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6WDWHPHQW RI AQQXDO JRLQW 5HVHDUFK 7DUJHW:

CondXcW UeVeaUch Wo aVVeVV Whe capabiliW\ of Whe VhaWWeUed pelleW injecWion (SPI) V\VWem foU XVe
aV Whe ITER baVeline diVUXpWion miWigaWion V\VWem Wechnolog\. CooUdinaWed mXlWi-inVWiWXWional
UeVeaUch Zill e[ploUe Whe capabiliW\ of SPI Wo UadiaWe Whe plaVma WheUmal eneUg\ and conWUol
cXUUenW TXench chaUacWeUiVWicV Zhile aW Whe Vame Wime pUoYiding high plaVma denViWieV foU
UXnaZa\ elecWUon VXppUeVVion WhUoXgh Whe VXpeUpoViWion of mXlWiple SPI, aV iV enYiVioned foU
ITER. The UeVeaUch Zill XWili]e e[iVWing SPI V\VWemV on DIII-D and JET, and poVVibl\ daWa fUom a
planned V\VWem on KSTAR aV Zell, and make compaUiVonV ZiWh compXWaWional VWXdieV XWili]ing
e[Wended MHD codeV. AddiWional acWiYiW\ ZoXld inclXde eYalXaWion of poWenWial alWeUnaWiYe
injecWion and miWigaWion WechniTXeV.

6WDWHPHQW RI 4WK QXDUWHU MLOHVWRQH:

CompleWe Whe UeTXiUed anal\ViV of e[peUimenWal and compXWaWional UeVXlWV. PUepaUe a joinW UepoUW
VXmmaUi]ing Whe findingV of Whe JRT UeVeaUch, inclXding idenWificaWion of eVWabliVhed aUeaV of
conVenVXV and Uemaining TXeVWionV foU e[WUapolaWing SPI peUfoUmance Wo ITER.

TKe 4WK QXaUWeU MLOeVWRQe KaV beeQ cRPSOeWed ZLWK WKe SUeSaUaWLRQ Rf WKe fLQaO JRT UeSRUW,
ZKLcK fROORZV. TKLV UeSRUW VXPPaUL]eV bRWK WKe addLWLRQaO aQaO\VLV cRPSOeWed LQ WKe fLQaO
TXaUWeU, aORQg ZLWK WKe SURgUeVV aQd UeVXOWV SUeYLRXVO\ deVcULbed LQ WKe Q1-Q3 UeSRUWV. AQ
e[ecXWLYe VXPPaU\ Rf fLQdLQgV, fROORZed b\ deWaLOV Rf WKe UeVeaUcK, aUe gLYeQ.
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E[HFXWLYH 6XPPDU\

TKe 2021 JRLQW ReVeaUcK TaUgeW (JRT) cROOecWed LQSXW fURP WKe DIII-D, JET, aQd KSTAR
WRNaPaNV, WR KeOS aVVeVV WKe abLOLW\ Rf SPI WR fXOfLOO WKe UeTXLUePeQWV Rf WKe ITER DLVUXSWLRQ
MLWLgaWLRQ S\VWeP (DMS). TKe cROOecWLYe UeVXOWV fURP UeceQW e[SeULPeQWV WKURXgK cROOabRUaWLRQV
aW WKe WKUee facLOLWLeV KaYe SURYLded daWa cRYeULQg a UaQge Rf deYLce VL]e aQd SaUaPeWeU
UegLPeV, LQMecWRU dLVWULbXWLRQV, aQd dLagQRVWLc cRQfLgXUaWLRQV. IQ addLWLRQ, dedLcaWed DIII-D
e[SeULPeQWV ZeUe SOaQQed aQd e[ecXWed LQ VXSSRUW Rf WKLV JRT acWLYLW\. E[SeULPeQWaO UeVXOWV
fURP WKe WKUee facLOLWLeV KaYe aOVR beeQ cRPSaUed ZLWK aVVRcLaWed PRdeOLQg, XWLOL]LQg bRWK
e[WeQVLYe deSOR\PeQW Rf UedXced PRdeOV aV ZeOO aV VeOecW caVeV XVLQg OeadeUVKLS-cOaVV
VLPXOaWLRQV. TKLV UeSRUW VXPPaUL]eV cXUUeQW SURgUeVV RQ WKLV WRSLc baVed RQ WKe cROOecWLYe
fLQdLQgV Rf WKeVe e[SeULPeQWaO aQd PRdeOLQg acWLYLWLeV.

GRRd SURgUeVV ZaV Pade LQ LdeQWLf\LQg VeYeUaO aUeaV ZKeUe WKe UeVXOWV fURP PXOWLSOe facLOLWLeV
VXSSRUW a cRQVLVWeQW SLcWXUe Rf WKe SK\VLcV baVLV fRU SPI SeUfRUPaQce:

Ɣ The global d\namicV of high-Z SPI aUe laUgel\ deWeUmined b\ YolXme-aYeUaged eneUg\
balance. DaWa fURP aOO WKUee WRNaPaNV aUe accXUaWeO\ UeSURdXced b\ 0D KPRAD
VLPXOaWLRQV WKaW cRQVLdeU RQO\ WKe WLPe-deSeQdeQW gORbaO eQeUg\ baOaQce Rf WKe
SOaVPa-SPI LQWeUacWLRQ. TKLV e[SeULPeQWaOO\ YaOLdaWed PRdeO SURYLdeV SUedLcWLYe
caSabLOLWLeV aSSOLcabOe WR ITER, aQd addLWLRQaOO\ SURYLdeV a WRRO fRU gXLdLQg
PRUe-accXUaWe bXW OeVV-YeUVaWLOe 3D e[WeQded MHD cRdeV (e.g. LQ OaUge SaUaPeWeU
VcaQV). LLPLWaWLRQV aUe SULPaULO\ eQcRXQWeUed ZKeQ WKe fUacWLRQ Rf KLgK-Z LPSXULW\ LQ WKe
VSecLeV PL[WXUe LV ORZ.

Ɣ TheUmal TXench (TQ) UadiaWion aV\mmeWUieV dXe Wo high-Z impXUiW\ UadiaWion fUom SPI
aUe cloVe Wo eVWimaWed alloZable YalXeV foU Whe ITER Zall. TKe ORcaOL]ed QaWXUe Rf WKe
LPSXULW\ VRXUce cRQWULbXWeV VLgQLfLcaQWO\ WR WKLV SeaNLQg, bXW WKe aV\PPeWU\ dXe WR n=1
MHD PRdeV Pa\ aOVR cRQWULbXWe. IW LV QRW \eW fXOO\ dePRQVWUaWed WKaW VSaWLaOO\ dLVWULbXWLQg
WKe SaUWLcOeV acURVV PXOWLSOe LQMecWRUV UedXceV WKLV SeaNLQg, aOWKRXgK SUeOLPLQaU\ UeVXOWV
VXggeVW WKLV Pa\ be WKe caVe gLYeQ V\QcKURQL]aWLRQ ZLWKLQ WKe SUe-TQ WLPeVcaOe.

Ɣ The aVVimilaWion of h\dUogenic pelleWV b\ Whe WheUmal plaVma iV foXnd Wo be limiWed, ZiWh
W\pical injecWion TXanWiWieV XVed in cXUUenW VWXdieV leading Wo a dela\ed diVUXpWion
deWeUmined b\ VXbVeTXenW MHD gUoZWh. AVVLPLOaWLRQ LV WKRXgKW WR be OLPLWed b\ UadLaO
SaUWLcOe WUaQVSRUW. FXUWKeU deQVLW\ LQcUeaVe WKURXgK addLWLRQaO SeOOeWV ZLWK gRRd
V\QcKURQL]aWLRQ aSSeaUV WR be YLabOe, bXW VWLOO UeTXLUeV fXUWKeU VWXd\.

Ɣ AcceVV Wo global MHD inVWabiliWieV in maWXUe UXnaZa\ elecWUon (RE) beamV ZiWh a
Uecombined backgUoXnd enableV benign WeUminaWion of Whe beam. H\dURgeQLc SPI LQWR
fXOO\ fRUPed RE beaPV LV fRXQd WR UecRPbLQe WKe bacNgURXQd SOaVPa, abRYe a cULWLcaO
LQMecWed TXaQWLW\. WKeQ a gORbaO MHD VWabLOLW\ bRXQdaU\ LV cURVVed LQ WKLV SOaVPa VWaWe,
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UaSLd aQd bURad MHD-dULYeQ dLVSeUVaO Rf WKe REV LV RbVeUYed LQ bRWK DIII-D aQd JET.
TKe SKeQRPeQRORg\ aQd acceVV cRQdLWLRQV fRU WKLV W\Se Rf ORVV eYeQW aUe deVcULbed.

IQ addLWLRQ WR WKe abRYe aUeaV Rf gURZLQg cRQVeQVXV, fXUWKeU deWaLOV Rf aQaO\VLV fURP WKe WKUee
LQdLYLdXaO facLOLWLeV, LQcOXdLQg aUeaV WKaW KaYe QRW QeceVVaULO\ beeQ VWXdLed RQ WKe RWKeU deYLceV,
aUe gLYeQ LQ WKe VXbVeTXeQW SecWLRQ Rf WKe UeSRUW. TKeVe deVcULSWLRQV VXSSOePeQW WKe abRYe
dLVcXVVLRQV Rf WKe aUeaV Rf cRPPRQ fLQdLQgV, aQd VXPPaUL]e aQd e[SaQd RQ WKe SURgUeVV
deVcULbed LQ WKe Q1-Q3 UeSRUWV.

AOWKRXgK WKe aUeaV OLVWed abRYe KaYe dePRQVWUaWed LPSURYed XQdeUVWaQdLQg, VeYeUaO VLgQLfLcaQW
TXeVWLRQV UePaLQ fRU WKe e[WUaSROaWLRQ Rf SPI SeUfRUPaQce WR ITER. AUeaV ZaUUaQWLQg fXUWKeU
VWXd\ LQ WKe QeaU fXWXUe LQcOXde: effecWV Rf dLVWULbXWLQg WKe SaUWLcOe VRXUce RYeU PXOWLSOe LQMecWRUV,
SUedLcWLYe XQdeUVWaQdLQg Rf UadLaO SaUWLcOe WUaQVSRUW OLPLWLQg ORZ-Z SPI aVVLPLOaWLRQ, LdeaO
dLVWULbXWLRQV Rf fUagPeQW VL]eV ZLWKLQ WKe VKaWWeU SOXPe, WKe SURSeQVLW\ fRU RE Veed fRUPaWLRQ
dXULQg WKe SPI TQ, aQd deWaLOed XQdeUVWaQdLQg Rf WKe UeOaWLYeO\ QeZ aSSURacK fRU RE PLWLgaWLRQ
baVed RQ beQLgQ WeUPLQaWLRQ. DLVcXVVLRQV Rf WKeVe WRSLcV, cXUUeQW OeYeOV Rf XQdeUVWaQdLQg, aQd
VXggeVWLRQV fRU fXWXUe UeVeaUcK LQ WKeVe aUeaV aUe gLYeQ.

BecaXVe Rf WKe VLgQLfLcaQW cKaOOeQgeV fRU dLVUXSWLRQ PLWLgaWLRQ LQ ITER, SRWeQWLaO aOWeUQaWLYe
LQMecWLRQ WecKQLTXeV WKaW cRXOd be cRQVLdeUed fRU VXbVeTXeQW DMSV, aUe aOVR dLVcXVVed. TKeVe
WecKQLTXeV KaYe beeQ VWXdLed dXe WR SRVVLbOe UeOaWLYe adYaQWageV cRPSaUed WR SPI, ZKLcK aUe
deVcULbed, bXW cXUUeQWO\ KaYe OLPLWed WecKQLcaO dePRQVWUaWLRQV Rf WKeLU caSabLOLWLeV.

AUcKLYed daWa fURP AOcaWRU C-MRd ZeUe aOVR aQaO\]ed fRU WKe JRT, LQ RUdeU WR cRPSaUe WKe
effecWV Rf dLVUXSWLRQV dXe WR XQSOaQQed LPSXULW\ LQfOX[ fURP WKe ZaOO (VR-caOOed ³UFOV´) ZLWK
WKRVe Rf LQWeQWLRQaO WULggeULQg Rf WKe DMS. SLQce C-MRd ZaV QRW eTXLSSed ZLWK aQ SPI V\VWeP,
cRPSaULVRQV ZeUe Pade ZLWK PaVVLYe gaV LQMecWLRQ (MGI) VKXWdRZQV. WKLOe WKeVe UFO LQfOX[
eYeQWV KaYe VRPe VLPLOaULWLeV WR DMS VKXWdRZQV, WKeVe UeVXOWV dePRQVWUaWe WKe LQcRPSOeWe
QaWXUe Rf WKe UeVXOWLQg ³PLWLgaWLRQ´, aQd fXUWKeU ePSKaVL]e WKe Qeed fRU a cRPSUeKeQVLYe
dLVUXSWLRQ SUedLcWLRQ, aYRLdaQce, aQd PLWLgaWLRQ aSSURacK, Rf ZKLcK SPI (RU RWKeU DMS) LV MXVW
RQe cRPSRQeQW.

OYeUaOO, WKe JRT acWLYLWLeV KaYe SURYLded RSSRUWXQLWLeV fRU gRRd cURVV-PacKLQe cRPSaUaWLYe
VWXdLeV, aQd VWUeQgWKeQ WKe aYaLOabOe SK\VLcV baVLV fRU SPI. CRQWLQXed cROOecWLYe effRUWV WKURXgK
RWKeU aYaLOabOe aYeQXeV (e.g. WKe ITER DLVUXSWLRQ TaVN FRUce, RU IQWeUQaWLRQaO TRNaPaN PK\VLcV
AcWLYLWLeV) aUe eVVeQWLaO fRU cRQWLQXed SURgUeVV.

The UeVXlWV deVcUibed in WhiV UepoUW aUe pUoYiVional, and aUe VXbjecW Wo fXUWheU UeYiVionV.
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1. IQWURGXFWLRQ

TKe ITER DLVUXSWLRQ MLWLgaWLRQ S\VWeP (DMS) ZLOO XVe VKaWWeUed SeOOeW LQMecWLRQ (SPI) aV WKe
SULPaU\ WecKQRORg\ LQ LWV baVeOLQe deVLgQ [LXce2021], XWLOL]LQg OaUge cU\RgeQLc SeOOeWV WR UaSLdO\
deOLYeU OaUge SaUWLcOe TXaQWLWLeV ZKLOe Pa[LPL]LQg WKe aVVLPLOaWLRQ Rf WKLV PaWeULaO b\ LQWeQWLRQaOO\
VKaWWeULQg WKe SeOOeWV MXVW SULRU WR WKeLU eQWU\ LQ WKe SOaVPa [CRPbV2010]. IQ RUdeU WR deOLYeU WKe
UeTXLUed OaUge PaWeULaO TXaQWLWLeV aQd WR PLQLPL]e aV\PPeWULeV, WKe VKaWWeUed SeOOeW PaWeULaO ZLOO
be LQSXW fURP a dLVWULbXWed VeW Rf LQMecWRUV acURVV VeYeUaO ITER SRUW SOXgV.

TKe ITER DMS LV eVVeQWLaO fRU VXcceVVfXO e[ecXWLRQ Rf WKe ITER ReVeaUcK POaQ [ITER2018],
aQd LV WaVNed ZLWK WKe VSecLfLc gRaOV WR:

Ɣ MLWLgaWe PeOWLQg aQd eURVLRQ Rf SOaVPa-facLQg cRPSRQeQWV dXe WR WKeUPaO ORadV
Ɣ MaLQWaLQ CQ UaWeV ZLWKLQ aOORZabOe UaQgeV, LQ RUdeU WR PLWLgaWe eOecWURPagQeWLc ORadV

dXe WR KaOR aQd edd\ cXUUeQWV
Ɣ SXSSUeVV WKe fRUPaWLRQ Rf, RU PLWLgaWe WKe daPage fURP, UXQaZa\ eOecWURQV (REV).

TKeVe aUe a cKaOOeQgLQg VeW Rf UeTXLUePeQWV dXe WR WKe OaUge VWRUed WKeUPaO aQd PagQeWLc
eQeUgLeV LQ ITER SOaVPaV, QeceVVLWaWLQg a KLgK OeYeO Rf SaUWLcOe aVVLPLOaWLRQ fRU bRWK WKeUPaO
PLWLgaWLRQ aQd RE VXSSUeVVLRQ/dLVVLSaWLRQ. SLPXOWaQeRXVO\, CQ WLPeV PXVW UePaLQ ZLWKLQ a fLQLWe
ZLQdRZ LQ RUdeU WR aYRLd WKe RSSRVLQg OLPLWV fRU KaOR aQd edd\ cXUUeQWV. AddLWLRQaO cRQVWUaLQWV
aUe LQWURdXced b\ OLPLWV RQ aOORZabOe LQMecWLRQ TXaQWLWLeV, dXe WR LPSacWV RQ SXOVe UaWe (ZKLcK
becRPeV OLPLWed b\ YacXXP YeVVeO SXPS-RXW aQd ORadLQg Rf WKe gaV-KaQdOLQg V\VWePV) aV ZeOO
aV SRVVLbOe effecWV RQ SeUfRUPaQce Rf WKe VXbVeTXeQW SXOVe [ITER2018]. EQVXULQg WKeVe cULWeULa
aUe PeW UeTXLUeV a VRXQd SK\VLcV baVLV fRU XQdeUVWaQdLQg WKe SPI SeUfRUPaQce.

TKe effecWLYeQeVV Rf WKe ITER DMS ZLOO deSeQd RQ a QXPbeU Rf Ne\ SaUaPeWeUV Rf WKe LQMecWed
PaWeULaOV. FRU WKe SPI PeWKRd Rf SaUWLcOe deOLYeU\, a QXPbeU Rf SaUaPeWeUV PXVW be RSWLPL]ed:
WKe dLVWULbXWLRQ Rf fUagPeQW VL]eV ZLWKLQ WKe VKaWWeU SOXPe; TXaQWLW\ aQd cRPSRVLWLRQ Rf LQMecWLRQ
VSecLeV (K\dURgeQ, QeRQ, aQd/RU WKeLU PL[WXUeV); aQd WKe VeTXeQce Rf WKe YaULRXV VSecLeV aQd
SeOOeWV WR be LQMecWed. SRPe Rf WKeVe SaUaPeWeUV ZLOO be deWeUPLQed RQce WKe deVLgQ Rf WKe DMS
KaUdZaUe LV fLQaOL]ed, baVed RQ WKe VKaWWeU WXbe LPSacW aQgOeV aQd SeOOeW VL]e/VSeed (aV
deWeUPLQed b\ baUUeO VL]e, SURSeOOaQW SUeVVXUe, WKe XVe Rf PecKaQLcaO SXQcKeV, eWc.). HRZeYeU,
be\RQd WKeVe deVLgQ cKRLceV, WKe SeUfRUPaQce Rf WKe V\VWeP caQ be fXUWKeU WXQed baVed RQ WKe
VSecLeV PL[WXUeV aQd WKeLU VeTXeQce Rf deOLYeU\. SRPe e[aPSOeV Rf SRVVLbOe LQMecWLRQ VcKePeV
LQcOXde: 1) aQ LQLWLaO ORZ-Z (K\dURgeQLc) LQMecWLRQ WR cRRO WKe SOaVPa ZLWKRXW LQdXcLQg a WKeUPaO
TXeQcK (TQ), ZLWK a VXbVeTXeQW KLgK-Z (QeRQ) RU PL[ed-VSecLeV LQMecWLRQ WR eQKaQce UadLaWLRQ;
2) LQLWLaO KLgK-Z LQMecWLRQ WR Pa[LPL]e UadLaWLRQ ZLWK UaSLd UeVSRQVe, fROORZed b\ K\dURgeQLc
LQMecWLRQ WR dLVVLSaWe REV; RU 3) VLPXOWaQeRXV deOLYeU\ Rf ORZ- aQd KLgK-Z PaWeULaOV YLa
V\QcKURQRXV PL[ed-VSecLeV LQMecWLRQ. SXcK RSeUaWLRQaO cKRLceV ZLOO aOVR be Pade baVed RQ WKe
SOaVPa VWaWe ZKeQ WKe DMS LV WULggeUed, LQ RUdeU WR RSWLPL]e SeUfRUPaQce fRU a gLYeQ VceQaULR.
IQ RUdeU WR fLQaOL]e WKeVe deVLgQ cKRLceV aQd effecWLYeO\ gXLde LWV RSeUaWLRQV, a YaOLdaWed SK\VLcV
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baVLV fRU SUedLcWLQg WKe UeVXOWLQg PLWLgaWLRQ SeUfRUPaQce aV a fXQcWLRQ Rf WKe aYaLOabOe NQRbV, LV
Qeeded.

TKLV effRUW WR eVWabOLVK a PaWXUe SK\VLcV baVLV fRU WKe ITER DMS cRQWLQXeV WR be aQ acWLYe fLeOd.
TKe fLUVW SPI VWXdLeV ZeUe caUULed RXW RQ DIII-D aQd VKRZed SURPLVLQg UeVXOWV [CRPPaX[2010,
CRPPaX[2011, CRPPaX[2016, SKLUaNL2016], SaUWLcXOaUO\ LQ WeUPV Rf KRZ WKe WecKQLTXe
cRPSaUed WR eTXLYaOeQW PaVVLYe gaV LQMecWLRQ (MGI), ZKLcK aW WKe WLPe ZaV beLQg cRQVLdeUed aV
a WecKQRORg\ fRU WKe ITER DMS. TKLV Oed WR a fXOO adRSWLRQ Rf SPI RYeU MGI fRU WKe ITER DMS
fROORZLQg a 2017 UeYLeZ. SLQce WKLV decLVLRQ, SPI UeVeaUcK WR gXLde WKe ITER DMS deVLgQ KaV
aOVR e[SaQded LQWeUQaWLRQaOO\ WR VeYeUaO addLWLRQaO WRNaPaNV. CXUUeQWO\, WKe US LV cROOabRUaWLQg
RQ WKe SPI SURMecWV aW JET aQd KSTAR, WKURXgK deYeORSPeQW Rf WKe LQMecWRU V\VWePV aQd
SaUWLcLSaWLRQ LQ WKe VcLeQWLfLc SURgUaPV. IQ addLWLRQ, WKe DIII-D SURgUaP cRQWLQXeV WR LQYeVW
KeaYLO\ LQ LWV SPI VWXdLeV LQ VXSSRUW Rf ITER. TKe JRT acWLYLWLeV LQcRUSRUaWe UeVXOWV aQd fLQdLQgV
fURP WKeVe WKUee SURgUaPV, WR beWWeU LdeQWLf\ WKe cRPPRQ XQdeUVWaQdLQgV aQd UePaLQLQg gaSV
fRU WKe ITER SPI deVLgQ baVLV.

EacK Rf WKeVe WKUee facLOLWLeV RffeUV XQLTXe caSabLOLWLeV aQd aYaLOabOe daWaVeWV, aQd WKe PRUe
QRWabOe feaWXUeV aQd cRQWULbXWLRQV fURP eacK aUe OLVWed KeUe (QRWe WKLV LV QRW a fXOO OLVW Rf UeOeYaQW
dLagQRVWLcV aQd caSabLOLWLeV):

Ɣ DIII-D LV eTXLSSed ZLWK WZR SPIV, ORcaWed abRYe WKe PLdSOaQe aQd dLVWULbXWed 120� aSaUW
WRURLdaOO\. CQ deQVLW\ PeaVXUePeQWV aUe aYaLOabOe, baVed RQ LQWeUfeURPeWU\ aQd
TKRPVRQ VcaWWeULQg. RE beaP fRUPaWLRQ fURP KLgK-Z NLOOeU SeOOeWV RU MGI LV URXWLQeO\
aYaLOabOe. DIII-D aOVR SRVVeVVeV a OaUge KLVWRULcaO daWabaVe Rf SPI VKRWV daWLQg WR 2009.

Ɣ JET SRVVeVVeV WKe KLgKeVW SOaVPa cXUUeQWV aQd VWRUed NLQeWLc eQeUg\ ZLWKLQ WKe gURXS,
ZLWK ITER-OLNe ZaOO PaWeULaOV. A VLQgOe SPI fURP aQ XSSeU SRUW LV LQVWaOOed. RE beaP
fRUPaWLRQ fURP MGI LV aYaLOabOe.

Ɣ KSTAR LV eTXLSSed ZLWK WZR SPIV, PaWcKLQg WKe ITER geRPeWU\ ZLWK PLdSOaQe LQMecWRUV
dLVWULbXWed 180� aSaUW WRURLdaOO\. CQ deQVLW\ PeaVXUePeQWV aUe SRVVLbOe ZLWK a QeZ
dLVSeUVLRQ LQWeUfeURPeWeU. SeYeUaO QeZ SPI-VSecLfLc dLagQRVWLcV KaYe beeQ LQVWaOOed
aORQg ZLWK WKe LQMecWRUV, aQd aUe beLQg cRPPLVVLRQed.

CROOecWLYeO\, WKe VeW Rf WKUee facLOLWLeV RffeUV a ZLde UaQgLQg SaUaPeWeU VSace aQd VXLWe Rf
PeaVXUePeQW caSabLOLWLeV. TKLV UeSRUW deVcULbeV SURgUeVV baVed RQ UeVXOWV fURP acURVV WKeVe
cROOabRUaWLRQV, LdeQWLf\LQg aUeaV Rf SURgUeVV aQd UePaLQLQg gaSV.

SRPe Rf WKe UeVXOWV deVcULbed LQ WKLV UeSRUW KaYe beeQ UeceQWO\ SXbOLVKed, aQd a OLVW Rf WKeVe
ZRUNV aUe gLYeQ aW WKe eQd Rf WKe UeSRUW. See ³ReceQW PXbOLcaWLRQV fURP DIII-D, JET, aQd KSTAR
SPI ReVeaUcK (FY 2021)´.
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2. AUHDV RI FRPPRQ ILQGLQJV DFURVV IDFLOLWLHV

TKe UeceQW deSOR\PeQW Rf SPI RQ JET aQd KSTAR KaYe VLgQLfLcaQWO\ e[SaQded aYaLOabOe daWa,
aQd QRWabO\ PaNeV SRVVLbOe WKe cRPSaULVRQ Rf fLQdLQgV aQd RbVeUYaWLRQV acURVV WKe WKUee
facLOLWLeV. AOWKRXgK WKe e[SeULPeQWaO VeOecWLRQV fRU eacK UeVeaUcK SURgUaP ZeUe cRQdXcWed
LQdeSeQdeQWO\ fURP eacK RWKeU, WKe cRPbLQed daWaVeWV fURP WKe YaULRXV facLOLWLeV KaYe LdeQWLfLed
VeYeUaO aUeaV Rf ePeUgLQg cRQVeQVXV RQ WKe SK\VLcV baVLV deWeUPLQLQg SPI SeUfRUPaQce. HeUe,
VSecLfLc aUeaV Rf agUeePeQW aUe deVcULbed.

2.1 GORbaO d\QaPLcV Rf KLJK-Z SPI

WKeQ QeRQ LV a SULPaU\ LQMecWLRQ VSecLeV, LPSXULW\ UadLaWLRQ becRPeV WKe dRPLQaQW facWRU LQ
deWeUPLQLQg WKe dLVUXSWLRQ d\QaPLcV. TKe 0D KPRAD cRde [WK\We2003,HROOPaQQ2008] ZLWK a
PRdLfLed SPI abOaWLRQ SaUWLcOe VRXUce [PaUNV2017], KaV beeQ e[WeQVLYeO\ aSSOLed WR PRdeO
e[SeULPeQWV fURP aOO WKUee facLOLWLeV, aQd aUe VXcceVVfXO LQ UeSURdXcLQg RbVeUYaWLRQV baVed RQ
WKLV SLcWXUe. TKLV UedXced PRdeO WUacNV WKe VKLeOdLQg-OLPLWed abOaWLRQ Rf LQdLYLdXaO SPI fUagPeQWV,
WKe VXbVeTXeQW eYROXWLRQ Rf aOO cKaUge VWaWeV fRU WKe LPSXULW\ aQd fXeO VSecLeV aV WKe abOaWaQW LV
LRQL]ed, aQd WKe UeVXOWLQg SOaVPa eYROXWLRQ. WKLOe 3D effecWV (VXcK aV MHD PRde gURZWK, RU WKe
ORcaOL]ed QaWXUe Rf WKe LQMecWLRQ VRXUce) aUe aOZa\V SUeVeQW, ceUWaLQ gORbaOO\ aYeUaged
SaUaPeWeUV Rf WKe dLVUXSWLRQ caQ be accXUaWeO\ SUedLcWed ZLWKRXW cRQVLdeUaWLRQ Rf WKeVe facWRUV.

TKe ZLde aSSOLcabLOLW\ Rf WKLV PRdeO caQ be VeeQ LQ FLgXUe 2.1.1, ZKLcK cRPSaUeV WKe KPRAD
caOcXOaWLRQ Rf WKe CQ UaWe WR e[SeULPeQWaO daWa VSaQQLQg DIII-D, JET, aQd KSTAR. TKe
agUeePeQW LV e[ceOOeQW RYeU aQ RUdeU Rf PagQLWXde LQ YaOXeV, ZLWK WKe e[ceSWLRQ Rf a VPaOO
QXPbeU Rf ORZ-eQeUg\ JET dLVcKaUgeV (WWK < 0.8 MJ) ZKeUe WKe SaUWLcXOaUO\ ORZ aVVLPLOaWLRQ
UaWeV aUe dLffLcXOW WR PRdeO SUecLVeO\.

TKe UeVXOWLQg SPI SaUWLcOe aVVLPLOaWLRQ aQd CQ deQVLW\ ULVe LQ WKe KPRAD PRdeO KaYe beeQ
cRPSaUed ZLWK WKe aYaLOabOe PeaVXUePeQWV fURP DIII-D aQd KSTAR, aV VKRZQ LQ FLgXUe 2.1.2.
A VPaOO QXPbeU Rf KSTAR QeRQ SPI dLVcKaUgeV ZLWK aYaLOabOe LQWeUfeURPeWU\ (OefW) aQd DIII-D
VKRWV WKaW cRYeU a ZLde UaQge Rf SOaVPa WKeUPaO eQeUg\ VSaQQLQg QeaUO\ a facWRU Rf 10 (ULgKW)
aUe cRPSaUed aQd VKRZ e[ceOOeQW agUeePeQW. TKXV aVVLPLOaWLRQ Rf QeRQ SPI LV OLPLWed b\ WKe
WKeUPaO eQeUg\ aYaLOabOe fRU abOaWLRQ, ZLWK QR eYLdeQce Rf addLWLRQaO SURceVVeV (e.g. WUaQVSRUW)
WKaW ZRXOd VLgQLfLcaQWO\ UedXce WKLV aVVLPLOaWLRQ fUacWLRQ.
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FLJXUH 2.1.1: CompaUiVon of e[peUimenWal CQ dXUaWion Wo KPRAD model foU DIII-D, JET, and KSTAR SPI
daWa. GRRd agUeePeQW LV fRXQd VSaQQLQg aQ RUdeU Rf PagQLWXde acURVV WKe WKUee deYLceV.

FLJXUH 2.1.2: CompaUiVon of meaVXUed and VimXlaWed denViW\ peUWXUbaWionV dXUing Whe neon SPI CQ, on
KSTAR (lefW) and DIII-D (UighW). The DIII-D diVchaUgeV Vpan neaUl\ a facWoU of 10 in VWoUed eneUg\.

AQRWKeU LPSRUWaQW SaUaPeWeU caSWXUed b\ KPRAD LV WKe cRROLQg WLPe fROORZLQg SPI, ZKLcK LV
gLYeQ b\ WKe WLPe deOa\ fURP WKe SeOOeW aUULYaO aW WKe SOaVPa edge WR WKe cXUUeQW VSLNe aW WKe VWaUW
Rf WKe CQ, eTXLYaOeQW WR WKe dXUaWLRQ Rf WKe SUe-TQ aQd TQ SURceVVeV. TKLV cRPSaULVRQ, aV a
fXQcWLRQ Rf QeRQ TXaQWLW\ ZLWKLQ WKe LQMecWed SeOOeWV LQ JET aQd DIII-D, aUe VKRZQ LQ FLgXUe 2.1.3.
PUedLcWLRQ Rf WKe cRROLQg WLPe LV eVSecLaOO\ LPSRUWaQW, aV LW deWeUPLQeV KRZ ORQg VROLd fUagPeQWV
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caQ be effecWLYeO\ abOaWed aQd aVVLPLOaWed SULRU WR WKe dURSSLQg eOecWURQ WePSeUaWXUe OeadLQg WR
VLgQLfLcaQW VORZLQg Rf WKeVe SURceVVeV.

FLJXUH 2.1.3: CompaUiVon of meaVXUed (Ued) and KPRAD-modeled (blXe) cooling dXUaWionV dXUing SPI
injecWion of YaU\ing Ne TXanWiW\ in JET (lefW) and DIII-D (UighW).

TKXV RYeUaOO, WKe e[WeQVLYe cRPSaULVRQV Rf KPRAD ZLWK DIII-D, JET, aQd KSTAR UeVXOWV gLYe
cRQfLdeQce LQ LWV aSSOLcabLOLW\ WR SUedLcWLQg ceUWaLQ gORbaO PeWULcV fRU ITER SPI VKXWdRZQV ZLWK
VLgQLfLcaQW UadLaWLQg LPSXULWLeV. TKe UedXced PRdeO LV aOVR VLgQLfLcaQWO\ faVWeU WKaQ fXOO 3D MHD
cRdeV, aQd aOORZ UaSLd SaUaPeWeU VcaQV WKaW caQ gXLde QRW RQO\ fXWXUe e[SeULPeQWaO effRUWV bXW
aOVR fRU WK SOaQQLQg Rf OaUge OeadeUVKLS-cOaVV VLPXOaWLRQV.

TKe KPRAD PRdeO dReV UXQ LQWR OLPLWaWLRQV LQ ceUWaLQ UegLPeV, ZKeQ WKe LQMecWed VSecLeV LV
eLWKeU SXUeO\ RU dRPLQaQWO\ deXWeULXP. IQ WKeVe dLVcKaUgeV, WKe QeRQ UadLaWLRQ SOa\V a OeVV
dRPLQaQW UROe LQ WKe VKXWdRZQ d\QaPLcV. SLQce WKLV LV WKe SULPaU\ SK\VLcV WUacNed b\ KPRAD,
LW¶V aSSOLcabLOLW\ decOLQeV. OWKeU SK\VLcV PecKaQLVPV QRW LQcOXded LQ KPRAD becRPe PRUe
LPSRUWaQW (aV dLVcXVVed fXUWKeU LQ WKe UeSRUW). TKLV dLVWLQcW WUaQVLWLRQ (ZKeQ QeRQ LV eOLPLQaWed)
caQ be VeeQ LQ FLgXUe 2.1.3 (ULgKW), ZKeUe WKe QeRQ-fUee SeOOeWV e[KLbLW a VXddeQ WUaQVLWLRQ aQd
VLgQLfLcaQW VSUead UeOaWLYe WR WKe ZeOO-SUedLcWed WUeQd fRU SeOOeWV cRQWaLQLQg QeRQ.

AddLWLRQaO SRLQWV VKRXOd be QRWed LQ WKe aSSOLcaWLRQ Rf KPRAD VLPXOaWLRQV WR WKe SUedLcWLRQ Rf
fXWXUe ITER dLVcKaUgeV. TKe CQ cKaUacWeULVWLc WKaW KPRAD accXUaWeO\ SUedLcWV (aQd ZKLcK LV
VKRZQ LQ FLgXUe 2.1.1) LV WKe iniWial CQ UaWe, gLYeQ KeUe baVed RQ WKe 100-80% SRUWLRQ Rf WKe
CQ. TKLV TXaQWLW\ caQ be accXUaWeO\ PRdeOed becaXVe WKLV LQLWLaO deca\ UaWe LV OaUgeO\ a fXQcWLRQ
Rf WKe SOaVPa UeVLVWLYLW\ aQd LV WKXV deWeUPLQed b\ WKe TQ QeRQ aVVLPLOaWLRQ. IQ cRQWUaVW, deWaLOV
Rf WKe VXbVeTXeQW eYROXWLRQ (e.g. WKe CQ cKaUacWeUL]ed b\ WKe 80-20% PeWULc XVed b\ ITER) aUe
deSeQdeQW RQ addLWLRQaO deWaLOV VXcK aV WKe SOaVPa¶V YeUWLcaO dLVSOacePeQW dXULQg WKe CQ, aQd
WKXV aUe QRW accXUaWeO\ UeSURdXced b\ KPRAD. CRXSOLQg Rf KPRAD SUedLcWLRQV Rf WKe LQLWLaO CQ
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UaWe (aQd SOaVPa WePSeUaWXUe) ZLWK geRPeWULcaOO\ UeVROYed CQ eYROXWLRQ VLPXOaWLRQV (VXcK aV
DINA) ZRXOd SURYLde PRUe accXUaWe SUedLcWLRQV.

2.2 RadLaWLRQ aV\PPeWU\

EYeQ aVVXPLQg fXOO UadLaWLRQ Rf WKe WKeUPaO eQeUg\, ORcaOL]ed PeOWLQg caQ VWLOO RccXU LQ ITER Lf WKe
UadLaWLRQ LQWeQVLW\ LV WRR KLgK LQ SOaceV. QXaQWLWaWLYe eVWLPaWeV Rf WKLV SeaNLQg (fRU
VLQgOe-LQMecWLRQ QeRQ SPI) KaYe beeQ deULYed RQ DIII-D aQd JET, baVed RQ VeYeUaO LQdeSeQdeQW
e[SeULPeQWaO aQd VLPXOaWLRQ-baVed aSSURacKeV. TKeVe YaULRXV PeWKRdRORgLeV LQdeSeQdeQWO\
aUULYe aW WRURLdaO SeaNLQg facWRUV (TPFV) LQ WKe UaQge Rf 1.7 WR 2.5. TKeVe YaOXeV VSaQ WKe
eVWLPaWed YaOXe Rf 2.0 aW ZKLcK WKe KLgKeVW eQeUg\ ITER SOaVPaV cRXOd caXVe ORcaOL]ed PeOWLQg
[SXgLKaUa2007]. TKe YaULRXV aSSURacKeV aQd UeVXOWLQg eVWLPaWeV aUe SUeVeQWed LQ WKLV VecWLRQ
cRQcOXdLQg ZLWK a VXPPaU\ WabOe.

IQ DIII-D, WKe dXaO LQMecWRUV aUe XVed LQ UeSeaW dLVcKaUgeV ZLWK LdeQWLcaO SeOOeWV WR RbVeUYe WKe
cKaQgeV LQ ZaOO KeaWLQg XVLQg WKe ZLde-aQgOe SeULVcRSe-YLeZ IR caPeUa. TKe cRROLQg Rf WKe WLOeV
LV RbVeUYed afWeU WKe dLVUXSWLRQ aQd PaSSed bacN WR WKe WLPe Rf WKe TQ XVLQg a PRdeO fRU WKe WLOe
VXUface WePSeUaWXUe eYROXWLRQ [HROOPaQQ2015]. DLffeUeQcLQg WKe RbVeUYed KeaWLQg beWZeeQ WZR
dLVcKaUgeV ZLWK WRURLdaOO\ dLVSOaced LQMecWLRQV aQd fLWWLQg a KeOLcaO UadLaWLRQ feaWXUe ZLWK a
GaXVVLaQ faOORff, a TPF LV deULYed. TKLV PeWKRd LV beQcKPaUNed RQ MGI dLVcKaUgeV aQd fLQdV a
TPF Rf 1.3 +/- 0.1, ZKLcK LV LQ gRRd agUeePeQW ZLWK SUeYLRXV UadLRPeWeU baVed eVWLPaWeV
[SKLUaNL2015]. WKeQ aSSOLed WR VLQgOe-LQMecWLRQ QeRQ SPI dLVcKaUgeV, WKe TQ TPF LV eVWLPaWed WR
be 1.9 +0.5/-0.3. FLgXUe 2.2.1 VKRZV WKe fLWWed dLVWULbXWLRQV VeSaUaWed LQWR TQ aQd CQ
cRQWULbXWLRQV (OefW) aQd WKe UeVXOWLQg TQ TPF aV a fXQcWLRQ Rf WKe aVVXPSWLRQV RQ WKe TQ aQd CQ
UadLaWed fUacWLRQV (PLddOe).

FLJXUH 2.2.1: TheUmal TXench TPF aW DIII-D folloZing Vingle pelleW injecWion, fUom e[peUimenWal anal\ViV
(lefW and cenWeU), and fUom NIMROD VimXlaWionV (UighW).
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TKe NIMROD 3D MHD cRde LV XVed WR VLPXOaWe WKeVe DIII-D VLQgOe SPI dLVcKaUgeV [KLP2021],
ZKeUe TPFV aUe VWUaLgKWfRUZaUdO\ cRPSXWed fURP WKe VLPXOaWed SOaVPa ePLVVLYLW\ (FLgXUe 2.2.1
ULgKW). TKe YLVcRVLW\ KaV beeQ VcaQQed acURVV VLPXOaWLRQV WR affecW WKe MHD eYROXWLRQ, aQd RQO\
a PRdeVW cKaQge LV fRXQd ZLWKLQ WKe UaQge VLPXOaWed, ZLWK VOLgKWO\ ORZeU TPFV fRXQd fRU ORZeU
YLVcRVLWLeV. IQ bRWK WKe e[SeULPeQWaO IR daWa aQd NIMROD VLPXOaWLRQV, WKe UadLaWLRQ SeaN LV
bURadO\ ceQWeUed aURXQd WKe SPI SRUW, LQdLcaWLQg WKaW WKe ORcaOL]ed LPSXULW\ VRXUce LV a SULPaU\
dULYeU Rf WKe UadLaWLRQ aV\PPeWU\.

AW JET, aQ e[SeULPeQW caPSaLgQ (M18-34) LQYeVWLgaWed WKe UadLaWLRQ aV\PPeWULeV dXULQg SPI
VKXWdRZQV b\ YaU\LQg WKe WRURLdaO SKaVe Rf aQ aSSOLed n=1 fLeOd. IQ WKe dLVcKaUgeV VKRZQ LQ
FLgXUe 2.2.2, WKe n=1 fLeOd LV eQeUgL]ed dXULQg a VWabOe H-PRde fOaWWRS, ZLWK WKe SPI fLUed VKRUWO\
afWeUZaUdV. TKe WRURLdaO SKaVe Rf WKe n=1 fLeOd LV YaULed VKRW-WR-VKRW aQd WKe UadLaWLRQ LV
PeaVXUed XVLQg WZR bRORPeWeU faQ aUUa\V dLVSOaced fURP WKe LQMecWLRQ b\ 90� aQd -135� degUeeV
(WKe YeUWLcaO V aQd KRUL]RQWaO H aUUa\V, UeVSecWLYeO\). TKe WLPe Rf SeaN UadLaWed SRZeU LV XVed WR
deWeUPLQe WKe TPF. A VLQXVRLdaO dLVWULbXWLRQ LV aVVXPed fRU WKe UadLaWLRQ ZLWK fLW SaUaPeWeUV ǻS
aQd ǻ𝜙Q=1 WR adMXVW WKe aPSOLWXde Rf WKe aV\PPeWU\ aQd WKe UeOaWLYe SKaVe Rf WKe aV\PPeWU\ WR
WKe ORcNed PRde O-SRLQW. A GaXVVLaQ dLVWULbXWLRQ LV XVed WR deVcULbe WKe WRURLdaO VSUead Rf
LPSXULWLeV abRXW WKe LQMecWLRQ aQd 𝜆𝜙 LV a fLW SaUaPeWeU aOORZLQg YaULaWLRQ Rf WKe VSUead.

TKe SURdXcW Rf WKe cRVLQe aQd GaXVVLaQ dLVWULbXWLRQV aQd WKe aYeUage UadLaWed SRZeU WKeQ gLYe
WKe WRURLdaOO\ UeVROYed UadLaWed SRZeU.

FLQaOO\, WKe TPF LV fRXQd XVLQg WKe PUad dLVWULbXWLRQ aV fROORZV:

.
TKe aV\PPeWU\ facWRU deULYed fURP WKe YeUWLcaO (V) aQd KRUL]RQWaO (H) bRORPeWeU aUUa\V LV VKRZQ
LQ FLgXUe 2.2.2 (OefW) aQd WKe UeVXOWLQg TPF aV a fXQcWLRQ Rf WKe ORcNed PRde SKaVe LQ FLgXUe
2.2.2 (ULgKW). TKe WRURLdaO SeaNLQg LV fRXQd WR deSeQd RQ WKe WRURLdaO SKaVe Rf WKe ORcNed PRde,
UeacKLQg a Pa[LPXP Rf 1.7 ZKeQ WKe O-SRLQW LV aSSUR[LPaWeO\ aOLgQed ZLWK WKe LQMecWLRQ. TKLV
VXggeVWV WKaW WKe aV\PPeWULc MHD KeaW fOX[ dXe WR WKe n=1 PRde Pa\ aOVR SOa\ a UROe LQ dULYLQg
WKe UadLaWLRQ aV\PPeWU\, LQ addLWLRQ WR WKe ORcaOL]ed LPSXULW\ VRXUce LdeQWLfLed KeUe aQd LQ WKe
DIII-D UeVXOWV.
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FLJXUH 2.2.2: RadiaWion peaking iV deWeUmined on JET b\ Vcanning Whe phaVing of an applied n=1 field.
FigXUe and capWion fUom [Jachmich2021].

A VecRQd aSSURacK LV XVed RQ a dLffeUeQW SPI e[SeULPeQW caPSaLgQ RQ JET (M18-32), ZKLcK
\LeOdV KLgKeU TPF eVWLPaWeV. ASSUR[LPaWeO\ 110 KeOLcaO (fLeOd aOLgQed) UadLaWLRQ dLVWULbXWLRQV aUe
VaPSOed b\ V\QWKeWLc KRUL]RQWaO aQd YeUWLcaO bRORPeWeU aUUa\V XVLQg WKe CKeUab Ua\-WUacLQg
cRde, ZKLcK WKeQ SURYLdeV dLagQRVWLc UeVSRQVeV fRU eacK Rf WKeVe dLVWULbXWLRQV. TKeVe UeVSRQVe
YecWRUV aUe WKeQ LQdeSeQdeQWO\ fLW aW eacK bRORPeWeU VaPSOe WLPe aQd WKe KeOLcaO dLVWULbXWLRQ
ZLWK WKe ORZeVW UedXced cKL-VTXaUed LV cKRVeQ. WLWK WKLV KeOLcaO dLVWULbXWLRQ, a GaXVVLaQ WRURLdaO
dLVWULbXWLRQ caQ be VXSeULPSRVed aQd cRQVWUaLQed b\ WKe PeaVXUePeQWV aW WKe WZR bRORPeWeU
aUUa\V. TKLV UadLaWLRQ dLVWULbXWLRQ LV WKeQ XVed WR LQfeU WKe LQVWaQWaQeRXV PUad aQd TPF. TKe fXOO
dLVUXSWLRQ LQWegUaWed UadLaWed fUacWLRQ LV VKRZQ LQ FLgXUe 2.2.3 (WRS) aQd WKe TPF aW WKe
Pa[LPXP LQ PUad LQ FLgXUe 2.2.3 (PLddOe). TKe TPFV eVWLPaWed baVed RQ WKLV WecKQLTXe aUe
VOLgKWO\ KLgKeU WKaQ WKe SUeYLRXVO\ deVcULbed aSSURacKeV, beLQg LQ WKe UaQge Rf 2.2 +/- 0.2.
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FLJXUH 2.2.3: (Top) FXll diVUXpWion UadiaWed fUacWion and (middle) Whe TPF aW Whe Wime of Whe ma[imXm in
PUad, fUom [SZeene\2020]. (BRWWRP) VKRZV JOREK UadLaWLRQ SURfLOeV aQd WRWaO SRZeU eYROXWLRQ.

JOREK VLPXOaWLRQV [BRQfLgOLR2020] KaYe beeQ aSSOLed WR dLVcKaUgeV fURP WKe VaPe JET
e[SeULPeQW caPSaLgQ aV WKRVe UeSRUWed LQ [SZeeQe\2020] bXW ZLWK KLgKeU cXUUeQW aQd WKeUPaO
eQeUg\. TKe WRURLdaO UadLaWLRQ dLVWULbXWLRQ aW WKe WLPe Rf SeaN UadLaWLRQ LV VKRZQ LQ \eOORZ LQ
FLgXUe 2.2.3 (bRWWRP-OefW). NRWe WKaW WKe SeaNLQg LV ORcaOL]ed LQ WLPe aV VKRZQ b\ WKe WLPe-WUace
Rf PUad LQ FLgXUe 2.2.3 (bRWWRP-ULgKW). IQWeUeVWLQgO\, WKe WRURLdaO SeaN LV ORcaWed aOPRVW RSSRVLWe
WKe LQMecWRU, ZKLcK LV LQdLcaWed b\ WKe YeUWLcaO-daVKed OLQe LQ WKe bRWWRP-OefW (OabeOed ³SPI´). TKLV
KaV aOVR beeQ RbVeUYed LQ VLPXOaWLRQV Rf MGI [I]]R2015] aQd LQ VRPe DIII-D SPI e[SeULPeQWV
[SZeeQe\2021], WKRXgK LW KaV QRW \eW beeQ RbVeUYed LQ WKe SPI e[SeULPeQW caPSaLgQ RQ JET;
fXUWKeU e[SeULPeQWaO aQaO\VLV ZLOO ORRN fRU LQVWaQceV Rf WKLV.

TKe abRYe TPFV aUe eVWLPaWed fRU a VLQgOe LQMecWLRQ ORcaWLRQ, aQd aQ LPSRUWaQW TXeVWLRQ LV
ZKeWKeU LQMecWLRQ fURP PXOWLSOe ORcaWLRQV LV abOe WR ORZeU WKe SeaN KeaW ORadV WKURXgK a bURadeU
LPSXULW\ dLVWULbXWLRQ. TKLV KaV QRW \eW beeQ cRQcOXVLYeO\ dePRQVWUaWed, bXW SUeOLPLQaU\
e[SeULPeQWaO UeVXOWV fURP DIII-D aQd ITER VLPXOaWLRQV VXggeVW WKLV LV WKe caVe. IQ DIII-D,
WRURLdaOO\ dLVSOaced AXUV aUUa\ PeaVXUePeQWV Rf UadLaWed SRZeU dXULQg dXaO-SPI e[SeULPeQWV
aUe cRQVLVWeQW ZLWK ORZeU UadLaWLRQ QeaU WKe RULgLQaO SeaNV aQd eQKaQced UadLaWLRQ aW PRUe
dLVWaQW ORcaWLRQV, TXaOLWaWLYeO\ cRQVLVWeQW ZLWK a bURadeU PRUe XQLfRUP dLVWULbXWLRQ. TRURLdaO
UeVROXWLRQ Rf WKe aYaLOabOe daWa LV UaWKeU cRaUVe, KRZeYeU. SLPXOaWLRQV Rf WZR dLaPeWULcaOO\
RSSRVLWe SPIV LQ ITER VXggeVW WKaW WKe WRURLdaO SeaNLQg PLgKW be VLgQLfLcaQWO\ UedXced
cRPSaUed WR a VLQgOe SPI [HX2021]. AW WKe WLPe Rf SeaN UadLaWLRQ VKRZQ LQ Ued LQ FLgXUe 2.2.4
(ULgKW) WKe Pa[LPXP WRURLdaO aV\PPeWU\ LV a1.3 aV VKRZQ LQ Ued RQ WKe OefW. TKeVe VLPXOaWLRQV
aUe eQcRXUagLQg aQd PRWLYaWe fXUWKeU e[SeULPeQWaO VWXdLeV.

TKe WecKQLcaO UeTXLUePeQWV fRU VXcK bURadeQLQg WKURXgK PXOWLSOe LQMecWLRQV UeTXLUe
V\QcKURQL]aWLRQ Rf WKe PXOWLSOe SeOOeWV ZLWKLQ WKe WLPeVcaOeV WKe cRROLQg dXUaWLRQ WLPeVcaOe. TKLV
LV cRQVLVWeQW ZLWK WKe UeVXOWV Rf WKe WLPLQg VcaQ LQ VLPLOaU dXaO-SPI UeVXOWV SXbOLVKed LQ
[HeUfLQdaO2019].
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FLJXUH 2.2.4: DXal SPI inWo an ITER diVchaUge. (lefW) VpaWial UeVolYed WoUoidal peaking (i.e. PUad(𝜙)/<PUad>)
aW foXU Wime VliceV and (UighW) Whe WoWal UadiaWed poZeU.

TabOe 1 beORZ VXPPaUL]eV WKe SUeVeQW VWaWe Rf WRURLdaO aV\PPeWU\ PeaVXUePeQWV fROORZLQg SPI.

DHYLFH 7HFKQLTXH 7RURLGDO
GLVWULEXWLRQ

7LPH RI
PHDVXUH

7PF

DIII-D
[SKLUaNL2020]

IR SeULVcRSe,
dLffeUeQce Rf WZR
VKRWV, KeOLcaO

GaXVVLaQ TQ LQWegUaWed
TPF

1.9+0.5/-0.3

DIII-D
[SKLUaNL2020]

NIMROD - VLQgOe
LQMecWLRQ

-- AW Pa[ PUad 1.9-2.1

JET
[JacKPLcK2021]

ASSOLed Q=1 fLeOd,
ULQg VRXUce

CRVLQe*GaXVVLaQ AW Pa[ PUad 1.7

JET
[SZeeQe\2020]

EPLV3D - KeOLcaO,
Ua\-WUacLQg

GaXVVLaQ AW Pa[ PUad 2.2 +/- 0.2

JET
[BRQfLgOLR2020]

JOREK - VLQgOe
LQMecWLRQ

-- AW Pa[ PUad 1.8

ITER [HX2021] JOREK - VLQgOe
LQMecWLRQ

-- AW Pa[ PUad 2.5

ITER [HX2021] JOREK - dXaO
LQMecWLRQ

-- AW Pa[ PUad 1.3

7DEOH 1: SXmmaU\ of Whe WoUoidal peaking meaVXUemenWV and VimXlaWionV folloZing SPI.
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2.3 AVVLPLOaWLRQ Rf K\dURJeQLc SeOOeWV SULRU WR WKe TQ

IW LV RbVeUYed LQ aOO WKUee deYLceV WKaW LQMecWLRQ Rf SXUe deXWeULXP SPI, aW WKe W\SLcaO TXaQWLWLeV
XVed LQ WKeVe VWXdLeV, LV RfWeQ LQVXffLcLeQW fRU LPPedLaWeO\ WULggeULQg a dLVUXSWLRQ. E[aPSOeV Rf
WKLV deOa\ed UeVSRQVe aUe VKRZQ LQ FLgXUe 2.3.1 fRU DIII-D (7 PP SeOOeWV) aQd JET (12.5 PP
SeOOeWV), ZKeUe WKe WLPeVcaOeV Rf XS WR 10¶V Rf PV befRUe WKe CQ VWaUW caQ be cRQWUaVWed ZLWK WKe
VLgQLfLcaQWO\ faVWeU WLPeVcaOeV dXULQg VLPLOaU QeRQ-SPI, aV VKRZQ LQ FLgXUe 2.1.3. (TKe DIII-D
daWa LQ SaUWLcXOaU LQcOXde WKe SXUe deXWeULXP SeOOeWV, aQd cOeaUO\ VKRZ WKe dLVcRQWLQXLW\ LQ
WLPeVcaOeV ZKeQ QR QeRQ LV LQcOXded LQ WKe SeOOeW.)

FLJXUH 2.3.1: TQ folloZing D2 SPI occXUV afWeU n=1 mode gUoZV Wo cUiWical ampliWXde, on DIII-D and JET.

TKe LPSRUWaQce Rf Q=1 MHD gURZWK LQ VeWWLQg WKLV WLPeVcaOe caQ be VeeQ LQ FLgXUe 2.3.1,
VKRZLQg WKe VLgQLfLcaQWO\ dLffeUeQW PRde eYROXWLRQV WKaQ caQ be RbVeUYed XQdeU UeSeaW
cRQdLWLRQV, aQd WKeLU cRUUeOaWLRQ beWZeeQ WKLV gURZWK aQd WKe deOa\ LQ CQ-RQVeW.

TKe PecKaQLVP fRU WKLV PRde gURZWK WR Oead WR a TQ LV WKRXgKW WR be LdeQWLcaO WR a ORcNed PRde
dLVUXSWLRQ. TKLV UeOaWLRQVKLS LV VXSSRUWed b\ daWa fURP aOO WKUee PacKLQeV, ZKeUe aQ ePSLULcaO
VcaOLQg fRU WKe ORcNed-PRde WKUeVKROd [deVULeV2016] PaWcKeV WKaW PeaVXUed b\ VaddOe ORRSV RQ
aOO WKUee PacKLQeV, aV VKRZQ LQ FLgXUe 2.3.2. HRZeYeU, KSTAR LV QRW eVSecLaOO\ VeQVLWLYe WR WKLV
PeaVXUePeQW dXe WR WKe OaUge dLVWaQce beWZeeQ SOaVPa aQd VaddOe ORRSV, UeVXOWLQg LQ WKe VPaOO
VLgQaO OeYeOV VeeQ LQ WKe FLgXUe.
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FLJXUH 2.3.2: CompaUiVon of e[peUimenW n=1 MHD ampliWXde aW Wime of diVUXpWion folloZing D2 SPI Wo
deVUieV Vcaling. FUom [ShiUaki2021].

AV KaV beeQ QRWed eaUOLeU, WKe KPRAD PRdeO dLYeUgeV fURP e[SeULPeQWaO RbVeUYaWLRQV ZKeQ
WKe VKXWdRZQ LV b\ D2 SPI, ZLWK WKe abVeQce Rf aQ\ KLgK-Z UadLaWRU. MRUe VSecLfLcaOO\, WKLV LV
geQeUaOO\ WKe caVe fRU VPaOO aQd PedLXP D2 SPI (< a7PP RQ DIII-D), bXW e[WUePeO\ OaUge
aPRXQWV Rf D2 SPI (e.g. 16PP SeOOeW RQ DIII-D) aUe caSabOe Rf cRROLQg WKe SOaVPa WR VXcK aQ
e[WeQW WKaW a CQ LV dLUecWO\ LQLWLaWed, aQd WKLV eYROXWLRQ LV UeOaWLYeO\ ZeOO-caSWXUed b\ KPRAD. FRU
WKe caVeV Rf PRUe PRdeVW VL]eV Rf D2 SPI, WKe LPSRUWaQW PecKaQLVP Rf n=1 MHD PRde gURZWK
(aV RSSRVed WR UadLaWLYe cRROLQg) LV QRW LQcOXded LQ WKe SK\VLcV PRdeOed b\ KPRAD.

IQ VXcK caVeV, WKe 1D INDEX cRde [MaWVX\aPa2021] LV beLQg XVed WR XQdeUVWaQd WKLV UadLaO
WUaQVSRUW effecW. PRVW-SPI SURfLOe PeaVXUePeQWV RQ DIII-D SURYLde a WeVW bed fRU VXcK
VLPXOaWLRQV, aV ZLOO be deVcULbed LQ SecWLRQ 4.

2.4 EffecW Rf K\dURJeQLc SeOOeWV RQ UXQaZa\ beaP

DIII-D aQd JET fLQd cRPPRQ RbVeUYaWLRQV Rf PaWXUe RE beaP beQLgQ WeUPLQaWLRQ ZKeQ a gORbaO
MHD VWabLOLW\ bRXQdaU\ LV cURVVed afWeU LQMecWLRQ Rf deXWeULXP SPI. NRWe WKaW VLQce RE beaPV
aUe QRW URXWLQeO\ fRUPed RQ KSTAR, WKLV VWXd\ UePaLQV WR be SeUfRUPed WKeUe. DeWaLOed
deVcULSWLRQ Rf WKe UeVXOWV caQ be fRXQd LQ [ReX[2021,Pa]-SROdaQ2021], ZLWK a VXPPaU\ gLYeQ
KeUe. AV cRPSaUed WR WKe baVeOLQe aSSURacK Rf KLgK-Z cROOLVLRQaO dLVVLSaWLRQ, ZKLcK LV SUedLcWed
WR UeVXOW LQ RQO\ PRdeVW KeaW ORad UedXcWLRQ, WKeVe fLQdLQgV SUeVeQW a QRYeO aSSURacK WR PaWXUe
RE beaP PLWLgaWLRQ fRU ITER.
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FLJXUH 2.4.1: Peak eneUg\ flX[eV aV meaVXUed b\ IR WheUmogUaph\ on JET indicaWe an abVence of
meaVXUable heaWing deVpiWe laUge VWoUed magneWic eneUg\ in Whe RE beam foU Whe D2+MHD appUoach, in
conWUaVW Wo Whe colliVional appUoach.

TKe baVLc feaWXUeV aUe WKe VaPe RQ bRWK DIII-D aQd JET. FLUVW, REV aUe LQWeQWLRQaOO\ cUeaWed fRU
VWXd\ XVLQg AU SULPaU\ LQMecWLRQ WR WULggeU WKe RE-SURdXcLQg dLVUXSWLRQ. SKRUWO\ fROORZLQg WKe
dLVUXSWLRQ, VecRQdaU\ D2 LQMecWLRQ LPPedLaWeO\ UecRPbLQeV WKe bacNgURXQd SOaVPa dXe WR aQ
eQKaQcePeQW Rf WKe QeXWUaO KeaW cRQdXcWLRQ ZLWK D2 WKaW dURSV LQ bXON Te beORZ WKe LRQL]aWLRQ
WKUeVKROd [HROOPaQQ2020]. TKe UecRPbLQed bacNgURXQd SOaVPa \LeOdV a UeOaWLYeO\ cROOLVLRQOeVV
RE beaP VWaWe, ZKLcK dXe WR WKe YeU\ ORZ deQVLW\ SRVVeVVeV aQ e[ceSWLRQaOO\ faVW AOfYeQ VSeed,
cRPSaUabOe WR WKe VSeed Rf OLgKW. If a gORbaO MHD OLPLW LV cURVVed, fRU e[aPSOe aW ORZ edge
VafeW\ facWRU (Ta), RU ZLWK a VXffLcLeQWO\ KROORZ cXUUeQW SURfLOe, e[WUePeO\ OaUge aQd faVW MHD
LQVWabLOLW\ LV acceVVed. TKe MHD WKeQ effecWLYeO\ caXVeV a VecRQd dLVUXSWLRQ Rf WKe RE beaP,
RfWeQ cRPSOeWe ZLWK aQ IP-VSLNe. DXULQg WKLV eYeQW WKe REV aUe fRXQd WR be cRPSOeWeO\ e[SeOOed
RYeU a OaUge ZeWWed aUea, PLQLPL]LQg ORcaOL]ed KeaWLQg. FXUWKeUPRUe, VLQce VR feZ REV VXUYLYe
WKe dLVUXSWLRQ, WKe cRQYeQWLRQaO SURceVV Rf Ue-aYaOaQcKLQg LV dUaPaWLcaOO\ UedXced, aQd WKe
cXUUeQW WUaQVfeUV dLUecWO\ WR WKe bXON. TKLV effecW SUeYeQWV WKe WUaQVfeU Rf PagQeWLc eQeUg\ WR
daPagLQg RE NLQeWLc eQeUg\. IQVWead, WKe PagQeWLc eQeUg\ dLVVLSaWeV aV OLQe UadLaWLRQ dXULQg
WKe QRZ cRQYeQWLRQaO OKPLc CQ. WKLOe WKe baVLc feaWXUeV aUe WKe VaPe, dLffeUeQceV LQ WKe
cULWLcaO Ta aUe fRXQd. DIII-D fLQdV LQVWabLOLW\ aW cRQYeQWLRQaOO\ ORZ YaOXeV (Ta a 2 RU 3), ZKLOe JET
fLQdV LQVWabLOLW\ aW KLgKeU YaOXeV (Ta a 3 - 5). TKLV LV LQWeUSUeWed aV beLQg dXe WR a bURadeU (RU
KROORZ) cXUUeQW SURfLOe RQ JET aV cRPSaUed WR DIII-D, aQd WKe SRVVLbLOLW\ Rf WeaULQg PRdeV
SOa\LQg a OaUgeU UROe LQ WKe MHD eYeQWV [BaQdaUX2021].

TKe beQLgQ WeUPLQaWLRQ VceQaULR LV beLQg bRWK fXUWKeU e[SRUWed WR RWKeU WRNaPaNV ZRUOdZLde aV
ZeOO aV beLQg VWXdLed fRU e[WUaSROaWLRQ WR ITER. IQ ITER, WKe YeUWLcaOO\ XQVWabOe eTXLOLbULXP
dXULQg WKe CQ LV e[SecWed WR cURVV ORZ-RUdeU edge VafeW\ facWRU UaWLRQaOV, LQdLcaWLQg WKe
SRWeQWLaO fRU WKe VaPe OaUge-VcaOe MHD. TKe SRVVLbLOLW\ Rf UecRPbLQLQg WKe bacNgURXQd SOaVPa
LQ ITER LV beLQg VWXdLed, ZLWK aQ LPSRUWaQW dLffeUeQce beLQg WKe XVe Rf QeRQ aQd K\dURgeQ LQ
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ITER (LQVWead Rf aUgRQ aQd deXWeULXP LQ SUeVeQW deYLceV). RE RUbLW ORVV PRdeOLQg LV beLQg XVed
WR TXaQWLf\ WKe degUee Rf KeaW fOX[ VSUeadLQg e[SecWed aV a fXQcWLRQ Rf LQVWabLOLW\ VL]e. FLQaOO\,
dXe WR WKe OaUge aYaOaQcKe gaLQ LQ ITER, LW LV SRVVLbOe WKaW PXOWLSOe beQLgQ WeUPLQaWLRQ eYeQWV
ZLOO be Qeeded WR PLWLgaWe a fXOO cXUUeQW ITER RE beaP.
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3. HLJKOLJKWHG UHVXOWV IURP LQGLYLGXDO IDFLOLWLHV

TKe SUeYLRXV SecWLRQ deVcULbeV aUeaV Rf ePeUgLQg agUeePeQW, ZLWK cRQVLVWeQW RbVeUYaWLRQV aQd
LQWeUSUeWaWLRQ aULVLQg fURP PXOWLSOe PacKLQeV. AddLWLRQaO aQaO\VLV aQd UeVXOWV fURP UeVeaUcK RQ
LQdLYLdXaO facLOLWLeV acWLYLWLeV aUe deVcULbed KeUe.

3.1 DIII-D

IQ 2021, a dedLcaWed DIII-D e[SeULPeQW (MP2019-25-15) ZaV e[ecXWed LQ VXSSRUW Rf WKLV JRT,
ZLWK WKe eTXLYaOeQW Rf WZR UXQda\V aLPLQg WR LQYeVWLgaWe WKe aVVLPLOaWLRQ OLPLWV fRU deXWeULXP SPI.
TKLV e[SeULPeQW added WR WKe OaUge bRd\ Rf e[LVWLQg D2 SPI e[SeULPeQWV
[CRPPaX[2010,CRPPaX[2011], ZLWK WKe addLWLRQ Rf WZR QeZ SPI baUUeO VL]eV (RU eTXLYaOeQWO\
LQMecWLRQ TXaQWLW\) aQd VeYeUaO QeZ dLagQRVWLc caSabLOLWLeV QRZ aYaLOabOe. TKe QeZ dLagQRVWLc
caSabLOLWLeV LQcOXde VLgQLfLcaQW LPSURYePeQWV WR TKRPVRQ VcaWWeULQg (TS) SURfLOe PeaVXUePeQWV,
ZKLcK QRZ LQcOXde bRWK ORZ-WePSeUaWXUe SRO\cKURPaWRUV aOORZLQg PeaVXUePeQWV Rf MXVW a feZ
eV WKURXgKRXW WKe cRUe UegLRQ, aV ZeOO aV aV\QcKURQRXV (SeOOeW OLgKW) WULggeULQg Rf WKe TS fRU
V\VWePaWLc PeaVXUePeQWV Rf WKe SRVW-SPI SURfLOeV. AddLWLRQaOO\, SaUWLcOe fOX[ PeaVXUePeQWV
XVLQg SaUWLcOe SURbeV aUe QeZO\ aYaLOabOe RQ DIII-D; WKeVe daWa ZeUe SUeYLRXVO\ XQaYaLOabOe dXe
WR adPLQLVWUaWLYe OLPLWV.

IQ cRQWUaVW WR KLgK-Z SPI VKXWdRZQV LQ ZKLcK LPSXULW\ UadLaWLRQ SOa\V a dRPLQaQW UROe, RWKeU
SK\VLcV PecKaQLVPV (e.g. MHD gURZWK, UadLaO WUaQVSRUW, aQd LQWULQVLc LPSXULWLeV) aUe WKRXgKW WR
becRPe LPSRUWaQW. AVVLPLOaWLRQ Rf D2 SPI LQMecWed PaWeULaO LV LPSRUWaQW fRU KeaW ORad UedXcWLRQ,
cXUUeQW deca\ UaWe, aQd UXQaZa\ eOecWURQ VXSSUeVVLRQ. PUeYLRXV e[SeULPeQWV RQ DIII-D KaYe
dePRQVWUaWed WKaW SPI aVVLPLOaWLRQ WeQdV WR be beWWeU WKaQ MGI aVVLPLOaWLRQ. HRZeYeU, eYeQ fRU
SPI, WKe aVVLPLOaWLRQ LV faU beORZ 100%. FLgXUe 3.1.1 VKRZV aQ e[aPSOe Rf D2 SPI aVVLPLOaWLRQ
fRU a YaULeW\ Rf dLffeUeQW LQMecWed TXaQWLWLeV, ZLWK URXgKO\ VLPLOaU WaUgeW SOaVPaV. TKe aVVLPLOaWLRQ
LV eVWLPaWed fURP OLQe-LQWegUaWed CO2 LQWeUfeURPeWeUV, aVVXPLQg 100% LRQL]aWLRQ fUacWLRQ LQ WKe
SOaVPa, aQd QegOecWLQg LPSXULWLeV. TKe PLddOe Rf WKe CQ LV XVed KeUe, VLQce WRURLdaO
aV\PPeWULeV aUe beOLeYed WR be OaUge dXULQg WKe TQ aQd YeUWLcaO dULfW PaNeV eOecWURQ deQVLW\
PeaVXUePeQWV KaUdeU WR LQWeUSUeW SaVW WKe PLddOe Rf WKe CQ. OYeUaOO, LW caQ be VeeQ WKaW WKe
PLd-CQ aVVLPLOaWLRQ aSSeaUV WR be ZeOO beORZ 50%, SeUKaSV PRUe W\SLcaOO\ aURXQd 20 ± 30%.
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FLJXUH 3.1.1: Mid-CQ aVVimilaWed D2 TXanWiW\ aV a fXncWion of injecWed TXanWiW\ foU diffeUenW VhoWV.

AOWeUQaWe PeaVXUePeQWV cRQfLUP WKe QXPbeU Rf SaUWLcOeV LQMecWed, SURYLdLQg cRQfLdeQce WKaW WKe
aVVLPLOaWLRQ fUacWLRQ LV QRW PLV-eVWLPaWed dXe WR LQaccXUaWe SeOOeW VL]LQg. TKLV caQ be VeeQ fURP
WKe SRVW-dLVUXSWLRQ SXPS-dRZQ Rf WKe YeVVeO, ZKeQ SUeVVXUe UeadLQgV YV WLPe caQ be XVed WR
eVWLPaWe WKe aPRXQW Rf SaUWLcOeV SXPSed RXW Rf WKe YacXXP YeVVeO. FLgXUe 3.1.2 VKRZV
eVWLPaWeV Rf WKe aPRXQW Rf D2 SXPSed RXW Rf WKe YeVVeO SRVW-dLVUXSWLRQ cRPSaUed ZLWK WKe
cOaLPed aPRXQW LQMecWed. AOWKRXgK WKe VcaWWeU LQ WKe daWa LV TXLWe OaUge, LW dReV aSSeaU WKaW WKe
aPRXQW Rf D2 UecRYeUed LV cRQVLVWeQW ZLWK WKe aPRXQW LQMecWed. TKLV VXggeVWV WKaW (a) WKe
LQMecWed TXaQWLW\ LV cRUUecW, aQd (b) WKe aPRXQW Rf ZaOO abVRUSWLRQ/UeOeaVe dXULQg WKe VKXWdRZQV
LV QRW dRPLQaQW cRPSaUed ZLWK WKe aPRXQW LQMecWed. TKLV LV UeaVRQabOe, VLQce W\SLcaO ZaOO
UeOeaVe dXULQg dLVUXSWLRQV LV Rf RUdeU WKe SOaVPa SaUWLcOe LQYeQWRU\ (a20 TRUU-L D2), ZKLcK LV
VPaOO cRPSaUed ZLWK WKe LQMecWed TXaQWLW\ (a500 TRUU-L D2).

FLJXUH 3.1.2: AmoXnW of D2 UecoYeUed poVW-VhXWdoZn b\ Whe DIII-D pXmping V\VWem, compaUed ZiWh Whe
amoXnW injecWed.

FLgXUe 3.1.3 VKRZV aQ e[aPSOe Rf WRWaO fUee eOecWURQ QXPbeU YV WLPe LQ WKe SOaVPa eVWLPaWed
aVVXPLQg WRURLdaO V\PPeWU\ XVLQg (Ued) TS aW WRURLdaO aQgOe = 150R (cORVe WR WKe SPI LQMecWLRQ
ORcaWLRQ Rf = 135R) RU CO2 LQWeUfeURPeWeU aW WRURLdaO aQgOe = 225R (faU fURP WKe SPI LQMecWLRQ
ORcaWLRQ). IW caQ be VeeQ WKaW WKeUe aSSeaUV WR be VRPe dLVagUeePeQW, SeUKaSV 50% aW WKe SeaN
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deQVLW\, bXW QRW WKe facWRU Rf 4 VeeQ LQ FLgXUe 3.1.1. BaVed RQ WKLV SUeOLPLQaU\ cRPSaULVRQ, Ze
WKeUefRUe cRQcOXde WKaW VRPe Rf WKe PLVVLQg PLd-CQ SaUWLcOeV cRXOd aULVe fURP WRURLdaO
aV\PPeWULeV, bXW SURbabO\ QRW WKe fXOO facWRU 4.

FLJXUH 3.1.3: CompaUiVon of (lefW) WoWal elecWUon nXmbeU fUom TS YV CO2 inWeUfeUomeWeUV, and (UighW)
e[ampleV of TS pUofileV of Te and ne dXUing SPI VhXWdoZn.

A VLQgOe-SRLQW PeaVXUePeQW Rf PaLQ cKaPbeU SaUWLcOe fOX[ ZaV RbWaLQed LQ 2021 XVLQg WKe
PLdSOaQe SOXQgLQg SURbe. FRU WKeVe e[SeULPeQWV, WKe SURbe ZaV QRW SOXQged, bXW ZaV OefW fL[ed
QeaU WKe PaLQ cKaPbeU ZaOO WR PeaVXUe LRQV KLWWLQg WKe ZaOO. FLgXUe 3.1.4 gLYeV aQ RYeUYLeZ Rf
WLPe WUaceV dXULQg a D2 SPI VKXWdRZQ. IW caQ be VeeQ WKaW WKeUe LV PaLQ cKaPbeU SOaVPa fOX[
dXULQg aOO VWageV Rf WKe VKXWdRZQ, dXULQg WKe TQ, WKe IS VSLNe, aQd dXULQg WKe CQ. WaOO fOX[
W\SLcaOO\ aSSeaUV WR be OaUgeVW dXULQg WKe IS VSLNe.

FLJXUH 3.1.4: Time WUaceV of a D2 SPI VhXWdoZn VhoZing (a) plaVma cXUUenW, (b) cenWUal VofW [-Ua\
bUighWneVV, (c) D bUighWneVV, and (c) midplane pUobe cXUUenW.
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FLJXUH 3.1.5: Deca\ lengWh of pUobe ion VaWXUaWion cXUUenW going inWo Whe pUobe poUW aV a fXncWion of majoU
UadiXV dXUing Whe (lefW) TQ and UighW (CQ) foU 4 UepeaW VhoWV ZiWh diffeUenW pUobe poViWionV.

CRQYeUWLQg WKe VLQgOe SRLQW PeaVXUePeQW Rf FLgXUe 3.1.4 LQWR a gORbaO SaUWLcOe VLQN LV TXLWe
cKaOOeQgLQg becaXVe WKe degUee Rf VSaWLaO QRQXQLfRUPLW\ LV QRW NQRZQ. AV a VLPSOe eVWLPaWe fRU
SaUWLcOe baOaQce SXUSRVeV, Ze aVVXPe a ZaOO aUea Rf 20 P2 (abRXW KaOf Rf WKe acWXaO
SOaVPa-e[SRVed ZaOO aUea). AddLWLRQaOO\, LRQV ORVW aORQg fLeOd OLQeV WR WKe dLYeUWRU, WRURLdaO
OLPLWeUV, aQd SRUW edgeV Qeed WR be accRXQWed fRU. TR eVWLPaWe WKLV, WKe SURbe SRVLWLRQ ZaV
YaULed VKRW-VKRW fRU 4 UeSeaW VKRWV. ASSUR[LPaWe LQ-SRUW e[SRQeQWLaO deca\ OeQgWKV Rf abRXW 1 ±
2 cP ZeUe RbWaLQed, aV VKRZQ LQ FLgXUe 3.1.5, aOORZLQg aQ eVWLPaWe WR be Pade Rf SOaVPa ORVW
LQWR WKe SRUW. TR eVWLPaWe SaUaOOeO ORVV LQ WKe SOL (WR WKe dLYeUWRU) aQd WR WKe PLdSOaQe OLPLWeU, LW
LV aVVXPed WKaW WKe deca\ OeQgWK LQ WKeVe UegLRQV LV SURSRUWLRQaO WR WKe cRQQecWLRQ OeQgWK (L.e.
WKe cURVV-fLeOd WXUbXOeQW bORb YeORcLW\ LV aVVXPed cRQVWaQW). CRQQecWLRQ OeQgWKV KeUe aUe Rf
RUdeU 40 P LQ WKe SOL, 5 P LQ WKe OLPLWeU VKadRZ, aQd 8 cP LQ WKe SRUW, VR deca\ LV YeU\ UaSLd LQ
WKe SRUW, bXW VORZeU LQ WKe SOL aQd OLPLWeU UegLRQV.

FLJXUH 3.1.6: E[ample D imaging of SPI injecWion poUW.

AbVROXWeO\ caOLbUaWed D𝝰 PeaVXUePeQWV caQ be XVed WR eVWLPaWe WKe LRQL]aWLRQ VRXUce dXULQg
WKe VKXWdRZQ. HeUe, WKUee dLffeUeQW D PeaVXUePeQWV ZeUe Pade: aW WRURLdaO aQgOe 𝞥 = 75R, aW 𝞥
= 135R (QRW ORRNLQg aW WKe LQMecWLRQ SRUW) aQd 𝞥 = 135R (ORRNLQg aW WKe LQMecWLRQ SRUW). AQ e[aPSOe
Rf a D𝝰 LPage ORRNLQg aW WKe LQMecWLRQ SRUW LV VKRZQ LQ FLgXUe 3.1.6. D𝝰 bULgKWQeVVeV aUe
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cRQYeUWed LQWR D fOX[eV XVLQg WKe VWaQdaUd SKRWRQ effLcLeQc\ (S/XB) facWRU. HeUe, a facWRU S/XB a
50 LV XVed fRU D LQ fURQW Rf WKe LQMecWLRQ SRUW, cRUUeVSRQdLQg WR YeU\ cROd, KLgK deQVLW\ SOaVPa
e[SecWed LQ D2 SeOOeW abOaWLRQ SOXPeV (Te = 1 eV, ne = 1015/cP3 fURP ADAS). FRU QRQ-ORcaO D
LRQL]aWLRQ (Uec\cOLQg) Ze e[SecW WKe SOaVPa WR be ZaUPeU aQd OeVV deQVe, VR a dLffeUeQW S/XB a
30 LV XVed (Te = 5 eV, ne = 1014/cP3 fURP ADAS). AQ LQWegUaO LV dRQe RYeU WKe ZKROe caPeUa
LPage (fRU WKe SPI VKaUd VRXUce WeUP), aQd QR aWWePSW LV Pade WR VeSaUaWe RXW gaV fURP VKaUdV
WKeUe, LW LV VLPSO\ aVVXPed WKaW VKaUdV dRPLQaWe WKe VLgQaO. FRU WKe gORbaO LRQL]aWLRQ WeUPV, a
VXUface aUea Rf 20 P2 LV aVVXPed.

FLJXUH 3.1.7: Time WUaceV VhoZing eVWimaWed paUWicle balance dXUing a D2 SPI VhXWdoZn VhoZing (Wop) D
flX[eV and (boWWom) D flXenceV (Wime inWegUaWed flX[eV).

FLgXUe 3.1.7 VKRZV aQ e[aPSOe Rf SUeOLPLQaU\ SaUWLcOe baOaQce fRU a D2 SPI VKXWdRZQ (VLQgOe
SPI fURP 135R). TKe WRS cXUYe VKRZV fOX[ (SaUWLcOeV/V) aQd WKe bRWWRP cXUYe VKRZV fOXeQce
(SaUWLcOe QXPbeU). IW caQ be VeeQ LQ WKe WRS c\aQ cXUYe WKaW WKe fLUVW OaUge VSLNe Rf D LRQL]aWLRQV
cRPeV, aV e[SecWed fURP WKe LQMecWLRQ SRUW (³SPI VKaUdV´). TKe UeVXOWLQg ULVe LQ eOecWURQ QXPbeU
LV, ZLWKLQ a facWRU 2, UefOecWed b\ WKe SOaVPa LQYeQWRU\ (ORZeU Ued cXUYe, fURP CO2

LQWeUfeURPeWeUV). B\ WKe VWaUW Rf WKe CQ, WKe WRWaO LRQL]aWLRQ VRXUce fURP QRQORcaO VRXUceV
(Uec\cOed gaV, ORZeU bOacN aQd daUN bOXe cXUYeV) KaV SaVVed WKe ORcaO SPI VKaUd VRXUce.
AOWKRXgK dLffeUeQW LQ PagQLWXde b\ a facWRU Rf 5, WKe SURbe aQd Uec\cOLQg fOXeQceV, ORZeU fLgXUe,
KaYe a VLPLOaU VKaSe, ULVLQg WKURXgKRXW WKe CQ, ZKLOe WKe SOaVPa eOecWURQ cRQWeQW LV dURSSLQg.
DeVSLWe WKe OaUge XQceUWaLQWLeV LQ WKe abVROXWe QXPbeUV Rf WKeVe eVWLPaWeV, WKeVe WUeQdV
VXggeVW WKaW WKe CQ eOecWURQ QXPbeU LV beLQg OLPLWed b\ UadLaO WUaQVSRUW. TKe WRWaO LRQL]aWLRQ
VRXUce (ORcaO SOXV QRQORcaO D) dReV QRW PaWcK WKe WRWaO LQMecWed TXaQWLW\ (gUeeQ cXUYe LQ ORZeU
fLgXUe). If eYeU\ LQMecWed D ZeUe WR LQWeUacW aQd LRQL]e, WKeVe cXUYeV VKRXOd aV\PSWRWe WR WKe
VaPe YaOXe. IQ a VWURQgO\ Uec\cOLQg UegLPe, ZKeUe eYeU\ D KLWV WKe ZaOO aQd LV Ue-LRQL]ed PXOWLSOe
WLPeV, WKe Uec\cOLQg cXUYe VKRXOd SaVV WKe LQMecWed cXUYe. TKe UeVXOW WKaW WKe Uec\cOed D cXUYe
dReV QRW UeacK WKe LQMecWed TXaQWLW\ VXggeVWV eLWKeU LQaccXUacLeV fURP WKe aSSUR[LPaWLRQV Pade
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KeUe RU, Lf UeaO, WKeQ ³gaV cORggLQg´ ZKeUe D2 gaV LV VWXcN bacN LQ WKe LQMecWLRQ SRUW aQd QeYeU
UeacKeV WKe SOaVPa.

SKRW-VKRW UeSeaWabLOLW\ Rf PLd-CQ D fOXeQce fRU UeSeaW VKRWV LV VKRZQ LQ FLgXUe 3.1.8. OYeUaOO,
WKe UeVXOWV aUe UeaVRQabO\ UeSeaWabOe, VR WKe dLVagUeePeQW beWZeeQ SURbe fOXeQce aQd D
fOXeQce aSSeaUV WR be a V\VWePaWLc (QRW UaQdRP) eUURU RU be a UeaO UeVXOW LOOXVWUaWLQg OaUge
WRURLdaO YaULaWLRQ. AQ aSSaUeQW n = 1 VWUXcWXUe LV VeeQ LQ WKe daWa ± WKLV caQ be VeeQ b\ ORRNLQg
aW WKe D LRQL]aWLRQ WeUP aQd WKe SURbe VLQN WeUP (RQ WKe RWKeU VLde Rf WKe PacKLQe) aQd QRWLcLQg
WKaW WKe WZR KaYe a YaULaWLRQ ZKLcK LV RXW Rf SKaVe. TKLV YaULaWLRQ LV faLUO\ VLgQLfLcaQW (abRXW a
facWRU Rf 2 LQ WKe SURbe fOXeQce). TKeUe LV a n = 1 PRde VeeQ LQ WKe PagQeWLcV aW WKe IS VSLNe, aV
VKRZQ LQ FLgXUe 3.1.9 (aQd ZLWK SKaVe SORWWed LQ FLgXUe 3.1.8).

OYeUaOO, WKe SUeVeQW SaUWLcOe baOaQce ZRUN dReV QRW gLYe a cOeaU defLQLWLYe aQVZeU aV WR ZKeUe
WKe PLVVLQg D aWRPV UeVLde dXULQg WKe CQ. SRPe (bXW QRW aOO) Rf WKe dLVcUeSaQc\ Pa\ be dXe WR
WRURLdaO YaULaWLRQ LQ fUee eOecWURQ deQVLW\. RadLaO fOX[ WR WKe ZaOO defLQLWeO\ e[LVWV dXULQg WKe
VKXWdRZQ aQd LV a VWURQg caQdLdaWe fRU caXVLQg WKe RbVeUYed OLPLWaWLRQ LQ aVVLPLOaWed SaUWLcOeV,
aV LW ULVeV WRgeWKeU ZLWK gORbaO D LRQL]aWLRQ, ZLWK PagQLWXdeV OaUge eQRXgK WR be cRPSaUabOe WR
WKe SOaVPa D cRQWeQW. TKe effecW Rf QeXWUaO cORggLQg KaV VWLOO QRW beeQ TXaQWLfLed KRZeYeU, QRU
KaV WKe QXPbeU Rf D aWRPV KLdLQg LQ OaUge, VORZ Lce cKXQNV aUULYLQg YeU\ OaWe LQ WKe VKXWdRZQ
(dXULQg WKe CQ RU OaWeU). SRPe SUeOLPLQaU\ eYLdeQce fRU n = 1 VWUXcWXUe LQ CQ Uec\cOLQg fOX[ KaV
beeQ RbVeUYed.

FLJXUH 3.1.8: TUendV Veen in mid-CQ D flXence foU 5 VimilaU VhoWV, VhoZing VlighW appaUenW n = 1 paWWeUn
and laUge appaUenW aV\mmeWU\ beWZeen injecWion poUW locaWion and oppoViWe Vide of machine, aV Zell aV n
= 1 phaVe (fUom magneWicV aW oXWeU midplane).
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FLJXUH 3.1.9: ConWoXU ploW of poloidal magneWic field aW oXWeU midplane YV Wime ZiWh Ip Vpike VhoZn b\
ZhiWe line, VhoZing laUge n = 1 VWUXcWXUe.

TKe UROe Rf LQWULQVLc caUbRQ LPSXULWLeV LQ deWeUPLQLQg WKe cXUUeQW TXeQcK UaWe fROORZLQg D2 SPI
ZaV VWXdLed XVLQg cRQWUROOed QRQ-dLVUXSWLYe LQMecWLRQ Rf caUbRQ gUaQXOeV fURP WKe IPSXULW\
GUaQXOe IQMecWRU (IGI) SULRU D2 SPI LQMecWLRQ LQ RUdeU WR PRdLf\ WKe caUbRQ LPSXULW\ bacNgURXQd
fUacWLRQ Rf WKe SUe-dLVUXSWLYe SOaVPa. AV VKRZQ LQ FLgXUe 3.1.10, LQcUeaVLQg caUbRQ LPSXULW\
fUacWLRQ dReV LQcUeaVe WKe cXUUeQW TXeQcK UaWe, LQdLcaWLQg WKaW WKe UadLaWLYe cRROLQg fURP LQWULQVLc
caUbRQ LPSXULWLeV PXVW be caUefXOO\ accRXQWed fRU ZKeQ PRdeOLQg D2 SPI VKXWdRZQV.

FLJXUH 3.1.10: DIII-D cXUUenW TXench deca\ UaWe aV a fXncWion of caUbon impXUiW\ fUacWion pUioU Wo Whe
diVUXpWion.

TKe UROe Rf MHD gURZWK RQ WKe SUe-TQ d\QaPLcV ZaV aVVeVVed b\ a SOaVPa cXUUeQW VcaQ. TKLV
aOORZV WeVWLQg agaLQVW WKe MHD WKUeVKROd Rf [deVULeV2016], ZKLcK fLQdV a cULWLcaO n=1 PRde
aPSOLWXde fRU WULggeULQg WKe TQ WR YaU\ aV aT95

-1.1. AQaO\VLV Rf WKeVe daWa LQdLcaWeV WKaW WKe n=1
aPSOLWXde LV ZeOO cRUUeOaWed ZLWK WKe TQ RQVeW, aQd caQ e[SOaLQ WKe RbVeUYed YaULabLOLW\ LQ WKLV
WLPeVcaOe. TKeVe UeVXOWV (cRPbLQed ZLWK VLPLOaU aQaO\VLV fURP JET aQd KSTAR) ZeUe dLVcXVVed
fXUWKeU LQ SecWLRQ 2.3.
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3.2 JET

TKe PRVW UeceQW JET SPI e[SeULPeQWV ZeUe cRPSOeWed LQ Ma\ 2020, bXW aQaO\VLV, PRdeOLQg,
aQd LQWeUSUeWaWLRQ Rf WKeVe e[SeULPeQWV aUe RQgRLQg. SRPe KLgKOLgKWV Rf WKLV ZRUN aUe deVcULbed
KeUe. A fXUWKeU OLVWLQg Rf JET SPI UeVXOWV caQ be fRXQd LQ ³ReceQW PXbOLcaWLRQV fURP DIII-D, JET,
aQd KSTAR SPI ReVeaUcK (FY 2021)´.

JOREK VLPXOaWLRQV Rf JET dLVcKaUgeV KaYe UeceQWO\ SURgUeVVed WKURXgK WKe PaMRULW\ Rf WKe
WKeUPaO TXeQcK (TQ) aOORZLQg TXaQWLWaWLYe cRPSaULVRQV ZLWK e[SeULPeQW. FLYe VLPXOaWLRQV ZeUe
OaXQcKed WR VcaQ WKe Ne/D2 PL[ (5, 10, 20, 50, aQd 100% Ne) LQ WKe 8.1 PP SeOOeW VL]e WKaW
caUULeV XS WR 2.46[1022 Ne aWRPV ZKeQ SXUeO\ Ne (QRWe WKeUe LV aOZa\V a WKLQ D2 VKeOO RQ WKe
SeOOeW WR facLOLWaWe OaXQcKLQg). IQ aOO VLPXOaWed caVeV, KLgK WKeUPaO UadLaWed fUacWLRQV aUe
e[SecWed, defLQed aV WKe TQ UadLaWed eQeUg\ RYeU WKe WKeUPaO eQeUg\ (FLgXUe 3.2.1). HRZeYeU LQ
e[SeULPeQW, a 1.5 MJ LQcUeaVe LQ UadLaWed eQeUg\ LV LQfeUUed ZLWK Ne TXaQWLW\, VXggeVWLQg WKaW
ORZ Ne cRQWeQW SeOOeWV dR QRW PLWLgaWe aV ZeOO aV SXUe Ne SeOOeWV. IW VKRXOd be QRWed WKaW WKeVe
UadLaWed eQeUg\ caOcXOaWLRQV aVVXPe a[LV\PPeWU\ aQd XVe a bRORPeWeU aUUa\ WKaW LV WRURLdaOO\
RSSRVLWe WKe LQMecWLRQ ORcaWLRQ, aQd WKeUefRUe cKaQgeV LQ WKe UadLaWLRQ VWUXcWXUe cRXOd e[SOaLQ WKe
LQfeUUed e[SeULPeQWaO WUeQd. SLPLOaU e[SeULPeQWV RQ DIII-D aOVR VKRZ aQ LQcUeaVLQg UadLaWed
eQeUg\ ZLWK LQcUeaVLQg Ne TXaQWLW\ WRgeWKeU ZLWK a decUeaVLQg dLYeUWRU WLOe WePSeUaWXUe
[SKLUaNL2016], aQd WKXV SURYLdeV PRUe cRQfLdeQce LQ WKe YaOLdLW\ Rf WKLV e[SeULPeQWaO WUeQd.
SLPLOaU LQfUaUed PeaVXUePeQWV KaYe beeQ WULed RQ JET bXW ORZ dLYeUWRU KeaW fOX[eV aUe fRXQd fRU
aOO SeOOeWV, LQdeSeQdeQW Rf WKe Ne cRQWeQW, WKRXgK WKe IR daWa aUe VXbMecW WR OaUge XQceUWaLQW\
dXe WR OLPLWed WRURLdaO cRYeUage aQd bacNgURXQd SOaVPa IR UadLaWLRQ. PRVVLbOe cRQcOXVLRQV aUe:
(1) WKe dLYeUWRU KeaW fOX[ LV WRURLdaOO\ ORcaOL]ed aZa\ fURP WKe dLYeUWRU IR YLeZV LQ WKe caVeV ZLWK
ORZ QeRQ cRQWeQW, (2) VLgQLfLcaQW eQeUg\ LV cRQdXcWed/cRQYecWed WR WKe fLUVW ZaOO LQ WKe caVeV ZLWK
ORZ QeRQ cRQWeQW, RU (3) WKe LQfeUUed UadLaWed eQeUg\ WUeQd LV aQ aUWefacW Rf WKe caOcXOaWLRQ aQd
aOO SeOOeWV dR LQ facW PLWLgaWe WKe WKeUPaO eQeUg\ ZeOO.

FLJXUH 3.2.1: (lefW) JOREK VimXlaWionV of Whe Ne fUacWion Vcan in Whe 8.1 mm pelleW. The WimeV Vpan fUom
maWeUial aUUiYal almoVW WhUoXgh Whe end of Whe TQ. JOREK VimXlaWionV coXUWeV\ of D. Bonfiglio. (UighW)
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E[peUimenWal meaVXUemenWV of Whe UadiaWed eneUg\ dXUing Whe fXll diVUXpWion (TQ + CQ) XVing Whe
hoUi]onWal bolomeWeU aUUa\ faU fUom Whe injecWion and aVVXming a[iV\mmeWU\. BlXe VTXaUeV indicaWe pelleWV
WhaW ZeUe mechanicall\ pXnched and Ued cUoVVeV aUe ZiWhoXW Whe pXnch.

GLYeQ WKe XQceUWaLQWLeV LQ WKe VWaQdaUd bRORPeWeU aQaO\VLV, ZRUN KaV beeQ RQgRLQg WR deYeORS
3D LQYeUVLRQ WecKQLTXeV ZLWK eUURU aQaO\VLV LQ a cRde SacNage caOOed EPLV3D [SZeeQe\2020].
TKe OLPLWed bRORPeWeU cRYeUage LQ JET LV QRW e[SecWed WR ZeOO cRQVWUaLQ WKe 3D VWUXcWXUe, bXW
dRLQg WKLV aQaO\VLV ZLOO SURYLde a VLgQLfLcaQW LPSURYePeQW RQ WKe XQdeUVWaQdLQg Rf WKe UadLaWLRQ
VWUXcWXUeV aQd ZLOO SOace eUURU baUV RQ WKe UadLaWed eQeUg\ eVWLPaWeV. FXUWKeU, WKe cRde LV
LQWeQded WR be SRUWabOe WR PacKLQeV ZKeUe WKe 3D VWUXcWXUe caQ be beWWeU cRQVWUaLQed.

TKe JOREK VLPXOaWLRQV VKRZ a cOeaU 2/1 UadLaWLRQ VWUXcWXUe dXULQg WKe TQ (Vee FLgXUe 3.2.2
ULgKW). PaUW Rf WKe 2/1 fOX[ WXbe LQWeUVecWV WKe LQMecWLRQ WUaMecWRU\ aQd WKeUefRUe WKe UadLaWLRQ LV
cRQVLVWeQW ZLWK ZKeUe WKe Ne LV deSRVLWed. E[SeULPeQWaO SRORLdaO PaSV Rf UedXced cKL-VTXaUed
aUe SURdXced VKRZLQg ZKLcK KeOLcaO SKaQWRPV aUe PRVW OLNeO\ WR e[SOaLQ WKe bRORPeWeU daWa.
EacK cURVV UeSUeVeQWV a VLQgOe KeOLcaO SKaQWRP ZLWK a bLYaULaWe GaXVVLaQ SURfLOe LQ WKe SRORLdaO
SOaQe. TKe cRQWRXU RQ WKe OefW Rf FLgXUe 3.2.2 VKRZV a UegLRQ Rf ORZ UedXced cKL-VTXaUed beORZ
WKe PagQeWLc a[LV. WLWKLQ EPLV3D, WKLV KeOLcaO SKaQWRP LV WUaced fRU ô WRURLdaO WUaQVLW LQ eLWKeU
dLUecWLRQ, ZKLcK Lf WUaced fRU aQRWKeU ó WUaQVLW, ZRXOd LQWeUVecW WKLV SRORLdaO SOaQe agaLQ. TKe
UegLRQ Rf gRRd fLWV (L.e. Ued) LV VeeQ WR e[WeQd LQ WRZaUdV WKe cRUe aQd RXWZaUdV WRZaUdV WKe
e[SecWed ORcaWLRQ Rf WKe T=2 VXUface. TKe VecRQd T=2 fOX[ WXbe ZRXOd LQWeUVecW WKe SRORLdaO
SOaQe aSSUR[LPaWeO\ ZKeUe WKe Ued RYaO LV SOaced. We cRQcOXde WKaW WKe UadLaWLRQ VWUXcWXUeV
VKRZ VRPe TXaOLWaWLYe agUeePeQW LQ WKe SRORLdaO SOaQe, ZLWK a dRPLQaQW UegLRQ ORcaWed beORZ
WKe PagQeWLc a[LV. SRPe UadLaWLRQ ZRXOd be e[SecWed LQ WKe fOX[ WXbe abRYe WKe PagQeWLc a[LV
LQ e[SeULPeQW. TR aVVLVW LQ cRde YaOLdaWLRQ, aQ LQWeUface beWZeeQ JOREK aQd EPLV3D LV LQ
deYeORSPeQW WKaW ZLOO SURYLde aQ eVWLPaWe Rf WKe OLNeOLKRRd WKaW WKe VLPXOaWLRQ LV SUedLcWLQg WKe
e[SeULPeQW.
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FLJXUH 3.2.2: (lefW) E[peUimenWal map of UedXced chi-VTXaUe aW Whe Wime of Whe WheUmal TXench VhoZing
Whe moVW likel\ locaWion of Whe UadiaWion in Whe poloidal plane aW Whe injecWion locaWion. One WoUoidal WUanViW of
Whe flX[ WXbe maUked in daUk Ued mapV Wo Whe locaWion of Whe Ued oYal. (UighW) JOREK VimXlaWion of Whe peak
UadiaWion aW Whe WheUmal TXench foU Whe Vame diVchaUge.

WKLOe VRPe TXaOLWaWLYe agUeePeQW LV VeeQ LQ WKe SRORLdaO dLVWULbXWLRQ Rf UadLaWLRQ, WKeUe aUe cOeaU
dLVcUeSaQcLeV LQ WKe WRURLdaO UadLaWLRQ SURfLOe (Vee FLgXUe 2.2.3 aQd VXUURXQdLQg dLVcXVVLRQ).

A cRPSUeKeQVLYe VXPPaU\ Rf WKe WKeUPaO PLWLgaWLRQ e[SeULPeQWV LV UeSRUWed LQ [SKeLNK2021].
JET UadLaWLRQ RYeU WKe eQWLUe dLVUXSWLRQ VaWXUaWeV aW KLgK QeRQ TXaQWLWLeV, aQd WKLV LV LQWeUSUeWed
aV beLQg dXe WR KLgK fUacWLRQV Rf WWK beLQg UadLaWed, ZLWK dLffeUeQceV LQ PagQeWLc eQeUg\ OeadLQg
WR WKe VLgQLfLcaQW cKaQgeV LQ WUad acURVV SOaVPa VceQaULRV [SKeLNK2021]. TKLV LV PeaVXUed ZLWK
fRLO bRORPeWeUV, aQd accRXQWV fRU UadLaWLRQ aV\PPeWULeV baVed RQ EPLV3D LQWeUSUeWLYe PRdeOLQg.
IQfUaUed caPeUaV RbVeUYLQg WKe JET dLYeUWRU VKRZ ORZ cRQdXcWed KeaW fOX[eV, ZKLcK LV
TXaOLWaWLYeO\ cRQVLVWeQW ZLWK a KLgK UadLaWed fUacWLRQ, aV deVcULbed SUeYLRXVO\.

FLJXUH 3.2.3: AVVimilaWion of injecWed neon iV dUiYen b\ aYailable WheUmal eneUg\ (lefW and cenWeU), and
leadV Wo high obVeUYed UadiaWion fUacWionV (UighW) of Whe WheUmal eneUg\, leading Wo UadiaWion depending
pUimaUil\ on Whe magneWic eneUg\.  FUom [Sheikh2021].
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3.3 KSTAR

KSTAR e[SeULPeQWV ZLWK WKe dXaO PLdSOaQe SPI V\VWePV (VLPLOaU WR WKe SOaQQed ITER
cRQfLgXUaWLRQ) VeSaUaWed WRURLdaOO\ b\ 180� aUe VWLOO RQgRLQg. AfWeU aQ LQLWLaO SPI V\VWePV
cKecNRXW LQ JaQXaU\ 2020, a PXOWL-da\ e[SeULPeQWaO caPSaLgQ ZaV e[ecXWed LQ FaOO 2020,
aOWKRXgK ZLWK OLPLWed dLVUXSWLRQ dLagQRVWLc cRYeUage dXe WR faLOXUeV LQ PXOWLSOe QeZ dLagQRVWLc
V\VWePV. A VecRQd caPSaLgQ ZLWK LPSURYed dLagQRVWLcV cRYeUage, LV XQdeUZa\ aV Rf WKLV ZULWLQg
LQ AXgXVW aQd SeSWePbeU 2021. NeZO\ fXQcWLRQaO dLVUXSWLRQ dLagQRVWLcV LQ 2021 LQcOXde a fXOO\
RSeUaWLRQaO dLVSeUVLRQ LQWeUfeURPeWeU fRU PeaVXULQg SPI deQVLW\ SeUWXUbaWLRQV, fXOO\ fXQcWLRQaO
fLOWeUed SRORLdaO AXUV aUUa\V aQd SaUWLaOO\ fXQcWLRQaO WRURLdaO AXUV aUUa\V fRU PeaVXULQg SPI
UadLaWLRQ aV\PPeWULeV, aQd a YLVLbOe faVW LPagLQg dLagQRVWLc fRU deWeUPLQLQg SeOOeW LQWegULW\ LQ WKe
gXLde WXbe. CROOecWLRQ aQd aQaO\VLV Rf WKe QeZ 2021 daWa LV YeU\ SUeOLPLQaU\ aQd UePaLQV aQ
acWLYe effRUW.

NeZ KSTAR SPI daWa fURP WKe 2021 caPSaLgQ LQcOXdeV WKe fLUVW PeaVXUePeQW Rf WRURLdaO
deQVLW\ aV\PPeWULeV UeVXOWLQg fURP SXUe D2 SPI fURP LQMecWRUV 180� aSaUW. TKLV PeaVXUePeQW
ZaV eQabOed b\ XSgUadeV WR WKe QeZ dLVSeUVLRQ LQWeUfeURPeWeU V\VWeP WR PLQLPL]e YLbUaWLRQV LQ
WKe V\VWeP WKaW SUeYeQWed accXUaWe deQVLW\ PeaVXUePeQWV WKURXgK PRVW Rf WKe 2020 caPSaLgQ.
AV VKRZQ LQ FLgXUe 3.3.1, WKe deQVLW\ ULVe UeVXOWLQg fURP WKe G-SRUW SPI aORQe (bOXe, G-SRUW
ORcaWed WRURLdaOO\ YeU\ QeaU WR WKe LQWeUfeURPeWeU) ULVeV VOLgKWO\ VRRQeU WKaQ WKe O-SRUW SPI aORQe
(gUeeQ, O-SRUW ORcaWed 180� aZa\ WRURLdaOO\), bXW WKe\ aUe URXgKO\ LdeQWLcaO ZLWKLQ a cRXSOe
PLOOLVecRQdV (accRXQWLQg fRU a baVeOLQe VKLfW), LQdLcaWLQg UaSLd V\PPeWUL]aWLRQ Rf WKe LQMecWed D2
SaUWLcOeV.

TKe fXOO\ RSeUaWLRQaO dLVSeUVLRQ LQWeUfeURPeWeU aOVR SURYLded LQdLcaWLRQ WKaW PXOWLSOe SPI caQ be
VXcceVVfXOO\ VXSeULPSRVed WR LQcUeaVe WKe WRWaO SaUWLcOe aVVLPLOaWLRQ LQ WKe SOaVPa. AV VKRZQ LQ
FLgXUe 3.3.2, D2 SeOOeWV LQMecWed fURP G-SRUW aQd O-SRUW V\QcKURQL]ed WR aUULYe aW WKe SOaVPa
edge ZLWKLQ 0.9PV Rf eacK RWKeU e[KLbLW a VLgQLfLcaQWO\ KLgKeU deQVLW\ VSLNe WKaQ OaUgeU deOa\V
(+2.1 RU +3.8PV). TKe RbVeUYed deQVLW\ ULVe LV VLgQLfLcaQWO\ VPaOOeU ZKeQ O-SRUW SUecedeV
G-SRUW WKaQ YLce YeUVa, VXggeVWLQg a VeQVLWLYLW\ Rf WKe PeaVXUePeQW WR WKe LQWeUfeURPeWeU cKRUdV
UeOaWLYe WR WKe fLUVW aUULYLQg SeOOeW, aV WKe dLVSeUVLRQ LQWeUfeURPeWeU LV PXcK cORVe WR G-SRUW WKaQ
O-SRUW.
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FLJXUH 3.3.1: CompaUiVon of coUe denViW\ VignalV meaVXUed dXUing Whe injecWion of a pXUe D2 pelleW fUom
Whe G-poUW (blXe) and O-poUW (gUeen) SPI. AccoXnWing foU Whe baVeline offVeW, Whe VignalV e[hibiW neaU
a[iV\mmeWU\ ZiWhin a coXple milliVecondV of Whe iniWial denViW\ Vpike.

FLJXUH 3.3.2: DenViW\ peUWXUbaWionV UeVXlWing fUom Whe injecWion of D2 SPI fUom G-poUW and O-poUW ZiWh
YaU\ing UelaWiYe dela\V. Dela\V (O aUUiYal Wime UelaWiYe Wo G aUUiYal) = +0.9mV (pink), +2.1PV (RUaQge),
+3.8PV (bURZQ), -1.2PV (Ued), -4.2PV (gUeeQ), -4.5PV (bOXe).
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TKe QeZ SeOOeW LPagLQg dLagQRVWLc KaV beeQ XVed LQ aQ aWWePSW WR cRUUeOaWe SeOOeW LQWegULW\ ZLWK
WKe UeVXOWLQg SaUWLcOe aVVLPLOaWLRQ. TKLV dLagQRVWLc aOORZV PRUe deWaLOed RbVeUYaWLRQ Rf WKe
LQ-fOLgKW LQWegULW\ Rf WKe SPI SeOOeWV (ZKROe, bURNeQ, VKaWWeUed) WKaQ WKe PLcURZaYe caYLW\ V\VWePV
LQ SOace LQ SPI V\VWeP RQ DIII-D aQd JET, aV ZeOO aV WKe SUeYLRXV PLcURZaYe caYLW\ RQ WKe
KSTAR SPI. E[aPSOeV Rf WKe SeOOeW LQWegULW\ UeVROXWLRQ aQd UeVXOWLQg SOaVPa deQVLW\ UeVSRQVe
fRU caVeV ZLWK VKaWWeUed, ZKROeP, aQd SaUWLaOO\ bURNeQ SeOOeWV aUe VKRZQ LQ FLgXUe 3.3.3. AQ\
cRUUeOaWLRQV aV WR WKe effecWLYeQeVV Rf WKe SPI XQdeU YaU\LQg OeYeOV Rf LQ-fOLgKW bUeaNage aUe WRR
SUeOLPLQaU\ aW SUeVeQW WR PaNe defLQLWLYe VWaWePeQWV.

FLJXUH 3.3.3: LefW: ViVible cameUa imageV of D2 SPI in Whe flighW WXbe, coUUeVponding Wo a dXal SPI caVe
(Wop) and Vingle SPI caVe (boWWom). The plaVma denViW\ UeVponVe iV VhoZn in Weh boWWom UighW, ZiWh blXe
coUUeVponding Wo Whe Wop lefW dXal SPI caVe and gUeen Wo Whe boWWom lefW Vingle SPI caVe.

A VLQgOe SPI ZaV XVed WR LQYeVWLgaWe WKe dLVUXSWLRQ cKaUacWeULVWLcV fRU YaU\LQg QeRQ (Ne) WR
deXWeULXP UaWLRV LQ WKe LQMecWed SeOOeWV. TKe Pa[LPXP acKLeYabOe Ne:D2 UaWLR LV 85:15, aV a WKLQ
D2 Oa\eU aURXQd WKe Ne SeOOeW LV UeTXLUed fRU VXcceVVfXO SQeXPaWLc OaXQcK, SUecOXdLQg SXUe Ne
LQMecWLRQ ZLWKRXW a PecKaQLcaO SXQcK. AV caQ be VeeQ LQ FLgXUeV 3.3.4a-b, WKe cRROLQg dXUaWLRQ,
defLQed aV WKe deOa\ fURP fLUVW aUULYaO Rf SPI fUagPeQWV aW WKe SOaVPa edge WR WKe TQ, decUeaVeV
aV WKe Ne fUacWLRQ LQcUeaVeV dXe WR VWURQg UadLaWLRQ fURP WKe LQMecWed Ne. OQ WKe RWKeU KaQd, LQ
WKe caVe Rf WKe 7.0 PP SeOOeWV, LW caQ be VeeQ WKaW WKe cXUUeQW TXeQcK (CQ) dXUaWLRQ LV aOPRVW
VaWXUaWed fRU QeRQ fUacWLRQV Rf 15% RU PRUe (FLgXUe 3.3.4c). AddLWLRQaOO\, LQ WKe caVe Rf VPaOO
QeRQ fUacWLRQV, WKe CQ dXUaWLRQ YaULeV ZLdeO\, aV aOVR RbVeUYed RQ DIII-D. TKLV LV beOLeYed WR be
caXVed b\ WKe LQfOXeQce Rf LQWULQVLc caUbRQ LPSXULWLeV fURP WKe ZaOO ZKeQ WKe SOaVPa LV cRROed b\
dLOXWLRQ.
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FLJXUH 3.3.4: (a) PlaVma cXUUenW ZaYefoUmV neaU TQ end (Wime adjXVWed Wo TQ end baVed on Ip Vpike),
(b) CCD inWenViW\ ZaYefoUmV neaU injecWion poinW b\ Uegion-of-inWeUeVW (ROI) VXm, and (c) CQ dXUaWion of
Vingle SPI (e[WUapolaWion ZiWh dIp/dW UaWe dXUing 90%-80% of plaVma cXUUenW). (a) and (b) aUe Whe UeVXlWV
foU 7.0 mm pelleWV, bXW (c) alVo inclXdeV Whe UeVXlWV foU 4.5 mm.

MXOWLSOe SPI fURP WZR dLffeUeQW WRURLdaO ORcaWLRQV ZeUe XWLOL]ed WR VWXd\ WKe effecW Rf SeOOeW
V\QcKURQL]aWLRQ XSRQ PLWLgaWLRQ SaUaPeWeUV. NR cRUUeOaWLRQ Rf cRROLQg dXUaWLRQ ZLWK WKe OeYeO Rf
V\QcKURQL]aWLRQ ZaV RbVeUYed (FLgXUe 3.3.5a-c). OQ WKe RWKeU KaQd, LQ WKe caVe Rf PXOWLSOe
LQMecWLRQV, LQcOXdLQg TXadUXSOe LQMecWLRQ, a VPaOO UedXcWLRQ LQ WKe CQ dXUaWLRQ LV RbVeUYed LQ
KLgKO\ V\QcKURQL]ed caVeV, LQ cRPSaULVRQ WR aV\QcKURQRXV caVeV. FLgXUe 3.3.5d VKRZV CQ
WLPeV fRU VLQgOe, dXaO aQd TXadUXSOe LQMecWLRQV ZLWK WKe VaPe WRWaO QXPbeU Rf 2.3[1021 Ne aWRPV.
TKe daWa cRQfLUPV VRPe addLWLYe effecW fURP PXOWLSOe Ne LQMecWLRQV.
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FLJXUH 3.3.5: (a) PlaVma cXUUenW ZaYefoUmV neaU TQ end, (b) neon filWeUVcope ZaYefoUmV, (c) CCD
inWenViW\ ZaYefoUmV neaU injecWion poinW b\ ROI VXm, and (d) CQ dXUaWion of Vingle SPI (e[WUapolaWion ZiWh
dIp/dW UaWe dXUing 90%-80% of plaVma cXUUenW).

TKe aPSOLWXde Rf WKe Q=1 MHD PRde WULggeUed b\ SPI dLffeUV deSeQdLQg RQ WKe OeYeO Rf
V\QcKURQL]aWLRQ. TKLV LQdLcaWeV WKaW WKe TQ SURceVV LV LPSacWed b\ WKe SeOOeW aUULYaO WLPe, ZKLcK
caQ WKeQ aOVR LQfOXeQce fRU e[aPSOe WKe UadLaWLRQ OeYeO aQd dLVWULbXWLRQ. SWURQg UadLaWLYe cRROLQg
caQ cUeaWe a VWURQg MHD PRde LQ WKe SOaVPa. CRQYeUVeO\, WKLV MHD PRde KaV a VLgQLfLcaQW
LPSacW RQ WKe beKaYLRU Rf WKe LQMecWed SaUWLcOeV (e.g., WKe PL[LQg Rf LQMecWed SaUWLcOeV). AV VKRZQ
LQ FLgXUe 3.3.6, ZeOO-V\QcKURQL]ed dXaO SPIV UeVXOW LQ a ORZeU Q=1 PRde aPSOLWXde ZLWK VKRUWeU
OLfeWLPe cRPSaUed WR WKe aV\QcKURQL]ed SPIV. PUeOLPLQaU\ QXPeULcaO aQaO\VLV Rf WKe SPI-LQdXced
MHD PRde (QRW VKRZQ KeUe) LQdLcaWeV WKaW WKe V\PPeWULcaO LQMecWLRQ Rf WZR SPIV caXVeV
QegOLgLbOe Rdd SeUWXUbaWLRQV (e.g., Q = 1) aQd caXVeV VLgQLfLcaQW eYeQ SeUWXUbaWLRQV (e.g., Q = 2).

FLJXUH 3.3.6: n=1 mode ampliWXde ZaYefoUm depending on Whe V\nchUoni]aWion.

CRPSaULQg #23456 (VLQgOe 5% QeRQ-dRSed SeOOeW) aQd #23464 (dXaO 5% QeRQ-dRSed SeOOeWV),
#23464 VKRZV a VKRUWeU cRROLQg dXUaWLRQ dXe WR WKe OaUgeU WRWaO aPRXQW Rf QeRQ (eTXLYaOeQW WR
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10% QeRQ-dRSed SeOOeW). OQ WKe RWKeU KaQd, WKe Q=1 aPSOLWXde LV WKe ZeaNeVW aPRQg WKe VKRWV
LQ FLgXUe 3.3.6.

TKe ITER dLVUXSWLRQ PLWLgaWLRQ V\VWeP ZLOO cRQVLVW Rf PaQ\ SPI baUUeOV ORcaWed aW a VPaOO
QXPbeU Rf WRURLdaO ORcaWLRQV. TKe addLWLYe effecW Rf WKe PXOWLSOe baUUeO LQMecWLRQ aW WKe VaPe
WRURLdaO ORcaWLRQ ZaV LQYeVWLgaWed b\ UeSOacLQg WKe e[LVWLQg 8.5 PP baUUeO ZLWK a 7.0 PP baUUeO
aQd cRPbLQLQg LW ZLWK WKe e[LVWLQg 7.0 PP baUUeO. AV VKRZQ LQ fLgXUe FLgXUe 3.3.7, aV WKe WLPe
dLffeUeQce beWZeeQ WKe SeOOeW aUULYaO decUeaVeV, WKe CQ dXUaWLRQ WeQdV WR decUeaVe, VLPLOaU WR
WKe PXOWLSOe SPI caVeV fURP dLffeUeQW WRURLdaO ORcaWLRQV.

FLJXUH 3.3.7: CQ dXUaWion of mXlWi-baUUel SPIV (e[WUapolaWion ZiWh dIp/dW UaWe dXUing 90%-80% of plaVma
cXUUenW).
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4. 5HPDLQLQJ GDSV DQG QXHVWLRQV

AV deVcULbed LQ SecWLRQ 2, VeYeUaO aUeaV Rf VWXd\ e[KLbLW cRPPRQ XQdeUVWaQdLQg acURVV WKe
facLOLWLeV, aQd UeSUeVeQW aUeaV Rf UeOaWLYeO\ PaWXUe XQdeUVWaQdLQg. HRZeYeU, LQ RWKeU aUeaV,
VLgQLfLcaQW Ne\ TXeVWLRQV UePaLQ WR be UeVROYed. TKeVe aUeaV, WKeLU cXUUeQW OeYeO Rf
XQdeUVWaQdLQg, aQd VXggeVWLRQV fRU fXWXUe ZRUN RQ WKeVe WRSLcV aUe gLYeQ.

4.1 EffecW Rf dLVWULbXWLQJ SaUWLcOe VRXUce RYeU PXOWLSOe LQMecWRUV

SPI VKXWdRZQV LQ ITER ZLOO XWLOL]e PXOWLSOe WRURLdaOO\ VeSaUaWed LQMecWRUV, dXe WR bRWK WKe OaUge
UeTXLUed WKURXgKSXWV aQd WKe deVLUe fRU V\PPeWU\. TKe LPSOLcaWLRQV Rf dLVWULbXWLQg aQ LQMecWLRQ
acURVV PXOWLSOe SRUWV LV QRW \eW fXOO\ XQdeUVWRRd.

IQ WKe caVe Rf KLgK-Z RU PL[ed-VSecLeV (ZLWK VLgQLfLcaQW KLgK-Z fUacWLRQ) VKXWdRZQV, KPRAD
VXcceVVfXOO\ PaWcKeV DIII-D e[SeULPeQWV ZLWK WZR WRURLdaOO\ VeSaUaWed LQMecWLRQV
[HeUfLQdaO2019]. TKe PRdeOLQg LQ WKeVe caVeV accRXQW fRU WKe effecW Rf PLVPaWcKed WLPLQg, aQd
caQ UeSURdXce RbVeUYed WUeQdV. TKXV LQ VXcK caVeV WKe dRPLQaQW UROe Rf LPSXULW\ UadLaWLRQ
aOORZV a 0D SLcWXUe WR deVcULbe WKe baVLc SK\VLcV. HRZeYeU, QRWabO\ LQ WKeVe caVeV, cRROLQg
dXUaWLRQV aUe QRW PaWcKed, LQdLcaWLQg WKaW VRPe 3D effecWV UeOaWed WR WKe PXOWLSOe LQMecWLRQ
VRXUceV dR e[LVW. FXUWKeUPRUe, UadLaWLRQ aV\PPeWU\ UedXcWLRQ LV aOVR QRW fXOO\ cOeaU, ZLWK
SUeOLPLQaU\ UeVXOWV RQO\ gLYLQg TXaOLWaWLYe LQdLcaWLRQV WKaW SeaNLQg Pa\ be UedXced.

FRU SXUe deXWeULXP LQMecWLRQ, WKe effecWV Rf UadLaO WUaQVSRUW Pa\ fXUWKeU cRPSOLcaWe WKe abLOLW\ WR
VXSeULPSRVe WKe deQVLW\ ULVe fURP eacK LQdLYLdXaO SeOOeW. AddLWLRQaO dLVcXVVLRQ Rf WKLV UeOaWed
WRSLc fROORZV LQ SecWLRQ 4.2.

AOWKRXgK XQdeUVWaQdLQg Rf WKLV PXOWL-SPI SK\VLcV LV aPRQg WKe KLgK-OeYeO gRaOV Rf WKe KSTAR
SPI UeVeaUcK, a VLPLOaU e[SOLcLW fRcXV XWLOL]LQg WKe dXaO-SPIV VKRXOd be a VSecLfLc fRcXV fRU fXWXUe
DIII-D ZRUN. BecaXVe WRURLdaO UeVROXWLRQ fRU UadLaWLRQ dLagQRVWLcV aUe dLVcUeWe (eYeQ ZKeQ
WRURLdaOO\ dLVWULbXWed), daWa WR cRQVWUaLQ VXcK dLVWULbXWLRQV caQ be Pa[LPL]ed b\ cRPbLQLQg
LQfRUPaWLRQ fURP bRWK WKe 180 degUee KSTAR cRQfLgXUaWLRQ aQd WKe 120 degUee DIII-D
cRQfLgXUaWLRQ.

4.2 PUedLcWLYe XQdeUVWaQdLQJ Rf K\dURJeQLc SPI UadLaO WUaQVSRUW

WKLOe e[SeULPeQWaO eYLdeQce Rf UadLaO WUaQVSRUW LV cOeaUO\ VeeQ LQ DIII-D (aV deVcULbed LQ SecWLRQ
3.1), a TXaQWLWaWLYe aQd SUedLcWLYe caSabLOLW\ LV OacNLQg. TKLV LV eVVeQWLaO fRU XQdeUVWaQdLQg WKe
OeYeO Rf cRUe deQVLfLcaWLRQ aQd RE dLVVLSaWLRQ WR be e[SecWed. WKeWKeU RE beaPV caQ be fXOO\
VXSSUeVVed, RU Rf WKe PagQLWXde Rf a beaP Lf aYaOaQcKLQg dReV RccXU (aQd WKe deSeQdeQce Rf
WKLV RQ SOaVPa cXUUeQW), aUe deSeQdeQW RQ WKLV XQdeUVWaQdLQg.
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TKLV WRSLc LV aQ aUea ZKeUe WKe cXUUeQWO\ aYaLOabOe SUedLcWLYe WRROV Pa\ be LQVXffLcLeQW. TKe 0D
KPRAD PRdeO LV XQabOe WR UeVROYe WKLV SK\VLcV VLQce LW dReV QRW cRQWaLQ VSaWLaO LQfRUPaWLRQ. OQ
WKe RWKeU KaQd, LW LV cKaOOeQgLQg fRU fXOO 3D e[WeQded MHD cRdeV WR SURYLde WKe OeYeO Rf ³fLWWLQg´
UeTXLUed WR TXaQWLWaWLYeO\ PaWcK RbVeUYed SURfLOeV WR aVVeVV WKe UeVSRQVLbOe UadLaO WUaQVSRUW.
RaWKeU, UedXced PRdeOLQg Rf aQ LQWeUPedLaWe VcRSe, ZLWK WKe QeceVVaU\ geRPeWU\ (aW OeaVW 1D LQ
WKe UadLaO dLUecWLRQ), LV UeTXLUed.

TKe 1D INDEX PRdeO [MaWVX\aPa2021] SURYLdeV VXcK a caSabLOLW\, ZLWK WKe QeceVVaU\
geRPeWU\ aV ZeOO aV VXffLcLeQW PRdeO UedXcWLRQ WR aOORZ adMXVWLQg Rf UadLaO WUaQVSRUW SaUaPeWeUV
WR cRPSaUe SUedLcWed SURfLOe eYROXWLRQ ZLWK WKe deWaLOed deQVLW\ SURfLOeV cROOecWed b\ TS LQ DIII-D.
TKLV cRPSaUaWLYe VWXd\ LV eQabOed b\ WKe ORZ-Te SRO\cKURPaWeUV, aOORZLQg WKe SRVW-LQMecWLRQ
SURfLOeV LQcOXdLQg RSeQ-fLeOd OLQe UegLRQV, WR be PeaVXUed. TKLV cRPSaUaWLYe cROOabRUaWLRQ
beWZeeQ DIII-D aQd QST LQ JaSaQ KaV beeQ LQLWLaWed LQ VXPPeU 2021, aQd cRQWLQXaWLRQ Rf WKLV
effRUW LV VWURQgO\ eQcRXUaged fRU SURgUeVV LQ WKLV aUea. UOWLPaWeO\, VXcceVV ZLWK WKLV 1D UedXced
PRdeOLQg caQ SURYLde LQSXW fRU VSecLf\LQg WUaQVSRUW LQ WKe PRUe cRPSOeWe 3D cRdeV. TKLV LV OLNeO\
UeTXLUed dXe WR WKe RbVeUYed LPSRUWaQce Rf MHD gURZWK LQ WKe dLVUXSWLRQ d\QaPLcV fRU WKeVe
K\dURgeQLc LQMecWLRQV.

4.3 IdeaO VKaWWeU SOXPe

TKe SeQeWUaWLRQ Rf LQMecWed SaUWLcOeV LQWR WKe SOaVPa cRUe LV a fXQcWLRQ Rf WKe VROLd/gaV fUacWLRQV
ZLWKLQ WKe SPI SOXPe aORQg ZLWK WKe fUagPeQW VL]e dLVWULbXWLRQ Rf WKe VROLd SLeceV. AcceOeUaWLQg
WKe SeOOeW aV a VROLd WKeQ VKaWWeULQg LW aW WKe eQd Rf WKe gXLde WXbe (MXVW SULRU WR eQWeULQg WKe
SOaVPa) aOORZV a UaSLd SaUWLcOe deOLYeU\ ZLWKRXW WKe WePSRUaO VSUeadLQg WKaW RccXUV ZLWK aQ MGI
SXOVe WUaYeOLQg dRZQ a WXbe [Ba\ORU2015]. HRZeYeU, deSeQdLQg RQ WKe beQd aQgOe aQd geRPeWU\
Rf WKe VKaWWeU WXbe aQd WKe SeOOeW LPSacW eQeUg\, a VLgQLfLcaQW fUacWLRQ Rf WKe SPI SOXPe caQ
XOWLPaWeO\ eQd XS aV a gaV RU fLQe PLVW Rf WLQ\ SaUWLcOeV.

EaUO\ ZRUN aW ORNL aQd DIII-D LWeUaWed RQ WKe deVLgQ Rf WKe VKaWWeULQg PecKaQLVP
[CRPbV,CRPPaX[], bXW VXbVeTXeQW LQVWaOOaWLRQV (WKe VecRQd SPI RQ DIII-D aV ZeOO aV bRWK
V\VWePV RQ KSTAR) KaYe fROORZed a VLPLOaU deVLgQ [MeLWQeU2017,Ba\ORU2021], aQd WKe JET
VKaWWeU WXbe ZaV RQO\ VOLgKWO\ PRdLfLed dXe WR VSaWLaO cRQVWUaLQWV LQ WKe SRUW [Ba\ORU2021]. ReceQW
ZRUN KaV XVed faVW caPeUa LPagLQg fURP OabRUaWRU\ WeVWV WR cKaUacWeUL]e WKe UeVXOWLQg fUagPeQW
VL]e dLVWULbXWLRQ, aQd deYeORSed aQ LPSacW eQeUg\-baVed PRdeO fRU WKLV dLVWULbXWLRQ
[GebKaUW2020].

TKe YaULaWLRQ Rf WKLV VKaWWeU SOXPe dLVWULbXWLRQ UeSUeVeQWV RQe Rf WKe feZ UePaLQLQg aUeaV fRU
RSWLPL]aWLRQ ZLWKLQ WKe ITER DMS deVLgQ, aQd OeadV WR WZR Ne\ TXeVWLRQV: HRZ caQ a SaUWLcXOaU
fUagPeQW VL]e dLVWULbXWLRQ be geQeUaWed, aQd ZKaW W\Se Rf dLVWULbXWLRQ LV RSWLPaO fRU SOaVPa
VKXWdRZQ cKaUacWeULVWLcV?

37

GA-C29441



TKe fRUPeU LVVXe, RQ SURdXcWLRQ Rf aQ SPI SOXPe ZLWK deVLUed fUagPeQW VL]e dLVWULbXWLRQ, caQ
OaUgeO\ be VWXdLed LQ WKe OabRUaWRU\, aV ZLWK WKe aSSURacK WaNeQ LQ [GebKaUW2020,GebKaUW2021]
RU b\ VLPLOaU WecKQLTXeV. TKe eQgLQeeULQg VWXdLeV OLNeO\ WR SURYLde WLPeO\ LQSXW fRU WKe ITER
deVLgQ aUe cXUUeQWO\ XQdeUZa\ [GebKaUW2021,LXce2021].

TKe OaWWeU TXeVWLRQ Rf RSWLPaO dLVWULbXWLRQV LV PRUe cRPSOe[, deSeQdLQg addLWLRQaOO\ RQ SOaVPa
SK\VLcV. 3D e[WeQded MHD VLPXOaWLRQV KaYe aVVXPed a QXPbeU Rf VKaWWeU VL]e dLVWULbXWLRQV,
UaQgLQg fURP XQLfRUP VL]e WR a VLQgOe PRQROLWKLc SaUWLcOe, aQd UeSRUW RQO\ PRdeVW dLffeUeQceV LQ
TQ cKaUacWeULVWLcV [KLP2021]. HRZeYeU, QR e[SeULPeQWaO VWXdLeV Rf WKLV TXeVWLRQ e[LVW WR daWe.

ReceQWO\, ASDEX-USgUade KaV LQLWLaWed aQ SPI UeVeaUcK SURgUaP ZLWK a SULPaU\ fRcXV WR
LQYeVWLgaWe VXcK effecWV, LQcRUSRUaWLQg a QXPbeU Rf aYaLOabOe VKaWWeU WXbeV WKaW caQ be LQVWaOOed
VLPXOWaQeRXVO\. TKLV SURgUaP, ZKLcK LV a cROOabRUaWLYe effRUW ZLWK WKe ITER OUgaQL]aWLRQ aQd
WKURXgK WKe ITER DLVUXSWLRQ TaVN FRUce, LV cRPSOeWLQg SPI LQVWaOOaWLRQ ZLWK e[SeULPeQWV
aQWLcLSaWed WR begLQ LQ 2022. US LQYROYePeQW LQ WKLV VcLeQWLfLc SURgUaP ZRXOd be Rf gUeaW beQefLW
LQ LPSURYLQg XQdeUVWaQdLQg Rf WKLV cXUUeQWO\ XQUeVROYed WRSLc Rf VWXd\, aQd UeSUeVeQWV WKe
OLNeOLeVW SaWK WR KeOSLQg cRQVWUaLQ WKe LVVXe Rf VKaWWeU SOXPe cKaUacWeULVWLcV aQd LWV effecW RQ
PLWLgaWLRQ PeWULcV.

4.4 RXQaZa\ eOecWURQ Veed fRUPaWLRQ

TKe SURdXcWLRQ Rf VRPe Veed UXQaZa\ eOecWURQV dXULQg a SPI TQ KaV beeQ RbVeUYed LQ DIII-D,
SaUWLcXOaUO\ aW KLgK Te [HROOPaQQ2020]. DeWaLOed XQdeUVWaQdLQg Rf WKe VcaOLQg Rf WKLV effecW ZLWK
QeRQ fUacWLRQ LV a cULWLcaO LVVXe, aV WKe WKeUPaO PLWLgaWLRQ aQd RE PLWLgaWLRQ aVSecWV aUe cORVeO\
cRXSOed. IQ addLWLRQ WR WXQLQg WKe CQ UaWeV (ZKLcK PXVW be faVW eQRXgK WR PLWLgaWe KaOR cXUUeQW
fRUceV bXW VORZ eQRXgK WR aYRLd e[ceVVLYe edd\ cXUUeQW WRUTXeV), UaSLd UadLaWLYe cRROLQg KaV
RSSRVLQg effecWV fRU WKe WKeUPaO aQd RE PLWLgaWLRQ aVSecWV. SWURQg UadLaWLRQ dXe WR KLgK-Z
LPSXULWLeV LV beQefLcLaO fRU ORZeULQg cRQdXcWed KeaW ORadV, bXW Pa\ Oead WR KRW-WaLO geQeUaWLRQ Rf
RE VeedV. OSWLPaO deOLYeU\ ZLOO UeTXLUe UeOaWLYeO\ VPaOO QeRQ fUacWLRQV, ZKeUe dLVUXSWLRQ
d\QaPLcV deSeQd PRVW VeQVLWLYeO\ RQ WKLV TXaQWLW\ [SKLUaNL2016], PaNLQg RSWLPL]aWLRQ Rf KLgK-Z
LPSXULW\ TXaQWLWLeV cULWLcaO.

PaUW Rf WKe cKaOOeQge LQ WKLV aUea LV UeOaWed WR dLagQRVWLc caSabLOLW\, dXe WR WKe UeOaWLYeO\ VPaOO
Veed RE SRSXOaWLRQV RbVeUYed dXULQg SPI LQ cXUUeQW deYLceV. SeYeUaO SURPLVLQg aSSURacKeV
KaYe beeQ SURSRVed WKaW Pa\ LPSURYe WKLV deWecWLRQ caSabLOLW\. TKe XVe Rf TS VSecWUa WR deWecW
eaUO\ geQeUaWLRQ Rf QRQ-WKeUPaO eOecWURQV dXULQg WKe SPI VKXWdRZQ KaV VKRZQ SURPLVe
[HROOPaQQ2020], aQd VKRXOd QRZ be PRUe ZLdeO\ aSSOLcabOe LQ DIII-D. AddLWLRQaO dLagQRVWLcV fRU
eaUO\ ORZ-eQeUg\ RE VeedV, VXcK aV aQ EUV caPeUa (fRU REV LQ WKe 10¶V Rf NeV UaQge) cRXOd
SURYLde addLWLRQaO caSabLOLW\ ZLWK gUeaWeU VSaWLaO UeVROXWLRQ, bXW ZRXOd UeTXLUe LQYeVWPeQW fURP
RQe Rf WKe SPI-eTXLSSed facLOLWLeV fRU LPSOePeQWaWLRQ. TKe SRWeQWLaO WUaQVSRUW Rf WKeVe eaUO\
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VeedV (dXe WR TQ RU eaUO\-CQ MHD PRdeV, fRU e[aPSOe) LV UeOaWed WR WKe abRYe LVVXe Rf WKeUPaO
SOaVPa WUaQVSRUW dXULQg ORZ-Z SPI, aQd aOVR UeTXLUeV fXUWKeU XQdeUVWaQdLQg.

4.5 RXQaZa\ eOecWURQ beQLJQ WeUPLQaWLRQ

TKe beQLgQ WeUPLQaWLRQ Rf a RE beaP WKURXgK WKe LQMecWLRQ Rf D2 WRgeWKeU ZLWK cURVVLQg a gORbaO
MHD VWabLOLW\ bRXQdaU\, LV a UeOaWLYeO\ QeZ aSSURacK WR RE PLWLgaWLRQ. BecaXVe WKe PLWLgaWLRQ
acWLRQ WaNeV SOace RQO\ afWeU a KLgK-eQeUg\ beaP LV aOUead\ fRUPed, WKe WecKQLTXe caUULeV
VLgQLfLcaQW ULVN, aQd LPSRUWaQW TXeVWLRQV UePaLQ UegaUdLQg LWV SUacWLcaO aSSOLcaWLRQ LQ ITER.
MRYLQg fRUZaUd, addLWLRQaO ZRUN LV Qeeded WR aVVeVV WKe cULWLcaO D2 LQMecWLRQ TXaQWLW\ Qeeded fRU
WKLV aSSURacK, aV ZeOO aV WKe cRQVeTXeQce Rf LQMecWLQg WRR PXcK D2, ZKLcK LQcUeaVeV
cROOLVLRQaOLW\. AddLWLRQaO ZRUN ZLWK H2 LQMecWLRQ LQWR Ne dRPLQaWed RE beaPV LV Qeeded. FXUWKeU
VWXd\ Rf WKe cRPSaWLbLOLW\ Rf OaUge-VcaOe MHD e[cLWaWLRQ dXULQg YeUWLcaOO\ XQVWabOe RE beaP
eYROXWLRQV LV Qeeded. TKeVe VWXdLeV aUe SOaQQed WR be SURSRVed dXULQg fXWXUe e[SeULPeQWaO
caPSaLgQV.
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5. OWKHU J57 AFWLYLWLHV

AV SaUW Rf WKe JRT, UeOaWed WRSLcV KaYe beeQ VWXdLed, LQ WKe aUeaV Rf aOWeUQaWLYe LQMecWLRQ
WecKQLTXeV aQd UFO dLVUXSWLRQV. WKLOe QRW VSecLfLc WR SPI SK\VLcV, WKeVe aUeaV aUe UeOeYaQW WR
WKe RYeUaOO dLVUXSWLRQ WRSLc aQd addUeVV RU LdeQWLf\ SRVVLbOe gaSV LQ WKe SPI PLWLgaWLRQ aSSURacK.
TKe acWLYLWLeV LQ WKeVe aUeaV aUe VXPPaUL]ed KeUe.

5.1 AOWeUQaWLYe LQMecWLRQ WecKQLTXeV

BecaXVe Rf WKe VLgQLfLcaQW cKaOOeQgeV fRU effecWLYe dLVUXSWLRQ PLWLgaWLRQ LQ ITER, aQd SRVVLbOe
gaSV LQ SPI SeUfRUPaQce (dLVcXVVed eaUOLeU), cRPSaULVRQV WR RWKeU WecKQLTXeV UePaLQ LPSRUWaQW.
OWKeU dLVUXSWLRQ PLWLgaWLRQ WecKQLTXeV VWXdLed KeUe LQcOXde SQeXPaWLcaOO\ SURSeOOed
dLaPRQd-VKeOOed dLVSeUVLYe SeOOeWV cRQWaLQLQg bRURQ dXVW, aQd eOecWURPagQeWLc SeOOeW LQMecWLRQ Rf
a VROLd RU VKeOO SeOOeW. TKe gRaO Rf WKeVe aOWeUQaWLYe WecKQLTXeV LV WR acKLeYe gUeaWeU SeQeWUaWLRQ
aQd/RU LQcUeaVed ceQWUaO cRROLQg aV RSSRVed WR edge cRROLQg. TKLV cRXOd Oead WR LQcUeaVed
effLcac\ LQ a SOaVPa ZLWK WKe VL]e aQd SaUaPeWeUV Rf ITER.

5.1.1 InVide-oXW Vhell depoViWion

TKe dLVSeUVLYe VKeOO SeOOeW (DSP) LQMecWLRQ WecKQLTXe [HROOPaQQ2019] LV eQYLVLRQed WR KaYe
ceUWaLQ Ne\ adYaQWageV RYeU SPI, LQcOXdLQg KLgKeU UadLaWed eQeUg\ fUacWLRQ ZLWKRXW WKe Qeed fRU
OaUge TXaQWLWLeV Rf KLgK-Z PaWeULaO, OeVV UXQaZa\ eOecWURQ SURdXcWLRQ aQd a VORZeU cXUUeQW
TXeQcK WKaW UePaLQV aZa\ fURP ORZeU bRXQdV VeW b\ edd\ cXUUeQWV. TKe WecKQLTXe UeOLeV RQ
abOaWLRQ Rf a ORZ-Z KROORZ VKeOO LQ WKe SOaVPa edge, UeOeaVLQg WKe dLVSeUVLYe, UadLaWLQg Sa\ORad
LQ WKe cRUe. APRQg WKe SRWeQWLaO dLVadYaQWageV Rf WKe WecKQLTXe UeOaWLYe WR SPI LV WKe WecKQLcaO
cKaOOeQge Rf UaSLdO\ acceOeUaWLQg a WKLQ-ZaOOed DSP, aQd WKe URbXVWQeVV Rf WKe Sa\ORad deOLYeU\
WR cKaQgeV LQ WKe WaUgeW SOaVPa, LQcOXdLQg VLWXaWLRQV Rf a TQ aOUead\ LQ SURgUeVV.

ReceQW VLPXOaWLRQV Rf DSP ZLWK NIMROD [I]]R2021] KaYe VRXgKW WR UeSURdXce WKe e[SeULPeQWaO
WUeQdV YV. SeOOeW VSeed fRXQd LQ [HROOPaQQ2019], aQd caQ aOVR be cRPSaUed ZLWK NIMROD SPI
VLPXOaWLRQV LQ Ne\ PLWLgaWLRQ PeWULcV. FRU WKe NIMROD DSP VLPXOaWLRQV ZLWK WKe Sa\ORad
UeOeaVed cORVeVW WR WKe ceQWeU, VKRZQ LQ FLgXUe 5.1.1., WKe UadLaWLRQ fUacWLRQ e[ceedV 90% (WKe
WaUgeW WKUeVKROd fRU WKeUPaO TXeQcK PLWLgaWLRQ LQ ITER), aQd VLgQLfLcaQWO\ KLgKeU WKaQ VLPLOaU
NIMROD SPI VLPXOaWLRQV LQ WKe YLcLQLW\ Rf 50% (aV VWaWed LQ WKe Q1 UeSRUW). TKLV KLgK UadLaWLRQ
fUacWLRQ LV aWWULbXWed WR WKe ORZ abOaWLRQ Rf WKe VKeOO, aQd KeQce PLQLPaO SeUWXUbaWLRQ LQ WKe edge
Rf WKe SOaVPa. AOWKRXgK VRPe SUe-TQ MHD LV WULggeUed b\ WKe VKeOO PaWeULaO, WKLV RccXUV LQ WKe
cRUe ZKeUe PRUe VKeOO PaWeULaO LV abOaWed, ZKLOe WKe edge fOX[ VXUfaceV UePaLQ LQWacW. EYeQ fRU
VORZeU SeOOeWV UeOeaVLQg WKe Sa\ORad VOLgKWO\ fXUWKeU fURP WKe cRUe, UadLaWLRQ fUacWLRQV Rf >85%
ZeUe fRXQd.
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FLJXUH 5.1.1: (UppeU lefW) ToWal eneUg\ inWo UadiaWion and ioni]aWion compaUed ZiWh WoWal loVV of WheUmal
and magneWic eneUg\ in a NIMROD Vhell pelleW VimXlaWion. (LoZeU lefW) RadiaWed eneUg\ fUacWion
calcXlaWed fUom cXUYeV aboYe. (CenWeU and RighW) TempeUaWXUe conWoXUV and field-line PoincaUe ploWV aV
Whe pelleW appUoacheV Whe cenWeU (jXVW befoUe pa\load UeleaVe).

AQRWKeU SURSRVed adYaQWage Rf DSP RYeU SPI LV WKe SURVSecW Rf OeVV RE SURdXcWLRQ dXe WR
VORZeU cRROLQg b\ ORZ-Z PaWeULaO, SRVVLbO\ ZLWK a KLgKeU fLQaO Te. E[SeULPeQWV, KRZeYeU, VKRZed
LQdLcaWLRQ Rf RE SURdXcWLRQ aQd SURPSW ORVV fRU WKe deeSeVW SeQeWUaWLQg SeOOeWV [HROOPaQQ2019].
TKe VLPXOaWLRQV OLNeZLVe SUedLcW UaSLd cRROLQg LQWR WKe E>EcULW UegLPe fRU ZeOO ceQWeUed SeOOeWV,
VXcK WKaW KRW-WaLO RE geQeUaWLRQ ZRXOd be e[SecWed [I]]R2021]. TKeVe fLQdLQgV LQdLcaWe WKaW
PRUe caUefXO RSWLPL]aWLRQ Rf WKe Sa\ORad PLgKW be UeTXLUed WR caSLWaOL]e RQ WKLV SURPLVed
adYaQWage. DSP Pa\ SRVVeVV VRPe adYaQWageV RYeU SPI ZLWK UeVSecW WR decRQfLQePeQW Rf REV
RQ VWRcKaVWLc fLeOdV. A cRPSaULVRQ Rf MHD PRde acWLYLW\ LQ WKe WZR caVeV UeTXLUeV fXUWKeU VWXd\,
bXW DSP VLPXOaWLRQV LQdLcaWe WKaW, LQ WKe caVe Rf LQVLde-RXW cRROLQg, WKe OaVW SKaVe Rf WKe TQ aQd
WKe SOaVPa cXUUeQW VSLNe aUe WULggeUed b\ a 3/1 dRXbOe WeaULQg PRde ZLWK a bURad UadLaO
VWUXcWXUe SURdXcLQg a OaUge VWRcKaVWLc UegLRQ LQ WKe edge [I]]R2021]. TKLV aSSeaUV WR dLffeU
VLgQLfLcaQWO\ fURP WKe SKeQRPeQRORg\ Rf a SPI TQ aQd IS VSLNe.

5.1.2 High-Vpeed injecWion WechniTXeV

AV aQRWKeU aOWeUQaWLYe WR SPI, aQ eOecWURPagQeWLc SeOOeW LQMecWLRQ (EPI) PecKaQLVP KaV beeQ
UeceQWO\ SURSRVed [RaPaQ2019]. TKe EPI V\VWeP acceOeUaWeV a VabRW eOecWURPagQeWLcaOO\ ZLWK a
UaLO gXQ. TKe VabRW LV a PeWaO caSVXOe WKaW caQ be acceOeUaWed WR KLgK YeORcLWLeV. AW WKe eQd Rf LWV
acceOeUaWLRQ, WKe VabRW ZLOO UeOeaVe WKe UadLaWLYe Sa\ORad WKaW LV cRPSRVed Rf gUaQXOeV Rf ORZ-Z
PaWeULaOV, RU a VKeOO SeOOeW cRQWaLQLQg VPaOOeU SeOOeWV. TKe SURSRVed EPI LQ WKLV VWXd\ LV SUedLcWed
WR RffeU a faVW UeVSRQVe WLPe aQd KLgK eQRXgK VSeed WR deSRVLW WKe Sa\ORadV LQ WKe SOaVPa cRUe
LQ ITER SULRU WR TQ RQVeW.

TKe RbMecWLYe Rf WKe EPI / SKeOO PeOOeW PeWKRd LV WR cRRO WKe cRUe SULRU WR cRROLQg WKe RXWeU
UegLRQV Rf WKe SOaVPa WR geQeUaWe aQ LQVLde WR RXWVLde WKeUPaO TXeQcK, aQd Lf WKaW cRXOd be
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acKLeYed befRUe WKe SeOOeW geWV WR WKe cRUe, WKaW WKaW LV ceUWaLQO\ a deVLUabOe UeVXOW aV LW ZRXOd
eaVe WKe UeTXLUePeQWV RQ WKe SeOOeW YeORcLW\ Qeeded fRU deeS SeQeWUaWLRQ LQ KLgK-SRZeU UeacWRU
SOaVPaV. TKLV ZaV SOaQQed WR be acKLeYed b\ deSRVLWLQg WKe UadLaWLYe PaWeULaO dLUecWO\ LQ WKe
cRUe. TKeVe VLPXOaWLRQV VXggeVW WKaW cRROLQg Rf WKe cRUe LV acKLeYed b\ PagQeWLc fLeOd OLQeV LQ
WKe cRUe cRQQecWLQg WR WKe LQMecWed SOaVPRLd cORXd befRUe WKe SeOOeW UeacKeV WKe cRUe. WKLOe WKLV
LWVeOf LV QRW XQdeVLUabOe, addLWLRQaO VWXdLeV aUe Qeeded WR XQdeUVWaQd Lf WKLV PecKaQLVP aSSOLeV
RQO\ WR dLVcKaUgeV ZLWKRXW a T=2 VXUface (WKe SUeVeQW L-PRde caVe) RU aOVR WR H-PRde
dLVcKaUgeV ZLWK a T=2 VXUface.

TR e[SORUe WKe EPI cRQceSW aQd LWV SRWeQWLaO beQefLWV, Ze KaYe cRQdXcWed a VeULeV Rf VLPXOaWLRQV
PRdeOLQg LQMecWLRQ Rf a VLQgOe caUbRQ SeOOeW LQ NSTX-U ZLWK WKe M3D-C1 cRde [COaXVeU2021].

FLJXUH 5.1.2: M3D-C1 VimXlaWion of EPI injecWion inWo a NSTX-U plaVma diVpla\ing PoincaUe and 2D
plaVma elecWUon WempeUaWXUe conWoXUV foU foXU Wime poinWV (I = 0.1, II=0.2, III=0.4, IV=1.0 mV afWeU pelleW
aUUiYal aW plaVma edge).

SKRZQ LQ FLgXUe 5.1.2 aUe PRLQcaUe SORWV aQd 2D SOaVPa eOecWURQ WePSeUaWXUe fRU WLPeV I-0.1
PV, II-0.2 PV, III-0.4 PV aQd IV-1.0 PV fRU a 1000 P/V 1PP caUbRQ SeOOeW LQMecWed LQWR NSTX-U.
AOVR VKRZQ RQ WKe PRLQcaUe SORW LV WKe ORcaWLRQ Rf WKe SeOOeW. TKe PRLQcaUe SORW LQ fUaPe II VKRZV
WKaW WKe VXUfaceV LQ WKe ceQWeU aUe deVWUR\ed ZeOO befRUe WKe SeOOeW UeacKeV WKe PagQeWLc a[LV.
TKLV OeadV WR UaSLd UedXcWLRQ Rf WKe ceQWUaO WePSeUaWXUe eYeQ befRUe WKe SeOOeW UeacKeV WKe
ceQWeU. TKLV VSeed Rf 1000 P/V LV WRR UaSLd fRU WKe SeOOeW WR fXOO\ abOaWe LQ NSTX-U. We KaYe aOVR
PRdeOed SeOOeWV ZLWK YeORcLWLeV Rf 300 P/V aQd 500 P/V aQd KaYe PRdeOed WaQgeQWLaO LQMecWLRQ
(aV RSSRVed WR UadLaO aV VKRZQ LQ WKe fLgXUe) WR LQcUeaVe WKe aPRXQW Rf caUbRQ abOaWed. IQ
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NSTX-U, decUeaVLQg WKe YeORcLW\ WR 500 P/V (RU 300P/V) LQcUeaVeV WKe UadLaWed SRZeU,
QRUPaOL]ed WR WKe YeORcLW\, b\ a facWRU Rf 1.6 (RU 2.3 UeVSecWLYeO\). B\ XVLQg a KROORZ SeOOeW ZLWK a
UadLXV Rf 3.6 PP, bXW ZLWK WKe VaPe aPRXQW Rf caUbRQ aV LQ WKe 1 PP SeOOeWV VKRZQ LQ WKe
fLgXUe aQd b\ LQMecWLQg WaQgeQWLaOO\ UaWKeU WKaQ UadLaOO\, Ze ZeUe abOe WR LQcUeaVe WKe aPRXQW Rf
abOaWLRQ fRU a 1000 P/V SeOOeW fURP 11% WR 32%, ZLWK a cRUUeVSRQdLQg LQcUeaVe LQ WKe aPRXQW Rf
UadLaWed SRZeU. TKeVe UeVXOWV dePRQVWUaWe WKaW aVVLPLOaWLRQ aQd gORbaO PeWULcV VXcK aV WKe
UadLaWed SRZeU aUe VeQVLWLYe WR WKe SeOOeW VSeed (YLa LWV LQfOXeQce RQ deSRVLWLRQ ORcaWLRQ), aQd
PRWLYaWe a Qeed fRU KLgKeU-VSeed deOLYeU\ LQ fXWXUe OaUge, KLgK-WePSeUaWXUe UeacWRU SOaVPaV.

5.2 AOcaWRU C-MRd AQaO\VLV Rf UFO DLVUXSWLRQV

AOWKRXgK XQSOaQQed, UFO eYeQWV aUe a fRUP Rf LPSXULW\ LQMecWLRQ WKaW beaUV VRPe UeVePbOaQce
WR WKe LQMecWLRQV XVed fRU dLVUXSWLRQ PLWLgaWLRQ. TKeUefRUe, RQe PLgKW e[SecW WKaW UFO dLVUXSWLRQV
aUe OeVV daPagLQg WKaQ RWKeU W\SeV VXcK aV ORcNed PRdeV, YeUWLcaO dLVSOacePeQW eYeQWV,
deQVLW\ OLPLWV, eWc. SXcK a fLQdLQg (Lf fRXQd WR be WUXe) ZRXOd be SRWeQWLaOO\ beQefLcLaO LQ WKaW LW
ZRXOd eaVe WKe dePaQdV Rf a dLVUXSWLRQ PLWLgaWLRQ V\VWeP (DMS) LQ SURWecWLQg agaLQVW WKLV W\Se
Rf dLVUXSWLRQ caXVe. TKLV K\SRWKeVLV KaV beeQ VWXdLed baVed RQ aUcKLYed daWa fURP AOcaWRU
C-MRd.

TRNaPaNV ZLWK a KLgK-Z PeWaO fLUVW ZaOO (PRO\bdeQXP LQ AOcaWRU C-MRd; WXQgVWeQ LQ JET-ILW,
AUG WXQgVWeQ cRaWed WLOeV, DIII-D WXQgVWeQ PeWaO ULQg caPSaLgQ, PRO\bdeQXP aQd WXQgVWeQ LQ
EAST) e[SeULeQce VXddeQ LQMecWLRQV Rf gUaLQ-VL]e fOecNV Rf WKe KLgK-Z ZaOO PaWeULaO. TKe KLgK-Z
LPSXULWLeV SeQeWUaWe LQWR WKe KRW SOaVPa, UaSLdO\ becRPe KLgKO\ LRQL]ed, aQd caQ WKeQ UadLaWe
SURdLgLRXV aPRXQWV Rf WKe SOaVPa WKeUPaO eQeUg\ e[WUePeO\ TXLcNO\. IQ AOcaWRU C-MRd, WKe UaSLd
WKeUPaO ORVV fURP WKeVe VR-caOOed ³UFOV´ ZeUe fRXQd WR WULggeU abRXW 25% Rf aOO fOaWWRS
dLVUXSWLRQV. TKeVe dLVUXSWLRQV aUe cKaUacWeUL]ed b\ VXddeQ, OaUge LQcUeaVeV LQ OLQe UadLaWLRQ
fURP KLgKO\ cKaUged VWaWeV Rf PRO\bdeQXP (MR XXXI - MR XXXIX, RbVeUYed ZLWK a fOaW-gUaWLQg
VSecWURPeWeU KaYLQg 2 PV WePSRUaO UeVROXWLRQ), aV ZeOO aV VXddeQ, OaUge LQcUeaVeV LQ WKe WRWaO
UadLaWed SRZeU (RbVeUYed ZLWK MH]-VaPSOed AXUV bRORPeWeUV). NR RWKeU C-MRd dLagQRVWLc
VLgQaOV VKRZed aQ\ dLVUXSWLRQ-UeOeYaQW LQdLcaWLRQV SULRU WR WKe UFO LQMecWLRQ (L.e. QR ORcNed
PRdeV, YeUWLcaO LQVWabLOLW\, WeaULQg PRdeV, SURfLOe cKaQgeV, RU cRQfLQePeQW degUadaWLRQ). TKe
WLPeVcaOe fRU WKLV UFO dLVUXSWLRQ-WULggeULQg SURceVV ZaV W\SLcaOO\ RQO\ 1-5 PV LQ AOcaWRU C-MRd,
VR WKeVe dLVUXSWLRQV ZeUe eVVeQWLaOO\ LPSRVVLbOe WR SUedLcW LQ adYaQce ZLWK a XVefXO ZaUQLQg
WLPe [Rea2018, ZKX2021], aQd WKeUefRUe QRW abOe WR be aYRLded RU PLWLgaWed.
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FLJXUH 5.2.1: (lefW) RadiaWed poZeU Wime WUaceV foU UFO eYenWV in AlcaWoU C-Mod. AlVo VhoZn iV Whe eUUoU
in Whe YeUWical poViWion (cenWeU) and Whe n=1 magneWic ampliWXde (UighW).

IW LV OLNeO\ WKaW SRRU WLOe aOLgQPeQW aQd WKe e[LVWeQce Rf XQVKadRZed WLOeV aUe WKe caXVeV Rf WKeVe
UFO LQMecWLRQV. FaVW LRQ LPSacWV PLgKW aOVR SOa\ a UROe LQ VSXWWeULQg ZaOO PaWeULaO. COeaU
eYLdeQce Rf WLOe PeOWLQg WKaW ³dReV QRW UeTXLUe a PLcURVcRSe´ WR Vee LV VKRZQ LQ FLgXUe 5.2.2.

FLJXUH 5.2.2: ThUee mol\bdenXm WileV UemoYed fUom Whe AlcaWoU C-Mod diYeUWoU. TheVe WileV ZeUe all
XnVhadoZed. Tile dimenVionV aUe appUo[imaWel\ 2 cm [ 2 cm.

TKe degUee Rf ³VeOf-PLWLgaWLRQ´ fRU UFO dLVUXSWLRQV LV aVVeVVed b\ cRPSaULVRQ WR LQWeQWLRQaO
MGI PLWLgaWLRQ. A VeW Rf dLVcKaUgeV WeUPLQaWed XVLQg SUedRPLQaQWO\ aUgRQ MGI aUe cRPSaUed
ZLWK dLVcKaUgeV WKaW fLW WKe cULWeULa Rf a UFO eYeQW. TKe dLVcKaUgeV aUe cKRVeQ WR KaYe
cRPSaUabOe SOaVPa cXUUeQWV aQd WKeUeb\ cRPSaUabOe PagQeWLc eQeUgLeV. AOWKRXgK WKeUPaO
eQeUg\ Pa\ YaU\ beWZeeQ WKeVe dLVcKaUgeV, LW LV QRWed WKaW C-MRd RfWeQ RSeUaWed aW ORZ beWa
SRORLdaO ZKeUe PagQeWLc eQeUg\ dRPLQaWeV RYeU WKe WKeUPaO eQeUg\. TKe UadLaWed SRZeU LV
PeaVXUed XVLQg a ZLde-aQgOe (a2ʌ VWeUadLaQV) AXUV dLRde PRXQWed RQ WKe RXWbRaUd ZaOO Rf
C-MRd. TKe MGI-WeUPLQaWed dLVcKaUgeV VKRZ UeSURdXcLbOe UadLaWed SRZeU WLPe WUaceV ZLWK
VLPLOaU abVROXWe PagQLWXde (Vee FLgXUe 5.2.3 ULgKW). IQ cRQWUaVW, WKe UFO dLVUXSWLRQV RfWeQ
e[KLbLW ORZeU abVROXWe UadLaWed SRZeUV aQd PXcK OaUgeU VKRW-WR-VKRW YaULaQce. TZR LPSRUWaQW
e[SeULPeQWaO XQceUWaLQWLeV VKRXOd be QRWed. FLUVW, WKLV UadLaWed SRZeU PeaVXUePeQW LV VeQVLWLYe
WR WKe ORcaWLRQ Rf WKe UadLaWLRQ WKaW LV LQ YLeZ Rf WKe deWecWRU, aQd LV bOLQd WR UadLaWLRQ LQ KaOf Rf
WKe WRUXV. SecRQd, AXUV dLRdeV aUe NQRZQ WR KaYe VWURQg VSecWUaO VeQVLWLYLW\ [GUa\2004], aQd
WKeUefRUe dLffeUeQW WePSeUaWXUe eYROXWLRQV Rf WKe dRPLQaQW UadLaWLRQ ]RQe caQ Oead WR dLffeUeQW
LQfeUUed SRZeUV. NeYeUWKeOeVV, LW caQ be cRQcOXded WKaW WKe UadLaWLRQ fURP a UFO eYeQW LV QRW
UeSURdXcLbOe, aQd eLWKeU VLgQLfLcaQW ORcaOL]aWLRQ Rf WKe UadLaWLRQ RU VLgQLfLcaQW YaULaWLRQ LQ WKe
UadLaWed SRZeU RccXUV. TKeVe aVSecWV Rf UFO dLVUXSWLRQV PaNe WKeP dLVWLQcW fURP PLWLgaWed
dLVUXSWLRQV, aQd VXggeVW WKaW fLUVW ZaOO PeOWLQg PLgKW VWLOO be e[SecWed.
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FLJXUH 5.2.3: (lefW) PlaVma cXUUenW and UadiaWed poZeU aV meaVXUed b\ a Zide-angle AXUV diode dXUing
UFO diVUXpWionV in AlcaWoU C-Mod. (UighW) Same meaVXUemenWV aV (a) bXW foU pUedominanWl\ aUgon
maVViYe gaV injecWion VhXWdoZnV in C-Mod.

EOecWURPagQeWLc fRUceV aUe aOVR a cRQceUQ fRU UeacWRUV aQd WKeVe fRUceV aUe a VWURQg fXQcWLRQ Rf
WKe cXUUeQW TXeQcK WePSRUaO eYROXWLRQ. EORQgaWed SOaVPaV RfWeQ gR YeUWLcaOO\ XQVWabOe dXULQg
WKe CQ dXe WR VWURQg SeUWXUbaWLRQV LQWURdXced dXULQg WKe TQ. WKeQ WKe cXUUeQW TXeQcK LV ORQg
UeOaWLYe WR WKe YeUWLcaO gURZWK UaWe, WKe SOaVPa caUULeV PRUe cXUUeQW Rff-a[LV ZKeUe LW dULYeV
YeUWLcaO fRUceV WKURXgK edd\ aQd KaOR cXUUeQWV [COaXVeU2019]. WKeQ WKe cXUUeQW TXeQcK LV faVW
UeOaWLYe WR WKe UeVLVWLYe ZaOO WLPe VWURQg edd\ cXUUeQWV aUe dULYeQ LQ fLUVW ZaOO cRPSRQeQWV aQd WKe
YeVVeO [LeKQeQ2015]. TKe cXUUeQW TXeQcK dXUaWLRQ dXULQg UFO eYeQWV LQ C-MRd YaULeV b\ a
facWRU Rf 3[ aQd LQ VRPe caVeV e[KLbLWV VecRQdaU\ MHD eYeQWV PaUNed b\ PXOWLSOe
SOaVPa-cXUUeQW µVSLNeV¶ (FLgXUe 5.2.3). TKLV LV cRQWUaVWed b\ WKe YeU\ UeSURdXcLbOe cXUUeQW
TXeQcK eYROXWLRQ fROORZLQg aUgRQ MGI. TKe MGI VKXWdRZQV LQ C-MRd e[KLbLW a cXUUeQW TXeQcK
dXUaWLRQ cRPSaUabOe WR WKe VKRUWeVW dXUaWLRQ UFO eYeQWV, bXW WKLV ZLOO be WXQed LQ ITER aQd
fXWXUe UeacWRUV b\ cRQWUROOLQg WKe TXaQWLW\ Rf LPSXULW\ LQMecWed.

TKeVe UeVXOWV fURP WKe C-MRd aQaO\VLV ePSKaVL]e WKe LPSRUWaQce Rf a WKRURXgK dLVUXSWLRQ
SUedLcWLRQ, aYRLdaQce, aQd PLWLgaWLRQ V\VWeP, fRU e[aPSOe WKURXgK UeaO-WLPe PRQLWRULQg Rf WKe
fLUVW ZaOO fRU KRW VSRWV. TKLV VWaWePeQW aSSOLeV eTXaOO\ WR aQ\ DMS WecKQRORg\, aQd QRW
VSecLfLcaOO\ WR SPI.

45

GA-C29441



5HFHQW PXEOLFDWLRQV IURP DIII-D, JE7, DQG K67A5 6PI 5HVHDUFK (F< 2021)

AddLWLRQaO deWaLOV Rf UeceQW SPI UeVeaUcK, LQcOXdLQg WecKQRORg\ aQd dLagQRVWLc deYeORSPeQWV,
caQ be fRXQd LQ WKe fROORZLQg SXbOLcaWLRQV, ZKLcK KaYe beeQ SXbOLVKed RU VXbPLWWed dXULQg FY
2021. TKeVe ZRUNV aUe OLVWed KeUe b\ facLOLW\, LQcOXdLQg WKRVe WKaW deVcULbe ZRUN fURP PXOWLSOe
PacKLQeV.

(TKe fXOO OLVW Rf geQeUaO ZRUNV cLWed LQ WKLV UeSRUW aUe gLYeQ VeSaUaWeO\. See: ³RefeUeQceV´.)
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C. ReX[, eW aO. ³DePRQVWUaWLRQ Rf Safe TeUPLQaWLRQ Rf MegaaPSeUe ReOaWLYLVWLc EOecWURQ BeaPV
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D.-G. Lee, eW aO., ³TKe QeZ VLQgOe cU\VWaO dLVSeUVLRQ LQWeUfeURPeWeU LQVWaOOed RQ KSTAR aQd LWV
fLUVW PeaVXUePeQW´, ReY. ScL. IQVWU. 92, 033536 (2021)

M.U. Lee, eW aO. ³RadLaWLRQ PeaVXUePeQW LQ SOaVPa dLVUXSWLRQ b\ WKLQ-fRLO LQfUaUed bRORPeWeU´,
ReY. ScL. IQVWU. 92, 053536 (2021)
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AFNQRZOHGJHPHQW

TKLV PaWeULaO LV baVed XSRQ ZRUN VXSSRUWed b\ WKe U.S. DeSaUWPeQW Rf EQeUg\, OffLce Rf
ScLeQce, OffLce Rf FXVLRQ EQeUg\ ScLeQceV, XVLQg WKe DIII-D NaWLRQaO FXVLRQ FacLOLW\, a DOE
OffLce Rf ScLeQce XVeU facLOLW\, XQdeU AZaUd(V) DE-FC02-04ER54698, DE-AC05-00OR22725,
aQd DE-FG02-07ER54917.

TKe JET SPI SURMecW LV a cROOabRUaWLYe effRUW Rf EURATOM, WKe ITER OUgaQL]aWLRQ, aQd WKe US
DeSaUWPeQW Rf EQeUg\. IW UeceLYed fXQdLQg fURP WKe ITER OUgaQL]aWLRQ. TKe KSTAR SURgUaP
ZaV VXSSRUWed b\ WKe ITER OUgaQL]aWLRQ aQd WKe R&D PURgUaP Rf "KSTAR E[SeULPeQWaO
CROOabRUaWLRQ aQd FXVLRQ POaVPa ReVeaUcK (EN2101-12)" WKURXgK WKe KRUea IQVWLWXWe Rf FXVLRQ
EQeUg\ (KFE) fXQded b\ GRYeUQPeQW fXQdV. US VcLeQWLfLc cROOabRUaWLRQ ZLWK WKe JET aQd KSTAR
SPI SURgUaPV ZaV VXSSRUWed b\ WKe US DOE XQdeU DE-SC0020299 aQd
DE-AC05-00OR22725.

DLVFODLPHU

TKLV UeSRUW ZaV SUeSaUed aV aQ accRXQW Rf ZRUN VSRQVRUed b\ aQ ageQc\ Rf WKe UQLWed SWaWeV
GRYeUQPeQW. NeLWKeU WKe UQLWed SWaWeV GRYeUQPeQW QRU aQ\ ageQc\ WKeUeRf, QRU aQ\ Rf WKeLU
ePSOR\eeV, PaNeV aQ\ ZaUUaQW\, e[SUeVV RU LPSOLed, RU aVVXPeV aQ\ OegaO OLabLOLW\ RU
UeVSRQVLbLOLW\ fRU WKe accXUac\, cRPSOeWeQeVV, RU XVefXOQeVV Rf aQ\ LQfRUPaWLRQ, aSSaUaWXV,
SURdXcW, RU SURceVV dLVcORVed, RU UeSUeVeQWV WKaW LWV XVe ZRXOd QRW LQfULQge SULYaWeO\ RZQed
ULgKWV. RefeUeQce KeUeLQ WR aQ\ VSecLfLc cRPPeUcLaO SURdXcW, SURceVV, RU VeUYLce b\ WUade QaPe,
WUadePaUN, PaQXfacWXUeU, RU RWKeUZLVe dReV QRW QeceVVaULO\ cRQVWLWXWe RU LPSO\ LWV eQdRUVePeQW,
UecRPPeQdaWLRQ, RU faYRULQg b\ WKe UQLWed SWaWeV GRYeUQPeQW RU aQ\ ageQc\ WKeUeRf. TKe
YLeZV aQd RSLQLRQV Rf aXWKRUV e[SUeVVed KeUeLQ dR QRW QeceVVaULO\ VWaWe RU UefOecW WKRVe Rf WKe
UQLWed SWaWeV GRYeUQPeQW RU aQ\ ageQc\ WKeUeRf.

TKe YLeZV aQd RSLQLRQV e[SUeVVed KeUeLQ dR QRW QeceVVaULO\ UefOecW WKRVe Rf WKe ITER
OUgaQL]aWLRQ.
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