FU\RPRGXOH KRXVHV HLJKW ��FHOO FDYLWLHV RSHUDWLQJ DW

D QRPLQDO DFFHOHUDWLQJ JUDGLHQW RI �� 09�P >��@� 7KH EHDP LV WKHQ VHQW VWUDLJKW LQWR D WKUHH�VHFWLRQ

���P�ORQJ� ZLJJOHU� 7KH H[SHULPHQWDO SURJUDP IRU 3KDVH , LV UHVWULFWHG WR VWXGLHV RI WKH 6$6( SURFHVV�

QR XVHU H[SHULPHQWV DUH SUHVHQWO\ HQYLVLRQHG� 3KDVH ,,� RQ WKH RWKHU KDQG� ZLOO FRPSULVH D XVHU IDFLOLW\�

,Q 3KDVH ,,� ILYH 7(6/$ FU\RPRGXOHV ZLOO EH DGGHG WR WKH OLQDF WR SURGXFH D � *H9 HOHFWURQ EHDP� DQG

WKH ZLJJOHU ZLOO EH H[WHQGHG WR LWV IXOO OHQJWK� ,Q ERWK SKDVHV� WKH OLQDF PXVW SURGXFH D KLJK�EULJKWQHVV�

ORZ�HPLWWDQFH EHDP IRU HIILFLHQW ODVLQJ� ZKLFK LV DQRWKHU GLVWLQFWLYH IHDWXUH RI WKH '(6< SURJUDP�

3KDVH , LV SURMHFWHG WR EH FRPSOHWHG E\ HDUO\ ����� DQG 3KDVH ,, E\ ODWH �����

Jefferson Laboratory’s Superconducting Radiofrequency FEL

-HIIHUVRQ /DE©V VUI )(/� KHUHDIWHU UHIHUUHG WR DV WKH ¦,5 'HPR�§ LV SLFWXUHG LQ )LJXUH �� ,W LV D N:�OHYHO

)(/ WKDW XVHV D �� 0H9 LQMHFWRU DQG D �� 0H9 OLQDF WR SURGXFH D �� 0H9� � P$ FZ HOHFWURQ EHDP IRU

ODVLQJ� 7KH ZLJJOHU H[WUDFWV DERXW ���� RI WKH HOHFWURQ�EHDP HQHUJ\� WKHUHE\ SURGXFLQJ N:�OHYHO OLJKW

WR XVHU ODERUDWRULHV ORFDWHG DERYH WKH )(/� $IWHU ODVLQJ� D KLJK�DFFHSWDQFH PDJQHW ODWWLFH WUDQVSRUWV WKH

HOHFWURQ EHDP EDFN WR WKH OLQDF IRU GHFHOHUDWLRQ GRZQ WR �� 0H9� WKHQ WR D GXPS� 7KXV� DERXW ��� RI

LWV HQHUJ\ LV SXW EDFN LQWR UI SRZHU IRU XVH LQ DFFHOHUDWLQJ RWKHU HOHFWURQV� WKHUHE\ UHGXFLQJ UI�SRZHU

UHTXLUHPHQWV� (QHUJ\ UHFRYHU\ DOVR UHGXFHV ZDVWH KHDW DQG UDGLDWLRQ� DOORZLQJ XVH RI D FRPSDFW EHDP

GXPS RI XQFRPSOLFDWHG GHVLJQ�

7KH ,5 'HPR LQFRUSRUDWHV ZKHUH SRVVLEOH FRPSRQHQWV WKDW DUH FRPPHUFLDOO\ DYDLODEOH DQG�RU DUH

VWDQGDUG LQ -HIIHUVRQ /DE
V QXFOHDU�SK\VLFV DFFHOHUDWRU �&(%$)�� 7KH LQMHFWRU FRPSULVHV D ��� N9 GF

SKRWRFDWKRGH JXQ GULYHQ E\ D FRPPHUFLDO 1G�</) ODVHU� 7KH GULYH ODVHU LV EXLOW WR RSHUDWH DW �����

0+]� EXW DQ HOHFWUR�RSWLF PRGXODWRU LV XVHG WR KDOYH WKH IUHTXHQF\ WR ������ 0+]� RU ����WK RI WKH

IXQGDPHQWDO IUHTXHQF\ RI WKH FDYLWLHV� DV D FRPSURPLVH EHWZHHQ UHTXLUHG FDWKRGH TXDQWXP HIILFLHQF\�

SHDN FXUUHQW� DQG EHDP TXDOLW\� $ ORZHU UHSHWLWLRQ UDWH ZRXOG LQYROYH D KLJKHU EXQFK FKDUJH DQG SHDN

FXUUHQW� SURGXFLQJ PRUH JDLQ EXW DW WKH H[SHQVH RI SRRUHU EHDP TXDOLW\ DQG OHVV PDUJLQ IRU TXDQWXP

HIILFLHQF\� ZKLOH D KLJKHU UHSHWLWLRQ UDWH ZRXOG SURYLGH LQVXIILFLHQW SHDN FXUUHQW� 7KH JXQ LV IROORZHG E\
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D FRSSHU EXQFKHU FDYLW\ DQG D &(%$)�W\SH ���� 0+] VUI FU\RXQLW WR JHQHUDWH DQ DYHUDJH DFFHOHUDWLQJ

JUDGLHQW RI �� 09�P� ERRVWLQJ WKH EHDP WR �� 0H9� 7KH DFFHOHUDWRU XVHV D IXOO &(%$)�W\SH ����

0+] VUI FU\RPRGXOH WR JHQHUDWH DQ DYHUDJH DFFHOHUDWLQJ JUDGLHQW RI � 09�P� ERRVWLQJ WKH EHDP WR ��

0H9 HQHUJ\� 7ZR FRPPHUFLDO �� N: NO\VWURQV SRZHU WKH LQMHFWRU
V FU\RXQLW� $ FRPPHUFLDO ZLJJOHU

DQG PRGLILFDWLRQV RI &(%$)
V UI V\VWHP� FRQWURO V\VWHP� DQG VDIHW\ V\VWHP DUH DOVR LQFOXGHG�

Bunch
decompressor Bunch

compressor

10 MeV dump

42 MeV
 dump 32 MV cryomodule

Photocathode gun

Buncher cavity

10 MV cryounit

Wiggler

HV power supplyRecirculation path

Injector tuneup
dump

Energy recoveryOptical
cavity

)LJXUH �� 6FKHPDWLF RI -HIIHUVRQ /DE©V KLJK�SRZHU )(/�

7KH &(%$)�GHULYHG VUI FRPSRQHQWV DUH PRGLILHG IRU KLJK�FXUUHQW RSHUDWLRQ� 0RGLILFDWLRQV LQFOXGH

DGGLQJ KLJKHU�RUGHU�PRGH ORDGV WKDW GHSRVLW PRGH SRZHU LQWR WKH FU\RVWDW©V �� . VKLHOG� LQFUHDVLQJ WKH

LQWHUFDYLW\ SLSH DSHUWXUH IURP ��� FP WR � FP WR LQKLELW EHDP LPSLQJHPHQW� DQG UHSODFLQJ WKH � FP

YDOYHV ZLWK ��� FP YDOYHV WR UHGXFH LPSHGDQFH� 0DJQHWRVWULFWLYH WXQHUV KDYH DOVR EHHQ DGGHG IRU XVH

GXULQJ VWDUWXS LQ WKH HQHUJ\�UHFRYHU\ PRGH WR HQDEOH VLPXOWDQHRXV ILQH GHWXQLQJ RI WKH OLQDF FDYLWLHV

VKRXOG LW EHFRPH QHFHVVDU\�

$V SUHYLRXVO\ PHQWLRQHG� WKH VSHFLILHG YROWDJHV RI WKH FU\RXQLW DQG FU\RPRGXOH DUH �� 09 DQG �� 09�

UHVSHFWLYHO\� ERWK ZLWK XQORDGHG 4R �[��
�
� 3ULRU WR LQVWDOODWLRQ RI WKH FU\RXQLW LQ WKH )(/ )DFLOLW\�

KRUL]RQWDO WHVWV RI WKH LQVWDOOHG FDYLWLHV LQ WKH LQMHFWRU FU\RXQLW ZLWKRXW HOHFWURQ EHDP LQGLFDWHG DQ

DFFHOHUDWLQJ JUDGLHQW LQ WKH ILUVW �HQWUDQFH� FDYLW\ RI �� 09�P DW 4R �[��
�
� ZLWK ILHOG HPLVVLRQ OLPLWLQJ

LWV SHUIRUPDQFH� DQG LQ WKH VHFRQG �H[LW� FDYLW\ RI � 09�P DOVR DW 4R �[��
�
� ZLWK DQ DUF IDXOW LQ WKH

ZDYHJXLGH EHLQJ WKH OLPLWLQJ IDFWRU >��@� &RUUHVSRQGLQJO\� WKH WRWDO DFFHOHUDWLQJ YROWDJH RQ FUHVW ZDV

�� 09� DV GHVLUHG� 2SHUDWLRQ RII FUHVW PD\ SURYH QHFHVVDU\ DV SDUW RI SUHEXQFKLQJ WKH HOHFWURQ EHDP�

ZKLFK ZRXOG UHGXFH WKLV YDOXH� +RUL]RQWDO WHVWV RI WKH LQVWDOOHG FDYLWLHV LQ WKH FU\RPRGXOH DUH SHQGLQJ�

9HUWLFDO WHVWV RI WKHVH FDYLWLHV SULRU WR LQVWDOODWLRQ ZHUH SURPLVLQJ� LQGLFDWLQJ D WRWDO YROWDJH RI �� 09 LI

WKHLU SHUIRUPDQFH ZHUH WR EH XQDOWHUHG LQ WKH KRUL]RQWDO FRQILJXUDWLRQ >��@� 1RQH RI WKHVH WHVW UHVXOWV

LQYROYHG VSHFLDO FDYLW\ SURFHVVLQJ� KHOLXP SURFHVVLQJ ZLOO HYHQWXDOO\ EH LQYRNHG LI DQ LQFUHDVH LQ

RSHUDWLQJ JUDGLHQW LV GHHPHG QHFHVVDU\�
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%HDP LPSLQJHPHQW PXVW EH NHSW ORZ WKURXJKRXW WKH PDFKLQH ��� �$ DW !�� 0H9� WR PLWLJDWH UDGLDWLRQ

GDPDJH� VKLHOGLQJ UHTXLUHPHQWV� DQG HOHFWURQLF QRLVH� /RZ EHDP ORVV� DLGHG E\ WKH LQWULQVLFDOO\ ODUJH

DSHUWXUHV RI WKH FDYLWLHV DQG E\ GHVLJQLQJ ODUJH DSHUWXUHV LQWR WKH HOHFWURQ�WUDQVSRUW V\VWHP� DOVR SHUPLWV

VDIH KDQGV�RQ PDLQWHQDQFH� 7KH UHFLUFXODWLRQ ODWWLFH LV OLNHZLVH EDVHG RQ D PDWXUH GHVLJQ� WKDW XVHG LQ

WKH 0,7�%DWHV DFFHOHUDWRU >��@�

3ULQFLSDO WHFKQLFDO ULVNV DUH SHUIRUPDQFH RI WKH KLJK�EULJKWQHVV LQMHFWRU DQG DFKLHYHPHQW RI HQHUJ\

UHFRYHU\ IURP WKH KLJK�SRZHU HOHFWURQ EHDP ZKLOH ODVLQJ� 6SDFH FKDUJH LV LPSRUWDQW DORQJ WKH LQMHFWRU

EHDPOLQH� DQG WKH FU\RXQLW ZLOO EH KHDYLO\ EHDP�ORDGHG� ,I FDWKRGH OLIHWLPH EHFRPHV D FRQFHUQ� DQ

DOWHUQDWLYH FDWKRGH RU FDWKRGH�SUHSDUDWLRQ SURFHGXUH FDQ EH XVHG� 7KRXJK HQHUJ\ UHFRYHU\ KDV EHHQ

GHPRQVWUDWHG H[SHULPHQWDOO\ >��@� WKH DSSURDFK KDV QHYHU EHHQ LPSOHPHQWHG ZLWK KLJK�SRZHU EHDP� $

VFUDSHU LV ORFDWHG LQ WKH ILUVW OHJ RI WKH ILUVW UHFLUFXODWLRQ EHQG DV D SUHFDXWLRQ DJDLQVW EHDP ORVV�

6SHFLILFDWLRQV ZHUH HVWDEOLVKHG WKDW SHUPLW WKH VFUDSHU WR VHUYH DV D GLDJQRVWLF RI WKH HQHUJ\ GLVWULEXWLRQ

DQG KDOR LQ WKH HOHFWURQ EHDP DIWHU ODVLQJ� LQ DGGLWLRQ WR EHLQJ D VDIHJXDUG IRU PDFKLQH SURWHFWLRQ�

&RKHUHQW V\QFKURWURQ UDGLDWLRQ �&65� ZLOO EH SUHVHQW LQ WKH PDJQHWLF EHQGV DQG SRWHQWLDOO\ FDXVH

JURZWK LQ WKH WUDQVYHUVH HPLWWDQFH >��@� 7KHRUHWLFDO HVWLPDWHV LQGLFDWH JURZWKV RI DERXW ��� LQ HDFK

RSWLFDO FKLFDQH VXUURXQGLQJ WKH ZLJJOHU� DQG DERXW ��� LQ HDFK UHFLUFXODWLRQ EHQG >��@� &RQFHUQV

DERXW &65�LQGXFHG EHDP GHJUDGDWLRQ PRWLYDWHG SODFHPHQW RI WKH ZLJJOHU DW WKH H[LW RI WKH OLQDF UDWKHU

WKDQ IROORZLQJ WKH ILUVW UHFLUFXODWLRQ EHQG� UHVXOWLQJ LQ D FRUUHVSRQGLQJO\ ODUJHU PDFKLQH IRRWSULQW�

+RZHYHU� WKH FDOFXODWLRQV FDUU\ FRQVLGHUDEOH XQFHUWDLQW\� DQG WKH PDFKLQH LV DQ LGHDO SODWIRUP IRU &65

H[SHULPHQWV� 3DUDPHWULF VWXGLHV RI HPLWWDQFH JURZWK LQ WKH EXQFK GHFRPSUHVVRU IROORZLQJ WKH ZLJJOHU

DQG LQ WKH ILUVW UHFLUFXODWLRQ DUF DUH SODQQHG� 5HVXOWV RI WKH VWXG\ ZLOO EH RI LQWHUHVW IRU WKH RWKHU

SODQQHG VUI )(/V WKDW LQFRUSRUDWH PDJQHWLF FKLFDQHV IRU EXQFKLQJ �H�J�� WKH '(6< PDFKLQH� RU

PDJQHWLF EHQGV WR GLUHFW WKH EHDP WR WKH ZLJJOHU �H�J�� WKH 'URVVHO PDFKLQH��

7KH ZLJJOHU ORFDWLRQ DOVR SHUPLWV HDUO\ ILUVW OLJKW� L�H�� � �P OLJKW DW ��� : FZ SRZHU ZLWKRXW HQHUJ\

UHFRYHU\ XVLQJ D ��� P$ EHDP FRPSULVLQJ EXQFKHV RI �� S& FKDUJH� 7KH ,5 'HPR LQFRUSRUDWHV DQ

XSJUDGHG SRZHU VXSSO\ IRU WKH NO\VWURQV GULYLQJ WKH FU\RPRGXOH� 7KH SRZHU VXSSO\ HQDEOHV WKHP WR

UXQ DW � N: UDWKHU WKDQ WKHLU � N: &(%$) VSHFLILFDWLRQ� SHUPLWWLQJ RSHUDWLRQ ZLWK KLJKHU EHDP FXUUHQW

ZLWKRXW HQHUJ\ UHFRYHU\� :LWKRXW WKH XSJUDGHG SRZHU VXSSO\� DQG LQ WKH DEVHQFH RI HQHUJ\ UHFRYHU\�

WKH DYHUDJH FXUUHQW ZRXOG KDYH EHHQ OLPLWHG WR XQGHU ��� P$ ZLWK SURSRUWLRQDWHO\ ORZHU EXQFK FKDUJH

DQG FRUUHVSRQGLQJO\ ORZHU ODVHU JDLQ�

7KH )(/ )DFLOLW\ WKDW KRXVHV WKH ,5 'HPR DQG XVHU ODEV LV FRPSOHWH� &RQVWUXFWLRQ RI WKH PDFKLQH LV

QHDUO\ FRPSOHWH� ZLWK WKH EDODQFH RI LQVWDOODWLRQ SURFHHGLQJ WKURXJK )DOO ����� ,QMHFWRU FRPPLVVLRQLQJ

EHJDQ LQ ODWH 6HSWHPEHU ����� .H\ WDUJHW GDWHV DUH� (DUO\ ���� IRU LQLWLDO GDWD RQ &65� 6SULQJ ����

IRU ILUVW OLJKW� 6XPPHU ���� IRU ILUVW XVHU H[SHULPHQW� DQG )DOO ���� IRU KLJK�SRZHU RSHUDWLRQ�

Conclusions

3RWHQWLDO DGYDQWDJHV RI VXSHUFRQGXFWLQJ UI WHFKQRORJ\ IRU IUHH�HOHFWURQ ODVHUV LQFOXGH JHQHUDWLRQ RI KLJK

DYHUDJH FXUUHQWV IRU KLJK�DYHUDJH�SRZHU )(/V� KLJK�EULJKWQHVV HOHFWURQ EHDPV IRU XOWUDVKRUW�

ZDYHOHQJWK )(/V� HIILFLHQW HQHUJ\ UHFRYHU\ IURP WKH HOHFWURQ EHDP� DQG EHWWHU HQHUJ\ DQG SKDVH
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VWDELOLW\ IRU XVHU DSSOLFDWLRQV� 7KHVH DGYDQWDJHV PRWLYDWHG FRQVLGHUDEOH DFWLYLW\ WR GHYHORS WKH WKUHH

PDFKLQHV SUHVHQWO\ LQ H[LVWHQFH� 1HZ PDFKLQHV RQ WKH KRUL]RQ LQFOXGH RQH SUHVHQWO\ LQ FRPPLVVLRQLQJ

DQG WKUHH PRUH SURMHFWHG WR EH FRPSOHWHG ZLWKLQ WKH QH[W WZR \HDUV� 7KH\ ZLOO SUHVHQW RSSRUWXQLWLHV IRU

FRPSUHKHQVLYHO\ GHPRQVWUDWLQJ WKH SRWHQWLDO RI WKH WHFKQRORJ\ E\ FROOHFWLYHO\ FDSLWDOL]LQJ RQ DOO RI LWV

DGYDQWDJHV� ,Q WKH SURFHVV� WKH QHZ PDFKLQHV ZLOO OLNHZLVH SURYLGH QHZ RSSRUWXQLWLHV WR XVHUV UHTXLULQJ

KLJK�SRZHU OLJKW DW ZDYHOHQJWKV VSDQQLQJ DOO WKH ZD\ IURP WKH IDU�LQIUDUHG GRZQ WR [�UD\V�
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