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7KH 75 ,* $ 7 UDLQLQJ 5 HVHDUFK ,VRWSHV * HQHUDO$ WRP LFV UHDFWU EXLONVE\ * HQHUDO
$ WVRP LF LV WKH P RVWZ LGHO XVHG QRQ SRZ HU QXFOHDU UHDFWRU LQ WH Z RUOG ,WKDV EHHQ
UHFHQWD SURSRVHG E\ & 5 XEELD WR RSHUDW WKH 0 : WHUP DOSRZ HUO $ 5 ., P RGHO
LQVWOHG DW( 1 ( $ & DVDFFLD UHVHDUFK FHQWH LQ D VXE FUMWFDOP RGH E\ UHP RYLQJ VRP H RI
WH IXHOHOHP HQW DQG FRXSOAQJ WH FRUH Z LW D 0 H9 SURWQ DFFHCHUDWU WURXJK D D
WQJVWQ Z DWHU FRROHG VRAG WUJHW 7 KH WUJ HWVKRXOG EH KRVWG LQ WKH FHQWHDO W LP ECH RI

WH FRUH DWSUHVHQWXVHG IRUKLIK QHXWRQ IOX[ LUUDGLDWRQ Z KLFK KDV D GLDP HWU RI RQO

FP DQG VKRXOG GLVVLSDW P DQ\ WQV RI N: 7 KH WUJ HW FRRAOQJ LV WHUHIRUH D
FKDOHQJ LQJ SURE P 7Z R FRQILI XUDWRQ KDV EHHQ VHOHFWG L D N: WUJ HWFRRCOHG E\
Z DWHU LQ IRUFHG FRQYHFWRQ DQG LL D N: WUJ HW FRROHG E\ Z DWHU LQ QDWUDO

FRQYHFWRQ ,Q RUGHU W LQFUHDVH WH WHUP DO H[ FKDQJH DUHD DQG RSWP LVH WH QHXWRQ
SURGXFWRQ GLVWLEXWRQ WH WUIHWKDV EHHQ GHVLIQHG W EH D YHUWFDO FRQH RI DERXWWH
VDP H HQJW DV WH DFWYH SDUWRI WH FRUH 7 KH SURWP EHDP FRP HV IURP WH WS DQG
WDYHOV WKURXJK WH YRLG RI WH EHDP SLSH Z KHQ LWHQWUWW WH FRQLFDO VHFWRQ RI WH
WUJ HW LW VWUW LQWUDFWZ LW WH WUJ HWP DWULDO RYHU D YHUWFDO GHQJ W RI DERXW FP
FRSLQJ WH DFWYH OHQJW RI WH IXHO FRUH 3 UHOP LQDU VWGLHV SHURUP HG XVLQJ WH
FRP SXWWRQDO IOXLG G\ QDP LF FRGH 6 WU& ' FRXSOHG Z LWK WH P RQWFDUOR FRGH ) OXND
KDYH VKRZ Q WKDWW LV GHVL) Q FDQ HDVLO P HHWWH UHT XLUHP HQW IRU GULYLQJ D VXE FULWFDO
FRUH RSHUDWQJ DWD P XOMSOFDWRQ FRHIILFLHQW N 1 HYHUWKKHOHVV WH QDWUDO
FRQYHFWRQ FRRAOQJ P HFKDQLVP RI WH WUJ HWLV WJ KW\ GOQNHG Z LW WH FRUH FRRQOQJ DQG
IRUD ILQDO DVVHVP HQWRI WH WUI HWRSHUDWQJ FRQGLWRQV LQ QDWUDOFRQYHFWRQ D IXQO

VLP XOWRQ RI WKH 75 ,* $§ FRUH LQFOXGLQJ WH WUJ HW LV UHT X LUHG
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, QWURGX FWRQ

7KH 75 ,* $ 7 UDLQLQJ 5 HVHDUFK ,VRWSHV * HQHUDOS$ WRP LFV UHDFWU EXLONE\ * HQHUDOS$ WP LF LV WKH
P RVW Z LGHO XVHG QRQ SRZ HU QXFOHDU UHDFWU LQ WH Z RUOGG 7 KHUH DUH DW WH P RP HQW 75, %

UHDFWR UV Z KLFK DUH LQ XVH RUXQGHU FRQVWXFWRQ DWXQLYHUVLWHY JRYHUQP HQWDQG LQGXVWILDO COE RUDW ULHV

DQG P HGLFDOFHQWUV LQ FRXQWLHYV 7 KHVH UHDFWRUV RSHUDW DWWHUP DOSRZ HU GHYHOV IURP CHVV WDQ
WR 0
7KH75 ,* $ UHDFWURSHUDWG VLQFH DW( 1 ( $ & DVDFFLD LV D 0 WHUP DOSRZ HUO $ 5 . ,, P RGHO

XVLQJ D XUDQLXP ] LUFRQLXP K\ GULGH IXHODQG Z DWU DV D FRRMQW ,WKDV EHHQ UHFHQW)\ SURSRVHG E\ &
5 XEELD W RSHUDW WH LQVWODWRQ LQ D VXEFUMWFDO P RGH E\ UHP RYLQJ VRP H RI WH IXHO HHP HQW DQG

FRXSAOQJ WH FRUH Z LW D 0 H9 SURWQ DFFHCOHUDWR U

7 KH SURWQ EHDP FRP LQJ ITURP WH DFFHOGHUDWU KDV W LQWUDFWZ LW D WUJHWLQ RUGHU W SURGXFH E\
VSDODWRQ WH QHXWRQ DFWQJ DV D VRXUFH IRUWH VXE FUMWFDOFRUH ,WKDV EHHQ VXJJHVWG W RSHUDW WH
FRUH DWD P XOMSQOFDWRQ FRHIILFLHQWN RI DERXW > @DQG D SRZ HU YDUW LQJ IURP DERXW WR

N: 7 KH RSHUDWQJ SRZ HUIRUWH EHDP WUJ HWLQ WKHVH FRQGLWRQV LV EHW HHQ DERXW DQG N:

7 KH SURWQ UDQJH LOQW WH WUJ HWLV RI WKH RUGHU RI D IHZ P LOOP LWHUY DQG WHUHIRUH WKH WUJ HWGHVL) Q KDV
W EH QHFHVVDULO FRP SDFW ,Q WKHVH FRQGLWRQV W R FRQILIXUDWRQ Z LOOEH VW GLHG IRUWH FRROQJ RI WH
WUJ HW 7 KH ILUWWYHUVLRQ Z LOOEH D WUJ HWFRROHG LQ IRUFHG FRQYHFWRQ FDSDEO RI GLVVLSDWQJ XS W

0 WH VHFRQG YHULRQ Z LOOEH D WUJ HWRSHUDWQJ LQ QDWUDO FRQYHFWRQ FDSDEO RI GLVVLSDWQJ XS W

75 ,* $ FRUH W HUP DOK\ GUDX CLFV

) RURSWP DOVSDODWRQ QHXWRQ GLVWEXWRQ WH EHDP WUJHWKDV W | LWLQW WH FHQWDOKRGC RI WKH FRUH ,Q
RUGHU QRWW P RGLI\ WH FRUH VWXFWUH LWKDV EHHQ VXJJHVWG W DFFRP P RGDW WH WUJ HWLQW D WEH RI
WH VDP H H[ WVHUQDO GLDP HWU DV WWKH FHQWDOHOHP HQW FP DQG WH VDP H ERWRP HQG |ILWLQJ GHVLIQ LQ

RUGHUW EH DFFRP P RGDWG LQW WH KRV RI WKH ERWRP JULG SCOW

7 KH WUJ HW LV WKHUHIRUH |URP WH WHUP DO K\ GUDXQOF SRLQW RI YLHZ HT XLYDOHQW W D IXHO SLQ ,Q WH
IROORZ LQJ Z H Z LOO GHVFULEH WKH FRUH WHUP DO K\ GUDXOFV LQ RUGHU W DVVHVV WKH ERXQGDU\ FRQGLWRQV RI

VWK H WU HW

5 HDFWRU DQG FRUH JHRP HW\

7 KH GHWLOHG GHVFULSWRQ RI WH 75 ,* $ UHIHUHQFH FRQILIXUDWRQ FDQ EH IRXQG LQ UHI > @ 7KH 75 ,* $
UHDFWRU DQG WKH H[ SHULP HQWO IDFLOWHY DUH VXUURXQGHG E\ D FRQFUHW VKLHOG VWXFWUH 7 KH FRUH DQG WH
UHICHFWRU DVVHP EOQO LV (RFDWG DWWH ERWRP RI DQ DOXP LQLXP WOQN FP GLDP HWU 7 KH RYHUDOO

KHLI KWRI WKH WOQN LV DERXW P VR WKH FRUH LV VKLHOGHG E\ DERXW P RI Z DWU VHH ILJ XUH
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) LJ X UH 6 FKHP DWF YLHZ RI D WKH UHDFWRU DVVHP EQ 6 RXUFH (1 ($ UHI > @

D OOWALFH RI I XHOHOHP HQW JUDSKLW GXP P \ HOHP HQW FRQWRODQG UHJ XMWRQ URGV
IHUHQFHV [1URP WR FKDQQHOV SHU

7 KH FRUH FRQVLVW RI
7 KH QXP EHURI FKDQQHOV LV GLYLGHG LQ VHYHQ FRQFHQWILF FLUFXP
,Q VKH FKDQQHOV DUH LQVHUWG W H URGV Z LW FRQILJI XUDWRQV FKRVHQ DFFRUGLQJ WR WKH SRZ HU QHHGV ,Q
ILl HG FKDQQHO/ WH FHQWDO RQH DQG D

ULQJ
RQH RI WH FKDQQHO/ WHUH LV DQ $ P %H VRXUFH Z KLOH W R

SHULSKHUDO DUH DYDLODEOH IRU LUUDGLDWRQ RU RWHU H[ SHULP HQW $ W SLFDO FRQILJ XUDWRQ RI WH FRUH LV

UHS RUWG LQ I LJ XUH

7 KH GLDP HWU RI WH FRUH LV DERXW FP Z KLOH WKH KHLI KW LV FP 7 KH FRUH FRP SRQHQW DUH

FRQWLQHG EHW HHQ D WVRS DQG ERWRP DXP LQXP JULG SAODWV WH WS JULG KDV KROHV IRUIXHOHOHP HQW

DQG FRQWROURGY DQG D FHQWDO WLP ECH IRUKLIK IOX[ LUUDDGLDWRQV 7 KH UHDFWU FRUH LV FRROHG E\ QDWUDO

FRQYHQWRQ RI WKH Z DWHU LQ WKH UHDFWU SRRO
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) LI X UH 6 FKHP DWF YLHZ RI D W SLFDOUHDFWUFRUH FRQILI XUDWRQ 6 RXUFH (1 ($ UHI > @

J FP GHQVLW FKDUDFWUL] HG E\

7 KHIXHOHOHP HQW DUH VWLQOHVV VW HHOFM@G $ ,6 , FP WLFN

DQ H[ WVHUQDO GLDP HWU RI FP DQG D WVRWOKHLI KWRI FP HQG FDS LQFOXGHG ) LJ XUH 7 KH I XHOLV D
F\ ALQGHU FP KHLI KW FP GLDP HWU DERXW J FP GHQVLW RI1 8 UDQLXP DQG = LUFRQLXP
+ \ GUDWH + W =UDWP UDWR LV WR WH XUDQLXP HQULFKHG W LQ 8 P DNHV XS RI WH
P L[l WUH E\ Z HLJKW WVRWOXUDQLXP FRQWQW J FRQWQWRI ILVVLH SHU URG J Z LW D F\ AQGHU

FP KHLIKW FP GLDP HWU J FP GHQVLW RI P HWOAF = LUFRQLXP LQVLGH 7 KHUH DUH W R J UDSK LW
F\ AAQGHUV FP KHLIKW FP GLDP HWU J FP GHQVLW DWWH WS DQG WKH ERWRP RI WH IXHO

([ WHUQDOO W R HQG ILWEQJYV DUH SUHVHQWLQ RUGHU W DOORZ WH UHP RW P RYHP HQW DQG WH FRUUHFWORFNLQJ

W WH JULG

—— |

) LI X UH ) XHOURG VHFWRQ VFDM™

7KH75 ,* 3% FRUH SDUDP HWUY UHOHYDQWIRUFRUH WKHUP DOK\ GUDXCFV DUH QLVWHG LQ 7 DEH
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3LQ H[ WMUQDOGLDP HWHU ° Fp
3LQ DFWYH CHQJ WK Fp
3LWK 3 Ep
3

( [ WHUQDOIXHOUDGLXV Fp
,QWHUQDO) XHOUDGLXV Fp
) XHOYROXP H LQ D SLQ Fp
3 LQ H[ FKDQJH VXUIDFH Fp
) XHOGHQVLW J EP

) XHO8 FRQWHQW
) XHOSLQ P DVV J

7 DEOH / LVWRI 75 ,* $ FRUH SDUDP HWUY UHCHYDQWIRUFRUH WKHUP DOK\ GUDX CFV

& RUH RSHUDWRQV

& ULWFDOP RGH

7 KH UHIHUHQFH FRUH FRQILI XUDWRQ VKRZ HG LQ ILJXUH Z DV XVHG LQ UHIHUHQFH > @W FDOFXOCDOW WH FRUH

QHXWRQLFV XVLQJ WH ($ 0 & 0 RQWFDUR FRGH > @ ,WFRQVLVW RI

® IXHOHOHP HQW

) JUDSKLW GXP P LHV DOOLQ ULQJ *

] FRQWROURGYVY SRVLWRQHG DW& & DQG &
® UHJ XDWRQ URG SRVLWRQHG DW)

] FKDQQHOV IRULUUDGLDWRQ SRVLWRQHG DW$ DQG *

® FKDQQHO/ RI Z DWU SRVLWRQHG DW) DQG *

& ULIMFDORS HUDWRQV DW 0

5 DGLDOSRZ HU SHDNLQJ IDFWU

3LQ DYHUDJH SRZ HU . N:
3 LQ DYHUDJH KHDWIOX[ . : FP
+ HDWIOX[ LQ WH KRWHVWSLQ & . : FP

$ [ LDOSRZ HUSHDNLQJ IDFWULQ WKH KRWHVWSLQ &

7 DECH / LVWRI WKH SDUDP HWHUV Z KLFK DUH UHOHYDQWIRU FRUH WKHUP DOK\ GUDXCFV FKDUDFWUL] DWRQ GXULQJ

75 ,* $ FUWFDORSHUDWRQ
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7 KLV FRQILI XUDWRQ JLYHV D YDOXH IRUN R $ OQVWRI WH FRUH SDUDP HWHUV Z KLFK DUH

UHOHYDQWIRU FRUH WWHUP DOK\ GUDXCFV FKDUDFWUL] DWRQ LV UHSRUWG LQ WE CH

$ WFULWFDO RSHUDWRQ IRU 0 : WHUP DOSRZ HUWH FRUH LV FRROHG E\ D QDWUDO FRQYHFWRQ GUDIWRI WH

SRROZ DWU ,Q ILJ XUH Z H UHSRUWWH KHDWIX[ RQ WH KRWHVWSLQ Z KLFK Z LOOEH UHHYDQWW FRP SDUH W

Z KDWZ LOOEH REWLQHG IRUWH SURWQ WUJ HWLQ WKH QH[ WVHFWRQV

60

-20 -15 -10 5 0 5 10 15 20
Distance from core midplane (cm)

) LI XUH + HDWIOX[ GLVWILEXWRQ RQ WKH KRWHVWSLQ GXULQJ 75 ,* $ FUMWFDORSHUDWRQ

' XULQJ FRUH RSHUDWRQV DW 0 WH Z DWHU LQ WKH UHDFWU SRRO LV UHFLUFXODWG LQ W R 0 : KHDW
H[ FKDQJ HUV WKDWGHFUHDVH WKH Z DWU WVHP SHUDWUH RI DERXW & ,Q WKHUP DOHTXLAEULXP WLV FRUUHVSRQGV
W D ICRZ UDW RI DERXW OV ,I1 ZHP DNH WKH DVVXP SWRQ WDWWLV ICRZ UDW LV FLUFXDWG WURXJK WH
FRUH WH DYHUDJH YHORFLW RI WH QDWUDOFRQYHFWRQ GUDIWLQ WKH FRUH VKRXOG EH DERXW P V 7R KDYH
D P RUH SUHFLVH LGHD RI WH FRROAQJ ICRZ RI' WKH FRUH HLWHU D VHULHV RI P HDVXUHP HQW VKRXOG EH

SHU RUP HG RUD IXOO ' QXP HULFDOVLP XMDWRQ

6 XE FULWFDOP RGH

, WLV LQWHUHVW.QJ WR FKHFN Z KHYHU WH 75 ,* $ RSHUDWG LQ D VXE FUMWFDOP RGH DW 0 WHUP DOSRZ HU
FDQ VWOOEH FRROHG E\ D QDWUDOFRQYHFWRQ GUDIWRI WKH SRROZ DWU ,Q WE Z H UHSRUWD OQLVWRI WH FRUH
SDUDP HWUV Z KLFK DUH UHOHYDQWIRU FRUH WHUP DO K\ GUDXCFV FKDUDFWUL] DWRQ DWWH EHJLQQLQJ RI F\ FO
DQG DWWH HQG RI D ORQJ EXUQ XS SHULRG Z KLFK KDV (RZ HUHG WH P XOMSOAFDWRQ IDFWU N GRZ Q W WH

YDOXH RI

H FDQ REVHUYH WKDWDWWH VDP H SRZ HU IRU N WH UDGLDO DQG D[ LDO SRZ HU SHDNLQJ IDFWUV DUH

VAJ KW DERYH WH YDOXHV RI WKH FUWFDO P RGH OHDGLQJ WR D KLIKHU KHDWIOX[ RQ WH KRWWHVWSLQ 7 KLV

WQGHQF\ LV LQFUHDVLQJ E\ ORZ HULQJ WKH YDOXH RI WKH P XOMSOFDWRQ IDFWU DWN WH P D[ LP XP YDOXH
RI WKH KHDWIOX[ LQ WKH KRWHVWSLQ LV DERXW KLIKHUWDQ LQ WKH FULMLFDOP RGH
2 SHUDWQJ WH IDFLOW DWWH VDP H P D[ LP XP SRZ HU GHYHOWDQ IRU WH FUMWFDO P RGH 0o Z KRXGG

WHUHIRUH UHT XLUH D FDUHIXO DQDO VLV RI WH FRUH WHUP DO K\ GUDXQFV LQ RUGHU QRW W ULVN WR DSSURDFK

FULWLFDOKHDWIOX[ HV
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6 XEFULMLFDORS HUDWRQV DW 0

% HJLQQLQJ RI & \ FCH N

5 DGLDOSRZ HU SHDNLQJ IDFWU

3LQ DYHUDJH SRZ HU . N:

+ HDWIOX[ LQ WKH KRWHVWSLQ & . : FP

$ [ LDOSRZ HUSHDNLQJ IDFWULQ WKH KRWHVWSLQ &

( QG RI & \FOH N

5 DGLDOSRZ HU SHDNLQJ IDFWU

3LQ DYHUDJH SRZ HU . N:

+ HDWIOX[ LQ WH KRWHVWSLQ & . : FP

$ [ LDOSRZ HUSHDNLQJ IDFWULQ WKH KRWHVWSLQ &

7 DECH / LVWRI WKH SDUDP HWHUV Z KLFK DUH UHOHYDQWIRU FRUH WWKHUP DOK\ GUDXCOFV FKDUDFWUL] DWRQ GXULQJ

75 ,* $ VXE FUWFDORSHUDWRQV DW 0

,Q WE™ Z H UHSRUW D OQVW RI WH FRUH SDUDP HWUV Z KLFK DUH UHOHYDQW IRU FRUH WHUP DO K\ GUDXCFV
FKDUDFWUL] DWRQ GXULQJ 75 ,* $ VXE FUMWFDORSHUDWRQV DWORZ HU SRZ HU CHYHO/ ,Q ILJXUH Z HVKRZ WH
FRUUHVSRQGLQJ KHDWIOX[ GLVWLEXWRQ RQ WH KRWHVWSLQ 2 QH FDQ REVHUYH WDWIRU WH SRZ HU CHYHOV
SURSRVHG LQ VHFWRQ WH KHDWIOX[ HV DUH ORZ HU WKDQ LQ WH FXUUHQWFUMWFDOP RGH RSHUDWRQ DW 0

7 KLV Z LOO DOORZ XV W RSHUDW WH IDFLOW LQ VXE FUMFDO P RGH Z LWRXW DQ\ FKDQJH LQ WH FRRQQJ

VN VVWHP

60

O T T T T T T T
-20 -15 -10 -5 0 5 10 15 20
Distance from core midplane (cm)

) LI X UH + HDWIOX[ GLVWLEXWRQ LQ WKH KRWHVWSLQ GXULQJ 75 ,* $ VXE FUMWFDORSHUDWRQ IRUGLIIHUHQW

SRZ HUCGHYHO/
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6 XEFULWMFDORS HUDWRQV DW N :

% HJLQQLQJ RI & \ FCH N

5 DGLDOSRZ HU SHDNLQJ IDFWU

3LQ DYHUDJH SRZ HU . N:

+ HDWIOX[ LQ WKH KRWHVWSLQ & . : FP

$ [ LDOSRZ HUSHDNLQJ IDFWULQ WKH KRWHVWSLQ &

6 XEFULIMLFDORS HUDWRQV DW N :

%HJLQQLQJ RI & \FOH N

5 DGLDOSRZ HUSHDNLQJ IDFWU

3LQ DYHUDJH SRZ HU . N:

+ HDWIOX[ LQ WH KRWHVWSLQ & . : FP

$ [ LDOSRZ HUSHDNLQJ IDFWULQ WKH KRWHVWSLQ &

7 DECH / LVWRI WKH SDUDP HWHUV Z KLFK DUH UHOHYDQWIRU FRUH WKHUP DOK\ GUDXCFV FKDUDFWUL] DWRQ GXULQJ

75 ,* $ VXE FUWFDORSHUDWRQV DW DQG N:

7 KHVSDODWRQ WUJ HW

7 KH SURWQ UDQJH DW 0 H9 LQ D VXLWEO WUJ HWP DWULDOLV RI WKH RUGHU RI D IHZ P LOOP LWUV OHDGLQJ
W YHU KLIK SRZ HU GHQVLWHV LQ RXU FDVH Z KHUH WH EHDP FXUUHQW LV UHODWYHO KLJK . P $

0 RUHRYHU IRU WH UHDVRQV H[ SADLQHG LQ VHFWRQ WH WU HWKDV WR | LWLQW WH FHQWDOKRGOH RI WH FRUH
DQG KDV D D P D[ LP XP UDGLXV RI FP

,Q WWHVH FRQGLWRQV WKH WUJ HWFRRQO.QJ LV D FKDOHQJ LQJ SUREGCHP 72Z R FRQILI XUDWRQ KDV EHHQ VHCHFWG

] 7 KH ILUVW YHUVLRQ Z LOO EH D WUJHWFRROHG E\ Z DWU LQ IRUFHG FRQYHFWRQ FDSDEOH RI GLVVLSDWQJ

P RUH WKDQ N:

e} 7 KH VHFRQG YHULRQ Z LOOEH D WUJ HWRSHUDWQJ LQ QDWUDOFRQYHFWRQ ,WLV LQ DOOHTXLYDOHQWW D IXHO
SLQ D SDUWIURP KDYLQJ D GLIIHUHQWKHDWIOX[ GLVWLEXWRQ ,WZ LOOEH FDSDEOH RI GLVVLSDWQJ XS WR

N: DV D QRUP DOIXHOSLQ

7 DUJHWJ HRP HW\

,Q RUGHU WR LQFUHDVH WH WHUP DO H[ FKDQJH DUHD DQG RSWP LVH WKH QHXWRQ SURGXFWRQ GLVWLEXWRQ WH
WUl HWKDV EHHQ GHVLI QHG W EH D YHUWFDOFRQH RI DERXWWH VDP H GHQJW DV WWKH DFWYH SDUWRI WH FRUH

FP $ VFKHP DWF YLHZ RI WH WUJ HWLV UHSRUWG LQ ILJ XUH 7 KH SURWP EHDP FRP HV IURP WH WS DQG
WDYHO/ WWURXJK WH YRLG RI WWH EHDP SLSH 7 KH EHDP GLDP HWU LV VOJ KW\ VP DOHU WKDQ WH LOQWUQDO SLSH

GLDP HWU : KHQ WH EHDP HQWUY WH FRQLFDO VHFWRQ RI WH WUJ HW LWVWUW LQWUDFWQJ Z LW WH WUJ HW
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P DWULDORYHU D YHUWFDO CHQJ W RI DERXW FP Z KLFK LV FRP SDUDECH Z LW WKH DFWYH CHQJW RI WH IXHO

FRUH $ V D UHVXONRI WKH LQWUDFWRQV QHXWRQV DQG KHDWDUH SURGXFHG LQ WKH WUJ HWP DWULDO

) LI X UH 6 FKHP DWF SULQFLSOH RI WKH 75 ,* $ WUJHW ,Q UHG LWLV VKRZ Q WKH EHDP LQWUDFWRQ ] RQH Z KLFK

FRUUHVSRQGV WVR WKH WKHUP DOH[ FKDQJH DUHD

) ROORZ LQJ WKLV SUQFLSCH W R P DLQ GHVLJQ RSWRQV KDYH EHHQ VWGLHG |IRU UHDVRQV WDW Z LOO EHFRP H

FOHDU LQ WKH IRCRZ LQJ VHFWRQV

] $ WLQ WUIHW Z KHUH WKH FRQH Z DOO KDV D FHUWLQ WLFNQHVV V RU P P DQG LV H[ WHUQDQOO
FRROHG E\ Z DWHULQ IRUFHG FRQYHFWRQ 6 LQFH WKH FRQH DQJCH LV YHU\ VP DX a a GHJ W H SDUWFCH
DFWDOD VHHV DQ HIITHFWYH CHQJW RI WH WUJ HWP DWULDO O V FRV D Z KLFK LV ODUJHU WKDQ WH SURWQ
UDQJH 1 HYHUKHGOHVVY GXH W & RXCRP E VFDWHULQJ LQ WLV FRQILJIXUDWRQ SDUWRI WH SURWQ UDQJH FDQ
EH H[ WHUQDO W WH WUJHW P DWULDO DQG WH SURWQ FDQ EH VWSSHG LQ WH FRRQQJ Z DWU 7 KLV
FRQILI XUDWRQ KDV WKH GLVDGYDQWJH RI KDYLQJ D UHGXFHG WHUP DOH[ KDQJH DUHD LQ FRQWFWZ LW WH

FRROAQJ Z DWHUW GLVVLSDW WKH KHDWSURGXFHG LQ WKH WUJ HWP DWULDO

] $ WLFN WUJHW Z KHUH WKH FRQH LV HVFDYDWG LQW D SOLQ F\ AQGHU ,Q WLV FRQILI XUDWRQ DOO WH

FRXORP E HQHUJ\ LV UHOHDVHG LQWR WH WUJ HWP DWULDO EXWWH WHUP DOH[ KDQJH DUHD W GLVVLSDW WH
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XQLIRUP O GLVWLEXWG

EXWDOVR

P RVW DWWH HQG RI

& 56 7HFKQLFDO5 HSRuW' 5 $ ) 7

KHDWSURGXFHG LQ WH WUJ HWP DWULDO LV WKH RQH RI D F\ AQGHU RI WH VDP H EDVH DV WKH FRQH WH
H[ FKDQJH DUHD LQ FRQWFW Z LWK WH FRRQQJ

Z DWHU LV WKHUHIRUH WH GRXEOMH WDQ WH RQH LQ WH
SUHYLRXV FDVH

)/ 8 . $ VLP XDWRQ

7 KH VLP XODWRQ RI WH HQHUJ\

GHSRVLWLQ WH CHDG WUJ HWKDV EHHQ SHUIRUP HG XVLQJ )/ 8 . $ > @ 7 KH
WUJ HWP DWULDO KDV EHHQ FKRRVHQ W EH WQJVWQ Z KLFK FRXSCOHV D YHU

KLIK QHXWRQ \ LHOG Z LW LGHDO
WHUP DOSURSHUWHYV VXFK DV D JRRG WKHUP DOFRQGXFWYLW DQG D KLJK P HOMQJ SRLQW

7Z R GLIIHUHQW SDUWFOH GHQVLW FRQILIXUDWRQ RI WH LQFLGHQW EHDP KDV EHHQ XVHG D XQLIRUP DQG D
SDUDERQF GLVWLE XWRQ

,Q VSLWH RI

WH IDFWWDWRQH FRXOG H[ SHFWD FRQVWQWKHDWUHMHDVHG RYHU WKH DFWYH SDUWRI

WKH FRQH CHQJ WK
LQ VKH FDVH RI D XQLIRUP EHDP GLVWLEXWRQ WKLV Z DV QRWWH FDVH DV LWFDQ EH VHHQ LQ ILJ X UH Z KHUH WK H
HQHUJ\ GHSRVLWHG SHU LQFLGHQW SURWRQ E\

D XQLIRUP SDUWFCH EHDP

LIQ WKH 75 ,* §
I LOMULQJ GLIITHUHQWLQWHUDFWRQV GXULQJ WK H FDCFX CDWRQ

WUJ HW LV VKRZ Q

0.014 10000
- 9000
- .‘
0.012 ‘ﬂ .
] 8000 Fluka Simulation [
u ]
0.01 5
3 70004 &
a Y . 60001 L
4 - | |
% 0.008 n&;&\ : .
S 4 Ay 5000
> L}
8 0.006 o 20004 L =
A LY Uniform power deposit
0.0044 = All reactions 5 30001 =
< No nuclear interactions s 2000= -
0.002+, 4 No multiple scattering \ 1000 .
No nuclear interactions and multiple scattering 2 L
A L ]
oF , . , . . , Ry 0 , . . . . , .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Cone heigth (cm) z (cm)
) LI X UH ( QHUJ\

GHSRVLWG SHULQFLGHQWSURWQ E\ D XQLIRUP SDUWFCH EHDP LQ WH 75 ,* $ WU HW
I LOMULQJ GLIITHUHQWLQWUDFWRQV GXULQJ WH FDOFXDOWRQ 2 Q WKH ULJKWRQH FDQ FRP SDUH WKH SRZ HU GHQVLW

JHQHUDWG LQ WKH UHDOFDVH DQG LQ DQ LGHDOFDVH Z KHUH WKH HQHUJ\ Z RXOG EH XQLIRUP O GLVWLEXWG

, WLV REYLRXV WKDW& RXORP E P XONSCH VFDWWHULQJ LV Z LGHQLQJ WKH EHDP

HQRXJK W P DNH SDUWRI
VFDWWHU EDFN LQW WH YDFXXP

WH EHDP
DQG WHQ KLWWH FRQH P XFK ODWU

FORVHU WVR WKH YHUW[ ) LJ XUH DOVR
FRP SDUH WH SRZ HU GHQVLW

JHQHUDWG LQ WH UHDO FDVH DQG LQ DQ LGHDO FDVH Z KHUH WKH HQHUJ\ LV

& RXCRP E P XOMSCH VFDWWHULQJ LV UHVSRQVLECGH QRWRQO IRU WH QRQ XQLIRUP

KHDWGHSRVLWLQW WH WUJ HW
IRUDQ LP SRUWQWKHDWGHSRVLWLQW WH Z DWHU LQ WKH FDVH RI

WH WLQ WUJ HW DV LWLV VKRZ Q LQ WEH
2 QH FDQ REVHUYH WDWWLY GRHV QRWDIIHFWVL]) QLILFDQW WH QHXWRQ SURGXFWRQ VLQFH WH SURWQ LV

LW UDQJH Z KHQ LWDUULYHV LQ WKH Z DWU
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7 DUJHWW S H 1 HX WRQ Rl ( QHUJ\ GHSRVLWG LQ
\ LHOG WK H WK Q J VWHQ
7 KLFN WDUJ HW Qs
7 KLQ WDUJ HW P P WLFN Qs
7 KLQ WUJHW P P WKLFN Qs

7 DEXH ) UDFWRQ RI WKH HQHUJ\ GHSRVLWG DQG QHXWRQ SURGXFWRQ IRUD XQLIRUP SDUWFOH EHDP LQ WH

75 ,* $ WUIHWIRUGLI IHUHQWFRQILJ XUDWRQV

7 KH SDUDEROF EHDP GLVWLEXWRQ KDV WVKH GLVDGYDQWJH RI KDYLQJ D KLJKHUKHDWGHSRVLWW GLVVLSDW DWW H

WS RI WKH FRQH 1 HYHUWHOHVV DV VKRZ Q LQ ILJXUH LWKDV WKH DGYDQWJH RI KDYLQJ D P RUH XQLIRUP

QHXWRQ SURGXFWRQ FRP SDUHG WVR WKH XQLIRUP GLVWLEXWRQ

) LI X UH 1 HXWRQ SURGXFWRQ YV YHUWFDOGLVWQFH IURP WH FRUH P LGS®MQH IRUGLI IHUHQWEHDP

GLVWILE X WR QV

7 KLQ WoUJ HWVROX WR Q

7 KLV VROXWRQ KDV EHHQ RQO VWGLHG LQ WH FDVH RI D IRUFHG FRQYHFWRQ FRROQJ DQG Z LW D XQLIRUP

SURWRQ GLVWLE XWRQ

7 DUJ HWJ HRP HW\
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Figure 9: A 3D section of some relevant parts of the thin beam target.

7 DU HWVKDSH & RQLFDO

7 DUJ HWP DWULDO 7 XQJVWQ DOR\

% HDP  HQHUJ\ 0 H9

% HDP GLDP HWU FP

% HDP GLVWLE XWRQ 8 QLIRUP
7 DU HWW LFNQHVV P P
7 DU HWOHQJ W FP
& RRAQJ IXLG Z DWHU

1 XP EHURI ILQV

) LQV WKLFENQHVV P P

7 DU HWWEH H[ WHUQDOGLDP HWU FP

DWU FKDQQHOWLFNQHVV P P

7 DEOH 0 DLQ SDUDP HWUY RI WKH WKLQ 75 ,* $ WUJHW
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$ V DOUHDG\ H[ SAOLQHG EHIRUH WH EHDP WUJHWKDV W
ILWLOQWR WKH FHQWHDOKRGOH RI WKH FRUH ) RU WLV UHDVRQ LW
KDV EHHQ GHVLIQHG W EH DFFRP P RGDWG LQW D WEH
RI WKH VDP H H[ WVHUQDO GLDP HWU DV WKH I XHOP RGHUDWU
HOHP HQW FP DQG WH VDP H ERWRP HQG ILWNQJ
GHVLIQ LQ RUGHU W EH DFFRP P RGDWG LQW WH KRGOHV

Rl WKH ERWRP JULG SCOW

) RUKLIK SRZ HUY WQV RI N: WH WU HWFDQQRWEH
FRROHG E\ D QDWUDO FRQYHFWRQ GUDIW RI WH SRRO
Z DWHU EXW QHHGV |IRUFHG FRQYHFWRQ 7 KH WS HQG
ILWNQJ KDV W EH WHUHIRUH QHFHVVDULO P RGLILHG LQ
RUGHU W DFFRP P RGDW RXWRI WH UHDFWU FRUH WS
SCOW D VP DOOSXP S VXFNLQJ WH Z DWHUIURP WH SRRO
DQG FLUFXOOWQJ LWLQ IRUFHG FRQYHFWRQ WURXJK WH
WUJ HW 7 KH KHDWG Z DWU Z KLFK KDV FRROHG WH WUJ HW
FDQ WKHQ EH DJDLQ UHOHDVHG LQWR WH UHDFWU SRRO 7 KH
RSHUDWRQ RI WH FRROQJ SXP S KDV W EH VWLFW

FRXSOHG Z LWK WH SURWQ EHDP RSHUDWRQ W DYRLG
Z DWHU ERLAQJ LQ FDVH RI D SXP S IDLOXUH XQGHU EHDP

LUUDGLDWRQ

,Q ILIXUH LW LV VKRZ Q D VFKHP DWF YLHZ Rl WH
WUJ HW 7 KH Z DWHU HQWHUV IURP WKH WS RI WH WUJHW
HOHP HQW LW ICRZ V EHW HHQ VWKH WUJHW FRQH DQG D
IXQQHO LQ D VHFWRQ $ WWH HQG RI WH WUJ HW
FRQH LW UHYHUVHV DQG ICRZ V EDFN W WH WS LQ WH
VHFRQG VHFWRQ 7 KH WUJHWFRP SRQHQWDQG WKH

IXQQHODUH FRQWLQHG LQW D RXWU GLDP HWU WEH

,Q RUGHU W P D[ LP LVH WKH WHUP DOH[ FKDQJH EHW HHQ
WH WUJHW DQG WH FRROQJ IXLG ILQV KDYH DO/R
EHHQ LQWRGXFHG Z KLFK DUH P HFKDQLFDOO FRQQHFWG

W WKH WUJ HWI XQQHO

) LI X UH $ " YLHZ RI VKH FRQH RI VWKH EHDP

WU HW  Z LW LW ILOV 7KLY FRP SROQHQW Lv $ G YLHZ RI WKH WUJHWLQWUQDO FRP SRQHQWZ LW LW

VXUURXQGHG E\ D ICRZ JXLGH DQG LV LQVHUMWG LQWR D ILQV LV DOVR UHSRUWG LQ ILJ XUH 7 KH WUJ HWP DLQ
FP GLDP HWUWEH LQ WKH FHQWDOK R CH SDUDP HWHUY DUH UHSRUWG LQ WE CH

& ULWFDOK HDWI OX [

7 KH QP LWQJ IDFWU IRU WKH SRZ HU LQ WH WUJHWLVY WH ULVN RI D EXUQRXW NQRZ Q DOVR DV GU RXW RU
ERLOQJ FULVLV Rl WH WU HW VXU DFH 7 KLV SKHQRP HQRQ FDQ RFFXU Z KHQ WH WUJHW RSHUDWYV DW

WP SHDWUH KLJKHUWDQ WH ERLAOQJ SRLQWRI Z DWU

,Q WKLV FDVH LI WKH VR FDOOHG FUMMFDOKHDWIOX[ LV UHDFKHG DWD FUMWFDOWP SHUDWUH GLIIHUHQFH EHW HHQ WH
EXON RI WWH FRROAQJ Z DWU DQG WH WUJ HWVXU DFH D SHUP DQHQWILG®P RI YDSRXU HVWEQVKHV EHW HHQ WH
WU HWDQG WH FRROQJ ATXLG DQG WH WUJ HWWP SHUDWUH FDQ VXGGHO LQFUHDVH RI KXQGUHGV RI GHJUHHV

$ OKRXJK WQJVWQ FDQ RSHUDW DWYHUW KLIJK WP SHUDWUHV Z H EHOHYH WLV FRQGLWRQ VKRXOG EH DYRLGHG
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7 KH FUWFDO KHDWIOX[ IRU SRROERLAQJ RI Z DWHU DWRQH DW RVSKHUH LV DERXW : FP IRU D VXU DFH

WP SHUDWUH RI DERXW & > @

) RUFRQYHFWYH ICRZ ERLOAQJ WH FUMWFDO KHDWIOX[ LV KLIJKHU DQG RFFXU DWKLIKHU VXU DFH WP SHUDW UHV
+ HDWIOX[ H[ SHULP HQWO FRUUHOOWRQV GHSHQG RQ P DQ\ SDUDP HWUV SUHVVXUH P DVV ICRZ UDW OHQJW DQG
VKDSH RI WH ICRZ FKDQQHO ,I D FRUUHOODWRQ Z KLFK LV DSSURSULDWH WR RXU FDVH FDQQRWEH IRXQG LQ

OAWUDWUH DQ H[ SHULP HQWKDV WR EH FDUULHG RXW

0 RGHOVHWXS

$ ! WHUP DO DQDO VLV RI WKH WUJ HW V\ VWVHP LQ VWDG\ VWW FRQGLWRQV KDV EHHQ SHURUP HG XVLQJ WH

ILQLWH YROXP H FRP P HUFLDOFRGH 6 WU& ' > @FRXSOHG Z LW WH UHVXOW |URP ) OXND VLP XDWRQV

& RP SXWWRQDOP RGHODQG P HVK

$ ' P RGHO RI DERXW FHOOV Z DV FUHDWHG 7 KDQNV W WH IDFW WWDW WKH SUREHP Z DV D[ LDO
VI P P HWLF RQO RlI WKH GRP DLQ Z DV VLP XMDWG Z KLFK LQFOXGHG WH WQJVWQ FRQH VWXFWUH DQG RQH

ILQ $ YLHZ RI WKH P HVK VWXFWUH LV VKRZ Q LQ ILJXUH

) LI X UH 7 KH FRP SXWWRQDO P RGHO

7 KH P DLQ LQSXWSDUDP HWUV RI WKH FRP SXWWRQDOP RGHODUH UHSRUWG LQ WE CH
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EHDP SRZ HU N:
EHDP GLVWLE XWRQ XQLIRUP
LQCHWY HCR F LW P Vv
Z DWHUICRZ UDW ov
LQOHWZ DWHU VHP S HUDWK UH &

7 DEOH L7 KHP DLQ LOQSXWSDUDP HWUV RI WKH FRP SXWWRQDOP RGHO

5 HVX ow
,Q WKH FRQGLWRQV RI WH VLP XDWRQ WH SUHVVXUH ORVVHV LQ WH WUJ HWVHFWRQ DUH Rl WH RUGHU RI EDU
DQG WKH ILQV DUH GLVVLSDWQJ DERXW RlI WKH SRZ HU 7 KH WVHP SHUDWUH P DS LQ WH WQJVWQ VWXFW UH

LV VKRZ Q LQ ILJ XUH

) LI X UH 7 HP SHUDWUH P DS LQ WKH 75 ,* $ WUJHW
,Q 1'LJ X UH Z HVKRZ WH WP SHUDWUH P DS LOW WH Z DWHUDQG WH KHDWIOX[ DFURVV WKH WUJ HWVX U DFH $ V
H[ SADLQHG LQ VHFWRQ WH YDOXH RI FUMWFDO KHDWIOX[ IRUD JLYHQ FRQILI XUDWRQ GHSHQGV RQ P DQ\
SDUDP HWHUV SUHVVXUH P DVV IRZ UDW VXEFRRQQJ 7 7 KHDWGLVWLE XWRQ OGHQJW DQG VKDSH RI WH

ICRZ FKDQQHO ,Q RXU FRQILIXUDWRQ Z H DSSAHG WH % RZ UQJ FRUUHODWRQ XQGHU WH 0 DFEHW 9% DUQHWV
K\ SRWHVLY > @Z KLFK JLYHV IRUDQ HTXLYDGHQWURXQG WEH Z LW XQLIRUP KHDWGLVWLEXWRQ WH YDOXH RI
f : FP 7 KLV P HDQV WDW N: DUH VRP HKRZ WH AP LWRI WH RSHUDWRQ RI WLV WUJ HW W DW
FDQ WHUHIRUH VDIHO RSHUDW DWWH UHT XLUHG N: Z KLFK KDYH EHHQ IL[ HG LQ VHFWRQ 1 HY HUWKHCHVV

WHYDXH RI WKH FUULAWFDOKHDWIOX[ VKRXOG EH H[ SHULP HQWOO DVVHVVHG LQ RXUFRQILJIXUDWRQ
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) LI X UH Z DWHU WP SHUDWUHV DQG KHDWIOX[ LQ WKH 75 ,* $ WUJHW

7 KLFN WoUJ HWVR OX WR Q

) RUFHG FRQYHFWRQ WUJ HW

34.1.1 Target geometry

,Q WLV FRQILIXUDWRQ WH FRQH LV HVFDYDWG LQW D SCDLQ WQJVWQ F\ OLQGHU LQ RUGHU WR P D[ LP L] H WH
W HUP DOH[ FKDQJH DUHD 7 KH Z DWU IOGRZ GRHV QRWUHYHUVH LQW WKH ERWRP RI VWKH WUJHWSLQ EXWZ DWU LV
VXFNHG E\ WKH SXP S GLUHFW). IURP WH ERWRP RI WH FRUH 7 R IXUMKHU LQFUHDVH WH WHUP DOH[ FKDQJ H

ILQV RI P P WLFNQHVV KDV EHHQ LQWRGXFHG ' HWLO/ RI WKH WUJ HWJ HRP HWJ\ DUH VKRZ Q LQ ILJ XUH

) LI XUH ' HWLOV RI WKH WKLFN WUJ HWJ HRP HW\ LQ IRUFHG FRQYHFWRQ
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34.1.2 Mode set-up

,Q WKLV FRQILI XUDWRQ W R GLIITHUHQWEHDP GLVWLEXWRQ KDYH EHHQ VW GLHG D SDUDERQF DQG D XQLIRUP $ Vv
H[ SODLQHG LQ VHFWRQ WH SDUDEROGF EHDP GLVWLEXWRQ KDV WKH DGYDQWJH RI KDYLQJ D P RUH XQLIRUP
QHXWRQ SURGXFWRQ FRP SDUHG W WH XQLIRUP GLVWLEXWRQ EXWD KLIJKHU KHDWGHSRVLWW GLVVLSDW DWWH

WS RI WKH FRQH 7 KH LQOHWZ DWU YHORFLW Z DV P DQWLQHG DW P V Z LW DQ LQGHWWP SHUDWUH RI &

3.4.1.3 Results

,Q 1LJXUH Z H VKRZ WH WP SHUDWUH GLVWLEXWRQ LQVLGH WH WUJHWLQ WH FDVHV RI D XQLIRUP RU
SDUDERQF EHDP GLVWLEXWRQV IRU N: KHDWUHGHDVH LQ WH WUJ HW Z KLFK FRUUHVSRQGV W WH SRZ HU
QHHGHG W GULYH WH FRUH DW 0 : 2 QH FDQ REVHUYH WDW DV H[ SHFWHG WH P D[ LP XP WP SHUDWUH LQ

FDVH Rl D SDUDERCOF EHDP & LV P XFK KLJKHUWDQ LQ WKH FDVH RI D XQLIRUP EHDP &

) LI X UH 7 HP SHUDW UH GLVWLE XWRQ LQ WKH 75 ,* $§ WLFN WUJHWLQ FDVH RI D XQLIRUP CHIW RU SDUDERCQLF

ULJ KW EHDP GLVWLE XWRQ

) LI XUH + HDWIOX[ GLVWLEXWRQ LQ WKH 75 ,* $ WLFN WUJ HWLQ FDVH RI D XQLIRUP CHIW RUSDUDERGOQLF

ULJ KW EHDP GLVWLE XWRQ
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7 KH VHQVLEOH GLIIHUHQFH LQ WH P D[ LP XP WU HWWP SHUDWUH LV QRWUHICHFWG LQ WH KHDWIOX][ DV LWLV
VKRZ Q LQ ILJ XUH VLQFH WKH WKLFNQHVV RI WKH WKQJ VWHQ DQG WH LW JRRG WHUP DOFRQGXFWYLW DFW DV D

WHUP DOGLIIXVHU DQG XQLIRUP L] HV WKH KHDWIOX[ HV

2 QH FDQ REVHUYH WDWWH P D[ LP XP KHDWIOX[ LQ WLV FRQILIXUDWRQ H[ FHHGV WH YDOXH RI DERXW
FP Z KLFK DV EHHQ VXJJHVWG LQ VHFWRQ DV D SRVVLEOH AP LWIRU WKH FUMFDO KHDWI OX [ ,Q 1'LJ XUH
Z HVKRZ WHP D[LP XP KHDWIX[ DQG WH WP SHUDWUHV LQ WKH Z DWU DQG LQ WKH WKQJVWQ DV D IXQFWRQ
Rl WKH EHDP SRZ HU $ FFRUGLQJ W WH FDOFXWG YDOXHV Z H FDQ JLYH D VRP HKRZ FRQVHUYDWYH QP LWRI
N: IRUWUJ HWRSHUDWRQ LQ WLV FRQILIXUDWRQ Z KLFK CGDUJHO P HHW WH UHT XLUHP HQWRI N: Z KLFK

KDV EHHQ IL[ HG LQ VHFWRQ

900-
800—: = Maximum Heat flux (W/cm”2)

] Tungsten maximum temperature (C)
700+ A Water maximum temperature (C)
600-
500
4007
300
200
100

O-"'|"'|"'|"'|"'|"'|"'
0 20 40 60 80 100 120 140
Beam Power (kW)
) LI X UH P D[ LP XP KHDWIOX[ DQG WHP SHUDWUHV YV EHDP SRZ HULQ WKH 75 ,* $ WLFN WUJ HW

1 DWKUDOFRQYHFWRQ WUJHW

3.4.2.1 Target geometry

,Q WLV FRQILIXUDWRQ WH FRQH LV HVFDYDWG LQW D SCDLQ WQJVWQ F\ OLQGHU LQ RUGHU W P D[ LP L] H WH
W HUP DO H[ FKDQJH DUHD 7 KH ILQV KDYH EHHQ HOP LQDWG DQG WKH WKQJVWQ F\ OAQGHU LV LQ GLUHFWFRQWFW
Z LWK VWK H H[ WVHUQDODOXP LQLXP SLQ WEH W EH FRROHG E\ VWKH FRUH Z DWHU LQ QDWUDOFRQYHFWRQ ' HWLO/ RI

WKH WUJ HWJ HRP HWMA DUH VKRZ Q LQ ILJ XUH 7 KH WUJ HWP DLQ SDUDP HWUV DUH UHSRUWG LQ WE H
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) LI X UH

' HWLORI WWH ERWRP SDUWRI WKH QDWUDOFRQYHFWRQ 75 ,* $ WUIHW

7 DU HWLQWUQDOVKDSH

& RQLFDO

7 DU HWH[ WVHUQDO VK DS H

& \ AQGULFDO

7 DUJ HWP DWHULDO

7 XQJ VWHQ

% HDP HQHUJ\ 0 H9

% HDP GLDP HWU FP

% HDP GLVWILE X WRQ

SDUDERQF

7 DU HWWWOMtHQJI W FP

7 DUJ HWLQWHUDFWRQ CHQJ W FP

& RRAQJ IXLG

Z DWHU

7 DUUHW $ OWEH LQWUQDOGLDP HWU FP

7 DUI HW$ OWEH WLFNQHVV P P

7 DUI HW$ OWEH H[ WHUQDOGLDP HWU FP

7 DU HW$ OERWRP VXSSRUWWLFNQHVV P P

7 DECH 0 DLQ SDUDP HWUY RI WWKH QDWUDOFRQYHFWRQ 7 5

Y8 WU HW
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3.4.2.2 Preliminary consideration

,Q 1LJXUH Z HVKRZ D FRP SDULVRQ RI WH KHDWIOX[ DRQJ WH KRWHVWSLQ IRUGL IHUHQWFRUH RS HUDWRQ
FUMFDODQG VXE FULMWFDO DW 0 : DQG WH 75 ,* $ WUIHWLQ QDWUDOFRQYHFWRQ Z KRVH QP LWKDV EHHQ

Il HG DW N: LQ VHFWRQ

2 QH FDQ RVHUYH WKDWWH KHDWIOX[ H LQ WKH FDVH RI WKH 75 ,* $§ WUJHWLY ORZ HUWDQ WH RQH RI WH KRWHVW
SLQ LQ WH FRUH DWFULMWFDO RSHUDWRQ Z KLFK LV FRROHG E\ D QDWUDO FRQYHFWRQ GUDIW 7 KLV LV D JRRG
SUHQP LQDU\ LQGLFDWRQ WDWWH QP LWRI N: IRU WU HWRS HUDWRQV FRXOG P HHWWH UHT X LUHP HQWRI VDIH

QDW UDOFRQYHFWRQ FRROQJ

60

50

40

304

20+ .
m Critical core at 1 MW

Sub-critical core at 1 MW (k=0.975)
A Trigatarget at 15 kW power

10+

5 0 5 10 15 20
Distance from core midplane (cm)

I-]I_OI

) LI XUH + HDWIOX[ FRP SDULVRQ DORQJ WKH KRWHVWSLQ IRUGLIITHUHQWFRUH RSHUDWRQ DQG WH 75 ,* §

WUJ HWLQ QDVWK UDOFRQY HFWRQ

1 HYHUKKHOHVV WH WUJ HWRSHUDWQJ DW N: VKRXOG EH FRXSOMHG Z LW D FRUH RSHUDWQJ DW N: ,Q
I LJ X UH Z H VKRZ WH FRP SDULVRQ RI WH KHDWIOX[ GLVWLEXWRQ DORQJ WH WU HWDQG WH KRWWHVW SLQ
GXULQJ VXE FUMWFDOFRUH RSHUDWRQ DW N: : H FDQ REVHUYH WKDWWH KHDWIOX[ HV DUH TXLW GLIIHUHQW

DQG WKLV Z LOOEULQJ D GLVRP RJHQLW LQ WH FRRQQJ
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504
454
404
] [ ]
J [ |
351 =
J ||
J |
30 L
] ]
] - I-
254 . "
: = = Target "
20 - Hottest Fuel pin .
] 5 ]
154 . .'
] '3 u
i .l u
10—: .. I.
1] = ~
1
Of' L L T L L D L e |
-20 -15 -10 -5 0 5 10 15 20
Distance from core midplane (cm)
) LI X UH + HDWIOX[ FRP SDULVRQ DORQJ WH KRWHVWSLQ DQG WKH 75 ,* $ WUJHWLQ QDWUDOFRQYHFWRQ IRU
75 ,* $ VXE FUWFDOFRUH RSHUDWRQ DW N:

$ QRWHUIDFWUWDWZ LOOS\ DQ LP SRUWMWQWUROH LQ WKH WUJ HWFRROQJ LV WKH IDFWWDWWH IXHOULQJ DURXQG
WH FHQWDO SLQ LV UHP RYHG WLV Z LOO UHGXFH WH UHVLVWQFH LQ WH WUJI HWFKDQQHO DQG Z LOO HQKDQFH WH
FRROQJ Z DWHU YHORFLW ) RUD ILQDODVVHVP HQWRI WH WUJ HWFRRQO.QJ FRQGLWRQ LQ QDWUDOFRQYHFWRQ D I XQ0O

VLP XDWRQ RI WKH 75 ,* $ FRUH LQFOXGLQJ WH WUJHW VKRXOG EH SHU RUP HG

3.4.2.3 3D model set-up

,Q RUGHU W KDYH D SUHQP LQDUW LQGLFDWRQ RI WH RSHUDWQJ FRQGLWRQV RI WH WUJHW GXULQJ QDWUDO

FRQYHFWRQ FRROQJ DW N : Z HKDYH SHU RUP HG D 6 WU & ' VLP XODWRQ E\ LP SRVLQJ DQ LQLWDOYHORFLW
IRUWH FRROQQJ Z DWHU R P \

7 KH P RGHOLV DQ D[ LDOVLP P HWLFDO GHJ UHHV ' VHFWRQ LQFOXGLQJ WH VROG WUJI HWDQG FP R1 Z DWU
FKDQQHODURXQG WH SLQ ,WLV FRP SRVHG RI DERXW HOHP HQW

3.4.2.4 Results

,Q LI XUH Z H VKRZ WH WHP SHUDWUH P DS LQ WH VROG 75 ,* $ WUl HWDQG LQ WH FRROQJ Z DWU IRU
WUl HWRSHUDWRQV DW N : : H FDQ REVHUYH WDWWH P D[ LP XP WHP SHUDWUH LQ WH WQJVWQ LV &
Z KLOH LQ WKH Z DWHUZ H KDYH RQO &
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) LI X UH 7 HP SHUDWUH P DS LQ WKH VRAG 75 ,* $ WUJHW CHIW DQG LQ WKH FRRO.QJ Z DWHU ULJ KW IRUWUJ HW

RSHUDWRQV LQ QDWUDOFRQYHFWRQ DW N:

,Q VSLWH RI WKH IDFWWDWZ H DUH YHU\ IDUIURP FUMFDOKHDWIOX[ FRQGLWRQV WH KHDWWDQVIHU FRHIILFLHQW
FRXOG VWOEH FRQGLWRQHG E\ WKH VR FDOHG VXEFRROHG ERLAQJ LH WHIRUP DWRQ RI EXEECGHV LQ QXFCOHDWQJ
VLWVHV FORVH Rl WKH WUJ HWVX U DFH ,Q WLV FRQGLWRQ WH KHDWWDQVIHU FRHIILFLHQWLV LP SURYHG WDQNV WV WH
DGGHG WUEXCCHQFH FORVH WR WKH ERXQGDU\ O\ HU : H KDYH WHUHIRUH D VRP HKRZ FRQVHUYDWYH UHVXONIURP

RXUVLP XMDWRQ

) XOO GHYHORSHG VXEFRROHG QXFOHDW ERLAQJ FDQ EH FRQVLGHUHG WH P DLQ P HFKDQLVP |IRU KHDWWDQVIHU
Z KHQ WH WUJ HWVX U DFH VWP SHUDWUH LV P RUH WKDQ & DERYH WKH VDWUDWRQ WP SHUDWUH > @ 7 KLV Z DV
QRWWH FDVH LQ RXU VLP XODWRQ 6KRXOG WLV SKHQRP HQRQ EHFRP H UHOHYDQW DSSURSULDW FRUUHOWRQV

VKRXOG EH DSSAHG LQ WKH QXP HULFDOP RGHO

& RQFOX VLRQV

$ SUHOP LQDU\ VWG\ RI D WQJVWQ 75 ,* $ WUIJHWFRROHG E\ IRUFHG FRQYHFWRQ KDV EHHQ FRQFOXGHG
JLYLQJ D OGP LWLQ H[ FHVV RI N: LQ WH EHDP SRZ HU Z KLFK CDUJHO P HHWWH UHT XLUHP HQWRI N:
Z KLFK KDV EHHQ IL[ HG LQ VHFWRQ 6 XFK OP LW VKRXOG EH IXUMHU DVVHVVHG E\ DQ H[ SHULP HQWO

P HDVXUHP HQW LQ SDUWFXOUW GHWUP LQH WKH YDOXHV RI FUMMFDOKHDWI OX [

,Q FDVH RI D WKLFN WUJ HW HLWHU LQ IRUFHG RULQ QDWUDOFRQYHFWRQ WH YDOXH RI WKH P D[ LP XP KHDWIOX]

LV VRP HKRZ LQGHSHQGHQWRQ WH EHDP GLVWLEXWRQ

$ SUHOP LQDU\ FDOFXCWRQ RI D WQJVWQ 75 ,* $ WUJHWFRROHG E\ QDWUDO FRQYHFWRQ KDV DOVR EHHQ
GRQH 7 KLV FRQILIXUDWRQ LV FRP SDWECH Z LW VKH UHT X LUHP HQW RI RSHUDWQJ DW N: 1 HY HUK HCHVV WK H
QDWKUDO FRQYHFWRQ FRROQJ P HFKDQLVP RI WH WUJHWLY WJKW\ OQNHG Z LW FRUH FRROQJ IRU D ILQDO
DVVHVP HQWRI VKH WUJ HWRSHUDWQJ FRQGLWRQV LQ QDWUDOFRQYHFWRQ D IXQ ' VLP XDWRQ RI WKH 75 ,* §

FRUH LQFOXGLQJ WH WUJ HW VKRXOG EH SHU RUP HG LQ WH | XWUH
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5 HTHUHQFHV

> @ < . DGL HWDO 1 HXWRQLF FKDUDFWHULVWFV RI WH 75 ,* $ $ ' 6 GHP RQVWDWRQ I|IDFLOW SDSHU LQ

SUHS DUDWRQ

> @/ "' L3IDR ¥ ) REDFFLD ( /' R 3 UDWR ) 0 DuvLQ O 3 HUQL $ 9 HUUL 35 & 5(%$7725( 0

+

3 URJHWR ' HILQLWYR H5 DSSRUW GL6LFXUH] ] D" &1 (1 & HQWR 6 WKGL 1 XFOHDUL & DVDFFLD $ S ULCH

> @35 HJLVWL GL2 SHUD]LRQH 75 ,* $ Q © (1 ($ GLFHP EUH

> @($ 0 &

> @) Dvvy HWDO , QWHUP HGLDW ( QHUJ\ QXFOHDU GDW P RGHO/ DQG FRGHV 3 URFHHGLQJV RI D VSHFLDOAVW

P HHWQJ DW,VV\ OHV 0 RXOQQH[ ) UDQFH 0 D\ -XQH S SXEQVKHG E\ 2 ( &'

> @/ LQGRQ & 7 KRP DV + HDW7 UDQVIHU 3 UHQWFH + DOO

> @ 67%$ 5 &' 9 HULRQ 0 DQXDOV & RP SXWWRQDO"' \ QDP LFV

> @- * &ROIHU - 5 7KRP H &RQYHFWYH %RLOQJ DQG & RQGHQVDWRQ & CDUHQGRQ 3 UHVV / RQGRQ

> @' 9 5 DR HW DO 7 KHUP DO + \ GUDXQFV P RGHO IRU 6 DQGLDV $ QQXCU & RUH 5 HVHDUFK 5 HDFWU

SURFHHGLQJV RI WKH HOHYHQW ELHQQDOS8 6 75 ,* $ XVHUV FRQIHUHQFH : DVKLQJWQ ' & $ SULO
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