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3acepaHne MexXayHapoAHOro coBeTa Nno TepmosgepHbIM
uccnepgosaHuam (IFRC)

1. Richard Battery (GA, USA) — npeaceaatenb KoHpepeHUMu npouHpopmmuposan
COBET O FOTOBHOCTU KOH)EPEHLMU K peanmsauum.

2. O6cyKpeHbl NnaHbl cneayowmx KoHpepeHUUn

B Kutae (OKTa6pb 2025) XasaH/MeKuH

B Kopee ( OKTa6pb 2027) Ceyn
3. MynbTU-MalUMHHbIE 3KCnepumMeHTbl nogaep:xkusatorca (J-TEXT un HL-2M)
4. CbopmupoBaHbl 7 6a3 AaHHbIX MO aTOMAPHbIM U MOZIEKYNAPHbIM Npoueccam,
Myuykam HeinTpanos, IKPaHUPOBAHUIO NAPAMMU, NPOHMKHOBEHUIO BOAOPOAA.
5. Bonpocbl CMHEpPrum cMHTEe3a U geneHna (aTomHaa HayKa, OTX0Abl, peryiMpoBaHue,
D-T TonauBHbIN umKn) — 20 coBelaHMii 3an1aHMPOBAHO Ha 2024 rop,
5. O6cyxpeHa pgeatenbHocTb (Wagner) no Fus-Fis Hybrids, INPRO, TA-
3NEKTPOCTAHLUAM
6. BHUMmaHue K yactTHomy cekTopy (6.2 Mppa gonnapoB) MHBecTUpoBaHO 43 cTapTana
3aperncTpupoBaHbl. BHUMaHMe K 06MeHy 3HAHUAMU U JOCTUKEHUIO ONAUTENIbHOMN
paboTbl TexHonormnuecknx cucrem YTC. Cosewanmna MATATI no Ten/IOHOCUTENAM U
maTtepuanam. (Ha TeKyLliei Hegene, A y4acTBylo).



3acepaHne MexXayHapoAHOro coBeTa Nno TepmosgepHbIM
uccnepgosaHuam (IFRC)

7. NMpobnembl perynupoBaHua u nueH3npoBaHusa. besonacHocTb.
8. Bbi6op HEMTPOHHDbIX UCTOYHUKOB U3 PAaANALMOHHDIX U AAEPHbIX BAPUAHTOB
9. CooTHOLWEHUEe rMbpuaHbIX U AAEPHDbIX YCTAHOBOK B 3HEprocucreme

®dpaHuecko PomaHennu (NF rnaBHbi pegakTop U pykoBoautenb npoekTa DTT)
Moctasun Bonpoc 06 o6meHe nHPopmaumuen mexay YacTHbIM U FOCYyAaPCTBEHHbIM
CEeKTOpOoM, a TaKxe MATATD.

Watson IAEA otmeTun Bbinyck IAEA ABYX TeXHUHYECKUX AOKYMEHTOB N0 CUHTEe3y

Sophy nnpopmuposana n pabore NF xKypHana. OH noKa He goctyneH gna PP, Ho
COBMEeCTHble CTaTbM, Bpoae npuHumatrorca. B yactHoctu no CCO.

NMpuHaTta c b. KyteeB

TexHonorum n matepmanoi npesbicnnm 30% ob6bema XKypHana.

Mo MHepUMOHHOMY CUHTE3Y NybanKaumn mano. Xota goctuxkeHue 3 MJ B3pbiB npu
2 MJ BKnaga nasepHoOro UsnyvyeHma BnevyaTnsaioT.

My6anMKauum 4acTHOro ceKTopa NPUBETCTBYIOTCA.



3acegaHue MexXayHapoaHOro coBeTta no TepmosagaepHbIM
uccneposaHmnam (IFRC)

B IAEA rpynne cMHTe3a C yA0OB/AETBOPEHMEM OTMEYaloT AOCTUTHYTOe
reHaepHoe paseHcTBo 4:3 L:M

ABuxKeHue *KeHWwuH B cnHTe3e (WiF) gocturaer 600 yenosek,
paboTatowmx B pa3Hbix obnactax: Pusmka, UHKeHepus,
ApMmuHUCTpUpoBaHue U Ap.

CocroaHune UTIP

Hauanacb c6opKa nepBoro cekropa

C reomeTtpueit npobaembl (He CTbIKYIOTCA YaCTH)
Koppo3uoHHble noBpeXKaeHUA 06HapyKeHbl
6,7,8 ceKTopa A0/1KHbl 6bITb OTPEMOHTUPOBAHDI
17 u3 18 KaTyLwleK A0CTaB/IeHbl Ha NAOLWAAKY

4 ceKTOopa BaKyyMHOM Kamepbl A0CTaB/IEHbI
Kpuocrart n Katywka PF1 (RF) gocrtaBneHbl

HoBasa ctpaTterna pa3sutua nepeHeceHa Ha 2024 rop,
DT nepeHocutca Ha BTOpYIO a3y
Be 3ameHseTcA Ha NepBOU CTeHKe Ha Bosibdpam



3acegaHue MexXayHapoaHOro coBeTa No TepmofagaepHbIM
uccneposaHmnam (IFRC)

HoBoctu
KasaxcraHa— | =750 KA, T=5¢, R=0.9 m, a=0.45m

Kutai—HL-3R=1.78 m,a=0.65m [|I=1MA, T=1c
Kodurypauma octposHoro gusepropa
CrteHpa TexHonormMm cuHTesa - mHoro! 267000 m2 8 SWIP. PasButue martepuanos!

Kocta-Puka Meduse-CR Tokamak

®dpaHuuna West phase 2 MonHocTblo MHTErpnpoBaHHbIU gusepTop. 100 s
pa3pAagbl. Bbicoko ¢pnyeHcHasa KamnaHua 10726 D/mA2.

ToncTtble ocaXkpgeHua HabnwaeHbl. X TOUKa -XOpPOLIUK paguaTtop.
MexayHapoaHaa Konepauusa: UHXXeKuuna 6oposoi nbinun. 3agaum agna UTIP m
ATT c AnTneBoi CTeHKOM

TomcoHoBcKoe pacceaHue, ECRH 3 rupotponbi ¢ 1 MW u SSO

FrepmaHua W7-X cragua HacTpoiku 2024 ceHTAbpb-CcTapT. 2 HOBbIE KAaTyLKU. CpbiBbl
T yaep»aHue 8 JET 25 MW/m~N2 370 MS po 2028 YacrtHaa Gauss Fusion



3acepgaHue MexayHapoaHOro coseta rno TepmoaaepHbIM
uccnepgosaHuam (IFRC)

UHpaua Raji Passutue texHonoruu EH&CD, TexHonorum 6naHKeTa, Crio - Hacoc,
Mennetbl, ANCTaHUNOHHOE 06CNYKMBAHUE U POBOTOTEXHMUKA, HEUTPOHHDbIN
UCTOYHUK 14 MeV cTapToBan.

O6beMHbIit HeUTPOHHbIN UCTOYHUK SST-2 2/3 ot pa3mepa ITER

Utanna Romanelly HaunoHanbHasa nporpamma pa3paboraHa u nogaepXuBaertca
npasutenbcTBoM. [lOpOXKHaAA KapTa NaaHUpyeT B cneayowem rogy 600 cneumanumcros.
CuHtes - fleneHune. DTT aBnaeTtca KPynHbIM MPOEKTOM CTOMMOCTbIO 614 maH eBpo.
O6w,an cymma KOHTpaKTa coctasaset 1,8 mapa eBpo. IKcn/yaTauMOHHbIEe pacxoabl
coctaBaaloT 150 maH espo B rog. Hauano pabotbl B atom gecatunetmn. Katywkm TF
HaxoAaATcAa B cTaauu usrotosneHus / norpebnsemaa mowHoctb 150 MBT.
U3srotasnuneaetca nHxxekrop MITIGA. CotpyaHuuecteso DTT, SPARK, yHusBepcutetamm

Ucnanun, IFMIF-DONES

MHHOBaUMOHHaA cTpaTterna AnoHuun EwumHo o 2023 ropa. NMNopaeprKKa 4actHOro
CEeKTOpa, pPerympyroLmx opraHoB, yCKOpeHue ucciegoBaHnii u paspaboTok ana
DEMO JP. UHHOBaUUOHHbIN LeHTp/ Obpa3oBaTenbHble nporpammbl JT60SA A0NXKHbI
HauaTb paboTy Ha cneaylouweit Hegene.

Kopea DEMO nporpamma >500 MW, R/a 6.8 m/2.1m, ST nna3ma, Vest,
AUCTaHLMOHHOE ynpasaeHue, TOBbIY NOAYNPOBOAHMUKOBDbIN LLeHTP. [JUCTaHLUUMOHHOEe
obcnyxusaHue c CLUA



3acepgaHue MeXayHapoaHOro coseta no TepmMofagepHbIM
uccnegosaHunam (IFRC)

Bennkobpuranusa, 2000 cotpyaHukos, 6roaxxet 315 munnmoHos gonnapos. KomnaHum
NONY4YaloT NoAAEpPKKY NPaBUTENbCTBA, NOArOTOB/IEHA C/eAyOWaa NporpaMmma Ha
2024-2026 roabl. 1 BS noaaepka TepmoaaepHOro cMHTesa

CdopmupoBaHa ocHOBHaa yuyebHaa nporpamma MATATI, KoTopasa nogaep’XMBaer
KOHKpEeTHble TepmMmofaaepHbie UccneaoBaHUA, BK/IIOYAA YaCTHbIA CEKTOP, EBPONEMNCKyIo
nporpammy R&D. EBpaTtom 3anycKaeTt ¢ cepeauHbl 2022 roaa NPoeKT cToMmocTtbio 1,38
MAPA eBPO U NogaepKuBaet npounssoncTso sHeprum ao 2050 roaa. ITER, IFMIF, AEMO.
EC nbiTaeTca KOHCONUMAUPOBATL 06LECTBO M NepecMoTpeTb A40POXKHYI0 KapTty YTC B EC.
BapuaHTbl peryaiMpoBaH1A TepMOAAEPHDbIX YCTAHOBOK U UX NOAAEPXKA, A TaKXKe OLeHKa
6e3onacHocTu. Euro fusion Heobxoaum ana AnueH3npoBaHUA.

MexayHapoaHoe 3HepreTuyeckoe areHTcTso [3sug MenccoHbe, areHTCTBO
noAaAeprKUBaeT rocyaapcTseHHo-4acTHoe napTtHepcTrBo. HoBblie popmbl (npocTbie)
roposoro otyeta FPCC

NMpoasukeHue snepen, CUHTE3 ceroaHA NO3YHI AHA.

AreHTCTBO UCKAOUYMNO PP n3 coBmecTHbIX nporpamm!

CotpyaHuuectso co Crennaparopom npeKkpaTtunoch.

Mpo6nembl Fonnanaum ocraloTca B rnobanbHoi TepmoaaepHoii nHayctpum go 2023 ropa /
[1nA 4acTHbIX KOMNaHU € rogoBbim GroaxeTom ~ 9 MaH $ paccmaTpuBaloTCA pasnyHbIe
noaxoabl. Oxknpaerca, uto K 2030 roay ux aona cocrasut 88%.

Cnepyrouwee 3aceaaHue IFRC B UoHe-Uone 2024



AunpeKTtopa npoekta UTIP

1. 1998-2000 Paul Rebut TOKaMayHUK AHrnusa

2. 2001-2004 Robert Aymar ycKopuTtenblwmKk Llsenuapusn
3. 2005-2010 Kiname lkeda aunaomar AnoHuA

4. 2010-2015 Osamu Motogima cTennapatopwmk AnoHusa
5. 2015-2022 Bernard Begot ynpasaeHewy, ®dpaHuua
6. 2023 Pietro Barabaschi UH}KeHep

LiutaTtbl 3 goknaga M. bapabacku
«B ntore NONAHOCTbLIO YTEepPAHA UHXXEeHepPHaA KYAbTypa»
«byaywee UTIP HeonpepeneHHO. [lUpeKTOp He yBepEeH, YTO 3aBEepPLUUT NPOEKT»



I'll HAUMOHANbHbBIM
Il VICCNENOBATENbCKMM LIEHTP

QY KYPYATOBCKUMA UHCTUTYT»

Actual tasks of Russian Federation in the field of
controlled fusion and fusion-fission hybrid systems

B.V. Kuteev
NRC «Kurchatov Institute», Moscow Russia

Thanks to P.P. Khvostenko, et all.

IFRC meeting, London, 15 October, 2023
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I"I HAUMOHANbHbBIM
& WCCNEQOBATENBLCKMKM LIEHTP
W KYPYATOBCKUA UHCTUTYT»

Introduction

General trends of fusion development in RF at the current period cover the
activity on the National Strategy for Atomic Energy including Fusion and
Fusion-Fission Hybrid Systems

Major participants in this process are SC Rosatom, Ministry of High
Education, including Russian Academy of Science, and NRC Kurchatov
Institute

Research activity concentrates around Tokamaks, Fusion-Fisison Hybrids and
Laser systems

Tokamak based Hybrids are considered as important participants
supporting operation of both future Nuclear and Fusion Reactors

Optimization of the nuclear fuel cycle in the AE system is actively
considered within UPu and ThU nuclear fuel cycles of fission reactors

IFRC meeting, London, 15 October, 2023



WCCNELOBATENLCKUA LIEHTP

| | | A Development of Tokamaks
N KYPUATOBCKMM UHCTUTYT> as Fusion and Hybrid Reactors

Tokamak T-15MD

Basic and Technology
Research

Tokamaks as Hybrid facility for:
Fusion Neutron P -fuel nuclides breeding

-transmutation
Sources Q - energy production

. ' Hybrid R DEMO-FN
Fusion Power Plant Yo et O >

IFRC meeting, London, 15 October, 2023 3



Il,lJ P Modern facilities of RF Fusion program

WS KYPYATOBCKUMA UHCTUTYT»

1. Tokamak T-15MD - the first divertor tokamak of DII1-D and
ASDEX-Upgrade scale (H and He discharges only)

2. Fusion neutron source FNS-C/FNS-ST — compact SSO device of
ST-40 (GB) scale and ~5 MW of DT Fusion for materials study
and Steady State Operation and Remote Handling Technology

3. Hybrid reactor facility (HRF/DEMO-FNS) — JET and JT-60SA
scale device for developing and testing hybrid technologies at an
industrial scale of nuclear power ~500-700 MW(t)

4. TRT - tokamak with HTSC magnetic system of DTT scale,
high magnetic field and heating power up to 40 MW.
5. DEMO-scale development within IAEA activity

IFRC meeting, London, 15 October, 2023
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I'll HAUMOHANbHbBIM
HCCﬂEﬂ,OBATEﬂbC“KHH LIEHTP : a
W KYPYATOBCKMIA MHCTUTYT> Inside T-15 MD

Installation of sensors for electromagnetic
diagnostics inside the vacuum vessel

IFRC meeting, London, 15 October, 2023 5



I“I HALMOHANbHbIA
W VICCNEJOBATENLCKMIA LIEHTP

NI AYPIATORCKNE MHETHTYT: Supporting systems of T-15MD including gyrotrons
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IFRC meeting, London, 15 October, 2023



I'll HAUMOHANbHbBIM
Il VICCNENOBATENbCKMM LIEHTP

NN KV PUATOBCKIA AHCTATYT, Long-term and SSO regimes for tokamaks

«SSO Is an important goal in development of modern tokamaks

*T-15MD team hopes to reach tens of seconds for pulse duration
*FNS-C is aimed at operation of days
*DEMO-FNS/HRF - of weeks/month

Critical technologies requiring development include:
additional heating and current drive

tritium fuel cycle

first wall and divertor protection technologies using Ll
cryogenic electromagnetic systems

blankets with fissile materials and tritium breeding
remote handling for all systems!

e Available disruption mitigation technique is appropriate for HRF size.

Materials for 14 MeV neutron environment are to be invented

IFRC meeting, London, 15 October, 2023 7



DU eesiitiom e RE-ROAD MAP TO CONTROLLED FUSION

QY KYPYATOBCKUA UHCTUTYT>

DEMO ~1GWt

. >2055
ITER Burning PP&T -

Fusion Power Plant 1-2 GWe

>2070
FNS-C -
2030 DEMO-FNS / HRF
Materials+RH+Technologies 2040
Hybrid Reactor Facility 500-700 MWt /200-300 MWe
Th-232 +n = U-233 150 kg/y
U-238 +n == Pu-239) 160 kg/y
Li-6 + n + MA == H-3 40 kg/y
Il | ] | | [ ] J
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060

IFRC meeting, London, 15 October, 2023 8



I'll :égﬂgﬁé\gﬁ%ﬂcw LIEHTP Roadmap Of Nuclear Power in RF

W KYPYATOBCKMIA MHCTUTYT>
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IFRC meeting, London, 15 October, 2023 9



Materials damage by fusion and fission neutrons due to He
generation(appm) versus displacement (dpa) in fission, fission
—and accelerator system:
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I.y :égﬂgﬁgﬁ’%ﬂcmﬂ LIEHTP ConCI USIOnS

WS KYPYATOBCKUMA UHCTUTYT»

* Fusion technologies are actively developed in Kl and SC Rosatom
being based on tokamak approach within the RF federal project

* Hybrid Reactor Facility makes it possible to fundamentally increase

the rate of involvement of uranium-238 and thorium-232 in
atomic energy production

Fusion-fission hybrid systems based on tokamak and molten-salt

e technologies open up new opportunities for the development of
nuclear energy in the 21st century

They are able to maintain high growth rates, expand the resource

* base of fuel nuclides due to U-238 and Th-232, reduce the
generated radiotoxisity, accelerate the mastery of controlled
thermonuclear fusion, but require an innovative approach to solving
institutional problems of energy development

IFRC meeting, London, 15 October, 2023 11



DEVELOPMENT OF BASIC THERMONUCLEAR ™**
TECHNOLOGIES OF THE FUSION-FISSION HYBRID FACILITY
FOR TESTING MATERIALS AND COMPONENT

Yu.S. Shpanskiy, B.V. Kuteev et al. NRC “Kurchatov Institute” Moscow, Russian Federation

Email: Shpanskiy YS@nrcki.ru

ABSTRACT Fusion Hybrid Facility DEVELOPMENT

e The aim is to build fusion hybrid facility (FHF) containing a hybrid blanket FHF Design
based on a tokamak with a DT fusion power > 30 MW (corresponds to the The FHF design makes it possible to produce electricity, develop technolo-

generation of ~1x10*° neutrons/s) and a fission power of up to 700 MW . gies for transmutation and removal of 233U fuel nuclides from 232Th
eTo achieve this goal, it is planned to develop SSO technologies, as well as a Cryostat PFC Achive core Major radius, ~ m 3.2
compact fusion neutron source (FNS-C) with a DT fusion power of 3 MW .. Minor radius, — m 1.0
for testing materials and components. | ISR T L = l?ggﬁgléffénz VA g.o
eDesign activity was supported by R&D in Neutronics, Optimization of the | = NBI power, MW 30
device layout, subsystems including EMS, VV, divertor, ECR H&CD, NBI. ) 0 1 Efé';';'ogzz’)"ne“ MW 6

| | e A ~ temperature,  keV 11.5/10.7
BACKGROUND 1T/ 51 2.1
VT ’ P /o - Bp 0.96

Neutron yield n/s >10%°
Consumed/generated

: Electric power, MW up to 200
i Thermal power MW up to 700

*RF is developing a closed nuclear fuel cycle that ensures the operation of
thermal and fast power reactors. Combining nuclear fusion and fission
reactions in a single design will allow achieving fundamentally new

|l

«ﬂ-$4m ﬁjm

characteristics and parameters of the nuclear energy system. L gistchfarcie time, h %p?)to 5000
. . . . . u aclor :
e|n Russia, the design of a hybrid fusion plant based on a superconducting Divertor FW  VV support Maintenance _ifeytime years 30

port
Electron-cyclotron heating and current drive
The calculated efficiency of current generation near the axis of the plasma

oIt is planned to develop SSO technologies (including lithium), build a discharge in the FHF tokamak is close to the values expected for ITER in a

complex of fuel and lithium cycle experimental facilities as well as a similar range of EC wave frequencies and plasma temperatures
compact FNS-C ~1x1018 neutrons/s). (n4=0.064x10%°A/(W-m?)). With input power PEC=6 MW and Te(0)=10 keV,

the calculated value of the EC current is |_4=240 kA.

tokamak is being developed.
eThis activity is included in the current state research program of Russia in
the field of nuclear energy.

e Analytical, theoretical and experimental work has been done to support
this program.

EXPERIMENTAL INVESTIGATION OF PFC PROTOTYPES

Prototypes of multilayer plasma-facing elements were developed (Fig.9) and

DEVELOPMENT OF COMPACT NEUTRON SOURCE FNS-C

FNS-C Design tested, operating at a thermal load on a scale of 2.5 MW/m? (for the first
The current aim was to develop technical proposals for the design of the  wall) and 10 MW/m? (for the divertor target), compatible with lithium at
vacuum vessel, the first wall and the divertor target of the FNS-C. temperatures up to 400 °C and neutron irradiation.
. Poloidal Th | f L e :LM
vessel ; - ;i Cg"cs)l ? . ermonuc ear power O |glilmerlayer Cu
Is 3 MW when using 7.5
e MW of additional plasma O Heatsink  CuCrZr

heating power;

Inexpensive neutron source A total of 770 loading cycles were carried out with an increase in the absorbed

J l‘ ".)f J: | ‘}I | |— tructural layer _’_. /s : \\\
1 | a compact (R ~ 0.53 m, vreeiaver 59 A\ g
“ | | e a~0.3m, V|o_|-S 2.5 m3? Scheme of multilayer pieces (a), Prototype that has passed thermal tests (b),
10 5 tokamak, Wh'C_h potent!ally Thermal imaging at 34.72 MW/m2 load, Tmax(W) =2525°C (c)

1 | — | ) allows to obtain a relatively

e iy 't,”nfge shortest possible power density from 2 to 35.56 MW/m?. At a load value of 34 MW/m?, a
support facing t he average neutron load  sudden increase in temperature appeared up to 2330 °Cin local areas. In this
components

on the walls is 0.2 MW/m#. case, there was no violation of the tightness of the cooling channel.

Thermohydraulic analyses of the vacuum vessel (VV): it is recommended to CONCLUSION

use 192 cooling channels. The pressure drop in the cooling channels of the

VV at the calculated flow rate of 15.8 kg/s will not exceed 0.1 atm. * Compact neutron source FNS-C with a DT fusion power of 3 MW
Steady-state beam-plasma operation in FNS-C (corresponding to generation of ~1x10%8 neutrons/s) for testing materials
, PLASMA P - interplaed , (ot e s, M, 2050, 20 - and components of hybrid systems was designed.

« Enabling systems design of FHF was upgraded including Vacuum vessel,
Radiation shield, Divertor, Fueling cycle.

* Design activity was supported by R&D in Neutronics, Optimization of the
device layout, subsystems including EMS, VYV, divertor, ECR H&CD, NBI.
d * Industrial FNS systems are capable of ensuring the equilibrium of the
FNS-C magnetic surfaces configuration and injection écheme,- " produced and transmuted minor actinides in the Russian nuclear power

Penetration and ionization profiles of a real (0.6 x 0.3) beam into the FNS-C system, PFOVIded that the necessary capacities for spent nuclear fuel
plasma (left), corresponding radial profiles, as well as current generation reprocessing and fuel fabrication are implemented.
in a poloidal cross-section (right).
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29-th IAEA Fusion Energy Conference FEC 2023, 16-21 October 2023, London, United Kingdom, ID: 1759.

Neutron Radiation Damage in the Materials of a Compact Hybrid Fusion
Neutron Source with a Homogeneous Heavy Water Blanket

A.V. Zhirkin1?*, B.V. Kuteev}, A.R. Mukaramshoeva?-2
IKurchatov Institute, 123182 Moscow, Russian Federation

’National Research University "MPEI", 111250 Moscow, Russian Federation
*Corresponding author: Zhirkin  AV@nrcki.ru

INTRODUCTION RESULTS

The compact fusion neutron source (FNS-C) with homogeneous heavy- _ TABLE 1. The neutron loading on the first wall of FNS-C

water thorium blanket is designed at the National Research Center mm_m_

0% 1.37% 1.52%

1.37% 1.5%

"Kurchatov Institute’ in Russia as a prototype of a safe fusion-fission reactor SEA=SSmmimis 4973 %102 5433x102  8.103x102  5.562x102  6.400x102 9.911x10-2
(FFHR). The main purpose of FNS-C is the development and debugging of

FFHR engineering Systemsl A key unsolved prob'em of FNS-C and FFHR is J total (MW/m?) 4.199x1071  4.282x10t 4.471x10' 4.304x10! 4.447x10!' 5,046x1071
the choice of materials with sufficient resistance to high neutron irradiation. 0.05 0.1 1 0.1 0.3 0.9

aNeutron current density;

PURPOSE OF STUDY AND TASKS bStatistical uncertainty of calculation results.

The purpose of the research Is to calculate radiation damage of the reactor e
materials in the spectrum of the hybrid fusion neutron source FNS-C to
determine the possibility of using these materials in FNS-C.

The following tasks were set:
e to calculate the neutron loading on the first wall in the FNS-C model;
o to calculate energy spectra in FNS-C materials;
e t0 estimate the doses of radiation damage and accumulation of gas
products of transmutantions In the materials of the model;

 to compare the results with obtained in the spectrum of a hybrid reactor
. P P y FIG. 4. The FNS-C neutron spectra in the first wall (a) and 2°ThO,+D,0 (b) with different amount of 23U in
machine DEMO-FNS. the aqueous blanket for natural materials at the fusion source power of 1.775 x 108 n s7/

METHOD TABLE 2. Nuclear heating density from neutrons and secondary photons Q(n + y) in the units of ENS-C with

natural materials at full power of 1.775 x 1018 n s-1

1x10"F

110"
1x10"F
1x10'%

1x10°F

1x10°F

1x10'F A
| — 1.37%

| _
1.52%
1 | 1 | 1

1:10%+"

Neutron Flux (n/cm?2/s) per lethargy interval
Neutron Flux (n/cm?2/s) per lethargy interval

1x10°
0.01 1 100 1x1007° 1100 1x100®  1x107* 0.01 1 100

1x10°
11001 1x107%  1x107%  1x107

4

The Monte Carlo MCNP-4 code was used with ENDF/B-VII nuclear data m

and the SPECTER code (NRT model).

b Q) (MW/m?) 82 (%) Q(nty) (MW/m3) 8 (%) Q(n+y) (MW/m?) & (%)
6.138 0.2 6.896 0.5 1.080x10? 1.4

CALCULATION MODEL 6.305x10? 0.3 1.217x10? 0.6 4.449x10? 2.3
COORDINATE ORIGIN PF COILS (Cu) SO}JRCE OVERAL DIMENSIONS: R Pb blanket? 1.434 0.2 2.251 0.5 6.735 2.1
= — : s D,0O¢ 1.1 2 2.01 1. 200.4 2.
FIRSTWALL\ / 201.8 cm, h = 301.6 cm; 0 320 | %0 |
FUSION NEUTRON aStatistical uncertainty of calculation results;
?’fh"g”}]i o SOURSE: 14.1 MEV D-T bAverage value for sum of detector volumes of FW;
? R - N~ A~ cFirst wall;
SLiLAVER— Isotropic ; R=70 cm r=50 cm, dMaximum value in aqueous blanket.
3 IRNNRNRERERERERENENY LTI h:60 Cm;
NEUTRON / EMISSION RATE: 5§ MBT TABLE 3. The neutron_fluence In the materials of the first wall and the radiation displacement dose for one
BREEDER (Pb)— (1,775x% 1018 n /s): year (365 d) of operation of fns at full power (fpy) of 1.775 x 108 n s~1
- ' | CENTRAL RODE: Cu, R=20 m TS
3Li;0 LAYER 5 o U, R= E=14.1 MeV 8,%  E>6.7MeV 8, % Total 5, %
N cm, h=201.6 cm; DCTETTE T 1.48710% 0.2 1.645x1021 0.2 8.552x1021 0.1
CENRALROD (Cwy - PECOILS (Cwy DEIECTIORS “\JACUUM VESSEL : R=75 JIOEET 4.397x10% 0.2 5.394x102 0.2 8.532x102! 0.1
Li,O 1.317x10%! 0.2 1.528x10%! 0.2 6.449x10%! 0.1

FIG. 1. View of the equatorial horizontal c¢m, r=20.8 cm, h=200 cm:

) 232 o] 20 21 21
cross-section of the ENS-C model PF COILS: Cu. R=50 cm. o)) e 5.470x10 0.2 1.64 o fpy 2.477%x10 0.1
ORIGIN OF COORDINATES o h=50 cm; m F=141MeV  8,%  E>6.7 MeV 5, % Total
6 ' FIRSTWALL:3mmW, 1 1.488 0.2 1.778 0.2 4.721 0.1
sTATER m Cu. 1 mm (.3u-Cr-Zr"3 SRR First wall W[ T 0.2 1.522 0.2 2.293 0.1
FIRST WALL ’ _ ’ 6.074 0.2 6.679 0.2 1.034x10! 0.1
H,O; 1 mm, V92-Ti4-Cr4; 4.323 0.2 4.761 0.2 7.945 0.1
BREEDER (Pb) /// 61,0 SHELL AROUND | First wall Zr [ERCT0l 0.2 4.316 0.2 7.443 0.1
"[[ {[I{ THE FIRST WAL L - 4.103 0.2 4.522 0.2 8.124 0.1
O D0) | ‘ hick : - 3.803 0.2 4.187 0.2 7.331 0.1
= \\\\\\ thickness of 1 mm; 6.093x10" 0.2 7.214x10 0.2 1.323x101 0.1
SOURCE \\\\\\\é\\}\\\\\ N 6] SHELL ALONG THE 252Th0,+D,0" IR AN 0.2 5.204 0.8 7.839 0.1
61,0 LAYER /*{\\\\\ OUTER CONTOUR OF (b)
DETECTORS - FNS: thickness of 1 cm; aStatistical uncertainty of calculation results;
S=——— SOLID-STATE BLANKET: bMaximum value in aqueous blanket.
CENTRAL ROD (Cu) Ph-

CONCLUSION

FIG. 2. View of the central vertical cross- AQUEOUS BLANKET:

section of the FNS-C model suspension of ThO, in D, 0, » The doses of radiation displacements and accumulation of gas products of transmutations of
3 W enrichment with 233U is the FNS-C_? are similar to the results obtained for the fusion ngutron source DEI\/IC_)-FNS.
possible; * The contribution of plasma neutrons to the total neutron loading on the first wall is ~ 80—
1 mm Cu | o 85% for all calculation variants.
I mm Cu-Cr-Zr — ﬁ? E)ETIT:CTORS' Rr=scm, The neutron energy spectra in FNS-C materials are similar to each other in shape, but differ
3 mm H,O —— 1 2 3 =R T In the total flux. So conversion coefficients for calculating the values of radiation damage
DETECTOR IN CENTER: are used.
1 mm VngTf4'Cr4 ) ~_ R=5cm, h=10 cm. » The heating density from neutrons and secondary photons in the Li,O layer is large (~ 500
1 mm 3110 / Natural W and Pb were used, MW/m?3) and reaches the thermal power density in the nodes of fast neutron reactors. The
Pb as well as W enriched with heating density in the 2°ThO,+D,0 aqueous blanket is ~ 32-38 MW/m? at an enrichment of
: - i : - 0/ 233 i :
FIG. 3. View of the first wall of ENS-C: isotope 184W and Pb enriched 1.37% <>°U and Is half as the power density of thermal neutron reactors of the VVER type.

: with isotope 298Pb. * The maximum dose of radiation displacements (~ 10-13 dpa/fpy) and the accumulation of
1,2, 3 are detectors In the lead neutron P gas products of transmutations is obtained for Cu and the Li,O layer for the tritium
breeder production. This requires frequent replacement of the first wall and the Li,O shell.
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Lightwelight neutral beam for steady-state tokamak operation
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OUTCOME

* NBI in FNS: non-inductive CD, steady-state operation, main source of PENETRATON and SHINE-THROUGH

neutrons (beam-thermal reactions), “beam-driven” tokamak operation. * Beam capture falls, direct non-ionized losses grow up with E.

 NBl combined efficiency: beamline performance + NB gain in plasma. - Lower E,, fractions are deposited outside hot plasma core region.

e “Light neutral beam” (LNB): determinism, high level of details, accurate
Neutral beam penetration and NBCD (on-axis aiming) n.,=n, R, Ingco / Ppg;

DEMO-FNS

geometry representation — both beam and plasma.

1e19 NBCD efficiency (D-beam)

D-beam 500keV Plasma Density Plot at Rt = 3.2m (Zt = Om)

— 1 keV
el

NmaxPath = 5e+19m-3 AtomLoss = 0.0387 e | > ke |
cos R 10 keV

2.0 | e BoamCurr — 15 keV
il S o P | w— ONSIC '
‘ w—  CurrDens

e Combined approach is not only for beam-plasma optimization in two-
energy-component tokamak — it is efficient for boosting NBI output in

fusion devices with any NBI contribution, including low beam impact
(single-energy-component ) operation.

BACKGROUND and CHALLENGES

» FNS, tokamak based — for fission, for fusion, for hybride (FF) reactors.

Plasma 200 400 600
“}500{?’ L, m Ep, keV
» Testing and validation of materials and struct. components for future. FAST ION ORBIT LOSSES

> FNS experimental results: in nuclear w reatment, nuclear fuel
S experimental results uclear waste treatment, nuclear Tuel| , |,|,de losses on 1%t larmor and banana traps.

production, hybrid reactors technologies. » Defined by E,; and pitch-angle (velocity component parallel to MF).

> Two-energy-component tokamak operation (beam + thermal plasma). * Highly sensitive to beam and plasma shapes (most critical for ST)

o High neutron generation (1013-10° n/s) at moderate cost and size. Neutral beam size effect
o Beam controlled steady-state scenario and fusion power density. NB fast ion | e e , LR
o Low plasma temperature vs pure thermonuclear fusion operation. pitch | °°
o Low power gain, high neutron yield, rotation and non-inductive NBCD. and losses §
o High sensitivity on NBI energy, spatial geometry and NB aiming. 1t (fm’z 2.,
armor an
o Flexible control of fast ions distributions in phase space by tuning the
banana) | |, |
NBI parameterS. 0.0 0.2 0.4 o 0.6 0.8 1.0 0.0 0.2 0.4 - 0.6 0.8 1.0

FAST ION ENERGY DISTRIBUTION FUNCTION (EDF)

* Dependson € =E,; /T, across radial plasma layers.

METHODS and IMPLEMENTATION BTR / BTOR codes

Neutral beam power density along the beamline )’T RTR o \  Dominated by hot ion tails (€ < ~15) or by “colder” ions (g > ~20).
\

/
( \ . . .
/ \ / \ * Fl burn-up rates have optimum E range - optimum Eg for given T_
P —— e ' ,7) DEMO-FNS NB fast ions energy DEMO-FNS NB fast ions energy
o 1S 10— 17 e 18— 19— 20 2T 22 I S R 2A Y25 26 T. =5keV N.=1le+20m~3 /THIN /unweighted T. =15keV N.=1le+20m~3 /THIN /funweighted
e R \ 4 | Rt = 3.5m Zt = -0.5m Eb = 500keV Lo Rt = 3.5m Zt = -0.5m Eb = 500keV
Neutralizer ) Calorimeter 55;/%”'{ )\/'} PLASME / . 1 3 _ 0.8 NB faSt ion EDF
https://sites.google.com/view/btr-code/home .
e I B D R B N o across radial
__________ . T.=5keV . coordinate (Y)
___________ N | 02 E\g=500 keV
260 300 400 500 °99 100 200 300 400 50
i | | | I Energy, keV Energy, keV CI
’ L BT 15 NBI EFFICIENCY in TOKAMAK
e e Tl ¢ Best possible confinement regimes are available (Zakharov 2019).

Fast ion thermalisation (slow-down) time « 2eff = NB production X NB absorption X NB gain (NBCD + NB fusion).

* NB-thermal fusion gain = f(E\;, T.).

3/2
T tse ln 1 Eb BTQR (A Maximum Fusion power, MW M F MW
—_ — : : aximum Fusion power,
ST 2 E NK 0.2 o from 1MW NBI (D) from 1A NBI (D) CONCLUSION
Rt

C

— ] keV w— ] eV
1.50 - © keV

5 keV
10 keV | 10 keV

w— 15 keV { w— 15 keV

CHALLENGE

Beam ionization intensity "
IO [ I Qps

p
08 3

DEMO-FNS design needs to be
revised to optimize beam-

0.75°

g N
7z e SN \ 0 51 - plasma operation and to
, == i : f COBERR b, ° " 38 intensify beam capture,
[ l% T — "" °3 0‘}/\ 0.00 NBCD and NB fUSiOn
’ 4 7 | 31 [ 0 200 400 600 0 200 400 600
; .l | Ep, keV Ep, keV
P e = / Fusion power gain for optimum NB deposition: left - power gain from P,
8y *~7"f‘4'1i"'t——’ = | = IMW; right - E,, multiplication = power gain from |,;= 1A
A e REFERENCES
= + John Wesson, TOKAMAKS, 2011,§5.4
‘ DEMO'FNSQOAUI’;; - Jasshy, D.L., Optimization of fusion power density in the two-energy-
B Wi

component tokamak reactor. Nucl. Fusion 1975, 15, 453
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Progress in modeling D/T component flows in tokamak-based
fusion neutron source fueling system

N
g INTRODUCTION

Concept of DT - fuel cycle (FC) is developed in RF for tokamak based fusion neutron
sources (for projects with fusion power of 3-40 MW). Analysis of the FC operation is
performed on the basis of advanced SOLPS, ASTRA, and FC-FNS codes combination
taking Into accounting for interaction of gas flows with plasma. Effects of specific gas
mixture flows on plasma optimization and minimizing the tritium inventory at the site are
treated in detalils.

These results will be used for further optimizing the FC of the FNS-ST and DEMO-FNS
projects of neutron source and hybrid reactor facility HRF. They are being considered as a
part of the comprehensive program of the State Corporation Rosatom ''‘Development of
engineering, technology and scientific research in the field of using atomic energy in the
Russian Federation for the time period up to 2030 and further up to 2040.

~

/
~

~

BACKGROUND and CHALLENGES

Fuel cycle systems of a fusion neutron source (FNS), a fusion reactor (CFR), or fusion-fission
hybrid systems (FHR or FFHS) based on a tokamak should supply DT fuel to maintain stationary
fusion In the plasma and remove excess particles from the divertor regions. Fuel cycle systems
(FC) must provide gas evacuation from the vacuum vessel, preliminary purification of and
hydrogen extraction from impurity gases, additional purification of chemically bounded hydrogen
Isotopes, and hydrogen isotope separation to the required concentration level.

These systems must contain the hydrogen isotope inventory and provide the
conditions for fusion burning, plasma heating, and current drive (by fast atom
beam injection), as well as residual gas detritiation and waste processing.

Particle flows in FC are determined primarily by the requirements for the
parameters of the central plasma, as well as by the flows In the pumping
system coming from the vacuum chamber. Thus, the modelling of the FC
systems and the calculation of the particle flow should be related to the model of
the core and divertor plasma [M. ABDOU et al, Nucl. Fusion 2021, 61, 013001].

METHODS and MODEL

Earlier, an approach was developed and discussed to simulations of tritium FC
systems and calculation of the amount of tritium at the facility, consistently with
the core and divertor plasma. In this approach, similarly to [H.D. PACHER et al,
J. Nucl. Mater. 2015, 463, 591], the state of the core (inside the separatrix) and
edge (outside the separatrix) plasma is simulated by a ASTRA and SOLPS4.3

SOL Core plasma
simulation simulation

Fuel flows (in FC)
simulation

(SOLPS) (ASTRA+NUBEAM) (FC-FNS code)

pe

L

FC design
optimization

¥

Tritium inventory FC technology
calculation selection

The integration between these three independent codes is carried out by an indirect scheme, where
the output data from one code is parameterized and further used as input data in the other code
[ALY. DNESTROVSKIY, Nucl. Fusion 2019, 59, 096053]. This allowed us to create an efficient
calculation workflow that describes the interaction of various components of the model with very
different calculation times.

A model assumes that the core plasma is replenished by particles from three
different sources (neutral beam injection, pellet Injection, and gas supply to
edge/SOL) that have different confinement times.

The flows of particles D and T, which are necessary to maintain a given plasma core density and
Isotopic composition (D/T), can be described in zero-dimensional form by the expression

S

z-’[O'[

core fus

N — Nsep T SNBTNB T (S pel (LFS) T SpeI(HFS) — Uy I:)SOL /3°Tped )Tpel T Ssepz-sep -
here, Neoresep = NeoresepVeore 1S the total hydrogen isotopes particles in the core plasma or at the
separatrix, obtained using the joint SOLPS+ASTRA calculations, and V., Is the core plasma
volume inside the separatrixX. Syg, Syeps Ssepy @Nd Sgq are the intensities of the sources (and sinks) of
the D and T 1ons related to injection of neutrals, injection of pellets, gas inflow from the edge, and
fusion reactions, respectively, and z\g, 7, 7o and z,; are the corresponding diffusion
confinement times of these ions, which are not equal to each other due to the different
particle penetration depths.

They are calculated with the ASTRA code and are then used In the zero-
dimensional FC-FNS calculations. Expression is true if we neglect the change In
profiles during intensive injection of pellets and assume that the pedestal
parameters do not change.

The further development is the implementation of ions, instead of electrons, in particle transport
equations in ASTRA. To model the plasma density, in this work, ion transport equations are used,
and the continuity equations are written separately for each of the isotopes of the main gas and
each of the plasma fueling systems. Thus, a set of six continuity equations is formed like

(nf': FP-solver by NUBEAM If you add up the three
D" :{ 5 | | equations for D or T,
anw +dIV(—DVnD+ +Vn_, ) =S +SP +S* —R_, you get an equation for
c o the total thermal
- n.~ : FP-solver by NUBEAM density D or T.
- 3

Q n -I-diV(—DVﬂ VN ) _ gheam __gpel | gsep _ RT This means that this
Lot ! ! ! ! T equation is satisfied.

codes combinationand the particle flows in the FC systems are simulated by the FC-FNS code.

g FNS BASED ON SPHERICAL TOKAMAK - ENS-ST PROJECT h
Neutron yield as a function of the fraction of tritium in the core plasma for the D+T (a) beam, D-beam with energy
E, = 140 keV (b) and the T beam with energy E, = 200 keV (c).
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Contribution to the deuterium and tritium densities in the core plasma of the NBI, pellet injection, and neutral flux
from the divertor. For current FC architecture (left) and new (with full exhaust separation) - (right)
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and the required frequency of ELM-pacing pellet injection for

Seeded impurities | Pellet injection rate S, < 210 s™*
(Ne) ELM -pacing  Neutrals from e o N N N TS e
1 2 m3Pa/S 0,8 m3Pa/S Separa’trlx = ’ 2000 mv. = pel
! 4.6 m3Pa/s 460 , e | 1500 500 g 2500
Divertor seeding  _—Wrn i — (| | 4L e ELM 11600 434 BB 2250
and detachment Fusion 440° e SR 1400 463 [ 2000
sustain (gaspuff) consumption | ELMs R = 452 1750
43,5 m3Pa/s Core . 420 oy =02 | ;880 5 436 1500
"’ Fol 4 ozl
. fuelling 400
Pumping 55 m3Pals 380 EUIY N
500
Sp@@d 360 - 580 356 250
c,~ 40 m3/s 340~ ) 340 B0
P ' 10! "cm" 2
- 6.0
Losses Losses W - Core fuelling - il
scrape-of-layer idi -1 ., - - ‘-
e pals | (Pelet uiding - Plasma stability control - The tritium inventory at the facility
S 10 mPa/s W - Losses up to 500 g D

The range of operation parameters is found for the core plasma, in which the tritium fraction is
controlled by pellet injection with a different T/D isotopic composition. Impact of neutral beam
heating and fuelling by recycling and neutrals flow from divertor was accounted for as well.
The neutral beams with different D/T composition and the core plasma were studied, as well as
the total inventory at the facility site and the localization of tritium in FC. The influence of HFS
and LFS pellet injection on the plasma core fuelling and ELM triggering is considered.
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ABSTRACT ASYMMETRIC CORRECTIONS TO STARTING PLASMA

eThe productiveness of the approach of how to construct the MHD plasma EQUILIBRIUM

equilibrium in a tokamak with n = 1 violation of toroidal symmetry is Seek the partial solution of Egs. (2)—(4) as a combination of the first spatial
demonstrated. derivatives of function W, (r, z) with unknown functional coefficients:

eFor an arbitrary axisymmetric tokamak plasma equilibrium, the small n =1 0¥, | 0¥, - oW, (’3‘1’0
deformation of magnetic configuration, which provides plasma Ye =0 (2) or a(r) 0z ¥s(r,z) = by (Z) - b, (r) 97
equilibrium, is designed analytically. F, = fy(r,z) + f1(r, 2) 88‘1; fo,(r, 7) %

e An example of asymmetric analogue of the Solov’ev equilibrium with non- v, aLpO

degenerated plasma pressure and current density profiles is presented. It Fe=go(r,2) + g1(r, 2) or - g2 (T, Z)_

demonstrates explicitly the existence of a non-symmetric toroidal plasma

S . . . o . o Result. Explicit expression for non-symmetric magnetic surface
equilibrium configurations with no magnetic islands and discontinuities at

rational magnetic surfaces. Y(r, ¢,z) = Wy (r,z) + (5)
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INTRODUCTION € |(cycos @ + sy sin@)R o™ (c;cos@ +s;sinp)| z o T

e|n the experimental setups, the conceptual axial symmetry of the tokamak

Coefficients ¢y, Sg, €1, S1 determine the shape of asymmetric disturbances
magnetic configuration is inevitably violated by magnetic field errors, coil

discreteness, heating asymmetry, assembly defects, etc. Example. Symmetry-violated Solov’ev equilibrium

eLow n toroidal asymmetry is typical for tokamaks with ELM suppressing Solov’ev equilibrium — solution of the axisymmetric GSE with constant
source functions. Here dp/d¥ = const = —A /4w and Fy,dF,/d¥Y, = 0

coils, with test blanket modules having non-uniform ferrous steel

structures, and for those ones that exhibit the existence of long-lived r\2 ( 7\ 2 Z\2'
woztp(—)@ () —4/12() (6)
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saturated ideal MHD-modes.

eThe theoretical description of three-dimensional equilibria causes certain
difficulties related to the presence of rational magnetic surfaces, which Perturbed configuration calculated by Eq. (5) with ¥, given by Eq. (6)

can be easily disturbed. !
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e|n this work, we propose and exploit a regular way of how to construct

weakly asymmetric n = 1 tokamak plasma equilibrium exhibiting a system

o
v

of nested toroidal magnetic surfaces. "l
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EQUILIBRIUM MODEL
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Extended mixed representation for the magnetic field
[Sorokina, llgisonis, Plasma Phys. Rep. 45 (2019) 1093]
F 0¥

B = y[VW X Vo] + FV@ 2V 90 A\ (1)

Y = Y(r,@,z) —magneticsurface, B- V¥ =0, p = p(¥)

Equilibrium equations for three unknown functions: W, F and y

* Force balance - V¥ — 3D-analogue of the Grad-Shafranov equation (GSE)

- 5 dp F
» YWt o s (VoW VE) + (VoW - V) (2)
3D-view of the magnetic surface described by the axisymmetric Solov’ev

2
1 (B v (Foz a_qj) F~ 0 (a a_w)) =0 solution (left), and its asymmetric modification (right)
oWV /o

a|VW|? op ) 2r2de\ Od¢
MEEITTTFA CONCLUSIONS
* V-B = 0 -solenoidality condition . . o
V| VP|? V2|72 eThe use of the extended mixed representation for the magnetic field
» B - V( 3 ) = [V¥ x Vo] °V(F | 5 ) (3) makes it possible to describe universally three-dimensional equilibrium

plasma configurations by means of a system of coupled PDEs

¢ |V XB]|:VW¥ = 0 - currents closure condition
» oW B B2 e Obtained equilibrium solution allows one to calculate analytically the

1- “% 4”% | 87 (4) asymmetric n 1 corrections to any two-dimensional configuration
satisfying GSE that conserve the equilibrium conditions

Weak asymmetry Y =¥,(r,z)+€|V.(r,z) cosp + ¥.(r,z) sin ¢]
Y, — any solution of F = Fy(Wy) + €|F.(r,2) cos ¢ + Fs(r, z) sin ¢] eThe presence of non-axisymmetric tokamak plasma equilibrium
axisymmetric GSE y =1+ elyc(r,z) cos ¢ +ys(r,z) sin ¢} configurations with nested magnetic surfaces is demonstrated explicitly
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