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BBepeHue

* [na peanusauymm nporpammbl 'K Pocatom PTTH B 4acTu cCOOpYy*KeHMA YCTaHOBOK Ha
OCHOBE TOKaMaKoB TpebytoTcA: co34aHMe HOBbIX MaTEPMANOB, NPOBeAEHNE UX
MCNbITaHMI B MOTOKax TePMOALAEPHbIX HEUTPOHOB U cepTUdUKaLua

*  WNCTOYHMKM HelTpoHOoB [OT-cnHTe3a ¢ 3Heprmneit 14.1 MaB ¢ uHTeHcmBHOCTbIO Ao 101°
H/c HeobxoaMMbl ANA Pa3BUTUA NHHOBALMOHHbIX MaTEPUAN0B, KOMMOHEHT U
6a30BbIX TEXHO/IOTMIM AEMOHCTPALMOHHbIX YCTAHOBOK TEPMOAAEPHOrO CMHTE3A
ypoBHA JEMO n rubpuaHbix cuctem cuHtes-geneHune (FCCA).

* Ba)XHOCTb CO34aHMA TAKUX UCTOYHMKOB HEOAHOKPATHO NoAYEepPKMBaNach
MEXKAYHAPOAHbIM TepMosiAepHbIM coobluectsom [1,2]

* B goknaae obcyXaatoTca COBPEMEHHOE COCTOAHME U NePCneKTUBbI Pa3BUTUA
MaTepPUasioB N UICTOYHUKOB TEPMOSAEPHbIX HEMTPOHOB HA OCHOBE TOKAaMaKoB U
rMBpPUAHBLIX CMCTEM B HALWLEN CTPaHe u 3a pyberkom

[1] B.B. KyTteeB u ap. . Pnsnka nnasmeol, 2010, Tom 36, N2 4, c. 307-346.
[2] Final Report of the Committee on a Strategic Plan for U.S. Burning Plasma Research.

2018. https://www.goodreads.com/book/show/43328665-final-report-of-the-committee-on-a-strategic-plan-for-
u-s-burning-plasm
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Mpobnembl maTepnanos

B TO Bpemsa KaK [iBa OCHOBHbIX 3/1eMeHTa HeprKasetoLwux ctanen (Fe n Cr) no csoeit npupoae
06134at0T NOHMKEHHOW aKTUBaLIME, MHOTUE U3 PAcNpPOCTPaHEHHbIX IeTUpYoLWnX 406aBOK,
Takux Kak Ni, Cu, Nb 1 Mo, npon3BoaaT HexenatenbHble Pagnonornyeckme N3oTonbl nocne
BO3/,eNCTBMS HEUTPOHOB TepMoAZepHOro peaktopa D-T.

JTa CUTYauunAa npmBena MCCHELI,OBaTEIIEVI MaTepunanoB K pa3pa60TKe cneunanbHoO

noao6paHHbIX PEPPUTHO-MAPTEHCUTHDLIX CTaNeN C MOHUKEHHOM aKTuBaumen 9-14%Cr
(RAFM) ¢ W (3ameHsatowmm Mo), Ta nam V (3ameHatowmmu Nb).

911 ctann RAFM yooBneTBopatoT MHOrMe TpeboBaHMA K NPOU3BOANTENBHOCTU A5 Hayana
KCNAyaTaunum eMOHCTPaLMOHHOIo TepMOALAEPHOrO peaKkTopa.

OpHako npeaen pabouen temnepatypbl ctanet RAFM B HacTosee Bpema cocTaBaseT =550
° C, YTO OrpaHUYMBaAET 0OLLYIO TEPMOANHAMMUYECKYIO 3PPEKTUBHOCTb INEKTPOCTAHLUMN, U
apdekToB 06/1y4eHNA HenTpoHamm D-T cuHTe3a.

K corkaneHuto, 0bbluHble ayCTEHUTHbIE CTa/IN U BbICOKOTEMMNEPATYPHbIE Cynepcnaasbl Ha
ocHoBe Ni He MoryT paccMmaTpMBaTbCA KaK NepCcnekTUBHbIE U3-3a BbICOKOM akTuBaumm Ni
(Hapaay c onaceHUssMMN OTHOCUTE/IbHO PaANALMOHHOM CTabUNBHOCTN ayCTEHUTHbIX CTaNeNn U
cynep-cnnaBoB).

Zinkle 2014

YepHoB 2022 aycTeHUTHaA cTanb € 3ameHon HuKena Ni Ha mapraHeun, Mn
Yxe BbinnasneHa TIMU v rotosutca K ncnoitaHmam s HAL, KU u BHUMHM
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US Final

Fusion Strategies Report 2018
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Ob60CcHOBaHME COOPYKEHMS YCTaHOBOK nporpammbl YTC u ICCA TpebyeT cpoyHOro cosgaHus
MCTOYHMKOB TEPMOAAEPHbIX HEMTPOHOB ANA Pa3pPaboTKU U aTTecTauum MaTepmuanos U KOMMNOHEHT/ 6
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US Final
USA development set of facilities  Report 2018

(a) Pilot Plant Design (b) FNSF

(c) Japanese DEMO Design

Central solenoid

Toroidal field coll
Maintenance port
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Divertor

Obpaulato BHUMaHMe Ha bonblume 3a30pbl MexXay Naa3smomn

N 3NEKTPOMArHUTHOM CUCTEMOM, KOTOPbIE A0/KHbI MbITb

3aMo/HEHbl MaTepManamm, CHUKAOLWMMU HENTPOHHYIO U

raMma Harpy3Ku Ha CBepXnpoBOAHUKU U N30ONATOPbI.
Pasmepbl ARC 6113KKu K napameTtpam AEMO-TUH

%OAKRIDGE

National Laboratory 8
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TpeGoBaHusA K HEMTPOHHBIM MCTOYHUKAM VIS
MaTEePHUAJIOBEIYECKHUX UCCICT0BAHUU

e Jtanbl pa3sutua NCCA cooTBeTCTBYIOT 3 YPOBHA TEPMOALEPHON MOLLHOCTU
3 (TUH-K), 40 (QEMO-TWUH/TPY), 500 (MT3P) MBT
N HEMTPOHHbIN BbIXOA4,
1x10'® n/s, 10 n/s n 10%° n/s (nocnepHunit ocobo He HYy>KeH AnAa maTepuanos)

* HelTPOHHDbIN BbIXOA,

1018 n/s—TecTMpoBaHMe maTepManoB U KOMMOHEHT

101° n/s— ynpaBneHne NOAKPUTUYECKUMWN aKTUBHbIMM 30HaMUN SHEPTETUYECKM
3HAYMMOrO YPOBHS MOLLHOCTW, TPaHCMYyTauna MA 1 6pUANHT TPUTUA U TONIUBHbIX
HYK1A0B

102° n/s — nuclear fuel breeding for thermal and fast reactors

* Bpemsa XusHu 6onee 10 net HeoH6Xx0AMMO ANA AOCTUIKEHUA
20 dpa and 200 appm no He

* [lMoBpexaeHusa 3Toro YypoBHA OTKpPbIBaloT HOBble 3¢ ¢eKTbl AerpagaLum CBOUCTB
KOHCTPYKLMOHHbIX U PYHKLMOHANbHbIX MaTepuanoB Noa AencTBuem:
* HeWTPOHOB, reHepauumn rasos H, D, T, He, nUameHeHNA XMMUYECKOro cocTaBa U

CTPYKTYpbI, AONONHUTENDbHbLIX AAEPHbIX peakKunNA Ha UCKYCCTBEHHbIX HYKINOaX 9



PacnyxaHue ctanen npm noBpexaeHUn HENTPOHAMMU

1.E+17
s==DEMR CneKTpbl
1.E+16 IFMIF Medium Flux Module ycKopuTenemn
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HenTpoHHbIN noToK B IFMIF o 108 H/cek*cm?

: ivei Ha yCKopuTenax
$ONKRIDGE https://tnenergy.livejournal.com/15900.html .

National Laboratory
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Pa3paboTKu UCTOYHMKOB TEPMOALEPHbIX HEUTPOHOB B
Poccun u mupe

Fusion Nuclear Science Facility

Mission: Provide an integrated, continuously
driven fusion nuclear environment of
neutrons that can be used to test multiscale
interacting phenomena involving:

— plasma material interactions

— tritium fuel cycle

— power extraction

— nuclear effects on materials
1 MW-yr/m? & 10 dpa @ <10% duty cycle
Allows upgrade to CTF (£6 MW-yr/m? & 60
dpa; £30%)
Tests material synergies to 2-6 MW-yr/m?,
20-60 dpa
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[loporkHaa KapTta YTC v NT (Mmbpua)

+5 net
OT-cnHTes+aeneHne
TepmosapnepHaa sHeprua v ATL nry 40+3000 MBt, OT3 1 BT 2055
MpunoxeHus 3neKTpoTexH. HelTpoHHbIE OIrY (rex. np.) MnasmeHHble 2035
TEXHO/IOTUM TEXHOOTUM T, TM, TpaHc, 3, iT-H  TexHonoruu

Attectauma matepuanos u  TVH-K TPT 3MBT1 /ONI/
KOMMOHEHT B HEMTPOHaX /‘ A A

CTeH bl CTaLlMOHAPHbIX 2022
TexHonoruu ICcai Tokamak Tputuid ucr.obcn. bnaHker TmMbpugHbiid TL, HC-Tex
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Tokamak Energy Limited (& Inc.)
BennkobputaHma akTUBHO peanuayeT npoekT ST-40

DEMO-4

Established in 2009 with a mission to
develop a faster route to fusion energy

Engineering centre in Milton Park,
Oxfordshire, UK

Over £115M investment with £40M of
grants and R&D subsidies

Team of over 220 and growing fast!

.....

Operating the ST40 compact high field =1
spherical tokamak %

World leading high temperature
superconducting magnet facility

e
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e
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APS DPP Meeting, Spokane, October 21st 2022
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Benetcs nonck nogxogos K ANIUTENbHbBIM pas3pdagamM C UCnosfib3oBaHNEM
nepemMarHmdimnBaHunAa LUEeHTpPalibHOrNro corieHonga

Recharging of SC during steady-state at ST-40
 If needed, solenoid may be recharged during the pulse using combination of RF CD
schemes that were used during ramp-up
- ST has big advantages on this route — lower inductance, high bootstrap  fraction

- High neoclassical resistivity controversially helps

Proposed time sequence:

|, 1ot - total plasma current and its

components: lec, lic, lps, @aNd lgy.rampup (NOL tO W — =
scale); p, n,
W,,- plasma thermal energy and n.- electron
density; ol— | —

e : oo Ies g0
lcs - CS current and Ig,, - vertical field coil I s s

Bv - b1

current; I £ £

and auxiliary CD and heating power

application periods (schematic). L E
EBW

I
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Fusion Neutron Applications

DT-fusion
commercially available in
-accelerator — solid target version 101-10%3 neutron
per second and 1 month resource in cw-mode
-plasma focus pulse mode with a similar neutron yield

next future (DOE supported)

iy —— i -accelerator — gas target version (G. Kulcinski) 104 n/s
meytrers
Fig 4 Schematic of SHINE neutron generator prototype.
S The DT-fusion neutrons
;m:u ™ may control subcritical s
g ! system. 110 W of DT- A oo
lios] \ fusion power drives 75 =% BV
::: / \ ) p . Accelerator Stack
. ' \ kW fission for 99mTc
soees . . . lon Source &
00“-”; TR T ST T R AT prOd.UCtlon’ WhICh_IS Accelerator Stack Beam FO{JS /'
Astet Pouson cmi used in 50,000 medical Differential Pumps Gas Targets
r::‘c;ﬁm'mmarmpucuxxmrmAxlrunpgxn:e.urui)!wmnm procedures per day In . ~6meters ;
USA



MPEX Overview PUNFS, 2018

Arnold
Lumsdaine,

e RF plasma source
e lon fluxes T > 1023 m~“s-

 Power flux on target
10 MW / m?

e Normal or inclined
target

B’rorge’r > 1T

e Steady state > 10¢s

* Large plasma area ~ 100 cm? (perpendicular)

 Capable of handling neutron irradiated samples (low
activation)

%O " [ns nccneposaHuii PSI cosgatotca cuctembl AN TeCTUPOBaHUA 061yYeHHbIX MaTepunanos !
AK RIDGE 17

National Laboratory
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Keneszosonnas sammra MC na Kanai juist MHKeKIHH TpaHcMyTalMOHHBIE 30HbI
BHYTpeHHeM 00BoJie BK / HeHTpaIoB
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CTpYKTypa NepBOMN CTEHKM

CocTaBs TonamBea

Monenupyemblit 00bEM THUILHOI \
OpHAMHIOBO# 30HbI GaHKeTa

OGBEM ¢ HCTOTHHKOM
DT-neitrponon

Dnements MC

OcHOBHbIe HEﬁTpOHHbIe HaArpy3Kku naaatoT Ha

nepBylo CTEHKY 2CM, aKTUBHYIO0 30HY 16 cm, INC 60-

70 cm n 6naHKeT 40 cm.

OpraHunyeckasa usonauyma IMC -

PazHOHyKIHL MaccoBoe
coaep:kanue, %
237Np 30.0
241Am 65.0
242mAm 0.06
243Am 4.5
243Cm 0.02
244Cm 0.42

nonanummp, (y-ycronumean)
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Mpobnembl matepuanos ana AEMO-TUH n BapuaHTbi
peweHunn
Wareman | Corras | Macca | Harpyooen | weve | X oeome
MepBanA CTeHKa Be/CuCrZr/FMS+ 35T 0.2 MBT/Mm?2 300 MNa 350-450/720
BakyymHas Kamepa SS, SS+B 3001 0.2 MBT/Mm? 300 MMa 350/475
AKTMBHaA 30Ha FMS, V alloys 10T 0.2 MBT/Mm?2 200 MNa 563/595
BhaHkeT Vv 50T 0.2 MBT/Mm?2 200 MNa 563/595
TennoHocutens H,0/S-CO, +? 50/25 1 0.2+ MBT/m? 20MnNa 563/595
N3onsaTopbl B BK MgO, Al,O,, SiC/SiC 1T 0.1 MBT/Mm?2 300 MMa 350/475
TpuTnin BOCNpPOM3BOAALLUIN Li-conb, cnnas 50T 0.1 MBT/Mm?2 - 563/595
Tonnuso noagkpuTnyeckom A3 MA 20T 0.1 MBT/Mm?2 - 600/650
3alUTHbIE NOKPbLITUA Al,O,, ... 100 Kr 0.2 MBT/Mm?2 300 MMa 563/595
Mugkue nneHkm n KMc Li/LiW 5kr/10T 0.2 MBT/Mm?2 - 500/700
*unakoconesble cmecu FLiBe+Th,U 100 T 0.1 MBT/Mm?2 - 800/850
PaguaumoHHaa 3awmra SS+H,0, WC, H&B, + 10T 0.2 MBT/Mm?2 - 350/475
BbicoKonpoyHbie npu 4K SS,FMS, 100 1 20 B1/m2 >1000 4/5
MTla

CBepxnpoBOAHUKN HTCN, BTCN 50T 20 B1/m2 1000 MnNa 4/5

N3onatopbl CBEpPXNPOBOLHNKOB Nonnnumung, 1T 50 MKBT/m3 - 4/5
19



MOOEJIMPOBAHUE TEPMOAOEPHbLIX BJIAHKETOB PA3JIMYHbLIX TUNMOB
AKCNepuMeHTbl ABYX TUNOB: OLeHKa OMOGNMoTeKk n HapaboTKa MHTerpanbHbIX AaHHbIX

21416 12:28

M3mepeHna cKopocTen peakuum: MuKkpomogenb conesoro bnaHkera:
1 - HI-24M; 2 — cTolKa; 1—Hr-24M, 2 — cToiKa,
3 — noacTaBKa; 3 — MMKpOMOZENb CONEBOro HAaHKeTa, NooseHue
4 — ropusoHTanbHan 4 - bak ¢ samepnuTeNEM SKCMepUMEHTabHbIX
HanpasnAwLWasn;
obpasuos npu ob6ayyeHns

5 -MK KHT 54-2-1
D

MeHan c 6hoykamum ana obayyeHun
3KCNepUMeHTaIbHbIX 06pa3LoB

20



BEHYMAPK 3KCMNEPUMEHTbI OJ1iA1 OLUEHKUA BUBJIMOTEK AOEPHbIX
AOAHHbIX, UCMNONb3YEMbIX AOJ1A TEPMOAOEPHbLIX BJIAHKETOB

N3mepeHbl 56 ckopocTten (n,2n), (n,p), (n,pn), (n,a), (n,n'y) n (n,y) peakuunit 8 15 TectoBbix ob6pasLax, Kak
NPUPOAHOro, Tak U BbiCOKooborawleHHoro coctasa: "tMg, 27Al, "atTi, natke, 59Co, "INi, 63Cu(99.5%), °Cu(99.7%),
647n(99.4 %), "tZr, °3Nb, "3tCd, "atIn, 169Tm, 1°7/Au. BbInOAHEHO MOAENUPOBAHME NONYYEHHbIX PE3YNbTAaTOB C
ucnonblosaHuem nporpamm MCNP5 n KIR2 ¢ pa3anyHbimmn 6ubnmorekamm agepHbix aaHHbix (JEFF-3.2, -3.3;
JENDL-4.0; ENDF/B-VII.O, -VII.1, -VIII.0; POC®OH/1-2010; FENDL-3.0; TENDL-2019, IRDFF—II)

MCNP5 KIR2
Parameter N./N. F | AF) [(F) N./N. F AF) | (F)
JEFF-3.2 56/37 | 0.92 | 2.03 |2.04|56/37 | 0.91 | 2.03 2.04
JEFF-3.3 56/35 | 0.96 | 2.18 [2.19|56/37 | 0.95 | 2.14 | 2.14
JENDL-4.0 56/37 | 1.05 | 1.72 [ 1.73|56/37 | 1.04 | 1.74 | 1.74
ENDF/B-VII.O | 56/37 | 1.01 | 1.48 |1.48|56/35| 0.99 | 1.51 1.51
ENDF/B-VI.1 | 56/37 | 1.01 | 1.46 |1.46|56/37 | 1.00 | 1.47 1.47
ENDF/B-VIII.O | 56/37 | 0.99 | 1.46 | 1.46|56/37 | 0.99 | 1.47 1.47
ROSFOND-2010 | 56/35 (1.01 | 1.49 |1.49|56/35| 1.00 | 1.51 1.51
FENDL-3.0 56/35 | 0.98 | 1.44 | 1.44|56/35| 0.95 | 1.47 1.47
TENDL-2019 56/37 | 1.01| 1.63 | 1.63|56/37| 1.01 | 1.65 1.65
IRDFF-II 56/26 | 0.99 | 1.18 | 1.18 | 56/26 | 0.95 | 1.26 | 1.27

”Z log
F=10 "

A(F)=10"

o)

2

T

Yu.E. Titarenko et. al., Benchmark Experiments for
Verification of Nuclear Data Libraries for Designing Fusion
Blankets

FUSION SCIENCE

AND TECHNOLOGY

FUSION SCIENCE AND TECHNOLOGY - VOLUME 78 - 549-572,

[ T——

OCTOBER 2022, 2022 American Nuclear Society
‘ DOI: hitps://doi.org/10.1080/15361055.2022.2076999

Hamnquaﬂ npeanckasartesibHadA CMocobHOCTb Y 6M6J'IMOTEK, OTMEeYeHHbIX KpaCHbIM LLBETOM

21



BEHYMAPK 3KCMNEPUMEHTbBI ANA OLEHKU BUBJITMOTEK AOEPHbIX AAHHbIX,
UCNMOJBb3YEMbIX AONA TEPMOAOEPHbLIX BJIAHKETOB

X
o (E) =R 10
()
0"(E) = ceuenue apepHoOil peakumm npu sHeprum E
() . — N/JIOTHOCTb MOTOKa HeWTPOoHOB (cm2-cl);
RR — M3MepeHHasn CKopoCTb peakumu, ¢t
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an dHad/In3e COBPEMEHHDbIX 6nbnunortek BbIACHAETCA, YTO NpeackasaTte/ibHaA

cnocobHoCTb nporpamm OoTan4aeTca 4o 2 pas3.
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BEHYMAPK 3KCNEPUMEHTbI C MUKPOMOZAEINBbIO BJTIAHKETA TUH HA
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3anoJ/IHEHWUW BHeLWHero 6aka ¢ BOAoN.

CnpaBa cxemaTUYeCKM yKasaHbl HOMEPA KaHa0B U UX NOJIoXKeHUe B BnaHKeTe.
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Yu.E. Titarenko, et. al., Benchmark experiments with FNS blanket

based

on 0.52NaF+0.48ZrF, salt melt
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Ha6mop,aeTcs| pacxoxXaeHne mexagy skcnepmmeHTaibHbIMN U paCcH4eTHbIMU AaHHbIMW, KOTOPOE AOCTUTaET 3,5.
MpnymnHbl 6Yﬂ,yT BblIACHATbLCA B nNpouecce AaﬂbHEVILUMX MCCﬂeAOBaHMVI.
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3aKAw4yYeHue

NccnepoBaHma matepmanos opmMmupytoT BarkHoe HanpasneHme HNOKP no
PA3BUTUIO MUPOBbIM HAaY4YHbIM COODLLLECTBOM TEPMOSAAEPHbBIX U TMOPUAHDBIX CUCTEM,
a TaKXKe ux 6a3oBbIX TEXHO/IOTUMN.

B3amopgeinctene nnasmbl ¢ 06/1y4eHHbIMU MaTeEPUAaMM U KOMNAKTHbIE
HEUTPOHHbIE UCTOYHMKN -COBPEMEHHbIN TPEHA, UccnegoBaHUN 1 pa3paboTok.

CneKTpanbHble Xxapaktepuctnkmn HU n notokn 6onee 0.2 MBT/m? 4OCTUKNMBI B
TeyeHue 7-10 net npn HemegneHHOM Hadvane paboT. YposeHb 1 MBT/m? > 2035.

Mpun peannsaumm ANUTENbHbIX 6e3-MHAYKUMOHHbIX [ T-pa3pasoB KOMNAKTHbIE
TOKaMaKun cnocobHbl obecneunTb passutue NCCA yposHA MPY Kk 2030 roay n AEMO
K 2040 ropay.

HW Ha ocHOBe NNasMeHHO-NMY4YKOBOro paspsaga - NepcnekTMBHaa cucTema, ecau
byayT pelweHbl npobnembl paboTbl ¢ TpuTHEem. Cuctema peanbHa K 2030 roay.

YcnewHas peanunsauma nporpammbl YTC n MT B PP B 0bnact matepmnanos
notpebyeT He ToNbKO co3aaHua HU, HO n adpdeKTMBHOM KoopAUHaAUUK Bcex pPabor.

BaXXHOCTb 3a4a4Mn Pa3BUTMA N aTTECTaLMM MaTepmnanos TpebyeT COOTBETCTBYIOLLEN
KoppeKkuuu aencrteytowen PTTH.

CyLwecTBeHHbIN BKAaa B nporpammy PTTH Ao/KHbI AaTb TaKXKe uccneaoBaHus,
dopmumpytowme 6a3bl JaHHbIX O CEYEHUAX AAEPHbIX PeaKLUN U CBONCTBAX
MaTeEPMANOB.



