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DTOT BHINMyCK XypHana conepxut 20 MOKIaJI0B U BOCEMb KPAaTKHX COOOIICHUH O
JOKJIajaX, MPEAICTaBICHHBIX Ha 4-f MexmyHapoIHOW KOH(EPEHIIUH M0 TOKPUTH-
YeCKUM THOPUIHBIM CHCTEMaM SIIEpPHOTO CHHTE3a-AeJIeHHs, KOTopas MpoxXoania B
Mockse ¢ 25 mo 27 Hos0ps 2020 .

WHTepec kK TMOPUAHBIM CHCTEMaM CHHTE3a-IeeHUS CPeIy CIEIHaUCTOB IO
SIEPHBIM PEaKTOpaM JIJICHUS H TEPMOSIEPHBIM PeaKkTopaMm SIpKO MPOSBUIICS elIé B
koHIte 70-x rogoB mporwioro crosetusi [1—3]. Toraa, u3ydas Bompoc, B Kakoii 00-
JIACTU DHEPTETHKU TEPMOSICPHBIEC YCTAHOBKH MOTYT OBITh Hanboyiee BOCTpeOOBaH-
HbiMH, Benymue cnenuanuctel CCCP u CIHIA oTMeTwin, 4To ¢ MOMOIIBI0 THOPHUI-
HBIX PEaKTOPOB CHHTE3a-JelIeHUs] MOKHO Oojiee 2EeKTUBHO, YeM, TPUMEHSS IPY-
T'He TEXHOJIOTHH, 00ECTICUNTD JENSAIIMMCS TOILUTHBOM SIIEPHYIO SHEPTETHKY B yCJIO-

BHSIX HAJ[BUTAIOIIETOCS Ie(UIIUTA UICTOYHUKOB SHEPTUH.

IIpr 5TOM OTMEUanoCh, YTO COOPY>KEHHE MEPBBIX THOPHUIHBIX PEAKTOPOB JOJDKHO BCTPETUTH MEHBINHE
TEXHOJIOTHYECKUE TPYAHOCTH, YEM COOPYKEHUE TMEPBBIX CYHUCTBIX» TEPMOSICPHBIX PEAKTOPOB, TaK KaK B I'H-
OpHIHBIX peaKTopax 3aMeTHO CMsATYaeTCs TpeboBaHNE 00eCcTIeYnTh OOBIIYIO IIOTHOCTh TOTOKA HEUTPOHOB Ha
MEepPBYIO CTEHKY. 3ajjaya HapaOOTKH AEJISIIIET0ocs TOIUIMBa BMECTO HENPEPHIBHOW BHIPAOOTKH AJIEKTPOIHEPTHH
CHUMaeT TpeOOBaHUE CTAMOHAPHOW PabOThl TEPMOSICPHOTO KOMIIOHEHTa yCTaHOBKU. [Ipu HapaboTke nens-
Ierocst TOTUINBA B THOPHUIHON CHCTEME YIENIbHBINA BRIXOJ PAAHOAKTUBHOCTH, COTJIACHO OIIEHKAaM, CYIIECTBEHHO
MEHBIIIE, YeM IPHU APYTUX CHOCO0ax TPAHCMYyTAIMU YETHBIX TSHKENBIX U30TOMOB B HEUETHBbIC. | MOpUIHBIE CH-
CTeMBl CHHTE3a-AeJNICHNs, OPUEHTHPOBAaHHBIE OJHOBPEMEHHO Ha BOCIHPOM3BOJCTBO NENSIINXCS HU30TOIOB M
MPOU3BOJICTBO JJIEKTPOIHEPTHH, BBITOAHO OTIMYAIOTCS OT OOBIYHBIX YHEPIeTHUECKHX SIIEPHBIX PEaKTOPOB Jie-
JIeHUs1 YPOBHEM SIIEPHOI Oe30macHOCTH O1arofaps cBoei NOAKPUTHYHOCTH.

MexayHapoaaple KOH(QEpEeHINH M0 THOPUAHBIM CHCTEMaM CHHTE3a-JAeJICHHUS MPOBOASTCA MOJ ATHUAON
MATATD. [ocrenenHo B pa3paboTKu THOPUIHBIX PEAKTOPOB BKIIOYAIOTCS HOBBIE KOJUIEKTHUBBL. Kwuralickue
KOJUIETH aKTUBHO M3Y4YalOT STH PEaKTOPHI C CaMOro Hadana paboT B 3TOH CTpaHE IO TePMOSIEPHON TeMaTHKe.
EBparom mnutensHOE BpeMsi HTHOPHUPOBAI THOPUAHBIE peakTopsl. Tem Ooiee MpUATHO OBIJIO BHAETH HA IMPO-
mieIe KOHQEPEHIIUN UTATbIHCKUE TOKJIAJbI C OOJIBIIIMM YHCIOM aBTOPOB M3 Pa3HBIX TOPOJIOB CTPAHBbI.

MuH#CTEpCTBO HayKu | BhIcIIiero obpa3oBanus Poccuiickoit denepannuy mopyduiio OpraHu30BaTh MOATO-
TOBKY W IIpoBe/ieHre KoH(epeHn 3aBeaytomemMy kadpenpoit ¢usnkn mnazmet MUOU B.A. Kyphaesy. K Be-
JUKOMY CO’KaJeHHI0, OH CKOHYAJICS 32 JIBa JTHS IO Hadala KOH(QEPEHIINH, 1 OPTaHU3al[MOHHbIE ()YHKIIUU B3SUIH
Ha ce6s FO.M. Tacmapsa (MU®N) u b.B. Kyrees (HUL] «KypuaToBckuit mHCTHTYT»). OHM 00paTHIINCH K Pel-
KOJUIETHU HAIIETO XypHAJIa ¢ MPOChOOH HarmewaraTh TPY/bl KOH(PepeHIMH. Pekomierns coriacuiack Ha 3TOT
SKCIIEPUMEHT, XOTS Y He€ OTCYTCTBOBAII OIBIT TAKOTO Poja. DKCIIEPUMEHT ObLT HeNneérkuid. Bee mokmanpl, a mx
4qrCII0 ObLUTO BABOE OOJBIIE OOBIYHOTO YHCIIA CTaTeH B )KypHAILHOM BBINIYCKE, IPEICTABIISUIMCH HA aHTITHHCKOM
si3pike. OMBITa KE PEIAKTUPOBAHUS aHTIIOSI3BIYHBIX PYKOINHUCEH Y HAC MPaKTUYeCKH HeT. [Ipunumock oOpaTuThes
K CHENHAINCTy 0 aHTJIMACKOMY S3BIKY. Pe3yJbTaThl 3TOTO SKCIEpHMEHTa MPECTABISAIOTCS BallleMy BHHMa-
HUIO.
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4-ss MexyHapo/Hasi KOHQEPEHIHs 110 MOJIKPUTHYECKUM THOPUIHBIM CUCTEMaM CHHTe3a-eICHHs

VJIK 061.3

4-51 MEXKAYHAPOJHASA KOH®EPEHIUSA 1O MIOAKPUTUYECKUM
I'MbPUIHBIM CUCTEMAM CUHTE3A-JIEJIEHUSA

b.B. Kymees

HUI] «Kypuamoseckuii uncmumym», Mockea, Poccua

B MU®MU ¢ 25 no 27 nosidpst 2020 r. mpomna 4-1 MexmyHapoaHas KoH(epeH-
IMs1 110 TIOIKPUTUYECKUM THOPUIHBIM cucTeMam cuHTe3a-aenenus (FUNFI-4).

B pamkax koH(epeHIIMU ObUIH 00CYKIACHBI BOIPOCHI MPUMEHEHUS THOPU-
HBIX TEXHOJIOTUW JIJISl YIPABICHUS TTOTOKAMH PaJHOaKTUBHBIX OTXOJ0B ATOMHON
SHEPTeTUKH W MPOU3BOJICTBA TOILIMBA JUIS SEPHBIX PEAKTOPOB, a TaKXkKe IMPO-
0JieMbl 0€30TIACHOCTH MHHOBAIMOHHBIX HEUTPOHHBIX TEXHOJOTUH. B 3acemanusx
koH(pepeHuu ydactBoBanu O0onee 50 yuénbix u3 Poccuu, Urtanuu, Kuras, Be-
nukoOputanuu, Ykpawssl, [lIBemuu, Wumum, Typmwu, a Takke COTPYIHUKH
MATATD (Asctpus). YUacTHHKH KOH(EpPEHIMH IMPEACTABIAIN KaK TOCymap-
CTBECHHBIC HAyYHbIC OpPTaHHW3alMd M YHUBEPCUTETHI, TAK M YACTHBIE KOMITAHUU
(«Tokamak Energy», BenukoOpuranus).

Ha 3acemanusx ObUIO PEACTaBICHO 26 YCTHBIX M ISITh CTEHAOBBIX JOKJIA0B,
THOCBSIIEHHBIX .

— Pa3IUYHBIM THUIIAM TEPMOSACPHBIX HMCTOYHHKOB HEHTPOHOB, TaKUM Kak
KOMIIAKTHBIE M KIJIACCUYECKUE TOKAMaKH, CTEJUIApaTopbl, MMHYHM C OOpaIiEHHBIM
MOJIEM M OTKPBITHIE Ta30IMHAMUYECKUE JIOBYIIKH,

— HWCTOYHUKAaM HEHTPOHOB Ha OCHOBe yckoputenel ¢ peakmusmu DD- u DT-

Bopuc BacunbeBuu Kyrees,
3aMECTHTENIb  PYKOBOJUTEIIS
OtaeneHnus TOKaMaKoB 10 TH-
OpUIHBIM cHcTeMaM, 1.¢.-M.H.;
HUI[ «KypuaToBCckuii HHCTHU-
Ty, 123182 Mockaa,
Axanemuka Kypuarosa 1, Poc-
cus; npodeccop; HUAY
MU®U, 115409 Mocksa, Ka-
mmpcekoe ur. 31, Poccust

I,

CHHTE3a, HMCIOIIMM IIHPOKHIl KPyT IPUIIOKEHHI He TOJIBKO B SHEpreTHKe, Ho i B Kuleev_BV@nreki.ru

JIpYyTUX 00JIACTAX, BKIIOYAsl MaTEPUAIIOBEICHHE 1 MEIUIMHY;

— mnpoljeMaM KOHCTPYKIHMOHHBIX WM (PYHKIMOHAJIBHBIX MaTepUaNOB JUISI TEPMOSIEPHBIX HCTOUYHHUKOB
HEUTPOHOB ¥ 'MOPUIHBIX CUCTEM CHHTE3a-/1EJICHUS;

— CHCTEMHBIM HCCJICIOBAHUSIM BKIIOYCHHUSI TMOPUIHBIX CUCTEM B TOIUIMBHBIC LIUKIIbI ACHCTBYIOIIEH U Oy-
IOyuield aTOMHOH PHEPreTHKH, B TOM YHCJIe B IPOU3BOACTBO TOIUTMBHBIX HYKJIWAOB U NepepaboTKy JOITOXKHBY-
[IUX PaJOaKTUBHBIX OTXO/OB.

Houent kadeaps @usnka mia3Mel FO.M. [Nacmapsa npeactaBmi1 0030pHBIN TOKIaa 0 AesTenbHocTH HASTY
MU®U B HanpaBIeHUH Pa3BUTUS TEPMOSIIEPHBIX YCTAHOBOK M THOPUAHBIX CUCTEM CHHTE3a-/1CJICHHSL.

B saxmtountenshbiit genp b.B. Kyrees (HUL[ «KypuatoBckuii nHCTUTYT», ipodeccop HUAY MUDN),
10. By (mupextop MucTHTyTa 6€30macHOr0 MPHMEHEHHs SACPHBIX Texuosorumit, Kurait) u ®. Opcurro
(UTanbsiHCKOE HAIMOHAJIBHOE areHTCTBO IO HOBBIM TEXHOJIOTHSM, SHEPreTHKE M YCTOWYHMBOMY 3KOHOMHYE-
CKOMY pa3BUTHIO, VTanus) B CBOMX 3aKIIOYMTEIBHBIX JOKJIAAaX MOJBETH UTOTH KoHpepeHunu. CyMMHpOBaB
IpOrpecc B Pa3BUTUH KOMIIAKTHBIX TOKAMAaKOB M OTKPBITHIX JIOBYIICK, OHU C(HOPMYJIMPOBANIM HAyYHBIE U TEX-
HOJIOTMYECKHE 33/1a4H, KOTOPhIe HEOOXO0JUMO OyIeT PeIUTh B OJIMKalIIIeH TepCIeKTUBE ISl CO3/IaHHsI IEMOH-
CTPALlMOHHBIX THOPUIHBIX CUCTEM CHHTE3a-/1CICHUSI.

B pamkax 3aBepriaromiei JUCKyccHr cOBMECTHO C npenctasutesieM MAI'ATO M. bapbapuno Obiin Hame-
yeHbl marn K tpanchopmanuu koudepeniun FUNFI B Texaudeckoe coBenanue MATATD. YyacTHUKH KOH-
(epeHIMY OBUTH MIPUTIIAIIECHBI IPUHATH y4yacTHe B coBemannn MATATD B pamkax JefCTBYIOIIETO KOOPIHHA-
1mnoHHOTO MpoekTta MATI'ATD 1Mo KOMIIAKTHBIM UCTOYHUKAM TEPMOSIIEPHBIX HEHTPOHOB B okTs10pe 2021 .

B cBsI31 €O CI0KHOIM SIHUIEMHOJIOTHYECKON CUTyanrell KoH(epeHI s MPollIa B JUCTAHIIMOHHOM PEXUME.
Y4acTHUKN COBEIIAaHHUs OTMETHIIM BBICOKHH YPOBEHb OpraHu3alud KoHdepeHuun co croponsl HUAY MUOU
n HUI «KypuaTOBCKUI HHCTUTYT».
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4TH INTERNATIONAL CONFERENCE ON FUSION-FISSION SUBCRITICAL HYBRID SYSTEMS
B.V. Kuteev
NRC «Kurchatov Institute», Moscow, Russia

The 4th International Conference on Fusion-Fission Subcritical Hybrid Systems (FUNFI-4) was held at
MEPhAI from November 25 to 27, 2020.

The conference discussed the use of hybrid technologies for managing the flow of radioactive waste from
nuclear power engineering and the production of fuel for nuclear reactors, as well as the safety of innovative
neutron technologies. The conference was attended by more than 50 scientists from Russia, Italy, China, Great
Britain, Ukraine, Sweden, India, Turkey, as well as employees of the IAEA (Austria). The conference partici-
pants represented both state scientific organizations and universities, as well as private companies («Tokamak
Energy», UK).

At the meetings, 26 oral and 5 poster presentations were presented on the following topics:

— various types of fusion neutron sources, such as compact and classical tokamaks, stellarators, reverse-
field pinches, and open gas-dynamic traps;

— neutron sources based on accelerators with DD- and DT-fusion reactions, which have a wide range of
applications not only in energy, but also in other fields, including materials science and medicine;

— problems of structural and functional materials for fusion neutron sources and hybrid fusion-fission sys-
tems;

— systematic studies of the inclusion of hybrid systems in the fuel cycles of current and future nuclear
power, including the production of fuel nuclides and the processing of long-lived radioactive waste.

Associate Professor of the Department of Plasma Physics Yu. M. Gasparyan presented an overview report
on the activities of the MEPhI Research University in the direction of the development of thermonuclear instal-
lations and hybrid fusion-fission systems.

On the final day, B.V. Kuteev (NRC «Kurchatov Institute», Professor of the MEPhI Research University),
Yu. Wu (Director of the Institute for the Safe Application of Nuclear Technologies, China), and F. Orsitto (Italian
National Agency for New Technologies, Energy and Sustainable Economic Development, Italy), in their final
reports, summed up the results of the conference. Summing up the progress in the development of compact to-
kamaks and open traps, they formulated the scientific and technological tasks that will need to be solved in the
near future to create demonstration hybrid fusion-fission systems.

As part of the final discussion, together with the representative of the IAEA, M. Barbarino, steps were out-
lined to transform the FUNFI conference into an IAEA technical meeting. The conference participants were in-
vited to participate in the IAEA meeting within the framework of the current IAEA coordination project on
compact sources of thermonuclear neutrons in October 2021.

Due to the difficult epidemiological situation, the conference was held remotely. The participants of the
meeting noted the high level of organization of the conference by the MEPhI Research University and the
NRC «Kurchatov Institute».

DOI: 10.21517/0202-3822-2021-44-2-5-6
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FUSION-FISSION HYBRID SYSTEM DEVELOPMENT AND INTEGRATION
INTO RUSSIA’S NUCLEAR POWER ENGINEERING

B.V. Kuteev', Yu.S. Shpanskiy™ 2 and DEMO-FNS Team?

INRC «Kurchatov Institute», Moscow, Russia
2National Research University, Moscow Power Engineering Institute, Moscow, Russia

Combining nuclear fusion and fission reactions in a single design offers the possibility of implementing nuclear energy systems with
qualitatively new characteristics and properties. Development of the fusion-fission hybrid facility based on the superconducting tokamak
DEMO-FNS is underway in Russia to allow steady-state fusion and nuclear technologies to be operated simultaneously and produce vel
up to 40 MW of fusion power and about 400 MW of fission power. Such a facility could provide burning the minor actinides accumulat-
ed by the Russian nuclear fuel cycle during the operation of nuclear power plants earlier and in the future. This paper presents an over-
view of the latest achievements in the area of the DEMO-FNS design and describes different operation scenarios for this facility. Related
research activities are part of ongoing Russia’s Nuclear Energy Research Program

Key words: fusion and fission reactions, hybrid facility, superconducting tokamak, minor actinides, vacuum vessel, hybrid fuel cycle.
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PA3BBUTHUE I'MBPU/IHBIX CUCTEM «CUHTE3-AEJEHUE»
N UX UHTET'PALIUSA B AAEPHYIO DHEPT'ETUKY POCCUH

B.B. Kymees', FO.C. IInanckuii™* u komanoa DEMO-FNS

HHUI] «Kypuamosckuii uncmumym», Mockea, Poccus
2Hayuonanvuwiii ucciedosamenvekuti ynueepcumenm «Mockosckuii snepeemuueckuii uncmumym», Mockea, Poccust

Hannume peakumii simepHOTO CHHTE3a W JCICHUS B ONHOM YCTaHOBKE IMO3BOJIUT NOCTHYH MPHUHIMITMAIBLHO HOBBIX XapaKTEPHUCTHK U
CBOWCTB JCpHOI dHEpreTHyeckoi cucteMbl. B Poccnu mpomomxkaercst pa3paboTka THOPHIHON yCTAaHOBKH TEPMOSICPHOTO CHHTE3a HA
OCHOBE CBEPXIIPOBOJAIICTO TOKaMaka JJisi KOMIUICKCHOTO HCIOJIb30BAHUS CTAIIMOHAPHBIX M SACPHBIX TEXHOJIOTHI MOIIHOCTBIO J0
40 MBT ans TepmosinepHoro cuaTe3a u 400 MBT st peaknumii nenenus. B nanpHeleM 3ta rHOpHIHAS CHCTEMa MOXKET OBITh HHTETPH-
poBaHa B siepHYyI0 cucteMy Poccum [uist mepexxuranus (TpPaHCMyTAllMM) MUHOPHBIX aKTHHHIOB B OTPabOTABILIEM SIICPHOM TOIUIMBE
SIICPHBIX SHEPTETHYCCKUX PEaKTOpOoB. Takas yCTaHOBKa MorJia Obl 00ECHECUNTh C)KATaHHUEC MUHOPHBIX aKTWHHIIOB, HAKOIUIEHHBIX POC-
CHICKMM SIIEPHBIM TOIUIMBHBIM IIHKJIOM B HPOIECCE IKCILTyaTallil aTOMHBIX 3JIEKTPOCTAHIMI B HACTOseM U Oyaymem. B maxHoi
cTaThe MpPEICTaBJICH 0030p MOCICIHUX NOCTHXKCHUN B 00JIACTH MPOCKTHPOBaHMS jAeMoHcTpanuonHoro TUH u omwmcaHbl pa3muyuHbie
CIIEHAPHH IKCIUTyaTalluy 3TOW yCcTaHOBKH. Hay4Ho-mccrnenoBarensckas pabora, IPOBOANMAs B paMKax 3TOM MpoOJIeMbl, SIBISETCS dYa-
cTbi0 Poccuiickoil mporpaMmsl HcciegoBaHui B 001aCTH SAAEPHON SHEPTETHKH.

Knwuesbie ciioBa: p€aKiu CUHTE3a U JICIICHUA, FI/I6pI/IZ[Haf{ YCTaHOBKa «CHUHTE3-ACIICHUE, CBCpXHpOBOI{HIIIHFI TOKaMaK, MUHOPHBIC
AKTUHHW/IbI, BAKYYMHas KaMepa, FPIGpPII[HLIﬁ TOILJIUBHBIN IUKII.

INTRODUCTION

At present, Russia’s nuclear industry is shifting to the closed fuel cycle with an emphasis on thermal and
fast power reactors. This calls for new spent fuel and radioactive waste management/incineration technologies,
as well as the development of «fusion-fission» hybrid systems. Combining fusion and fission processes in one
design offers the possibility of implementing nuclear energy systems with qualitatively new characteristics and
properties A project is underway in Russia to develop a fusion-fission hybrid facility based on the DEMO-FNS
superconducting tokamak to allow steady-state fusion and nuclear technologies to be operated simultaneously

33.S. Ananiev, AA. Glebova, A.V. Golubeva, E.D. Dlougach, D.N. Demidov, A.Yu. Dnestrovskij, B.V. lvanov,
A.V. Klischenko, B.N. Kolbasov, A.S. Kukushkin, V.E. Lukash, V.V. Lukianov, S.Yu. Medvedev, A.A. Morozov,
A.Yu. Pashkov, V.S. Petrov, A.B. Sivak, A.V. Spitsyn, R.R. Khairutdinov, V.. Khripunov, M.N. Shlenskiy,
A.V. Zhirkin (NRC «Kurchatov Institute», Moscow, Russia); E.N. Bondarchuk, A.A. Voronova, E.R. Zapretilina,
A.A. Kavin, S.V. Krasnov, A.N. Labusov, A.B. Mineev, V.P. Muratov, |.Yu. Rodin, V.A. Trofimov, M.V. Khohlov
(Efremov Institute, St. Petersburg, Russia); 1.V. Danilov, A.V. Lopatkin, I.B. Lukasevitch, V.E. Popov, Yu.S. Strebkov,
A.G. Sysoev (NIKIET, Moscow, Russia); V.Yu. Sergeev, P.R. Goncharov, A.V. Skokov (St. Petersburg University
(SPbPU), St. Petersburg, Russia).
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and produce up to 40 MW (more than 10*° neutrons per second) of fusion power and 400 MW of fission power
This research is part of Russia’s Nuclear Energy Research Program.

The project aims at achieving a steady-state operation with a 14 MeV-neutron wall loading of
~0.2 MW/m?, and a life-cycle neutron fluence of ~2 MW-year/m?. In addition, the blanket’s plasma-facing
surface should be ~100 m?, i.e. large enough to enable the testing of materials and components in the ener-
gy spectrum of DT-thermonuclear neutrons, to conduct transmutation studies, generate energy and produce
fission fuel nuclides and tritium.

The analysis of the interaction of the DEMO-FNS facility and further industrial options with the nuclear
fuel cycle is carried out. Going forward, the discussed hybrid system could be integrated with Russian nuclear
power plants to allow the burnup of minor actinides accumulated by the country’s nuclear fuel cycle facilities.
Under a closed fuel cycle, spent fuel, enriched in an industrial hybrid facility, goes back to the cycle, reducing
the need for storage facilities and bringing down overall radiotoxicity. This paper presents the latest achieve-
ments in the area of the DEMO-FNS design (2019—2020) and describes different operation scenarios for this
facility. The DEMO-FNS tokamak has the following key characteristics:

plasma current Ie, MA . . . 5
major radius Ro, m . . . 3.2
minor radiusa, m . .. 1.0
aspect ratioR/a.. . . 3.2
plasma elongation kx/kos . . . 2.0/1.9
triangularity, x . . . 0.2—0.5
Power parameters:

D—T-fusion power, MW . . . 40
fission power, MW . . . 400
electric power, MW . .. 200
total power, MW . . . 700

Auxiliary heating power Py = 36 MW, including 30 MW of neutral beam power and 6 MW of ECR heat-
ing power (at 170 GHz). The DEMO plant is expected to help accomplish the following tasks:

— comprehensive testing of systems and technologies enabling the FNS steady-state operation, including
hybrid blankets, electric power generation system and radiochemical equipment;

— testing of the prototypes of FNS hybrid breeder blankets (based on steady-state and molten salt technologies);

— scientific and technical support of pilot and industrial hybrid plants.

DEMO-FNS DESIGN

DEMO-FNS general layout is presented in Fig. 1.

DEMO-FNS is a complex facility that includes a superconducting magnetic system, a vacuum chamber, a
hybrid blanket located in it (consists of six modules), and two (upper and lower) divertor units. The blanket
module includes: the module body, an active core with a transmutation capability, a blanket breeder zone, and

Active core Pumping channels ~ coolant collectors.
maintanence _ Magnetic system. In accordance with the design
port Pumping system __— .

principles, the magnetic system (MC) for the DEMO-
Vacuum Blanket FNS must ensure a reliable operation of the system
vessel : with a hybrid blanket and the corresponding hybrid

Neutral Equatorial , i
injection port port nuclear fuel cycle. The DEMO-FNS’s superconducting

magnetic system includes: 18 toroidal field coils
Criostat (TFCs); 6 sectioned central solenoid units); 4 pairs of
poloidal field coils (PFCs); 18 correction coils ar-

5&;; Divertor ranged in 3 groups; 2 vertical control coils; current
Vacuum leads fabricated of high temperature superconductors.
Vessel Sngﬁrr; - Pump Materials used in toroidal and poloidal coils include:
chan‘;elg system NbsSn, NbTi; SS, Cu-alloys; polyimide insulator; He-

Fig. 1. DEMO-FNS device key design features (magnetic system COOlant. The MS and vacuum vessel configuration ac-
not shown) commodates up to 18 vertically loaded hybrid blanket
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active cores and allows them to be retrieved for remote mainte-
nance, which takes place in a designated area. Analyses of the
electromagnetic forces and the stress analyses of DEMO-FNS
MS were carried out. TFCs were found to be experiencing the
heaviest stresses. After considering different options, an ITER-
like design was chosen as optimal for the TFCs. View of the to-
roidal coil and its finite elements mesh is shown in Fig. 2.

A stress-strain analysis of the coils revealed that the pro-
posed coil design meets the static strength criteria (Fig. 3)

Vacuum vessel. The vacuum vessel (VV) is an all-welded
two-layer toroidal shell (Fig. 4) inside the magnetic system.
The space between the inner and outer shells is filled with wa-
ter and steel plates (an iron-water shielding) to provide ade-
quate neutron protection. The VV has the following main
components (see Fig. 1):

— body;

— equatorial ports, which provide access inside the vessel
for remote handling and maintenance operations and plasma di-
agnostics;

— injection ports for introducing neutral particles into plasma;

— pipes for vacuum pumping;

— support structure that bears the VV’s weight and protects

a
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shear keys
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Fig. 2. View of a toroidal coil modeled with a finite
element mesh

b

102.441 222.773 343.105  463.437 583.769

162.607 282.939 403.271 523.603 64

Fig. 3. Cross-section dimensions (a) and equivalent stresses (MPa) of the toroidal coil (b)

it from electromagnetic loads;

— support system for steadying the divertor, blan-
ket, turns of passive and active plasma stabilization, first
wall elements and other in-vessel components;

— collectors of water cooling the VV and its in-
ternal components.

The VV wall inner shell is 0.72 m thick (this
helps reduce volumetric heat deposition in the TFC
superconductor materials), and the outer shell has a
thickness of 0.60 m. At this stage of the design de-
velopment, the VV was considered, adapted for a
hybrid blanket with a steady-state breeding zone and
a reloadable active core containing fuel assemblies
with minor actinides.

Vertical ports for reloading the blanket active core
are in the VV upper part. Each sector has three rectan-
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gular branch pipes making the total number of branch pipes in the FNS facility 18. With the existing arrange-
ment of the blanket core reloading ports, exhaust tubes, cooling water outlet channels, the installation of mount-
ing welded joints of the vacuum vessel sectors is possible only under the toroidal field coils. Two supports are
provided for the VV installation on each sector. One is located beneath the equatorial port at the junction with
the outer shell of the vacuum vessel, the other is beneath the pipe used for injecting neutral particles. At the top
and at the bottom, the supports are equipped with articulated joints that allow the vessel to move freely in the
radial direction, compensating for the change in its dimensions at various operating temperatures. The supports
in the lower part rest on supports, which are installed on a base common with the magnetic system. Dielectric
inserts are provided between the supports and fittings that electrically insulate the VV supports from the com-
mon base. For convenience and in order to speed up on-site assembly operations, the vacuum vessel will be as-
sembled of six 60-degree sectors.

Blanket. The DEMO-FNS’s hybrid blanket consists of two parts, the active core (AC) and the breeding
zone (B2):

— the AC includes 12 full-size and 6 shortened units;

— the BZ, intended for reproduction of tritium, is placed on the outer bypass of the FNS VV for the entire
operation life and is to be dismounted only in case of failure or emergency;

— reloading of the AC of the hybrid blanket of the FNS, the general view of which is shown in Fig. 1, is
carried out through the vertical service channels at the stopped facility;

— BZ modules mounting/dismantling is carried out through six equatorial (horizontal) service ports of in-
vessel components.

The AC structure, whose general arrangement is shown in Fig. 5, includes: body; cover of the AC case; eight fuel
assemblies containing fuel elements with a mixture of minor actinides (MA); two flexible mechanical supports.

The AC of the hybrid blanket consists of 8 fuel assemblies assembled with fuel elements containing a mix-
ture of MA in a metallic form. Each fuel assembly consists of 56 fuel rods. BZ cases, are mounted on the exter-
nal bypass of the VV. Mounting / dismantling of the BZ cases is carried out through the equatorial port of the in-
vessel components of the FNS facility. Structurally, BZ is a canister structures that occupy all the available
space located between the rear surface of the AC case and the surface of the VV. The breeding zone includes
modules of varous sizes. General view and volumes of BZ modules are shown in Fig. 6.

BZ modules are filled with lithium-containing ceramics — lithium orthosilicate LisSiO. in the spherical
form with a volumetric filling of at least 60% and a granule diameter of 1—1.5 mm. To accelerate the release of
tritium and its subsequent removal of the BZ, a purge gas is pumped through the ceramics under a pressure of

4 5 8

2
1

7

Fig. 5. General view of AC of DEMO-FNS hybrid blanket: 1 — AC
case; 2 — cover of the AC case; 3 — fuel assembly with fuel rods
from MA; 4 — inlet coolant pipe; 5 — outlet coolant branch pipe;
6 — inter-channel partition; 7 — the counterpart of the collet fas-

tening of the AC to the VV; 8 — flexible mechanical supports Fig. 6. General view of BZ blanket modules
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0.15—0.2 MPa. Purge gas for tritium is helium with the addition of 1% hydrogen. Many coolants were consid
cred during design development — liquid metal, water, water-steam mixture and supercritical CO, (SCO). Two
last ones seem to be preferable due to hydrodynamics and neutron physics advantages.

Thermal scheme of energy conversion. It is assumed that DEMO-FNS facility will generate 200 MW of
electric power for its own needs. Electricity production is expected with efficiency of 40%. Fig. 7 shows the
thermal diagram of a two-circuit power conversion of DEMO-FNS facility with SCO. cooling of active core
(high temperature heating).

The first circuit includes a gas loop that cools
AC 3, a heat accumulator 5, a steam generator 6, a
primary circuit coolant blower 17, a bypass valve 18.

The second circuit includes steam generator 6, turbo 5 6
generator 7, condenser 8, condensate pump 9, low 4 12 1 9
pressure regenerative heaters 10, deaerator 12, feed 17 10

pump 13, high pressure regenerative heaters 14. Low- 18 15

grade heat generated by the first wall 1 and the lithi- 1 13

um-containing breeding zone 2 is transferred to the 16 14

regenerative heating system through the water-to-

water 11 and gas-to-water 15 heat exchangers, re- Fig. 7. Thermal diagram of a two-circuit hybrid facility: 1 — first

. wall; 2 — breeding zone; 3 — active core; 4 — blanket; 5 — heat
spectively by the pump 19 and the blower 16. Low- accumulator; 6 — steam generator; 7 — steam turbine; 8 — con-

temperature heat can be partially used for heating denser: 9 — condensate pump; 10 — regenerative low pressure
needs. In the AC, heat is generated at a coolant tem- heaters; 11 — water-to-water heat exchanger; 12 — deaerator;

perature of up to 500 °C. The high-temperature heat 13 — feed pump; 14 — high pressure regenerative heaters; 15 —
of the gaseous coolant is effectively converted into 925Water heat exchanger; 16 — first wall coolant blower; 17 —
o . . active core coolant blower; 18 — bypass valve; 19 — circulation
electricity according to the conventional scheme of a ;5 of the lithium-containing zone cooling
two-circuit nuclear power plant using a steam genera-
tor and a turbine. In order to prevent the equipment from being subjected to 100% load surges, a heat accumula-
tor is included in the thermal circuit of the facility. It is charged with excess heat during the working part of the
cycle and transfers the accumulated heat to the coolant during a pause, compensating for the power failure. One
of the types of heat storage devices are phase change batteries. They are based on the phenomenon of melting
and crystallization of an accumulating substance, accompanied by absorption or release of latent heat of the
phase transition.

MA composition. It is assumed that in the implementation of FNS with a hybrid blanket, the materials
loaded by MA will have an exposure time of 10 to 50 years. The starting fuel composition corresponds to the
MA composition obtained by 2050 after reprocessing spent nuclear fuel from thermal reactors within the
framework of calculating the scenario of the development of nuclear power in the Russian Federation in a sys-
tem of thermal reactors with a maximum achievable power of 28.5 GW. The composition of MA considered in
the calculation is presented in Table.

7

8

Composition of MA mixture, from accumulated SNF by 2050

Nuclide Mass fraction, %
ZNp 30.0
21Am 65.0

242mAm 0.06
23Am 45
243Cm 0.02
244Cm 0.42

INTEGRATION OF FFHS IN RUSSIAN NUCLEAR POWER ENGINEERING
The universal system model of nuclear power in Russia was chosen as an analysis tool. This tool was de-

veloped at JSC NIKIET under the leadership of E.V. Muraviev. The model is embedded in the USM-1 software
product («Universal System Model-1» [4]) and contains the history of nuclear power in Russia and forecasts for
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the future period to 2130. This program allows working with a large number of information collected on all op-
erating, as well as commissioned, power plants and provides the ability to extrapolate data up to 2130.

In this work assessment was carried out of the impact the fusion neutron sources operation on the
amount of MA in the nuclear power system, taking into account the capabilities of the fuel cycle enterprises
for spent nuclear fuel (SNF) reprocessing and fuel fabrication. The following assumptions were taken into
account:

— an optimistic and moderate scenario for the development of nuclear power was considered;

— modeling takes into account export of nuclear power plants and reprocessing of the SNF returned;

— SNF reprocessing - centralized and on-site;

— modeling is carried out assuming the two-component nuclear energy in Russian Federation;

— the roadmap of the project at the moment provides for the creation of three facilities in the interval from
2033 to 2055:

— DEMO-FNS (year 2033) — loading 100t U, 20 t MA. Duty factor (DF) = 0.3; thermal power 500 MW;

— pilot FNS (year 2045) — loading: 100t U, 20 t MA. DF = 0.8, thermal power 500 MW;

— industrial FNS (year 2055) — loading 150 t U, 40 t MA. DF = 0.95, thermal power 1365 MW.

The optimistic scenario for the development of nuclear power assumes the achievement of 115 GW of the
installed capacity of nuclear power plants in Russia and 177 GW taking into account the installed capacity of
exported NPPs by 2130. The moderate scenario of the development of nuclear power assumes the achievement
of 67 GW of the installed capacity of nuclear power plants in Russia and 123 GW taking into account the in-
stalled capacity of exported NPPs by 2130. The results of the analyses are shown in Figs 8—11.

Optimistic scenario of nuclear power development assumes SNF reprocessing enterprises will produce
472t of MA by 2130, of which 374 t of MA will remain, taking into account the operation of the FNSs
(Fig. 10), provided that blanket is fully loaded. Moderate scenario of nuclear power development, SNF repro-
cessing enterprises will produce 170 t of MA by 2130, of which 72 t of MA will remain, taking into account the
operation of the FNSs, provided that blanket is fully loaded.
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Fig. 8. Installed Power of nuclear power plants in Russia and export ) Year
nuclear power: -o- — optimistic scenario; - — moderate scenario Fig. 9. Amount of accumulawu wi i the nuclear energy sys-
tem: —e— — optimistic scenario; - — moderate scenario
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Fig. 10. Mass of allocated MA in the nuclear energy system of Fig. 11. Mass of allocated MA in the nuclear energy system of
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left after all FNS work left after all FNS work
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From the results obtained, it can be assumed 101@
that 3—4 hybrid systems are able to ensure the bal-

18

ance of the produced and transmuted MA in the w0
power system, provided that the necessary capaci- gloﬂ
ties for SNF reprocessing and fuel fabrication are ;1016
provided. Evolution of specific activity for MA, %1015
fission products and decay products during and af- <
ter single irradiation in DEMO-FNS (per 1t of ini- 10
tial fuel) was analyzed (Fig. 12). 1013

The MA activity after irradiation remains slightly 1022
higher than that initial. MA total amount decreases. 0 50 100 150 200 250 300 350 400 450 500

. . Time, year
906 kgs from 26 t of very active materials are trans- Fig. 12. Evolution of specific activity for MA, fission products

muted into decay the activity of which decreases and decay products during and after single irradiation in DEMO-

much faster. The rest of MA ceases to belong to the FNS: —x—— MA without irradiation; — — irradiated w/o pro-
- . cessing; —o— — fission and decay products after MA irradiation

waste class and is included in the nuclear fuel cycle,

where it is gradually converted into fission products.

Organization of DEMO-FNS project development. At the beginning of 2021, the Russian government
adopted a program for the development of fusion-fission hybrid systems. Scientific management was entrusted
to NRC «Kurchatov Institute». The proposal of project management structure is the following.

Project management structure (proposal):

Project office — State corporation Rosatom;

Scientific management — NRC «Kurchatov Institute»;

General designer of tokamak — D.V. Efremov Institute of Electrophysical Apparatus;

General designer of blanket and fuel cycle — Dollezhal Institute of Power Engineering;

General Designer of Materials — Bochvar High-Technology Institute for Inorganic Materials;

General project designer — JSC Eleron;

Development of the divertor — Peter the Great St. Petersburg Polytechnic University;

Heat engineering and energy conversion — Joint Institute for High Temperature RAS + Moscow Power
Engineering Institute + Budker Institute of Nuclear Physics, Siberian Branch of RAS;;

Staffing — Ministry of Education + State corporation Rosatom (1200 people);

Regulator — Rostechnadzor.

CONCLUSIONS

Enabling systems of DEMO-FNS were upgraded including: vacuum vessel, radiation shield, divertor, blan-
ket, fueling cycle, design activity was supported by R&D in neutronics, optimization of the device layout, sub-
systems including MS, VYV, divertor, blanket and T-fuel cycle. 3 to 4 Industrial FNS systems are capable of en-
suring the equilibrium of the produced and transmuted MA in the RF nuclear power system, provided that the
necessary capacities for SNF reprocessing and fuel fabrication are implemented.
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Tokamaks with external X-points: stability limits and new prospects
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This paper considers the prospects of outer X-point tokamak configurations that exhibit MHD stability properties similar to those of neg-
ative triangularity tokamaks. The most recent numerical studies of ideal MHD stability for outer X-point configurations provide evidence
of beta limits, Bn > 3, and the passive stabilization of axisymmetric modes in plasmas with an elongation close to unity. Formation of an
outer X-point with the help of a simple magnetic system is examined. A more general outlook on the external X-point tokamaks is of-
fered including power exhaust, edge stability and divertor geometry.
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TOKAMAKH C BHEIIHUMHU X-TOUKAMM: MIPEJEJbBI YCTOMYUBOCTH
N HOBBIE BOBMOKHOCTH
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PaccMoTpeHB! nepcreKTHBB! KOHPUIYpalliii TOKaMaKkoB ¢ BHELIHeH X-TOukoi, obnanaromux cBoiicrBamu MI'/[-ycroitunBocTu, aHano-
THYHBIMH KOH(UTYPAIUAM C OTPHIATEIILHON TpeyroibHOCTEI0. HoBEle pacuérsl uneansHoit MI'/[-ycTOHYNBOCTH ITOKa3bIBAIOT MIPENEIE
10 BN = 3 U IaCCHBHYIO YCTOHYMBOCTh OCECUMMETPHYHBIX MOJ| JUISl IIa3Mbl C BBITSHYTOCTBIO, OJIU3KOH K enunuue. Msyyaercs popmu-
poBaHHE BHENIHEeH X-TOYKU C IOMOILIBIO YIPOMIEHHOW MAarHUTHOHN cucTteMbl. OOcyxkmaroTcst 6osiee 0OIHe MEePCIeKTHBEl TOKaMaKOB C
BHEIIHeH X-TOYKOH, BKIIIOYAsi OTBOJ] MOIIHOCTH, YCTOHYMBOCTh KPAaeBOil IIa3Mbl 1 TEOMETPHIO TUBEPTOPA.

KinroueBble cioBa: Tokamak, AuBepTop, X-rouku, MI'Jl-ycToH4nBOCTD.

INTRODUCTION

Power handling in magnetic plasma confinement systems is a major challenge for fusion programs around
the world. The tolerance limits of steady-state and transient thermal stresses in tokamaks are constrained by dif-
ferent materials-engineering issues. In addition, a stationary confinement regime is required for tokamak-based
reactors as well as tokamak-based fusion neutron sources. No matter how good an energy confinement is, a
poorly performing power exhaust system makes a stationary machine design dysfunctional. That is why the
«power exhaust first» paradigm comes up with a particular stress on the negative triangularity plasmas. Toka-
mak plasma with negative triangularity has been actively investigated both experimentally [1, 2] and theoretical-
ly, as part of plasma confinement [3] and demonstration reactor power exhaust studies [4]. Numerical studies of
the ideal MHD stability for negative triangularity plasmas with X-points shifted to the outer side of the torus [5]
confirmed that even in the absence of a magnetic well with elongated cross-section, stability limits imposed
by external kink modes meet the reactor requirements for normalized beta By > 3. At the same time, plasma
pressure in the pedestal near the plasma edge is about 4 times lower compared to that in conventional toka-
maks with a D-shaped cross section and positive triangularity [6]. Therefore, strong ELMs (edge localized
modes), unacceptable in large tokamaks, are expected to be robustly avoided.

However, some core confinement advantages observed in negative triangularity experiments, providing in-
sight into the prospects of negative triangularity tokamaks as fusion systems, are not explained by plasma theory
yet and all projections for reactor scales are very preliminary. The high energy confinement mode (H-mode) in
negative triangularity diverted plasmas is still to be demonstrated. Vertical axisymmetric instabilities also pose a
problem for negative triangularity plasmas with elongated cross-sections [5]. There are other new engineering
challenges to overcome, including the rejection of low-stressed D-shaped toroidal field coils substituted by the
coils compatible to the outer divertor with a wider separatrix wetted area at larger major radius. A more general
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guestion arises concerning configurations that would allow a greater plasma volume to be pushed into a domain
with a lower toroidal field without changing the aspect ratio (especially relevant for spherical tokamaks): is it a
necessary handicap for a stationary outboard power exhaust?

Are there other tokamak plasma configurations, which are ELM-proof and power exhaust oriented and
still simple and versatile? This question opens up the pathway to consider external X-points (primarily sin-
gle-outer X-point) tokamak configurations that exhibit MHD stability properties similar to those of nega-
tive triangularity tokamaks. An outer X-point divertor configuration was tested as part of the JT-60 toka-
mak original version (1985 — November 1989, upgraded to JT-60U (1991—2010), see [7]) with limited
success: the H-mode was not properly attained with a hydrogen plasma. However, even back in the 1980’s it
was clear that the presence of an X-point at the torus outside did not preclude high beta values [8]. The con-
figurations with outer X-points and oblate cross-sections are also relevant to constant mean curvature surfaces
providing maximal volume among all toroidal surfaces of a given area [9].

This paper presents new calculations of the free boundary equilibrium and ideal MHD stability for exter-
nal X-point tokamaks. External kink-imposed limits for equilibria with prescribed boundary shapes are treat-
ed in the next section together with stability calculations for axisymmetric n = 0 modes. Examples of magnet-
ic system layouts and free boundary equilibria are given. The prospects of eXternal X-point (XX) configura-
tions are discussed.

OUTER X-POINT: MHD-STABILITY

The KINX stability code [10] was used to calculate ideal MHD-limits for a series of equilibria with a fixed
boundary parameterized as follows:

R=R,, +a,f(0)cosd-3,sin*6, Z=2Z,+ak,sind, —n<0<m,
f(0) =1+ X(1—[sin6))™, X=Kky/py, ky =k/(1—0.5k/py), 1
a, =al(1+X/2), Ry, =R, —a,X/2, &, =31+ X/2) - X/2.

This plasma shape features outer X-point at R = Rg + a (the 90-degree angle between separatrix branches is
provided by X = k,/p,) and prescribed major and minor radii, Ro and a, as well as elongation k and triangularity &
(Fig. 1, a).

Given the plasma shape and initial parallel current density and pressure profiles (Fig. 1, b), the limiting

pressure profile was computed against the ballooning mode stability with the current density profile kept fixed,
and the pressure gradient iteratively adjusted. The resulting plasma profiles are shown in Fig. 2, a. The norma-
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Fig. 1. Plasma shapes with outer X-point: Ro=2m,a=1m,k=1,px=2, ———38 =0, — 8 =0.25; —8=0.5 (a);

plasma profiles for the initial equilibrium with prescribed parallel current density and pressure gradient profiles: § = 0, internal induc-
tance li = 0.89, In=0.79, Bn = 0.84 (b); dashed lines show the bootstrap current in collision-less limit, the ballooning mode limiting
pressure gradient and q = 1 in the corresponding plots
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lized current Iy = I(MA)/a(m)/B(T) = 0.79 where I, a and B are plasma current, minor radius and vacuum magnet-
ic field at the plasma center respectively, corresponds to the safety factor qes = 4.0. The normalized beta is de-

fined as B, = (2u,<p>/B?)/I,,. One can also note a quite high bootstrap current fraction f, = 0.64 (bootstrap cur-
rent density in the collision-less limit is indicated by dashed line in the parallel current plot in Fig. 2, a) and
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Fig. 2. Plasma profiles for the ballooning mode optimized equilibrium with prescribed parallel current: Ii = 0.88, In = 0.79, Bn = 4.02 (a);
limiting values of normalized Bn for different toroidal mode numbers; no wall, conformal wall at the 1.3 a radius from plasma and wall at

plasma boundary cases are compared:-0-— no wall, ------ —wall 1.3, - —internal, ------ — ballooning, (b)

the evidence of access to the second stability region in the core (local marginally stable pressure gradient, shown
in the dashed line in the corresponding plot is higher than the pressure gradient in the core). The ballooning
mode optimized pressure profile was then rescaled and the marginally stable pn was determined for external
kink modes with toroidal mode numbers n from 1 to 5 (Fig. 2, b). The n = 1 mode sets the overall limit px = 3.6
for such an equilibrium series without wall stabilization. Only a slight increase in By due to the presence of ide-
ally conducting wall indicates the strong coupling between external and internal modes (for internal modes
alone, i.e. with ideally conducting wall at plasma boundary, pn > 5 for n = 1).

For edge stability calculations the core pressure gradient was multiplied by 0.6 to step back from the global
mode stability boundary. Hyperbolic tangent pedestal profiles were introduced (Fig. 3, @) and then rescaled as in
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Fig. 3. Plasma profiles for the equilibrium with pedestal = 0.02, In = 0.79, Bn = 2.56 (a); edge stability diagram with margins for diffe-
rent toroidal mode numbers and ballooning modes, red crosses correspond to ballooning unstable region, green circle — parameters of
initial equilibrium with pedestal, maximal pressure gradient at sqrt(yo) = 0.98, Jedge/J = 0.071, p’edge/p’ = 0.284 (b)
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[11]. The calculated edge stability diagram for the rescaled pedestal profiles is presented in Fig. 3, b. Here a. is
the normalized pressure gradient and Jj/<J> is the normalized parallel current density, where <J> = [,/S;, is the
average current density over plasma cross-section, they are estimated at the position of maximum pressure gra-
dient p’ in the pedestal region. The pedestal limit is very low — a factor of 2.5 lower than in the initial equilibri-
um with pedestal (pedestal parameters are represented as the green circle). The scaling for pedestal height in
ITER-like D-shape plasmas [11] B, ., ~3D*/I® gives the poloidal beta limit By, peq Of 0.44 which is more than

5 times as large as that for the outer X-point case (0.08) for the chosen pedestal depth parameter D = 0.07 (in
normalized poloidal flux units). The remarkable thing is that internal n = « ballooning modes go unstable first
with increasing pedestal height (approximately along the bootstrap dashed line).

Axisymmetric modes n = 0 are expected to be passively stable (without wall stabilization) for the XX-equilibria
with an elongation of 1. This is indeed the case of the equilibrium with plasma profiles shown in Fig. 1, b with
the pressure gradient going to zero at the plasma boundary. However, the horizontal mode is destabilized for the
equilibrium with rescaled ballooning mode optimized pressure gradient (see Fig. 2, a), which is finite at the
boundary. The corresponding mode is localized in the X-point vicinity and there is a kind of a beta limit for
such a mode close to By = 4.1 for passive stability.

OUTER X-POINT: MAGNETIC SYSTEM AND SCENARIOS

In this section some examples of magnetic systems capable of sustaining the XX free boundary equilibria
are demonstrated. The poloidal field (PF) coils and vacuum chamber layout for the DEMO-FNS [11] are used
for reference. An additional divertor coil lying in the equatorial plane is needed to generate the outer X-point.
The numeric studies of the free boundary equilibrium using the SPIDER code have shown that such a coil, ac-
companied by two closely adjacent pushing coils, provides a very economical PF layout in terms of the sum
of the PF coils absolute currents to plasma current ratio »" |l |/l ,, which is just above 1 in the case of the

X-point lying close to the divertor coil (Fig. 4, a).

The farther the X-point is from the divertor coil, the larger is the Zi| lee; |71, current ratio (Fig. 4. b).
Of course, a solenoid is needed to support the plasma current drive in addition to a group of the divertor
coils. In preliminary scenarios a gradual increase of the divertor coil current produces the outer X-point

starting from a limiter plasma inboard the vacuum vessel. Such a magnetic system looks quite simplistic
and potentially provides a large volume available above and below the plasma equator, but does not seem
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Fig. 4. Poloidal flux contours for free boundary equilibria sustained by the currents in three outboard PF coils: a — plasma boundary
fitted to the XX shape (green contour, 8 = 0) with X-point radius 4.8 m, current ratio 1.55; b — X-point radius 4.5 m, current ratio 3.0.
Plasma current 0.16 MA, PF coil currents in MA are shown, color bar for poloidal flux in Wb/(2x)
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compatible with neural beam injectors (NBI). More flexibility and volume would also be desirable for the
divektor control. That is why an array of horizontal coils was tried out as an alternative option (Fig. 5).
While being quite flexible (and also allowing snowflake divertor, Fig. 5, ¢) and seemingly better NBI com-
patible, this configuration requires much larger PF current due to divertor coils distanced farther away from
the plasma. Moreover, the plasma scenario and control look more complicated. Let us note that for the case
with the X-point displaced from the equatorial plane (see Fig. 5, b) not only the PF coils but also divertor
structures can be removed from the beam path. More realistic scenario calculations are planned using the
ASTRA/SPIDER plasma evolution code [13].
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Fig. 5. Poloidal flux contours for free boundary equilibria sustained by horizontal arrays of PF coils: a — X-point radius 5.4 m, current
ratio 17; b — X-point coordinates (5.4 m, =1 m), current ratio 6; c — X-point radius 6.4 m, current ratio 12. Plasma current 0.16 MA, PF
coil currents in MA are shown, colorbar for poloidal flux in Wh/(2x)

DISCUSSION

In terms of MHD-stability, the main advantage of the XX configurations is a robust low pedestal limit set
by internal localized modes and the lack of access to the second stability region. This can give rise to soft edge
plasma limits, imposed by an electro-magnetic turbulence or, at least, by much milder ELM crashes. However
the second stability access is still possible in the core of an elongated positive triangularity plasma and the pres-
sure-driven external kink limit By exceeds 3. Axisymmetric n =0 modes can manifest themselves as coupled
vertical/horizontal modes featuring a destabilizing pressure gradient near the edge.

Considering XX configurations as an alternative divertor solution, one can notice a simple magnetic system
and possible NBI compatible flexible configurations with easier outer divertor access and better pumping con-
ductance if the X-point is displaced from the equatorial plane. Anyway, larger outer X-point major radius for
separatrix wetted area favors the power exhaust capability combined with a stationary — no ELMs — confine-
ment. At the same time the main plasma bulk can reside in a higher B domain leaving the shaping coils in lo-
wer magnetic field region, e.g. making NbTi superconductor applicable for the shaping coils. Key remaining
questions relate to energy confinement properties of the discussed configurations. As there are favorable indi-
cations for negative triangularity in terms of core confinement, the «JT-60 curse» for the confinement in XX
configurations could be overcome: it might be time for the XX-experiment second try.
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Potential role of fusion neutron source in nuclear power systems
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The paper analyzes the possibility of integrating hybrid thermonuclear reactors (HTRs) into existing nuclear power systems. This is sup-
posed to involve the production of non-traditional nuclear fuel in a D—T-plasma operated HTR with a thorium blanket. Non-traditional
fuel to be produced is peculiar in that it contains in significant amounts of rare isotopes, such as 23'Pa and 232U, alongside the traditional
2331, High-energy (14.1 MeV) thermonuclear neutrons have a unique ability to promote the accumulation of significant amounts of 23Pa
and 232U via threshold (n, 2n)- and (n, 3n)-reactions. Non-traditional fuel compositions for nuclear power thermal reactors (the most
common nuclear reactor class in the world), hold promise due to the following factors. As is known, the neutron balances for reactors
fueled with 235U are better (in terms of the breeding ratio enhancement) than for reactors fueled with 23U or reactor-grade plutonium. A
better neutron balance is likely to translate into higher fuel breeding ratios and help ease the thermal reactors’ fuel self-sustainability
problem. Because %'Pa and 2%2U are fertile and moderately fissionable nuclides, they can stabilize the time-dependent behavior of the
thermal reactor power and prolonging a thermal reactor’s lifetime through higher fuel burnup. Being a strong a.-emitter, 232U can be used
to control unauthorized use of 233U-based nuclear explosives and thereby contribute to nuclear non-proliferation. All this suggests that
D—T-plasma operated HTRs with a thorium blanket can be integrated into nuclear power systems to generate very promising non-
traditional fuel compositions for conventional nuclear power reactors.
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HNOTEHIUAJIBHAS POJIb TEPMOSIJIEPHOI'O HEUTPOHHOI'O UCTOYHHKA
B AAEPHBIX DQHEPTETUYECKUX CUCTEMAX

I'.I". Kynukos, A.H. llImenes, B.A. Anca, E.I'. Kyauxog

Hayuonanshulii uccneoosamensvckuii soepuwiti ynueepcumem <MUDU», Mockea, Poccus

AHanusupyeTcs BO3MOKHOCTh BKIIIOUEHHs TMOPHAHBIX TepMosiepHbx peaktopos (['TP) B cyliecTByiolMe sepHble SHEPreTUIECKHE
cuctemsl. IIpeiaraeTcs HapaboOTKa HETPATUIIMOHHOTO SIEPHOTO TOIUTHBA B TopueBoM Onankere TP Ha (D—T)-mmasme. OcobeHHOCTS
HapabaTbIBAEMOr0 HETPAJIUIMOHHOTO TOIUIMBA 3AKIFOYAETCS B 3HAYUTEILHOM KOJIMYECTBE TAKUX PEIKUX M30TOIOB, Kak 23'Pa u 232U,
TonbKo TepMOSIIEPHEIE HEHTPOHBI BEICOKUX 3Hepruif (14,1 MaB) MOTyT 06ecTieunTh HAKOTUIEHHE 3HAYMTENBHEIX KonudecTs 231Pa u 252U
uepes noporoseie (N, 2n)- u (N, 3n)-peakuuu. Uzotonsl 231Pa u 232U, SBIsACH CHIPHEBBIMU M YMEPEHHO IAENSAIMMUCA HYKIMIAMH, CIIO-
COOHBI CTAOUIM3MPOBATH PA3MHOKAIOIIHE CBOMCTBA A/IEPHOTO TOMIMBA U 0GECTIEYHTh JIOCTUKEHHE CBEPXTITYyOOKOro BhIropanus. M3o-
Ton 232U, ABJIASCH MHTEHCHBHBIM HCTOYHUKOM C/-4aCTHII, CMIOCOOEH TPEIOTBPATHTH JIIOOBIE TIOMBITKM HECAHKIIHOHUPOBAHHOTO HUCTIONb-
30Banus 233U B opysKeiHbIX LesX, T.e. 232U MOXKET YCHIIMTh PEXHUM SIepPHOro HepacmpocTpanenus. Takum obpasom, I'TP ma (D—T)-
TIa3Me C TOPUEBHIM OJAHKETOM MOKHO HCIOJIB30BATh JUIs HAPAOOTKM MEPCTIEKTHBHBIX TOIUIMBHBIX KOMIO3UIMN ISl TPaaHIIHOHHBIX
ATIEPHBIX SHEPTETHYECKUX PEAKTOPOB.

KaroueBnbie c10Ba: THOPH/IHEIN TePMOSIEPHBINA PEAKTOP, HCTOYHUMK TEPMOSIEPHEIX HEHTPOHOB, TOPUEBLIH OnankeT, 231Pa, 232U.

INTRODUCTION

Thermonuclear reactors (TRs) have gone through several development stages. Initially, they were looked
upon as just sources of energy, to be generated solely by fusion reactions between light isotopes. Such TRs are
dubbed «pure TRs». Their attractiveness is based on the following:

— safety, as there is no way for uncontrolled power excursion (possible in fission reactors) to occur;

— unlimited fuel supply, especially when using heavy hydrogen isotopes;

— no high activity, long-lived nuclear waste (the only issue is neutron-induced radioactivity in fusion struc-
tural materials).

However, there are many physical and engineering challenges in implementing stand-alone TRs. This gave
rise to the idea of combining fusion and fission into a nuclear facility with a fusion plasma core surrounded by a
blanket of heavy fissile materials (the so-called «hybrid thermonuclear reactor», HTR). In a HTR, thermonucle-
ar plasma acts mainly as a source of neutrons for the blanket, where most of is generated. The blanket operates
as a subcritical system, which allows the pure TR’s first fundamental strength, safety, to be preserved. Unfortu-
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nately, the TR’s two other strengths, the unlimited fuel supply and absence of radioactive wastes, are lost in the
HTR. However, as in the case of a pure TR, the development of a HTR is confronted with many physical and
engineering obstacles. They are related to the HTR concept, according to which most of energy is generated by
fission reactions in the HTR blanket, while thermonuclear fusion reactions play the role of an energy release
control tool, needed to provide safe HTR operation and enable a practically instant shutdown whenever need
arises.

The same function in nuclear fission reactors is performed by numerous control and safety systems. To sum
it up, combining fusion and fission in one power facility is a daunting task. Indeed, current HTR projects are
lagging behind nuclear power reactors in terms of economic competitiveness.

In the past few years, HTR projects have been developed, in which hybrids are used for breeding fissile ma-
terials for nuclear power reactors [1, 2] rather than energy generation. In such projects, a HTR is used as a fu-
sion neutron source (FNS), and its blanket has to be filled with fertile materials, such as natural uranium, deplet-
ed uranium and natural thorium.

Historically, the world nuclear power industry has been using natural uranium as a primary source of fuel.
Therefore, blankets of natural or depleted uranium have been traditionally used to breed plutonium. From the
viewpoint of neutron physics, plutonium the best choice as material for fast breeder reactors (FBRs), which, ac-
cording to Russia’s 2018 Strategy for Nuclear Power Development throughout this century are one of the pillars
of the nuclear power industry in this country [3]. However, it should be kept in mind that thermal reactors, pri-
marily light-water reactors (LWRs), are today the most common nuclear power generating units in the world,
including Russia [4]. Although intensely developing and advancing, FBRs are less effective economically than
thermal reactors. Strategy-2018 includes the scenarios of a two-component nuclear power system consisting
mainly of thermal reactors, supplemented by FBRs. Unfortunately, present-day thermal reactors have fuel
breeding ratios (BRs) of about 0.5, which prevents them from being self-contained and generating their own
fuel. Two advanced thermal reactors have been implemented, namely, an LWR with a controlled neutron spec-
trum and the SLWR with supercritical-pressure light water-cooled reactors (SCLWR). Their BRs are 0.6—0.7
and 0.8—0.9 respectively. As one can see, thermal reactors need to add just a little to their BRs to catch up with
FBRs (whose typical BRs are >1). It is this small deficiency that can be accommodated by using the FNS blanket.

As is known, isotope 22U is more effective than 2°U and plutonium in terms of maintaining the thermal re-
actor neutron balance. 22U can accumulate in the FNS thorium blanket. Unfortunately, natural thorium, like
rare-earth elements, is strongly dispersed in the natural environment, and there are no Th-rich ores or deposits.
So far, natural thorium is recovered at a low cost as a by-product (even waste) of rare-earth mining. Russia’s
natural thorium inventory is estimated at 6,000 metric tons (MT) [5], roughly equivalent to Russia’s 2-year pro-
duction of natural uranium. Natural thorium can be used as a fertile material and converted to fissile isotope 23U
in the FNS thorium blanket.

Let us consider a scenario where thorium is no longer mined, and only a limited thorium inventory of
6,000 MT is available. In these circumstances, only a small part (say, one-tenth, or around 600 MT) of this in-
ventory can be converted into 23U, as the rest would be required to fill the FNS blanket.

As is known, the electrical power of Russian nuclear power plants (NPPs) totalled around 30 GW(e) in-
stalled capacity in 2020. A 1 GW(e) thermal reactor burns 1 MT of fissile isotopes annually and accumulates
1 MT of fission products. Consequently, Russian NPPs’ total demand for ?**U can be ~30 MT a year. Conclu-
sion: Russia’s current natural thorium inventory is sufficient to supply all the country’s NPPs with 23U for
20 years — even if the «open» or «once-through» nuclear fuel cycle is used. If a system consisting of thermal
reactors with a BR of about 0.5 and using a closed fuel cycle is employed, the available inventory is enough to
meet an up to 40-years’ demand. If, in accordance with Strategy-2018, Russia switches over to the closed nucle-
ar fuel cycle with SCLWRs (BR ~ 0.8—0.9) introduced in a span of 25—35 years, then this inventory will last
for 100—200 years. One SCLWR will consume ~100—200 kg Th per GW(e) year. This means that only 3—
6 MT of natural thorium will have to be mined annually to supply Russian NPPs with their total installed ca-
pacity of ~30 GW(e). This seems practicable, considering that Russia’ thorium mining capacities will only ac-
count for 0.1—0.2% of its current uranium mining capacities. With Russian NPPs’ total installed capacity tri-
pling to 90—100 GW(e) in accordance with Strategy-2018, the total demands for mined thorium will increase to
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9—18 MT a year by the end of the century. In that case, thorium production will be 0.3—0.6% of the current
uranium production, which, again, seems accomplishable.

In regard to the potential use of thorium-based fuel cycles to support future requirements of nuclear power
systems, it is appropriate to highlight the following two specific aspects.

The first has to do with the required scale of deploying thorium mining capacities and infrastructure. The
example of the small thorium inventory in Krasnoufimsk, Russia, demonstrates, how salient the impact of tap-
ping this source could be, even at an early stage, and how the first steps in harnessing the thorium potential can
be made. It is noteworthy that Russia’s available thorium inventory is insufficient for loading thermal and fast
nuclear power reactor cores, but adequate for filling thermonuclear reactor blankets.

The second important aspect is related to international affairs. BRICS, the association of five major emerg-
ing economies (Brazil, Russia, India, China and South Africa) was founded in 2006 at Russia’s initiative to co-
ordinate economic activities of the member nations. Brazil, India and South Africa have large geological re-
serves of natural thorium [6, 7]. Brazil and India use their well-explored reserves of natural thorium and rare-
earth elements mainly to recover rare-earth elements, while thorium is produced as a by-product and put in stor-
age for future use. In this context, Russia benefits from its membership in the BRICS, as this opens up the op-
portunity for it to incorporate imported thorium into its nuclear fuel cycle without conducting exploration and
establishing costly mining and processing facilities. Such cooperation can be used as a way to save efforts need-
ed to incorporate natural thorium resources into nuclear power systems of Russia and other BRICS countries
within the framework of international collaboration.

SELECTION OF PLASMA COMPOSITION FOR FUSION NEUTRON SOURCE

The following nuclear reactions can take place in thermonuclear D—D-plasma:
D+ T — “He +n (14.1 MeV);
D +3He — “He + p;
D + D — 50%: *He + n (2.5 MeV);
D+D—50%:T+p.
Fusion of two deuterium nuclei can produce, with

a 50% probability, either one neutron with a relatively
high energy (2.5 MeV), plus one *He nucleus, or one

1000

B! "
100 ~

<
tritium nucleus plus one proton. The produced nuclei ‘3
(*He and tritium) are highly likely to enter into con- § 10
comitant thermonuclear reactions with deuterium nu- g i \#l'al
clei. This is due to the fact that the probability of the é /
D—3He- and the D—T-reactions is one and two orders © g1 ! \
of magnitude, respectively, higher than for the original / *
0.01

D—D-reaction. The micro cross-sections of these

. N 107
three thermonuclear reactions are shown in Fig. 1 as

100 10% 10* 105 10°

Energy, eV
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functions of the energy of D, *He and T relative mo-
tions. The micro cross-sections of the *°U fission re-
action as a function of neutron energy are presented in

Fig. 1. Micro cross-sections of the 23U fission reaction as a func-
tion of neutron energy and micro cross-sections of three thermo-
nuclear reactions of light nuclei as functions of the energy of D,

3He and T relative motions: —— — 235U fussion, —— — D—T,

the same figure for comparison.
———D—H, — —D—D

One basic D—D-reaction and two concomitant
reactions can produce 0.5 neutron (of 2.5 MeV) and 0.5 neutron (of 14.1 MeV) on average. The density of
plasma is seven orders of magnitude lower than typically for solid materials. The magnetic field used for plasma
confinement is unable to retain uncharged neutrons. That is why thermonuclear neutrons are highly likely to
escape from both plasma and the FNS. In the case of D—T-plasma, a single D—T-reaction produces one high-
energy (14.1 MeV) neutron.

Using D—T-plasma instead of D—D-plasma seems appropriate for the following two reasons. Firstly, the
micro cross-sections of the D—T-reaction are two orders of magnitude larger than for the D—D-reactions. This
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suggests that the construction and starting up of a thermonuclear reactor operated with D—T-plasma would be
much easier. Secondly, the D—T-reactions can emit twice as many high-energy (14.1 MeV) neutrons than D—
D-reactions. These high-energy neutrons are able to produce, by neutron irradiation of natural thorium in the
HTR blanket, one ‘traditional’ fissile isotope 22U and two ‘non-traditional’ but very promising isotopes *'Pa
and 22U. As shown in [8—10], Z'Pa can stabilize nuclear fuel’s neutron-multiplying properties (the result being
a deeper fuel burnup and a longer fuel lifetime), while U can provide proliferation protection of 23U-based
fuel compositions.

When using D—T-plasma, HTR operators have to handle radioactive tritium (whose half-life is 12.3 years).
So, tritium remote handling technologies must be worked out and implemented. Tritium does not exist in the
nature because of its relatively short half-life. Significant tritium quantities can be produced by neutron irradia-
tion of Li-containing materials in HTR via the °Li(n, o) T-reaction.

Because one tritium nucleus is consumed in the °Li(n, o) T-reaction to breed one high-energy neutron, and
because another neutron is needed to produce a new tritium nucleus via the same reaction, one may get a wrong
impression that all thermonuclear neutrons need to be used to replenishing the burnt tritium, and that there are
no neutrons left to produce new fissile materials. In reality, high-energy thermonuclear neutrons can be intense-
ly multiplied by threshold (n, 2n)- and (n, 3n)-reactions with a multiplication factor of about 1.5. Reproduction
of one tritium nucleus requires slightly above one neutron (roughly, 1.06 neutrons with account taken of repro-
cessing losses and tritium’s short half-life). According to approximate evaluations, about 0.15 neutrons will be
absorbed by HTR coolant, neutron moderator, structural materials, and lost as a neutron leakage. So, only
0.3 neutrons from one D—T-reaction may be used to produce new fissile materials.

The FBRSs’ breeding ratio reaches unity, i.e. excessive neutron amount in the FBR is three-fold larger than
in a HTR operated with D—T-plasma. However, one excessive neutron in the FBR is produced by fission reac-
tion with an energy release of 200 MeV. One D—T-reaction in HTR can only produce 0.3 excessive neutrons.
One D—T-reaction releases some 21 MeV of energy (roughly, ten times lower), with account taken of y-rays
and the capture of radiative neutrons in the Th-blanket. If the FBR and HTR thermal powers are the same, then a

Non-traditional ( 3Pa — 233U)-chain

232U n, 2n 233U my 234U ny
B~ 13d p- 27d
zipy || 2py M2 py
B~ 26h B~ 22 min
ny n, 2n ny
230Th 231ThH 232Th 233Th
n, 3n Traditional

(#*2Th—2%3U)-chain
Fig. 2. Chains of isotopic transformations in the fuel (Th—U)-
cycle
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Fig. 3. Micro-cross-sections of fission, (n, 2n)- and (n, 3n)-reactions
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D—T-plasma-operated HTR can produce more (3x)
fissile than FBR.

The following facts are worthy of note. Mean neu-
tron energy in the FBR is around 0.1 MeV. Mean neu-
tron energy in the spectrum of fission neutrons is
about 2 MeV. Mean energy of spallation neutrons in
accelerator-driven facilities varies from 1 to 10 MeV.
Therefore, thermonuclear neutrons emitted by D—T-
plasma in HTR have the highest energy (14.1 MeV).
This huge energy potential can be employed to pro-
duce «non-traditional» isotope compositions contain-
ing 22U, #'Pa and U, intended for introduction into
fresh fuel, to be used in traditional thermal reactors.
Shown in Fig. 2 are the key, most effective, chains of
isotopic transformations associated with neutron irra-
diation of the thorium blanket.

As is seen, isotopes **Pa and ***U are produced
by threshold (n, 2n)- and (n, 3n)-reactions, which can
only be initiated by high-energy neutrons. Micro
cross-sections of 22Th(n, f), #?Th(n, 2n)- and
2%2Th(n, 3n)-reactions are shown in Fig. 3.

As indicated in the figure, the probability of nec-
essary threshold (n, 2n)- and (n, 3n)-reactions in the
high-energy neutron region (above 7 MeV) is larger
than for fission reactions. Then it is possible to pro-
duce non-traditional isotopes with little heat genera-
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tion in the thorium blanket, which is important from 10*
. . . . Nuclear Data
the blanket engineering prospective (this may substan- 10° Library
tially facilitate the development and implementation of £ 100 JENDL-4.0
HTR projects). Thus, high-energy (14.1 MeV) ther- =
monuclear neutrons emitted by D—T-plasma make it § 10
possible in principle to produce non-traditional iso- § 1
topes. As is known, 22Th is a threshold fissile isotope & 0.1
(Fig. 4). That is why slow neutrons will be mainly ab-  © (o4
sorbed by 2**Th to produce U after two relatively 10
short B-decays (see Fig. 2). 10 107 10° 105 10% 103 001 01 1 10
The micro cross-sections of neutron *?Th reac- Neutron energy, MeV
tions within the energy range from 0.01 eV to Fig.4. Micro cross-sections of 2Th: ——— (n, 3n)-reaction, — —
14.1 MeV are shown in Fig. 4 [11, 12]. As is seen, (n, 2n)-reaction, — radiative capture, —— — fission

threshold (n, 2n)- and (n, 3n)-reactions dominate in the

high-energy (above 7 MeV) neutron region, and fission reactions come to prominence in the 2—7 MeV energy
range, while the radiative neutron capture comes to the fore in the lower energy region. To sum it up, firstly,
non-traditional isotopes #'Pa and #*2U can only be produced by high-energy (7—14 MeV) neutrons. Secondly,
fission reaction only plays a significant role in a rather narrow energy range (2—7 MeV). Fission reactions can
occur with a relatively low probability because fission cross-sections are at the level of decimal barn fractions,
which are lower than cross-sections of threshold (n, 2n)-, (n, 3n)-reactions and those of radiative neutron capture
reactions by an order of magnitude. As a result, heat generation rate in the Th-blanket will be very small. Low-
intensity heat generation can simplify the requirements for the thermal-technical equipment needed for heat uti-
lization or removal. Thirdly, slow neutrons (with energies below 2 MeV) can be used to produce fissile isotope
2%, a nuclide better suited for thermal reactors than ?**U (from the ‘neutron budget’ viewpoint).

CONCLUSION

If a thorium blanket is used in HTRs to produce fissile materials for nuclear power reactors, then Russia’s
available inventories of natural thorium are sufficient to supply national NPPs, even operated under the open
fuel cycle conditions, for a long period of time (up to 20 years).

If SCLWRs with a breeding ratio of 0.8—0.9 come into play by the end of the century and operate under
the closed fuel cycle conditions, then the demands for mined thorium from Russian NPPs (whose total installed
electrical capacity is expected to increase three-fold) will be 0.3—0.6% of the current uranium production.

It seems reasonable to use D—T-plasma in HTRs because, firstly, it may be relatively easily ignited, and,
secondly, it can act as a very productive source of high-energy neutrons, which are able to produce non-
traditional isotope compositions through threshold (n, 2n)- and (n, 3n)-reactions.

An HTR operated with D—T-plasma is able to produce larger (3x) amounts of fissile materials than the
FBR of a similar thermal power.

The reported study was funded by RFBR, project number 19-29-02006.
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Based on the heuristically generalized perturbation theory (HGPT) adapted to subcritical systems [1], a procedure for online operational
monitoring of the subcriticality level of a hybrid fusion-fission system in which an “external” neutron source is generated in a magnetically
confined tokamak-type plasma is described. This procedure [2], commonly referred to as power control-based subcriticality monitoring
(PCSM), consists of compensating of slow and small movements of a specialized control rod in the nuclear fission zone, previously calibrat-
ed using a standard procedure, with equally slow and small alterations of the fusion neutron source. PCSM is verified by solving the multi-
group transport equation for the direct flux, as well as for the importance function, associated with normalized fission power [3], and a
technique is proposed for modifying the fusion neutron source strength based on plasma compression/expansion. Plasma and confining
magnetic field adjustments, needed to implement the PCSM, are estimated with due account of the 0-D-plasma power balance.

Key words: fusion-fission hybrid reactor, subcritical fission core, subcritical multiplication factor, reactivity monitoring.

DOI: 10.21517/0202-3822-2021-44-2-27-41

KOHTPOJIb NIOAKPUTHUYHOCTHU B 'NBPUJIHBIX PEAKTOPAX
CUHTE3A-AEJIEHUSA

H. Eyp()ofcuol’z, M. Kapmal, B. (Da6puuuol, JI. @anvronu®, A. Fanounu?, P. Fammo® 3,
B. Ieny30*, E. Canmopo®, M.5. Ilvapemma®

'Hayuonanvnoe —azenmcmeo no  HOGbIM — MEXHONO2UAM, OHepeul U  YCMOWuGoMy oKonomuweckomy —paseumuio (ENEA),
Hccneoosamenvcruii yenmp (ML) Kacauuua, yi. Aneunvsapese 301, 00123 Canma-Mapus-ou-Ianepus, Hmanus

2Canuenya — Pumckuii ynusepcumem, Omoenenue KOCMULECKoti 31eKmpomexuuxy u smepeemuxu, npocnekm Buxmopa-Dvmanyuna ||
244, 00186 Pum, Umanua

SUI] um. Dupuxo @epmu, yn. Manucnepna 89a, 00184 Pum, Hmanus

4ENEA, Bonouckuii H1L], yn. Mapmupu Moume Cone 4, 40129 Bononvs, Hmanus

Ha ocuoBe pacnpoctpanenust merogonorud HGPT (OBpuctiuecku 0600MIEHHON TEOPHH BO3MYILCHHUIT) HA MOJKPUTHUSCKAEC CHCTEMBI
[1] omucana mpouenypa omnepaTHBHOTO MOHHTOPHHIA YPOBHS HMOIKPHUTHYHOCTH TMOPHUAHON CHCTEMBbI CHHTE3a-ICJICHUSA, B KOTOPOIl
BHELIHUI MCTOYHMK HEUTPOHOB IEHEPHPYETCS B MArHWTHO-3aMKHYTOM MiasMe THma tokamak. IIpouenypa [2], oObrdHO Ha3biBaeMast
merogoM PCSM (Power Control-Based Subcritality Monitoring), 3akioyaercsti B KOMICHCALMH MEIJICHHBIX MAaJbIX IEPEMEIICHHUN
CIICLUATN3UPOBAHHOTO DETYJIUPYIOLIEr0 CTEPXKHS B 30HE JACNCHHS sJep, NPEeIBAPUTENIBHO OTKATHOPOBAHHOIO C HCIOJIb30BAaHUEM
CTaHJIapTHOH MPOLEXYphl, TaKMMH K€ MEUICHHBIMH MalbIMH HW3MEHEHHSIMH HCTOYHHKA TEPMOSIEpHBIX HEWTpoHOB. Metox
BepuduIMpyeTcs MyTéM pelieHHs MHOTOTPYIIOBOTO YpaBHEHHs HepeHoca Kak Ul HPsIMOro IOTOKa, Tak M Ui (pyHKIMH Ba>KHOCTH.
ITocnenHsss CBsi3aHa C HOPMHPOBaHHOW MoinHocTbio nenenus [3]. Ilpemnmaraercst mpoueaypa H3MEHEHHs CHJIbI HCTOYHHKA
TEPMOSIICPHBIX HEUTPOHOB Ha OCHOBe Cxarusi/pacumpenus miasmbel. C yuérom 0-D-GanmaHca MONIHOCTH IUIa3Mbl JlaHA OLCHKA
W3MEHEHUSI TApaMETPOB IIa3Mbl M OTPAHUYHBAIOIIETO MATHUTHOTO TIOJISI, HEOOXOIUMOTO [UIsl peanu3anud Metoga PCSM.

KnioueBble caoBa: THOPUIHBIA peakTOp CHHTE3a-AENEHMs, MOJKPUTHUECKas 30HA JEJCHUS sJep, IMOJKPUTHYECKHH Kod(hQUIHEeHT
Pa3MHOXKEHUS], U3MEPEHNE PEaKTHBHOCTH.

INTRODUCTION

A fusion-fission hybrid system consists in a fusion part, where fusion nuclear reactions taking place in a high-
temperature plasma generate neutrons, and a surrounding subcritical fission core. When fusion power is based on
D—T-reactions, as assumed in the present work, an additional tritium production zone is required. The fission
core, where neutrons can induce fission events or undergo radiative capture reactions, offers two main potential
applications and benefits that could be pursued: radioactive waste management, and nuclear fuel breeding. Thanks
to their high energy, fusion-generated neutrons are particularly suitable for coupling with a fast-spectrum fission
core to create an optimal environment for fertilization and nuclear waste burning. Fission nuclear energy is also
produced, even though this is not nowadays regarded as the hybrid system’s priority. As for waste management
aspect, the most interesting thing is the possibility to achieve the so-called «deep-burn» mode of operation. The
«external» fusion neutron source, independent with respect to the fission core, can be used to substantially increase
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the fuel burnup compared to a critical reactor, by maintaining the neutron chain reaction longer, for comparable
enrichment. In principle, with an extremely deep burnup it may be possible to employ a once-through «burn and
bury» fuel cycle that would eliminate, or drastically reduce, the need for reprocessing and enrichment [4].

Due to its potential promise in addressing the issue of the long-term sustainability of nuclear energy, the
fission-fision combination, initially conceptualized in the 1950°s [5—7], has been periodically revisited, and today
keeps being the subject of theoretical studies and experimental exploration. Several fusion-fission hybrid concepts
have been proposed, differing in the plasma confinement scheme and the fission core material [8]. In this work, we
focus on magnetically confined plasmas, particularly the high-temperature deuterium-tritium (D—T)-plasma
confined in a tokamak device by a combination of a toroidal and a poloidal magnetic field (with the latter self-
generated by plasma current). An externally generated vertical magnetic field is required to keep the plasma in
equilibrium and to conveniently shape it for improved performance. While the prospect of implementing a pure
fusion power plant based on the tokamak concept remains distant, a hybrid system, for which the physical and
engineering requirements are much less stringent, can be seen as an intermediate step in the quest for fusion
energy, plus a way to drive fission energy toward a more sustainable future.

Any subcritical system requires a dedicated control system, capable of a real-time monitoring of the fission
core subcriticality. This study is concerned with the feasibility of applying the so-called «power control-based sub-
criticality monitoring (PCSM)», already discussed in the context of ADS systems [2, 3], to fusion-fission hybrids
based on the tokamak concept. Formally, the theoretical arguments undrelying the proposed monitoring procedure
apply equally to ADS and fusion driven systems. The hybrid’s novelty is in the interplay between fission and
fusion powers. We propose a method for adjusting fusion power to values consistent with the PCSM procedure
using plasma compression/expansion through small alterations of the confining magnetic field.

This paper is formatted into two main parts. In the first part, we carry out a numerical verification of the PCSM
method by neutronic calculations done with the ERANOS code [9]. For a credible evaluation of the PCSM
effectiveness in monitoring a nuclear system subcriticality, we used a fairly accurate model of the core of a real-life
research reactor, viz., TRIGA-RC1, run at the ENEA-Casaccia Research Center [10]. The JEFF-3.1 nuclear data
library, adopted in the lattice cell calculations for collapsing the fine energy group cross-section structure into one of
33 groups, was used for Sn neutron transport calculations (BISTRO code [11]) of the direct flux and the importance
function. This was the operating environment for the PCSM execution and subcritical reactivity measurement. In the
second part of this work, we describe the method for modulating the strength of the fusion neutron source, required to
implement the PCSM procedure. To this end, we set up a simple model of a fusion-fission hybrid, based on a 1D
cylindrical geometry representation. The internal cavity filled with plasma is overlaid with five zones. They are,
starting from the one closest to the plasma, the first wall, the fission core, the fusion blanket, the reflector and the
shield. The neutronic calculations are repeated in this simpler setting, and the method to vary the fusion neutron
source is implemented. The latter consists in compressing/expanding the plasma by changing the strength of the
confining magnetic field.

Following this Introduction, the paper presents a brief overview of the PCSM method and the expression for the
subcritical multiplication factor. The next section is concerned with neutronic calculations based on the TRIGA-RC1
reactor modelization. The reactor’s layout and main characteristics are provided, the reference and perturbed fission
core configurations are defined, and the multiplication factor is calculated according to the PCSM formula. In the
section that follows we describe two plasma compression methods for modulating the fusion neutron source, as
required by the PCSM procedure. After describing a simplified hybrid system, we define the plasma operating regime
with due account of the plasma power balance, and determine plasma’s key characteristics, including the strength of
the fusion neutron source. Two plasma compression methods are proposed: number one, described in detail in the
respective subsection of the «Fusion Neutron Source Modulation» section, relies on the plasma inward displacement.
Number two, described only succinctly in the same section, consists in the direct reduction of the plasma minor
radius, with the center point kept fixed. The last section is titled «Summary and Conclusions».

SUBCRITICAL SYSTEMS AND THE PCSM METHOD

The PCSM is rooted in the point kinetics equation related to subcritical systems [1, 2].
Point kinetics equation for a subcritical system. The point kinetics equations related to a subcritical system

are derived from equations governing neutron flux vector ® and precursor densities m; (i = 1, 2, ..., M), with M
representing the number of delayed neutron groups, each characterized by decay constant A; under transient condi-
tions in a multi-group neutron energy setting (the bold-face characters are for vectors and matrices):
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M
v-laalt’zA @+ (1-P)x” Sp ®+x° UD Am +S; (1)
i=1
om;
EIZBi(VEf)T @ -m. (2)

Here A is the transport (diffusion), capture and scattering matrix operator (of a GxG dimension, where G
denotes the number of energy groups), V is the diagonal neutron velocity matrix (GxG), and U is the unit (G

(VZ¢) o (VE¢)s

component) vector: Sg, =/ - is the fission matrix, (vE,)" =v[Z,, - Z,¢], and
(VZe) o (VEf)e S rows

the prompt (P) and delayed (D) spectra are y* =diag [Xlx xé] withx =P or D.

We assume that the transient is initiated at a given time by a perturbation that generally changes
unperturbed operators Ao, Sis,0, and neutron source Sp into A (= Ag + 8A), Sis (= Stis,0 + 8Stis), S (= So + 8S),
respectively, and transforms unperturbed neutron flux @, into @ (= @, + 3D).

To arrive at an expression accommodating the generalized reactivity derived in the context of the HGPT
methodology, we introduce importance function ¥, associated with normalized fission power, which is governed

by equation A, ‘I’*+S£s,o[(1—[3)xp+BXDJ‘I’*+WLELO=0. The importance relative to the precursor
0

densities is conveniently defined as m” = Uy "

After multiplying Egs. (1) and (2) on the left by ¥"T and m”, respectively, space-integrating on the fission
core volume, dropping second order terms, and doing some algebra, we obtain (assuming that the neutron flux
showing up in the ratios (numerator and denominator) is unperturbed, and accounting for the general
dependence of the delayed neutron distribution on nuclide species and energy [1])

dP <
geﬁ E = (pgen - 0(Beff)p + z}"iéi + C(l_ P) * Psource (3)
i=1
de.
g P @
where the coefficients represent physically significant quantities given by  expressions:
5L}, ®, , m
P(t) = W) , Wi q=<Tf—°>(normaIized power); F,ing—'> (i-th effective precursor density);
Wp(1+0) <Ef,0'(1)0> <‘I’ ’Xsfis,0(D0>
(¥, vie,) _ " _ .
Zeﬁ=<‘P* s <I>> (effective prompt neutron lifetime), where yS; , @, is the unperturbed fission
1 X31is, 0 Po
source:
¥, (5A + 73S ) @
Peen =< (* _ *555s) 0> (generalized reactivity), (5)
<‘I’ 1XSfis,0(I)0>
¥, 35S v S @ _
Poource = < _ n> (source reactivity), o = ¢ 2 A (X °>, (= —— ! =1 Kw  ang
<‘I’ , xSﬁS’O(I)O> (¥, % Shis,0 @) <‘P ’xsfis,O(I)0> Keu
J . - .
2B Spso @) M

i eff v Beir = ZBi'eﬁ for J fissile isotopes. The subcritical multiplication factor

i=1

<‘P*|i Sfi’s,O (I)0>

_ <‘P*1i Sfis,O q)0>
14 (¥, 1 S o ®p)
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In the above expressions, y is energy released in one fission event, and % =" (1-)+%°p is the neutron

fission spectrum consisting of the prompt and the delayed components (B is the delayed neutron fraction). It can
be shown that ken merges into kerr (the multiplication factor related to the fundamental eigenfunction) as the
system approaches criticality [1].

Egs. (3) and (4) can be considered as a generalization of the point kinetics system equation derived by Usachev
for critical systems [12], that converge with the Usachev’s equation when the system approaches criticality.

The PCSM method. Assume that a dedicated control rod has been calibrated so that its displacement Az
may be associated with (experimental) reactivity values (Akesi/kesr)™®. The associated ngp of the (experimental)

en
generalized reactivity can be assumed to be given as follows:
Paen = Pgen T (6)
b= (Akeff /keff eBXp
(Akeff /kef'f)CBaIC
exp

calibration value (Ak/K)g" and the calculated standard perturbation expression

AK g ]calc <(I); ,0M B(Do>

calc
gen

with pcos given by Eq. (5), and the bias factor, f the bias being between the control rod

B <(I)B’ ke_f%isfis,oq)0> .

Here @, is an unperturbed standard adjoint flux, and Mg =3Ag + %3S, 5 i the perturbation of the

keff

()3

exp
gen

and even more accurately, experimentally via the control rod calibration under subcritical conditions by measuring
the ks multiplication factor vs. control rod insertion via pulsed source or source jerk techniques [13]).

Likewise, source reactivity poh . associated with a given measured external neutron source change §S;®

source

exp  _ <‘I’*, Ssﬁxp>
source <\I’*,i Sﬁsvo (I)0> '
Recalling the definition of importance and assuming that a source perturbation corresponds to a (measured)

fractional change of its strength, written as 8S®/S  ,, we can express p2® in terms of the subcritical

source

diffusion (transport) operator related to the control rod insertion (quantity p..,. given by Eq. (6) could be obtained,

may be written as p

multiplication factor:
8S. P 1 8S. P 1-k

pexp _ _ - sub . (7)
source Sn,O <\Il A Sfis (I)0> Sn,o ksub

If changes in the dedicated control rod and the fusion neutron source do not affect the fission power level,
the following relation holds, considering Egs. (3) and (4):

Pgen *Psource = 0, (8)

and indicates the compensation of the experimental source reactivity and experimental generalized reactivity.
Substituting expression (7), we finally obtain a «working» expression for the subcritical multiplication factor:

555°/S.
sub = SSeXp/nS i exp " (9)
n n,0 ~ Pgen

Note that 3S®/S, , and pg; have opposite signs.

Following the PCSM method, Eg. (9) can be evaluated by adjusting the neutron source intensity to
compensate the control rod insertion. If the online monitoring of this subcriticality index is done with small and
slow variations of the source strength, the fission power level will remain practically unaffected.

NUMERICAL VERIFICATION OF THE PCSM METHOD

A numerical calculation is carried out to verify the PCSM accuracy, assuming that the external neutron
source can be modulated to reset the fission power, as required by the procedure [see Eqg. (8)]. The calculation is
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performed using the ERANOS code [9] and modeling the fission core in such a way as to make it representative
of the TRIGA-RC1 research reactor [10] run at the ENEA-Casaccia Research Center.

The TRIGA-RCL1 reactor. The TRIGA-RCL reactor is a thermal pool research reactor, based on the General
Atomic TRIGA Mark Il reactor design, operating at a thermal power of 1 MW [10]. The core, in the actual configu-
ration, is a cylindrical system including 111 fuel elements, control rods and an Am—Be-source. Water inside the ves-
sel occupies about 1/3 of the core volume and acts as the first biological shield, neutron moderator and coolant. The
RC1-core, surrounded by a graphite reflector, consists of a lattice of TRIGA stainless steel standard fuel elements,
graphite dummy elements, as well as control and regulating rods. There are 127 channels on the upper grid plate
available for those core components, while the grid itself is divided into seven concentric rings. One channel hous-
es a start-up source (Am—-Be), and two fixed channels (the central one and a rabbit) are available for irradiation. A
TRIGA fuel element is made of a HZr—U ternary alloy, containing H and Zr atoms in a ratio of 1.7 to 1. Due to
this ratio, the alloy’s crystal lattice has a high level of stability from the metallurgical and nuclear points of view [13].
The fuel is uranium, of which 20 w/o is Z°U. Neutron moderation is therefore provided not only by the water coolant,
but also by zirconium hydride contained in the alloy, the result being a high-temperature-ready negative coefficient
(Doppler effect); and a reactor, which is intrinsically safe. The fuel element is clad in a 0.5 mm thick stainless steel
(AISI 304) tube with graphite cylinders (axial reflectors) at the ends. The fuel element is provided extraneously with
two fittings to allow for remotely controlled movements and correct placement into the grid plates.

The reactor power is controlled by a fine regulation rod and three fuel follower rods, two shim rods and a safety
rod. The control rods are made from boron carbide, a strong neutron absorber, and have a stainless steel coating.

A cylindrical graphite structure around the core acts as the reactor’s lateral reflector. Surrounding this
external reflector is a lead thermal shield for gamma rays from the core, and a concrete wall of an average
thickness of 2.2 m serves as a biological shielding.

Thermal power is removed from the core by natural convection and released to the environment through
two thermo-hydraulic loops, coupled by two heat exchangers and two cooling towers.

The horizontal section of the core surrounded by the graphite reflector, and the components of the core
system, including the fuel elements, control rods and graphite dummy elements. are shown in Fig. 1.

Upper grid Graphite reflector -
Regulating rod
T.C. _
c
3
=
o
€
S
3
|_
Graphite
Lower grid
Water
Control rod Water

Fig. 1. The core of the TRIGA reactor, vertical section (a), standard configuration (b)

Calculation model. For the TRIGA-RC1 model, neutronic calculations were done with the ERANOS-2.2
deterministic code [9]. The JEFF-3.1 nuclear data library [14] has been adopted in the lattice cell calculations
for collapsing the fine energy group cross-section structure into one of 33 groups, to be used for the Sn transport
calculations of the direct flux and the importance functions. A bi-dimensional RZ-geometry was selected.

Prior to setting up the TRIGA-RC1 model, a study was conducted to investigate the influence of the reactor
heterogeneity on its fundamental parameters. The model of choice was a simplified cylindrical model composed
of eight zones. They are, starting from the core center, the central channel (labelled as SA), six shells with
different fuel compositions (labelled as SB, SC, SD, SE, SF, SG) and the external graphite reflector (labelled as
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SH). The axial and radial sections of the model are shown in Fig. 2, where the central channel is represented in
white, the fuel in red and the graphite reflectors in gray.

55.65

46.91

1.86 26.75 549 ¢m SA ol

8.81

0 186 26.75 54.9

R
Fig. 2. Sections of the TRIGA reactor core. where the central channel is marked in white, the fuel in red and the graphite reflectors, in
gray, radial section (a), axial section (b)

Reference and perturbed configurations. Once the TRIGA critical model is created, it is necessary, for
the PCSM applicability purposes, to define two different subcritical configurations. a reference one and a
perturbed one.
The subcritical reference configuration used for a PCSM-based analysis is derived from the critical one by
moving the control rods and involves a core of ket = 0.97083.
The reference configuration is perturbed by introducing a reactivity variation, Ap = —0.00866, by properly
moving the control rods to arrive at ke = 0.96272. Although the relative control rods height between the
discussed two subcritical configurations is small, the

41013 absorber’s effect on the neutron flux is pronounced
351013 due to approximations introduced in the control rod
3108 model. In fact, the control rods were modeled as a
T 25105 homogenized region in the SC zone, and thus affected
Tt~ a large part of the core, a configuration that differst
2 210 from the original one, in which the rods are at specific
S 15108 positions relative to the core.
1.10%3 In Fig. 3, we present a homogeneous flux relevant
5.1012 to the three configuration cases described above

(critical, reference subcritical and  perturbed
0 5 10 15 20 25 30 35 40 45 50 55 60 subcritical). The alteration of the flux shape due to the
r,cm neutron absorber is evident when passing from the
Fig_. 3. Critical vs refer_ence vs perturbed configuration, total flux critical configuration to the reference and the
radial traverse at core mid-plane, k: m: —0.96, s — 1, m — 0.97
perturbed ones.
The adjoint flux and the importance function. The
PCSM verification calls for evaluating both the adjoint flux and the importance function the latter being associ-
ated with normalized fission power (the «adjoint source»). From the neutronics point of view, the importance
function satisfies the inhomogeneous equation derived from the adjoint flux homogeneous equation by adding
the adjoint source.
A test subcritical configuration was considered as a starting point for comparing the trends of the
importance and the standard adjoint flux functions. They are almost equal when the system is close to criticality
and become more and more different as the system deviates from criticality. To investigate this behavior, we
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insert the control rods at an axial height corresponding 9.10%3
to ket = 0.99048 (a quasi-critical level). The 8.1013
calculation results are shown in Fig. 4. 7.101
The geometry was then modified by displacing 6.1013
the control rods to obtain ke = 0.96. The calculation
results are shown Fig. 5.
External neutron source. If the average power
of the TRIGA-RC1 reactor in the critical state is 3107
about 1 MW, the external source is expected to pro- 2108
duce the same power in the subcritical state (in ac- 1108
cordance with a multiplication factor of 0.97063,
obtained by positioning the control rods at the cen-

e 51013
Z 4108

0 5 10 15 20 25 30 35 40 45 50 55 60

. . .- r,cm
tral Cha_nnel I_n ar_1 axial po_smon, z= 34'29_ Cm)_' The Fig. 4. Adjoint flux and importance radial traverse at core mid-
source intensity is determined by calculating fission jane test case with ket = 0.99: —e— — adjoint flux, —e— —

rates corresponding to a given power. The fission adjoint importance
rate corresponding to a power of 1MW, 8.1013
So = 1.091x10* n/s. The source intensity is given in
a 33-energy-group structure.

The reference case has then been perturbed by 6-10"3
moving the control rods in the axial position, ._ 5jps

7.10%

2=32.28 cm, to decrease reactivity by about 0.00866 108
(ke = 0.96272). In this case, the external source '
intensity, modified in order to re-establish the initial 3.10%
fission rate, has integral value, S; = 1.508x10% n/s, 21013
reflecting a 38% increase. L1108
The subcritical multiplication factor. The neutron-
ic calculation described above provides all the infor- 0 5 10 15 20 25 30 35 40 45 50 55 60
mation required for the verification of the PCSM
. .. . r,cm
method: the direct flux, the adjoint flux and the im- _. L . )
. . . Figure 5. Adjoint flux and importance radial traverse at core
portance function for the reference configuration; the . ) e . _ ) .
. mid-plane: modified case with ket = 0.96: —e— — adjoint
perturbation of the Boltzmann operator that leads to i R
ux, —e— — adjoint importance

the perturbed subcritical configuration; the external
source in the reference configuration, and its modified strength in the perturbed configuration, needed to keep
the fission power unaltered.

The generalized reactivity Eq. (5) was calculated using the HGPT methodology, and the system’s

subcritical reactivity Eq. (9) was obtained. The results are summarized below. Multiplication coefficient kys:

Method . . . Ksub
PCSM. .. 0.97188
Reference . .. 0.97083
Difference, % . . . 0.108

As one can see, the uncertainty in measuring the discrepancy between the multiplication factors
resulting from the PCSM numerical implementation of the PCSM procedure and corresponding to reference
conditions is within 0.1%.

This shows how the proposed methodology can be effectively used to determine the subcriticality level of a
subcritical reactor without significantly interfering with its normal operation. In summary, steps involved in the
PCSM procedure are as follows: (1) preliminary calibration of the dedicated control rod, where a relationship
between the rod position change and the corresponding reactivity alteration is established; (2) during operation,
a small, slow insertion of the control rod, parallel with the adjustment of the «external» source intensity to
ensure that the ex-core and in-core neutron detector readings (proportional to the fission power level) are kept

constant; (3) the determination of generalized reactivity, Eq. (5), and K, in accordance with Eq. (9).

BAHT. Cep. Tepmosinepnsiii cuntes, 2021, 1. 44, Bbim. 2 33



N. Burgio, M. Carta, V. Fabrizio, L. Falconi, A. Gandini, R. Gatto, V. Peluso, E. Santoro, M.B. Sciarretta

FUSION NEUTRON SOURCE MODULATION

For a fusion-fission hybrid system, the «external» neutron source is generated in a confined plasma, and the
PCSM applicability depends on the modulation of the fusion neutron source intensity, intended to reset the
fission power.

Several options for modulating the power of a tokamak-confined plasma (and hence changing the fusion
neutron source) can be considered. Here, we focus on a method based on plasma compression/expansion. A
calculation is therefore carried out to determine the level of plasma compression required to reset the fission
power, and in particular the altered values of plasma density and temperature. Depending on adopted
compression scheme, a compressed plasma may get out of the toroidal force equilibrium. In that case, an
additional calculation is required to determine how the confining magnetic fields should be modified to restore
the balance.

Hybrid system specification. The modeling of the hybrid neutronic system is based on a large tokamak, a
device with an intermediate toroidal magnetic field operated with D—T-fuel and including a fission core zone in

Cylinder axis a region between the first wall and the tritium generat-
ing blanket. To simplify the neutronic calculations, we
have modeled a system with an infinite cylinder (a
1D approximation) with a vacuum cavity at the center
and seven homogeneous shells, as shown in Fig. 6.

F.W. Fission core Fission blanket Refl. Shield

Neutron

current The central cavity corresponds to the plasma
Sn region, where D—T-fusion reactions generate
Plasma neutrons (the «external» source). The first zone is the

(vacuum) tokamak’s first wall and vacuum chamber. Zones 2, 3

and 4 constitute the fission core, with zone 3
representing the dedicated control rod. Zone 5 is the
fusion (or tritium producing) blanket, followed by the
reflector and the shield. The radial distance of the
@@@@ @ @@ leftmost boundz_ary of zones 1, 2, 5, 6 and 7 are
located, respectively, at R = 485, 498, 535, 609 and
_ Control rod _ 622 cm. The cylinder terminates at R = 633 cm.
Fig. 6. 1D-modeling of the hybrid system Since the objective of this study is to verify the
applicability of the PCSM method to a hybrid system,
the details of the material composition of the various zones are not particularly relevant, as long as they are
representative of a hybrid system. We therefore omit them and only specify the type of materials selected for
each different zone. Zone 1 (the first wall) contains iron as a structural material and water as a coolant. Zones 2
and 4 comprising the fission core contain a homogeneous mixture of materials typical of a fast reactor core with
the MOX fuel: UO2, PuO,, AmOg, plus iron as a structural material and lead as a coolant. The volume fractions
for these materials are (the reference configuration): Vi, =0.15, Vire=0.05 Vf uo,=0.3509,
Vit pao, = Vi, amo, = 0.2245. Zone 3 has the same composition as zones 2 and 4 when the control rod is extracted
(the reference configuration), and a modified composition, in which boron-10 replaces part of the fuel, when the
control rod is partially inserted (the perturbed configuration). Zone 5 (the fusion blanket) contains lithium and
lead, the latter acting both as a multiplier and a coolant medium. Zone 6 (the reflector) is made of carbon and
water, while the last zone is a shield with the same material composition as zone 1.

Fusion plasma’s sub-ignited reference state. The reference configuration of the hybrid system consists of
a plasma operating in a sub-ignited steady state during some form of auxiliary heating, and a subcritical fission
core (keft ~ 0.97). To specify the plasma state, and in particular its working temperature, we consider its energy

balance. After that, we can determine the fusion neutron source which maintains the fission core subcriticality.
Plasma operating regime. In the reference configuration, we assume that a D—T-plasma (50/50 deuteri-
um/tritium) of a 1.1x10%° 1/m?® density is used. The tokamak major radius, Rax = Ro = 350 cm, the horizontal mi-
nor radius, a = 120 cm, the elongation of the plasma cross-section, k = b/a = 1.74. As a result, plasma volume,
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Vi = 2na’k = 1.74 m®. The on-axis toroidal magnetic field, B, = 5.5 T, the safety factor on the plasma edge,
q" = 3.5, and the total plasma current at flat-top is set equal to Iy = 11 MA.
For simplicity, we consider the 0-D-equation for the time evolution of plasma thermal energy [15]:
dW (t)
dt
where plasma internal energy, W = (3nT), fission power carried by alpha particles, S, = (E.n*(cv)/4), ohmic

= (S +(Sa) + San —(Se) =(Sy) [ Wim® ], (10)

heating power, Sq = (nJ%), and auxiliary heating power, Sax, the Bremsstrahlung and transport power losses,
Se=(Cen’T¥% and Sy = (3nT/we), are given in MKSA units by: W (t)=5.34x10"M,T,(t),

1 5.6x10° L mRo

S,) = 2.31x10°M,(oV),,, (Sq) = ! ,
S (V) (Sa) V, 1-1.31¥* + 0.46¢ a’kT.(t)

Sax = given function of T(t),

(Sy) = 6.14x10°M2TH2(1), (S,) =5.34x10° MoTk(®)
Te

In the above equations, {:--) denotes averaging over the plasma volume, the over-bar indicates

averaging over the plasma cross-section, m,, = m/10% is the particle density in 1/m® divided by 10%°, & = a/Rg
is the inverse aspect ratio, Iy, v is the total plasma current in MA, and (cV), = (cVv)/107%, where the reactivity
(oV) :10-6exp[—21.38/Tk°-2935 ~25.20-7.101x107°T, +1.938x107*T7? + 4.925x10°°T? —3.984><10-8Tk4] is ex-

pressed in m%s, when temperature is in keV.

For simplicity, we assume plasma confinement
time, e = 1.2 s, to be constant. This is a rather crude
approximation, as the plasma regime is sustained by
auxiliary heating. However we use this assumption, 10

108
10%

considering the demonstration nature of our study. The § 10°
various powers in the plasma temperature function are o
shown in Fig. 7. 100
The vertical lines indicate two important 10
temperatures characterizing a magnetized fusion 1
plasma: the Bremsstrahlung temperature, defined by 0 5 10 15
balance (S.) + (Sa) = (Ss), and the ignition T, keV

) Fig. 7. Power components contributing to the plasma energy
temperature, defined by (S.) + (Sa) = (Se) + (Sp). We  palance. Vertical lines indicate Bremmstrahlung and ignition
find Ts = 3.512 keV and T = 15.400 keV, respectively. temperatures. Bremmstrahlung and transport powers are

We solved Eq. (10) modeling the auxiliary heating Tgﬁﬂ ted by __“_OBrF‘:asio: (fniF?F:'son: T RS, o
function to obtain a steady-state sub-ignited regime
with working temperature, Tsyy = 9 keV. In our simulation, temperature 0.95 Tgy, is reached in about 16.2 s, and
the steady-state is sustained by auxiliary heating, Sas = 0.228x10° W/m®,

Plasma neutron source. The fusion neutron source depends on the rate of the fusion reaction in plasma,
which in turn depends on plasma temperature and density. Plasma eccentricity, e = \/1-1/x* = 0.821. The fusion

reaction rate, Reus = N%(cV)/4 in 1/(m®.s), and is also equal to the number of fusion neutrons produced per unit
plasma volume per second, nr. In the reference sub-ignited plasma configuration with Tx = 9 keV, we find
ne = 2.483x10™ 1/(cm®.s). Introducing factor f, denoting the fraction of the plasma which is burning, that is, ac-
tually undergoing an appreciable number of fusion reactions, we obtain the total number (rate) of fusion neu-
trons produced in the plasma per second, Nf = nVpifp = 8.647x10% 1/s.

We then evaluate the density of the current of fusion neutrons impinging on the first wall. The latter, with its
horizontal and vertical minor radii denoted by aw and b, respectively, is assumed to be 15 cm away from the
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plasma boundary. Its total surface, Sw = 8mhwRoE(ew) = 2.419x10° cm?, where E denotes the complete elliptic

integral, and ¢, = «/1—1/1<3V , With «w = bw/aw. The fusion neutron current hitting the outer part of the first wall is

2 2
o= w0V _ 35745102 1/ (cm-s). (1)
S, 16 a,E(e,)

Fission core reference subcritical state. Neutronic calculations for the reference and perturbed configura-
tions of the hybrid system were carried out using a 1D-code based on a finite-difference numerical technique,
writen specifically for this study. It allows solving multi-group diffusion equation with and without an external
source. It calculates both the direct and adjoint fluxes, as well as relevant importance functions. The code has
been benchmarked against analytical solutions of the 2-group, 2-zone problem, while a more throughout valida-
tion work using the ERANOS code is underway.

We have discretized the radial dimension in 45 grid points, and chosen a 6-group scheme. The group upper
energies are 20x10°, 4.5x10° 0.82x10° 0.14x10° 3.71x10°% 3.06 eV, with the fission spectrum given
by x = (0.18, 0.655, 0.215, 0.012, 0, 0). Where needed, the high-energy neutron source is introduced, but only in
the high-energy group (g = 1) equation. The neutronic group constants were prepared by processing ENDF/B
data with the NJOY code, using a fusion-dedicated weighting spectrum. The solution procedure is the
conventional power iteration method. In all computations, we used convergence tolerances for the multiplication
factor and the flux (ex= 10" and e, = 107, respectively).

The neutronic calculation performed for this model of a hybrid system are identical to those outlined in the
«Numerical verification of the PCSM method» section in respect of the TRIGA reactor model, and are only
summarized here in the form of key verification results. The subcritical reference configuration has
kert = 0.97001, and is maintained in steady state by the fusion neutron current density given in Eq. (11), while
generating a fission power of Wy = 2.307x10° W. The perturbed configuration, on the other hand, has kes = 0.96,
and generates a fission power of 1.814x10° W with the same fusion neutron source as the one used in the
reference configuration. To reset the reference fission power Wy, the fusion plasma current Jy, 1 needs to be
increased to 5.128x10" 1/(cm?-s).

To produce a higher fusion neutron current, plasma density n and temperature T must be changed
accordingly. Using Eq. (11), the condition to be satisfied by the new plasma parameters is (the subscript «1»
stands for final state)

J

np(ov)(T)ar f, _16

2 E(e.) . Jg1=2.612x10", (12)
W

with density indicated in 1/cm?®, temperature in keV, and (cv)(T1) in cm®/s, and where a; and a, denote the

minor radius of the compressed plasma and of the first wall.

Fusion neutron source modulation by plasma compression/expansion. Finally, it is necessary to consid-
er a method for increasing the fusion neutron source strength, as required by the PCSM procedure. We expect
the required fusion power modulation to be achieved through a continuous series of plasma quasi-static com-
pressions/expansions, induced by appropriate changes of the confining toroidal and/or vertical magnetic field.
Ultimately, this is accomplished by simply varying the currents flowing in the toroidal field coils (say, Itrc)
and/or poloidal field coils (Ieec). In general, an Itec increase amplifies the toroidal magnetic field and reduces
the plasma minor radius (invariance of the toroidal magnetic flux). A lpec increase on the contrary, raises the
inward force acting on the plasma, which, in accordance with the toroidal force balance, counteracts the out-
ward-directed forces associated with the pressure and the magnetic field (the toroidal effects) [15]. If the plasma
is in toroidal equilibrium, an increase in lprc displaces the plasma inward toward a new equilibrium position. If
it is out of equilibrium, an appropriate change in Iprc can restore the equilibrium without the need for any dis-
placement. Note that a plasma displaced inward encounters a stronger toroidal field (Bwr oc 1/R), and becomes
compressed [16]. Adiabatic plasma compression experiments that have been carried out since the 1970s have
proved the effectiveness of this heating technique [17, 18].
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The scaling laws for the magnetic compression were discussed in [19] with the assumption that plasma is
perfectly conductive (the «frozen-in» plasma compression). These scaling laws are derived from three basic
lowest order constraints, which apply when a plasma is compressed slowly in relation to particle collision time
Tp («collisional» compression: time ¢ < 1), but rapidly in relation to energy confinement time te («adiabatic»
compression time tc > te). These are the total number of particles inside a magnetic surface, the toroidal
magnetic flux inside a magnetic surface, and the rotational transform (equivalently, the poloidal flux). In a zero-
dimensional approximation, these constraints, augmented by the adiabatic energy law, read r’Ran = const,

r’B¢ = const, q= B, = const, %zconst, where n, By, By, q indicate the density, the toroidal and poloidal
n
ax —p

magnetic fields, and the safety factor (inverse of the rotational transform), respectively, r localizes the magnetic
surface, and Rax denotes the major radius. Assuming that r = a, we obtain the following general compression
scaling laws [19]:

o const. const _const

= = = 13
az Rax a4/3 Razf P Rax ( )

const const
B.(R,)=—5—; B, = . 14
t( ax) az p aR ( )

ax

A scaling law will also be needed for the plasma inductance. Neglecting plasma resistivity, we assume [20]:
Lpllpt = const = Ly = const Ra. (15)
Here Ly is the total inductance of the plasma, which comprises both the internal and the external
contributions: Ly = Lin + Lext.
Whareas in [19] three different compression types are described, here we consider only two of them,
namely, those denoted in [19] as «R-and-a-
compression, type B» and «Constant-R a-compression».  a« R?2
Compression based on inward plasma displacement.
In this compression mode (the «R-and-a-compression,
type B» sketched in Fig. 8), the external vertical field a0
increases (due to the lpec increase) displacing plasma a1
radially inward and thereby inducing a compression in
the minor radius due to increased toroidal field. No Ra1  Rax0
change in Irec is required. The application of the toroidal

flux conservation aB, (R, 1) =a5B; o(Ry o), aug-

mented by the 1/R law B, 1(Rax, 1) = By, O(Rax, O)Rax, 0/Rax,1,
leads to (a1/a0)’ = Rax, 1/Rax,0 and to the compression sca- Fig. 8. Sketch of the compression scheme based on inward plasma
ling a=const RY? (as shown in Fig. 8). In [19] this displacement [19]

compression method is proposed as an auxiliary heating
mechanism to be used during the discharge startup to heat up the plasma to required temperatures. Large plasma dis-
placements were therefore envisaged, with the consequent need for a greater plasma chamber. In the context of this
study, compression is performed with the only goal of inducing relatively small temperature changes, as required by
the PCSM, and this practical disadvantage is minimized.

Defining the compression factor, Cr = Raxo/Rax 1 = (a0/a1)?, we obtain By, 1(Rax, 1) = Bt, o(Rax,0) Cr and, for the

aspect ratio, A =A,/CR%. The (13)—(15) scalings describing this compression approach are

n=nCa, T =T,Ca", b= pCR”, B, 1(Ru1) =By o(Ru0)Cr: 11,1 =151,0Cry th(ar) =0g(80), By 1(ar) = Bp,o(ao)cgz/2
and Lp,1 = Lp,o/Cr. Introducing these scalings in Eq. (12) we obtain the following relation for the required
compression parameter Cg:

Cang (oV)(ToCr")ag

=2.612x10",
a,E(e,)
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where, as assumed, elongation « is invariant under compression. A numerical solution leads to Cr = 1.084, and
consequently a, =a,/\/Cg =1.153 m, Ra,1= 3.230 m, n; = 1.292x10%° 1/m*® and T, = 10.020 keV. The
increment in  the number of fusion neutrons produced in the compressed plasma,
N /N¢ o = CA{oV)(T,CR>)/ (ov)(T,) =1.555.

We now calculate the change in the vertical magnetic field required to implement the compression
described above. The vertical field is necessary in a toroidal configuration to enforce the toroidal force balance,
which requires that forces tending to drive the plasma outward are counteracted by an inward Lorentz force
induced by a vertical magnetic field F,. There are three plasma-expanding forces, namely, the F, «tire-tube»
force, the Fyr «1/R» force, and the Fnoop «hoop» force: Fp + Fur + Froop = Fv. An explicit expression for these

four forces in the limit of a circular plasma cross section can be found in [15]. Here we only report the
expression for a (externally imposed) vertical magnetic field needed to establish the toroidal equilibrium:

B, _1a|2up(r), B(a)’-By(n)’
B,(a) 4R,| B,(a) B,(a)?

+0+2], (16)

where/=/¢. +/

it T e 1S the total normalized plasma inductance comprising the internal and the external
contributions. In these expressions, p(r) = n(r)T(r) is the plasma pressure, while B;, Bp, By are the toroidal,
poloidal (induced by the plasma current), and external vertical magnetic fields. The By «x field is the vacuum
(externally imposed) magnetic field, calculated at R = Rx.

To obtain a numerical value for By before and after the compression, we need to specify the corresponding
radial dependence of plasma profiles p(r) = n(r)T(r), B«(r), Bu(r). A good model for the minor radius dependence
of the plasma profiles in the reference configuration (i.e., before compression) is provided by the screw-pinch
approximation to the tokamak case, which is formally obtained by the torus straightening out into a cylinder.

The radial pressure balance for the screw-pinch reads

d B2(r) , Bo(n) | BX(r) _
dr(p(r)+ 20g + 20g ]Jr o =0. (17)

Based on experimental results on pinch devices, as well as simplicity considerations, we adopt the
following magnetic field components [21]:

R Mol T
B, (r,0)=B,(r)—2—, where B,(r) = —" ;
e( ) 6( )R(r,e) 6( ) - r2+a2
B,(r,0,1)=B,(r) RFraxe)’ where B‘i(r) = B;ex —2upAp(r; a), (18)

where By ex IS the externally applied toroidal field (which is a constant, as it does not include the 1/R
dependence), and where 0 < A < 1 is a parameter quantifying the degree of diamagnetism (reduction of the

externally imposed toroidal magnetic field due to the presence of the plasma) — we will take A = 0.50. In

2 —
9, ex

particular, the toroidal field on axis is given by B, (0, 0)>=B 2u,Ap(0; @) . Once the magnetic field is
defined, Eq. (17) gives the pressure profile: p(r,a)= ﬁ(a)[4(3a4—2a2r2—r4)}/[3(a2+r2)2], where
p(a)=(3uol %)/ [32n2a2 (1- k)] is the value on axis, and p(+a, a) = 0.

With this information at hand, we can find an expression for the vertical magnetic field needed to establish
the toroidal equilibrium in the initial (pre-compression) configuration. We obtain

Bv,o _ uOIpI,O 1+) +2|n(8Rax,0\]_§ ,
8nRy o 1-2 a, 2
where the first term inside the square brackets includes the tire-tube force and the 1/R force, and the last two
terms come from the hoop force.
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The compression scaling for the pressure is derived from density and temperature scalings. From the generic
expressions for the latter two profiles, n(r)="1f (r;a) and T(r)=Tf.(r;a) respectively [with the f functions

becoming 1 at r = 0], we obtain p,(r) =1, f,(r; a,)T, - (r; a,) = P(a,) fo(ria,) and py(r)=Cx"°p(ay) f,(r;a,),
where f (r;a)=4(3a"-2a’r’-r*)/ [3(a2 + rZ)ZJ . From Eq. (18), we finally obtain the scaling for the toroidal

t,ex,0

1/2
magnetic field: B, ; = {CFZQB2 - ZuokCé°/3f)(ao)[4(3af —2a2r’ —r*)/3(af + rZ)ZJ} :

Introducing the scaling properties of various quantities in Eq. (16), we obtain the following expression for

| 8R
the required magnetic field after compression: B, ; = Mo .0 C;’31+)‘+C§ oln| Lo |3 1L
1T BaR, . | R 1-1 a, | 2

Numerically, we find that the vertical field should be changed from 1.786 T before the compression, to
2.121 T after the compression, a ~18.7% increase.

Compression based on plasma minor radius reduction. We also considered a second compression scheme,
the one identified as «Constant-R a-compression» in [19]. In this approach, the toroidal field is increased to a
point allowing plasma compression while the vertical field is increased to maintain the toroidal force balance.
The plasma major radius remains unchanged during the compression, Ra 1 = Rax 0 (N0 plasma displacement). A
convenient parameter to describe this type of compression is the ratio of the plasma radius before and after the
compression: C, = ag/a; > 1. The aspect ratio scaling, A1 = AoCa.

A procedure similar to the one presented above yields the following results: C, = 1.0678; plasma radius
compression from a = 120 to a;=11238 cm; new plasma density and temperature
No = 1.100x10%°—n; = 1.254x10% 1/m* and To = 9 — T; = 9,823 keV; increment in the total number of fusion
neutrons produced in compressed plasma, Nt 1/Nt o = 1.435. To maintain the toroidal plasma balance, the vertical
magnetic field must be strengthened from By, o = 1.786 to By, 1 = 1.859, a ~ 3.6% increase.

SUMMARY AND CONCLUSIONS

We investigate the possibility of applying the PCSM (power control-based subcriticality monitoring) to
safely determine a fusion-fission hybrid subcriticality without significantly interfering with the normal operation
of the fission core, where nuclear waste can be transmuted and/or fissile fuel can be bred. The method consists
in: (i) a standard calibration of a dedicated control rod in the fission core — a relationship between a control rod
position change and the corresponding reactivity alteration may then be established; (ii) during operation, a
small, slow insertion of the control rod and associated adjustment of the fusion neutron source (i.e., fusion
power generated in the plasma) to ensure that the ex-core and in-core neutron detector readings are kept
constant and the fission power level is unchanged; (iii) an evaluation of the subcritical multiplication factor
using Eq. (9).

Neutronic calculations based on the multi-group transport equation and the PCSM procedure allowed the
subcritcality evaluation with an accuracy of the order of 0.1%, suggesting that the proposed methodology can be
effectively used to determine a hybrid system’s subcriticality. The enhancement of the fusion neutron source
strength required to reset the fission power following the control rod insertion was accomplished using plasma
compression. The application of a simple 0-D-plasma power balance equation alongside a screw-pinch
modelization of plasma profiles showed that the compression scheme based on inward displacement of the
major radius requires minor radius and vertical magnetic field changes of —3.9% and +18.7%, respectively,
while the plasma compression scheme based on a reduced minor radius and a fixed major radius requires minor
radius and vertical magnetic field changes of —6.3% and +3.6%, respectively. The size of these changes seems
to be acceptable from an operational point of view.

Due to a number of simplifications used in our calculation, especially those regarding the plasma
compression modeling, this study is far from providing a convincing evidence that the PCSM coupled with a
plasma compression/expansion technique can be implemented in an hybrid system based on the tokamak
concept. In particular, the fusion power modulation by compression, required by the PCSM, is a delicate
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endeavor, because the parameters of a magnetically confined plasma, such as density, temperature and pressure
must meet strict constraints to avoid instabilities. The latter can cause irregularities in the operation, from
anomalously large transport rates, to major disruptions (a sudden loss of confinement). Our simplified approach
to fusion power modulation via plasma compression/expansion did not consider the issue of plasma stability.

In addition to plasma stability, several other points remain to be addressed in order to be confident about the
suitability of the PCSM method coupled with the plasma compression/expansion technique, adopted to hybrids.
The time scales associated with the control rod movement and plasma compression must be quantified, and a
clear and practicable action plan should be envisaged. Some of these points can be addressed once a more
definitive hybrid system design is conceived.
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Jlnsg u3ydeHus CBA3M MEXAy TepPMOSAICPHOM yCTaHOBKOW M JOKPUTUYECKOW 30HOW AeneHus ObLia pazpaboTaHa ynpoUIEHHAs JeTepPMU-
HHUpPOBaHHAasi pacyéTHas MOAENb THOpHAHOI cuctembl cunTesa-genenus (['CCH). Berauciutenshsie nporpammsel Monte-Kapiio (MK)
OUYEHb THOKH U MOTYT pacCMaTpPHBAThCS KaK ITATOHHBIE HHCTPYMEHTHI pacuéTa A CIOXKHBIX cucTeM, Takux kak 'CCJl. Jlerepmunupo-
BaHHBIE KOJBI MOTYT 3a 0oJiee KOpPOTKOEe pacuéTHoe BpeMs, 4eM nporpamMbel MK, BBINOIHNTE MapaMeTpHIECKUH aHAIU3 U aHAIH3 dyB-
CTBUTEIIBHOCTH, TaKXKE HCIIONB3Ys] METOIbI 00Iel Teopun BozmyuieHuit (OTB), yCcKOpHB 3TUM TIIOOATBHBIA TEOPETHYCCKUI aHAIN3
I'CCH. B nmannoii paboTe CpaBHHBAIOTCS pe3yibTaThl, MOXy4eHHbIe s ynpoménHod moxenu 'CCJl ¢ ucnonp3zoBanuem koma MK
(MCNP6.1, Monte-Carlo N-Particle) u nerepmunupoBanHoro koga (ERANOS). B yacTHOCTH, B 3TOM HPEIBAPUTEIBHOM HCCIICIOBAHUI
CPaBHMBAIOTCS HHTETPATIBHBIC TTAPaMETPBI: Kop, TEIIOBas MOIIHOCTH, TOTOKH HEWTPOHOB M HEKOTOPHIC KIIOYEBBIC MPOGHIN CKOPOCTH
SIIEPHBIX peaknuid. Eciu cpaBHeHMe pe3yIbTaToB, MONYyYCHHBIX JBYMs YHOMSHYTBIMH KOJAaMH, OyleT IpH3HAHO OOHAIEKUBAIOIINM, B
JanbHeieM Oy IyT MpOBeIeHbl YTOUHEHHbIE HCCIEA0BAHMSA C LIENbI0 000CHOBATH HUCIOIb30BAHIE JETEPMUHUPOBAHHBIX KOJOB B Kade-
ctBe 3 dexTuBHOTO cpencta mus aHanuza ['CCJl, Bxirtodas 3aBUCAIIMN OT BpEMEHH aHAN3 MOHHTOPHHTA MEPEXOIHBIX MPOIECCOB U
PEaKTUBHOCTH.

KuioueBble ci10Ba: rubpuaHas mporpaMmMa CHHTE3a-I€NeHNUs, BEIYUCINTENIbHBIE TporpaMMbl MoHTe-Kapio, 1eTepMUHIPOBAHHBIC KOIBL.

INTRODUCTION

A Fusion-Fission Hybrid System (FFHS) [1], obtained by coupling a fusion machine and a sub-critical fis-
sion system, could, in principle, have some potential applications, including fission nuclear waste management.
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This system can be seen as an Accelerator Driven System (ADS), where a subcritical fission blanket is driven
by neutrons emerging from the fusion plasma instead of coming from an accelerator.

With a view to the component-by-component evaluation strategy extensively used in the ADS studies [2],
one can separately analyze the FFHS’s two main characteristics: the intensive neutron source and the subcritical
fission blanket.

MC codes are very flexible and can be considered as reference calculation tools to deal with complex sys-
tems, such as FFHSs. On the other hand, deterministic codes can be a quicker alternative to MC codes when it
comes to doing a parametric and sensitivity analysis, especially using the GPT-based methodologies [3], which
are useful in supporting the global FFHS theoretical analysis.

In this work we compare, in a preliminary way, results obtained for a simplified FFHS model using a MC
code (MCNP6.1) [4] and a deterministic code (ERANOS). [5]. In particular, we compare integral parameters
like kerr, neutron fluxes and some key reaction rate profiles.

CALCULATION MODEL SET-UP

A simplified cylindrical 2D-RZ model, with different homogenized coaxial zones, has been defined to

study the subcritical fission blanket behavior with two different codes.
The model is composed by four different regions (Fig. 1). They are, starting from the center:

— plasma chamber;
— sub-critical fission blanket;
— tritium breeding blanket;

e Fission
— lead-steel shielding. blanket
In this preliminary study, neutrons were assumed Tritium
to be produced from a DT-plasma, therefore the cal- Fission source breeding Fission source
culation model considered a monoenergetic isotropic blanket
- - - - 19 . .
neutron source with an emission rate of ~10~ n/s, Side view Shield Top view

placed in the center (the plasma chamber). The plas-
ma chamber’s volume is 27.5 m°.

Fig. 1. RZ geometry model

A subcritical fission blanket was defined starting from an elementary fuel cell where fuel pin and lattice cell
are set to allow affordable power densities and coolant flow rates. Homogeneous materials compatible with the
LFR technology were chosen for the fission blanket, and their homogenization followed the design summarized

in Table 1.

T able 1. Volume fractions of the fission blanket composition material

Material Volume fraction, %
Fuel (MA-doped MOX) 275
Steel (AIM1) 8.5
Void (He) 4.3
Coolant (Pb) 59.7

In the LFR concept, lead-lithium is used in the blanket as the breeder material, with a composition detailed

in Table 2.

T able 2. Volume fraction of the breeding blanket component materials

Material Volume fraction, %
Breeder (PbLi) 40.0
Steel (AISI 316L) 60.0

The shielding zone is composed by a mixture of lead and stainless steel (AISI 316L) as shown in Table 3.

T able 3. Volume fraction of the shielding component materials

Material Volume fraction, %
Lead 35.0
Steel (AISI 316L) 65.0
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Then a reactor with a subcritical kes, of about 0.97 was modelled with the ERANQOS deterministic code and
then loaded in the MCNP code.

Homogenized cross sections for different zones were evaluated with the help of the ERANOS ECCO cell
code using the JEFF-3.1.1 [6] nuclear data library with a standard 172 energy group structure, scattering approx-
imation in P3 and S4 for angular distribution.

The BISTRO 2D-RZ flux module has been used for both «homogenized» and source calculations.

The neutron source considered was a DT generator that emitted 14 MeV neutrons isotropically and uni-
formly in the central volume of the geometry.

The same geometry and material composition were used in the MCNP6.1 based simulation. Starting from
an isotropic neutron source homogeneously generated inside the « plasma chamber» region, neutrons propagat-
ed in other regions. The KCODE card was used to determine the kesr, and the SDEF card was considered as a
way to calculate fluxes and reaction rates.

RESULTS

The results of the effective neutron multiplication factor, ker, calculation with different reference codes are
presented in Table 4.

Table4 ERANOS vs. MCNP calculation of the effective multiplication factor

Reference case Kett p
ERANOS 0.97054 -3035
MCNP 0.98893 -1119
7.10% Fusion Core Breeding shielg _ Eva_lua}ting the source neutrons’ in_qportance rela—
__6:10% source blanket tive to fission neutrons from the subcritical core is of
Né 510% relevance for an understanding of the subcritical core
%4'102 behavior. The source relative importance, ¢~ [7], is
s 2:1815 defined as:
1.10'5 [ 1 1}
0 50 100 150 200 250 300 350 400 o* :keff—

R, cm {1_1] .
kS

Fig. 2. Comparison of the radial flux distribution as a function of

the radial distance from the cylindrical system’s center, calculated The ERANOS deterministic code assesses the
with the ERANOS (») and MCNP () codes o=, S
source’s importance as: R= *=L, where
P "~ Fo
FO

®" — adjoint flux of the homogeneous case; ® — direct flux of the inhomogeneous case; S — the external
source.

The results are listed below: ket = 0.97054; ks = 0.97403; ¢~ = 1.121.

The ERANOS vs. MCNP comparison also covered the neutron flux and some reaction rates along the
radial distribution at the middle height of the system. It was chosen to normalize all the results obtained to
the ERANOS value in the center of the geometry. Comparison of the radial flux distributions, calculated
with the ERANOS and MCNP codes (Fig. 2) shows a good agreement for the whole system.
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Set up of a deterministic calculation model for the analysis of fusion-fission hybrid systems

Several reaction rates derived by the two codes were
compared. Fission rates were calculated using *°U, 2%U
and **Am, with the results shown in Figs. 3—5.

The behavior of the U fission reaction rate in
the fission blanket zone shows some discrepancies be-
tween the two codes, this could reflect the difference
for kefr value presented in Table 3.

Comparison of the 28U fission reaction rate radial
distributions (see Fig. 4), calculated with the two codes,
suggests a good agreement for the whole fission zone.

In the case of **Am, fission rate radial distribu-
tions have a traverse similar to 2*U’s (see Fig. 5), and
one can see a good agreement between results obtained
with the two codes.

Then, the rates of capture reactions involving
2"Np and 28U, as well as °Li(n, o) were analyzed and
compared (Figs. 6—38).

There are notable discrepancies in the behavior of
the *’Np capture rate radial sampling (see Fig. 6) in
the fission blanket zone, simulated with the two codes,
which call for an explanation.

Discrepancies similar to those found for 2’Np are
revealed for the 28U capture rate in Fig. 7, although in
the latter case the study is in progress.

The comparison between the two codes for the
®Li(n, a) rate radial distributions, in the breeding blan-
ket zone, shows a very good agreement along all the
radial direction (see Fig. 8).

CONCLUSIONS

The coupling of a subcritical blanket with a fusion
source, like in FFHS, may allow the fundamental prob-
lem of disposing of long-lived radioactive waste from
the back end of the fuel cycle to be approached.

A simplified Fusion-Fission Hybrid System (FFHS)
model could allow to study and evaluate some important
parameters using different calculation methodologies.
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Fig. 7. Comparison of the 238U capture rate radial distribution as a
function of the radial distance from the cylindrical system’s center,

calculated with the ERANOS (o) and MCNP (-) codes
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The simplified RZ model developed in this work was analyzed by both deterministic and Monte Carlo cal-
culations, the analysis was focused on some preliminary parameters, such as the neutron multiplication factor
and fluxes and the radial distribution of some reaction rates. This preliminary comparison yields some evidence
of a fairly good agreement between the Monte-Carlo and deterministic codes.

There are some differences between the ke results and consequently for flux absolute values, which fact
calls for further and more in-depth research and subsequent verification.

A full agreement between these results will allow the deterministic code to be useful in performing some
important evaluations concerning the FFHSs.
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High field tokamaks as compact neutron sources
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Fusion reactor scaling laws can be used to define plasma parameters of high field compact tokamak for low fusion gain applications as it is
the case of compact neutron sources. The attractive physics of the high field tokamaks explored on Alcator devices and FTU has
demonstrated that tokamaks (at magnetic field B > 7 T) can be operated in L-mode with substantial increase of confinement. In particular the
operation with pellets is attractive in this respect because it opens up the possibility of operating the machine in ohmic plasmas at very high
density (plasma density ne > 1-10% m=) with improved confinement properties. The compact high field tokamaks are characterized by
a fundamental ohmic confinement with possibly a low RF heating power because of the limited space available. This paper is dedicated to i)
a summary of the physics of high field tokamaks as derived from the database of FT, FTU and Alcator devices (including Alcator-C-MOD); ii)
a discussion of their confinement properties in scenarios operated with pellets; iii) the scaling laws for fusion reactors, which allow for the
evaluation of the geometry and plasma parameters of compact high field (B > 7 T) tokamaks at aspect ratio A > 2.5 and at low aspect ratio
(A < 2); iv) the technical feasibility of these neutron sources and their technology readiness level.
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3aKOHBI MacIITAOUPOBAHMS TEPMOSIEPHOTO PEAKTOPa MOTYT OBITH MCIHOJIB30BAHBI JUIS ONpPEACICHHS MapaMeTpoB IUIa3MbI KOMITAKTHOTO
ToKamaka ¢ cuiibHbIM nojieM (TCII), ¢ HU3KUM OTHOIICHHEM TEPMOSIICPHON MOIIHOCTH K 3aTpauMBacMOl, KaK B CIIy4ae KOMIIAKTHBIX HC-
TOYHHKOB HeiTpoHoB. [TpuBnekarensuas ¢usnka TCII, uccnenoBannbix Ha Tokamakax Alcator u FTU, mokasaina, 4to Tokamaku (pu mar-
HUTHOM 1oJie B > 7 Tir) MoryT pabotaTs B L-pexnme ¢ 3HAUUTENIBHBIM YBEJINUCHUEM YACp)KaHHUs. B 4acTHOCTH, TIpUBJIEKATEIbHA HHKCKIIHS
TIeJUIET, TIOCKOJIBKY OHa OTKPBIBACT BO3MOKHOCTH PabOTHI TOKaMaKa ¢ OMHYECKOH IUTa3MOM, MMEIOLIEH O4CHb BBICOKYIO IUIOTHOCTB (Ne >
1-10% M%) u obecneunBaromeii yumiee yaepxanue. Kommaxtasie TCIT XapakTepu3yroTCs TEM, 9TO B HUX B OCHOBHOM HCTIONB3YETCS OMU-
YECKOe yJIepiKaHHe ¢ HeOOJIbIIOH J00aBKOH Pajio4acTOTHOrO HArpeBa M3-3a OrPaHUYEHHOTO MPOCTpaHcTBa. B craThe naérest 0630p dusu-
ki TCII Ha ocHOBe JaHHBIX, Mony4eHHbIX Ha Tokamakax FT, FTU u ALCATOR (sxirouas Alcator-C-MOD), oGcyxnaercs yaepxkaHue
IUIa3MBbl B TAKHX TOKaMaKax MPU MHXKEKIUH TIeJUIET, PACCMATPHBAIOTCS CKEHIMHIY TS TEPMOSIIEPHBIX PEaKTOPOB, IO3BOJISIOIINE OLICHHUTD
TeOMETPHYECKUE XapAKTEPUCTHKHY U mapamMeTpsl ria3mbl kKoMmmakTHbix TCIT (B > 7 Tir) mpu acmiekTHbIX cooTHOmeHusX A > 2,5 u pu A < 2,
00CyXIaeTCs TeXHUUECKast OCYIIECTBUMOCTh 3THX MCTOYHHUKOB HEHTPOHOB M YPOBEHB MX TEXHOJIOTMYECKOW FTOTOBHOCTH.

KiaroueBble ¢jI0Ba: TOKaMaKH C CHILHBIM T10JIEM, KOMITAKTHBIC TEPMOAACPHBIE HCTOYHUKA HeﬁTpOHOB.

INTRODUCTION

Recently, advances in the area of superconducting magnet technologies have opened up the prospekt of
operating tokamak-type fusion reactors at higher magnetic fields [1, 2]. However, experimental data available
for tokamak plasmas at high fields (>6 T) are scarce. Advantages of high field operation for fusion based
tokamaks are well known. At fusion relevant temperatures in the range of 10—20 keV, the fusion power scales
as Prs = B?B*R*/A?, where B is the toroidal magnetic field on axis, R the major radius of the tokamak, the aspect
ratio A — major radius/minor radius, B = kinetic pressure/magnetic pressure. Various high field based tokamak
fusion reactors are proposed for this purpose, such as Ignitor [3], SPARC [1] and ARC [4]. Current experiments
however operate at relatively lower magnetic fields (<5 T). Extensive data for studying the physics at high fields
B > 6 T is only limited to a handful of tokamaks that are currently not in operation. There is also a need to create
a dedicated database for high field tokamaks that will serve as a basis for the design of tokamaks operating at
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high fields in the near future due to the advancement of magnetic technologies capable of operating at higher
fields. Only five tokamaks have operated till date with fields higher that 6 T. These are the Alcator family —
Alcator-A, Alcator-C, and Alcator-C-MOD [5—29], the Frascati Tokamak (FT) [10—12] and Frascati Tokamak
Upgrade (FTU) [13, 14]. This paper will mainly focus on the experimental results from these high field
tokamaks in the ohmic regime which will serve as the possible baseline operational scenario for the compact
neutron source. Operation in the ohmic regime has the advantage over the standard ELMy H-mode due to the
absence of ELMs (edge localized modes). Moreover the power threshold for entering into the H-mode (high
confinement mode) Py scales with the toroidal magnetic field [15]: i.e. PLy = B*®, and this means that higher
power would be needed to get into H-mode. Experiments on Alcator-C-MOD showed that the scaling of the
power threshold for entering the H-mode is approximately Py, MW = 0.044nBS where n is the line average
electron density, S is the last close magnetic surface area [20]. More detailed investigations in Alcator-C-MOD
(for magnetic fields B < 5.4 T) showed that there is a minimum power Py = 1.5 MW at a density close to
n = 1.5 10%° m™ [21]. H-mode obtained at B = 7.9 T with lithium pellet injection is reported using ICRF H and
He® minority heating. High field operation for spherical tokamaks (ST) is also considered in the present study
[16—19]. The extrapolation of low field ST data to high fields is used for determining the scaling at higher
fields. The paper is divided into five sections. i) will summarise briefly the experimental evidences from high
field tokamaks having a large aspect ratio supporting the operation in the ohmic regime; ii) is dedicated to
design criteria for a MCF (magnetic confinement fusion) neutron source to define the scaling laws for tokamak
fusion reactor plasmas. The determination of the parameters of a high field tokamak as a fusion neutron source
is carried out. The method used was presented at FUNFI3 conference [22]; iii) includes the determination of the
parameters of an ST as a neutron source based on the confinement scaling laws of NSTX, START and MAST
[19]; iv) is dedicated to the technology readiness level (TRLs) of tokamak sub-systems. Conclusion and
perspectives for the future work are outlined in v). The results reported are based only on theoretical physics
analysis, the engineering constraints (such as the shieldings which must be included in the design of tokamak
devices) are not considered in the present analysis.

SUMMARY OF RELEVANT EXPERIMENTAL RESULTS FROM HIGH FIELD TOKAMAKS:
ALCATOR-A, ALCATOR-C, C-MOD, FT AND FTU

A summary of ohmic based discharges from high field machines Alcator A-C, Alcator-C-MOD, FT, and
FTU is reviewed here. Table 1 below shows the main physics parameters of the machines. While FT, FTU and
Alcator-C are all circular limiter plasma machines, Alcator-C-MOD is the only divertor machine to operate at a
field of more than 5 T. Operation at higher field allows operation at higher densities thus allowing operation at a
higher Lawson confinement parameter.

T ab el High field machine parameters

Parameter Alcator-A Alcator-C Alcator-C-MOD FT FTU
Major radius, m 0.54 0.58—0.71 0.68 0.83 0.935
Minor radius, m 0.10 0.10—0.17 0.21 0.20 0.305
Plasma current, MA 0.3 0.8 3.0 0.6 1.6
Magnetic field, T 9 13 9 10 8
Divertor/Limiter Circular plasmas| Circular limiter plasmas Divertor plasma Circular plasmas |Circular limiter plasms

Heating
ECRH 140 GHz, 0.5 MW
LHCD 2.45 GHz 2.45 GHz, 70 kW and 4.6 GHz, 3 MW 2.45 GHz 8 GHz, 1 MW
100 kW 4.6 GHz, 1.5 MW

ICRH 180 MHz, 500 kW 40—80 MHz, 8 MHz 433 MHz, 0.5 MW

Ohmic confinement and density limit in high field tokamaks. Alcator-C tokamak. Experiments
performed on Alcator-C at densities <8x10%° m™, plasma current <0.75 MA and magnetic fields <13 T [28]
showed that the turbulent trapped electron modes (TEM) regime dominates at lower densities, in the linear
ohmic confiment, where the Alcator scaling is valid, and ion temperature gradient (ITG) turbulence dominate at
higher densities, leading to a saturation of the energy confinement time at high densities. Subsequent
experiments with frozen deuterium pellets [30] showed that pellet fuelled plasmas do not show a saturation of
the confinement time as seen in conventional gas puffing due to supression of the ITG regime, leading to an
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increase in confinement time. Fig. 1 below has been
adopted directly [30], shows the increase in the
confinement time with pellets.

FTU Tokamak. High density experiments on FTU have
been extensively performed using pellets with the repeatative
pellet enhanced plasma (PEP) modes leading to improved
confiment [29]. This is again due to the reduced ion transport
accompanied with  supression of sawtooth activity.
Experiments were carried out at a magnetic field of 7.1 T
and a plasma current of 0.8 MA, where the density was
increased from 1.5x10%° to 7.0x10° m™ with a drastic
increase in the neutron rate of 4x10% n/s. Further
optimization extended this regime to 8 T and 1.25 MA
plasma current with multiple pellets. Record neutron rates
were achieved for FTU up to 1.5x10% n/s, High confinement
factor Hgz > 1.1 with respect to the ITER-97L scaling law
was achieved with these parameters. The figures reported in
this section are extracted from [13, 14]. The ohmic
operation at high field in FT, FTU, Alcator-C and Alcator-
C-MOD was characterized by the Alcator scaling (the FTU
ohmic scaling law is presented here):

g, Ms = Kne(10%° m3)gt#42£007 K =7.1+06, (1)

where K is a dimensional numerical constant, g the cylindrical
safety factor and 1. is the confinement time, ms.

TE, MS

50

40

30r

27r

10

i, x10%cm=3

Fig. 1. Effect of pellets on the confinement time (adopted
from [30]): ® — gas-fueled; o — pellet-fueled

Fig. 2 shows a database of FTU where the confinement time vs the electron density is reported at
various currents [1]. In Fig. 2, it is seen that the linear (vs density) ohmic confinement (LOC) regime holds
up to a critical density, beyond which the SOC (saturated ohmic confinement) holds. The LOC regime is
however seen to extend beyong the critical density with pellet operation, thus allowing for higher
confinement times. Fig. 3 shows a comparision of the confinement time in FTU before and after pellet
injection. There is good consistency of the confinement time with the L-mode scaling. There is almost a
doubling of the confiment time as shown for the FTU pulse Ne 12 744 with the L-mode ITER-89P scaling

. . T
law of confinement, in presence of pellets —= ~ 2.

T
Eirer-s0p

120

kJ

0 1 2 3 4
Line averaged ne, x102° m3

Fig. 2. FTU confinement time vs electron density at various plasma
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INTER-89P

0.5 0.6 0.7 0.8 0.9
Time, s

currents: ® —0.5; ¢ —0.8; o — 1.1; ¢ — 1.4 MA. Open symbols  Fig. 3. Comparison between the ITER-89P L-mode confinement
correspond to pellet operations. The horizontal line is the value of  scaling law and confinement time measured with pellets, together
the saturated ohmic confinement time on FTU. The plot shows that  with the increase of the plasma kinetic energy evolution are shown.
pellet operation recovers the linear scaling at high density [13, 14].  Plasma parameters of FTU pulse Ne 12 744 are: Br = 6.88 T, ne (line
Tetinear = KNe(102 m=3)q142+007 K =7.1+ 0.6 average) = 2:102° m™3
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Fig. 4. FTU Database showing the He7 confinement improvement
factor with respect to the L-mode confinement scaling law ITER-
97P. Ho7 < 1.3 with pellet operation: o — OH; o — LH —; 8 —
LH + ECRH; x — ECRH; « — IBW; = — RI; ® — pellet

Fig. 4 shows a plot of the confinement factor Hy;
of the FTU database with the ITER-97 L-mode scaling
where Hg7 = te measured/te ITER-97 is the ratio of
measured confinement time and that evaluated using
the ITER L-mode scaling. The results indicate that a
confinement factor of Hy7 = 1.3 can be obtained with
pellet fuelled discharges.

Fig. 4 also includes data from discharges with ohmic
heating and ohmic pellet operation, as well auxiliary
radiofrequency (RF) heated discharges using Lower
Hybrid (LH), electron cyclotron (ECRH), IBW (lon
Bernstein wave), and RI (improved highly radiating
mode). In this context it can be noted that ohmic pellet
operation reaches Hg; values close to that obtained in ITB
discharges where LH was combined with ECRH.

The Table 2 shows the detailed consistency of the
parameters of the FTU pellet injected pulse Ne 12 744
(see also Fig. 2) with those obtained by the system
code SPECTRE [26] using L-mode ITER-97P

confinement scaling law: Hgz = 1.27 is found by the system code to reproduce the FTU discharge parameters.

T able2. Plasma parameters of the FTU pellet pulse Ne 12 744 with SPECTRE system code calculations using ITER-97P L-
mode confinement scaling law

Parameters FTU 12 747 SPECTRE system code
Ho7 1.23 1.25
Ro, m 0.9414 0.9407
A 3.35 3.35
Ip, MA 0.7931 0.7904
Br, T 6.88 6.88
Niine, 100 M3 2.71 2.64
Navg, 1020 m3 — 1.32
<Te>, keV — 11
Teo, keV 1.47 1.77
TE, MS 88.1 87.1
Pon, MW 1.18 1.06
Qos 4.869 4.27
Zest 1.0 1.27
Be 0.393 0.372
Wtherm, kJ 1073 103
Vioop, V 1.489 1.47
Neutron yield, s 5.4x1012 —

The parameters of the FTU pulse are included in the database international multi-tokamak confinement profile database http://tokamak-

profiledb.ukaea.org.uk.

8
7

6

Ne, x1020 m3

07 08 09 1
R, m

Fig. 5. Time evolution of the Abel-inverted interferometer density
profile after pellet injection In ohmic discharge. FTU pulse Ne 25 255

(reprinted from [13]): — — 67; —— 8; —— 0.4 ms; — — pre pellet

11 12

50

One of the most important characteristics of the
ohmic regime with pellets is the density peaking as is
shown in Fig. 5. The density peaking improves by a
substantial factor after the pellet injection.

A feature of high field machines is the
dependence of the density limit on the magnetic field.
The Fig. 6 reports a comparison of the FTU data
ordered vs the value of Ip/(ma?) (Greenwald density)
and vs the toroidal magnetic field on axis Br: showing
that it’s the latter the order parameter for the central
density limit. The central density limit is therefore
given by the following scaling law [23] ne new = CB*®,
where C is a function of the safety factor.

Summary of the experimental evidences from high
field tokamaks ALCATOR-C-MOD. Experiments on
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Alcator-C-MOD confirmed that there is a critical
density after which the LOC (Linear ohmic
confinement) switches to saturated ohmic confiment
(SOC) and the confinement time is seen to follow the
te ITER-89P scaling law [5]. Fig. 7 shows the SOC
density (i.e. the critical transition density above which
the ohmic confinement saturates) vs the major radius
for various devices as reported in [5]: the density at
the confinement saturation is decresing as 1/R.

It has been demonstrated on Alcator-C-MOD that
the transition to SOC happens at a fixed collisionality
,~ _ Collision frequency _ qRZ n,A¥? 5]

bounce frequency T? ’

validating the scaling n, g, zqiR These data are
taken on Alcator-C-MOD at a toroidal magnetic field
Br = 5.2 T. In Fig. 8 the transition from LOC to SOC
is reported in a density scan, together with the curves
representing the neo-Alcator scaling (eq. 1) and the
ITER-89P L-mode scaling.

where

1.2
E
Sé 1.0 FT
—
X
=)
S
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5
T C-Mod
g
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[«5)
=
S
S 04
= : TEXT ASDEX, AUG
>
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c
(5]
o 02 DII-D
JET
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Fig. 7. The transition density from LOC to SOC as a function of
major radius for different devices at fixed values of q (safety
factor) in the interval q = 2.8—3.8. The solid curve represents 1/R
dependence (reprinted from [5])
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Fig. 6. Central line-averaged density at the disruption for the den-
sity limit versus the plasma current density for different BT (a)
and versus BT for different Ip values (b). See boxes in the figure
for the meaning of symbols and colours. The solid lines
correspond to the Greenwald density limit ng: = — 8; ® — 7.2;
A 6, v—52;,¢—4T (a) and to the new scaling law ne new
(reprinted from [23]): ® — 900; — — 700; — — 500 KA (b)
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Fig. 8. The energy confinement time (from kinetic profiles) as a
function of average electron density for a series of 5.2 T, 0.81 MA
ohmic discharges. The shaded vertical bar indicates the boundary
between the LOC and SOC regimes. The dashed line is the neo-Alcator
scaling, the solid line is the best fit to the low density points, and the
dash-dot line is the ITER-89P L-mode scaling. (reprinted from [5])

DESIGN CRITERIA FOR A MCF (MAGNETIC CONFINEMENT FUSION) NEUTRON SOURCE:
SCALING LAWS FOR TOKAMAK FUSION REACTOR PLASMAS

The criteria determining the parameters for a fusion neutron source can be set by conditions useful to derive
scaling laws specific for fusion reactors, where the alpha particle power is an important quantity entering the
physics of the system. We can define a set of conditions useful for determining the working parameters of a

fusion reactor (FR) [22, 24]:

— FR1. Q = Qo fixed: the fusion gain factor Q is taken fixed to a defined value Q = Qq;
— FR2. 1sp = Aspte(Asp << 1), i.e. tsp slowing down time of alpha particles <<te energy confinement

time, Asp is a numerical constant);
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— FR3. Po = AnPLH (P is the alpha power; P.y here is the power threshold for entering the H-mode (High
Confinement mode) and the formula used is the Martin scaling [15]; A.w is a numerical constant). Here two
possibilities are considered in relation to the value of the numerical constant Apu;

— FR3.1. An < 1, the alpha heating can be relatively low and not sufficient to keep the plasma in H-mode;

— FR3.2. ALu > 1.5, the alpha heating can be sufficient to keep the plasma in H-mode.

If we use the L-mode confinement time scaling [25] for defining the functional dependences on the plasma
parameters in the previous condition FR2, We find that the scaling parameter linking equivalent fusion plasmas is:

Ser [L-mode] = f (Agp, Ay, T, My )RBYZAQ,07, (2)

where R is the tokamak major radius; B the toroidal magnetic field on axis; the aspect ratio of the tokamak
(A =R/a); Qo is the fusion gain factor, which here is supposed not high. The function f(Asp, ArH, fo, Mesr)
depends on the numerical constants Asp, A, Mess (plasma effective ion mass) and f, (the plasma diluition).

The possibility of having enough alpha particles power to keep the plasma in H-mode can be also
considered: therefore in condition FR2 the ITER H-mode IPB-98 (y, 2) scaling law of confinement time [25]
must be used and A, >1 is implicit in condition FR3. The scaling parameter for these fusion plasmas is:

Ser [H-mode] = f (Asp, Ay, fo My )RBHSATQq", 3)

The scaling law was used in [22] for the analysis of medium size tokamaks parameters.

In this paper Spherical Tokamaks (ST) are considered as well, as candidate neutron sources: in this case, in
the condition FR2, the confinement time scaling typical of the ST [19] will be used together with the condition
Arn >1.5 and the same scaling law for the H-mode power threshold. The same calculations (as in the previous
cases) can be done and the result is the scaling parameter Sst (NSTX scaling) or ST:

SST[NSTX Sca“ng] — CST RS—_I]__ (()).61 B—1.13Al.59 M SﬁZZqOA;

—0.036 0.24
co{2e)7 ()
ST )
ASD fa

where Asp, Ain are numerical constants related to the slowing down time, and to the L—H-transition scaling law.
The following meaning can be associated to the egs. 2, 3 and 4: the value of Sgr and Sst define families of
equivalent fusion plasmas in terms of confinement and fusion gain. In equations 2, 3 and 4, a DT-plasma is
considered. Strictly speaking the formula (4) is derived using the NSTX confinement scaling law, which is valid
only for A = 1.4 and the safety factor g = ¢ NSTX, then we can use the final form of the ST scaling parameter:

S¢ [NSTX scaling] = C;,R7QI*B™*;

(4)

(%)

-0.036 0.24
Cl. = ASD Ath A1h [A1A59 M 022 qu4]
ST A f NSTX

a

Determination of the parameters of a high field
tokamak as a fusion neutron source. Using the above
scaling relations, we can evaluate the design
characteristics of a high field tokamak as a neutron

source. Two design scenarios are considered — a
: medium aspect ratio machine with A = 2.5 and a low

°, = . ; 5 5 10 aspect ratio machine with A < 1.8.
Magnetic field B, T The Fig. 9 shows a plot of the major radius versus

Fig. 9. Major radius_vs m_agnetic fielo! on axis at gain factors the magnetic field on axis at gain factors Qu=05,12, for
Q0=05,1, 2, for devices with aspect ratio A = 2.5, ey = 3.47 aspect ratio A = 2.5 and g, = 3.47, corresponding to the
family of tokamaks having the scaling factor of eq. 2. and following the L-mode ITER-97P confinement scaling.
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From Fig. 9 the following parameters of devices can be deduced: Q =1,B=8T,R=15m, A =25, qey = 3.47;

Q=2,B=8T,R=25m,A=25, ey = 3.47.

To check the validity of the scalings, the SPECTRE [26] code was used to generate a self consistent design
for the Q = 1 device, working at B = 8 T, consistent with Ps,s = 8 MW. The plasma parameters of such a device

where a neutron yield of the order of 10 n/s is reported:

Parameters Value
Ho7 . .. 1.2
Asp. .. 2.5
Q... 1
Ro,m... 1.66
am... 0.66
Kappa. . . 1.8
I, MA . .. 7.26
Br, T 8.0
Pfus, MW ... 8.0
Navg, 109 m=3. .. 1.43
<Te>, keV ... 3.9
TE S. .. 0.56
Pon, MW . .. 3.95
Qo5 . .. 4.45
Zeft . . . 1.7
Bp... 0.22
Wtherm, MJ. .. 6.64
Neutron yield, s . .. 2.84x1018

Plasma parameters evaluated by SPECTRE

12
11

1

0.9
0.8

€ 07
0.6
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0.4
0.3

0.2
2 25 3 35 4
Magnetic field B, T

Fig. 10. Major radius vs magnetic field B on axis for spherical
tokamaks with aspect ratio A= 1.8

45

system code for a Q = 1 device, B = 8 T and consistent with the calculations reported in Fig. 9.

Fig.10 reports the major radius vs magnetic field, using the scaling (5) for ST. Two sets of parameters can
be deduced from Fig. 10: A=18,B=3T,Q=1,R=04m;A=18,B=3T,Q=3,R=0.75m.

The analysis made using the SPECTRE system code has been extended also to the ST, whose parameters can
be deduced from Fig. 10. SPECTRE system code evaluationofaQ =1.6, A=1.6 and Q =3, A= 1.8 ST device:

Hos . .. 3.3 2.9
Asp. .. 1.6 1.8
Q... 1.6 3.0
Ro,m. .. 0.4 0.75
am... 0.25 0.416
Kappa. . . 2.8 2.8
Ip, MA ... 2.94 45
BT, T... 3.0 3.0
Ptus, MW . .. 16.25 30.1
Navg, 102 m‘3, . 4.18 2.15
<Te>, keV... 7.8 9.9
TE S. .. 0.17 0.47
ges . . . 8.8 7.0
ZLeff . .. 1.73 1.73
Bth, % . . . 29 19.2
Bn... 7.45 5.33
Winerm, MJ . . . 2.04 6.96
Neutron yield, s ... 5.78x10%8 1.1x10%°

The parameters of a Q = 3 ST device working at
aspect ratio A = 1.8 evaluated by the SPECTRE system
code, and consistent with the results shown in Fig. 10.

A study has been carried out using the SPECTRE

2

0
1.2 1.3 1.4 15 1.6 1.7 1.8
Asp

Fig. 11. System code results of the gain factor Q vs aspect ratio Asp
for a ST with R = 0.4 m, heating power Pheat = 10 MW, HH = 3.3
(the confinement factor with respect to the ITER IPB-98 (y 2)
confinement scaling law), and magnetic field onaxisB=3T

system code [26] related to the maximun gain factor achievable by a ST with R = 0.4 m, heating power
Pheat = 10 MW, HH = 3.3 (the confinement factor with respect to the ITER IPB-98 (y 2) confinement scaling
law), and magnetic field on axis B = 3 T, varying the aspect ratio. The results are shown in Fig. 11: the gain
factor is a critical function of the aspect ratio: in the region of Asp = 1.4—1.5 the gain factor can change by a

substantial factor (5X).
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TRL (TECHNOLOGY READINESS LEVEL) ASSESSMENTS FOR FUSION FISSION HYBRID
REACTOR APPLICATION

In the context of FFH reactors, the following type of machine is in consideration:

— fusion gain Q ~ 2—3 machine with long pulses (say >3 hrs)/steady state, DT-plasma Ppt ~ 20—
100 MW, Pin > 10—30 MW,

— low level of probability of disruptions: plasma parameters chosen to be away from strong MHD and
density limits (for example with By < 2.5 for A > 2.5, n/ngr < 0.8);

— power on the divertor definitely lower than 5 MW/m?: in this case the problem of the divertor is easier;

— a blanket for tritium breeding with power gain and neutron multiplication from fission;

— a machine with high reliability, working continuously;

— all maintenance by remote handling;

— modularity (facilitating rapid interventions on the divertor);

— few and simple diagnostics (the acceptable level of complexity of the diagnostics and controls depends
on the plasma scenario and on the physics model).

The meanings of the different technology readiness levels are as described in [27].

The Table 3 (for devices with pulse length of 100 s) and Table 4 for devices with pulse length of 1000 s show
TRL for the main subsystems of a tokamak neutron source for FFH: it seems that only ECRH (electron cyclotron
resonant heating) systems are at a level of engineering maturity for the insertion in a FFH, while the other main
systems need to be demonstrated in a neutron flux environment Although the most important developments differ
slightly, the steps in TRL are not fine enough to distinguish the 100 and 1000 s FFH concepts.

T able 3. Technology Readiness Level for prototype with 100-second pulses

Subsystem TRL 100 s Comments
Superconducting magnets 4 Not demonstrated in a neutron flux environment.
Need to demonstrate immunity to gamma and neutron effects (e.g. grid flash-over

NBI (100 keV) 4 due to the ionising radiation or grid insulation degeneration).

The gyrotrons are not in any radiation field and steady state operation has been
ECRH (1 MW gyrotron) 6 demonstrated at the developer's works, for hours if not months, but only on test-beds.
ICRH (1 MW) 4 As NBI but for antenna operation; also parasitic currents may inject antenna material

into the plasma.

T able4. Technology Readiness Level for prototype with 1000-second pulses

Subsystem TRL 1000 s Comments

Superconducting magnets 4 Not demonstrated in accumulated neutron fluence.

NBI (100 keV) 4 Need to show long-term reliability and immunity to large neutron fluence (e.g. grid distortion).
ECRH (1 MW gyrotron) 6 As NBI but for antenna damage.

ICRH (1 MW) 4 As NBI but for antenna damage.

Table 5 shows the TRL for the plasma scenarios: here only the H-mode demonstrated on JET DTEl atQ <1
can be considered for FFH reactor designs. The other scenarios need a demonstration at least at low power.

Tableb5. Technology Readiness Level for possible operational scenarios

Scenario TRL Comments
L-mode and H-mode 6 OK in JET at Q ~ 0.6, needs demonstration at Q ~ 2
Hybrid mode 4 Needs demonstration in relevant Q = 1 environment — possibly JET DTE2
Advanced mode 3 To be demonstrated in a near steady-state machine

CONCLUSIONS

The recent advances of the superconductor technology has brought the attention to the possible feasibility
of very compact fusion reactors at high field. Along this line of research in this paper , tokamak neutron sources
working with a magnetic field B~ 8 T, and aspect ratio A = R/a = 2.5 are considered. The paper summarizes the
main experimental evidences deduced from the operation of the high field tokamaks of the Alcator family
(Alcator-A, Alcator-C and Alcator-C-MOD) and the Frascati tokamaks (FT) and FTU (Frascati tokamak
upgrade): ohmic operation or operation in L-mode (see ITER Phys Basis [25]) is considered. A scaling law for
fusion reactors working with D:T mixture in L-mode is derived following the analysis of [22, 24] anda Q = 1
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fusion neutron source with major radius R ~ 1.5 m at B = 8 T is determined. The ST are also considered in the
analysis of fusion neutron sources. The scaling law of confinement derived from the operations of NSTX,
START and MAST [16—19] spherical tokamaks is used in the scheme for the derivation of scaling law for ST
reactors. In this case the parameters for a Q = 1, aspect ratio A = 1.8, neutron source are B=2 T and R = 0.8 m.
The TRL of tokamak subsystems is analyzed, where the TRL classification reported in [27] is adopted. A TRL =~ 4
can be associated (in average) to the subsystems of a tokamak neutron source: this means that the basic
validation in laboratory has been carried out for the main subsystems. The TRL = 6 can be associated to the
plasma scenarios L-mode and H-mode: this means that the scenarios must still be validated in Q > 1 plasma
environment. The results reported are based only on theoretical physics analysis, the engineering constraints
(such as the shieldings which must be included in the design of tokamak devices) are not considered in the
present analysis.

REFERENCES

1. Creely AJ. et al. Overview of the SPARC tokamak. — J. Plasma Phys., 2020, vol. 86, p. 865860502.

2. Whyte D. Small, modular and economically attractive fusion enabled by high temperature superconductors. — Phil. Trans. R. Soc.
A377, p. 20180354.

3. Coppi B. et al. Optimal regimes for ignition and the Ignitor project. — Nucl. Fusion, 2001, vol. 41, p. 1253.

4. Sorbom B.N. et al. ARC: a compact high field fusion nuclear science facility and demonstration power plant with demountable
magnets. — Fus. Eng. Des., 2015, vol. 100, p. 378.

5. Rice J.E. et al. Ohmic energy confinement saturation and core toroidal rotation reversal in Alcator-C-MOD plasmas. — Phys. Plas-
mas, 2012, vol. 19, p. 056106.

6. Rice J.E. et al. Understanding LOC/SOC phenomenology in tokamaks. — Nucl. Fusion, 2020, vol. 60, p. 105001.

7. Greenwald M. et al. Energy confinement of high-density pellet-fuelled plasmas in the Alcator C Tokamak. — Phys. Rev. Lett.,
1984, vol. 53, p. 352.

8. Parker R.R. et al. Progress in tokamak research at MIT. — Nucl. Fusion, 1985, vol. 25, p. 1127.

9. Wolfe S.M. et al. Effect of pellet fuelling on energy transport in ohmically heated Alcator C plasmas. — Nucl. Fusion, 1986, vol. 26,
p. 329.

10. De Marco et al. High magnetic field tokamaks. — Nucl. Fusion, 1986, vol. 26, p. 1193.

11. Alladio F. et al. Energy confinement at high density in FT tokamak. — Nucl. Fusion, 1982, vol. 22, p. 479.

12. Bracco G., Buratti P., Orsitto F., Santi D. Energy confinement scaling laws for FT ohmic plasmas. — In: 17th EPS Conference on
Controlled Fusion and Plasma Heating. Amsterdam, 25—29 June 1990, vol. 14B, p. 118; and ENEA Report RT/NUCL/90/04.

13. Fusion Science and Technology Special Issue on Frascati Tokamak Upgrade (FTU) 2004, vol. 45, Ne 3: Chapter 2. Gormezano C.
et al. Highlight of the physics studies in the FTU, p. 203; Chapter 4. Frigione D. et al. High Density regimes, p. 339; Chapter 6. Es-
posito B. et al. Transport studies, p. 370.

14. Esposito B. et al. Transport analysis of ohmic, L-mode and improved confinement discharges in FTU. — Plasma Phys. Controlled
Fusion, 2004, vol. 46, p. 1793.

15. Martin Y.R. et al. Power requirements for accessing the H-mode in ITER. — J. of Physics Conf. Series, 2008, vol. 123, p. 01233.
16. Menard J.E. et al. Overview of the physics and engineering design of NSTX. — Nucl. Fusion, 2012, vol. 52, p. 083015, and
Menard J.E. et al. Overview of NSTX upgrade initial results and modelling highlights. — Nucl. Fusion, 2017, vol. 57, p. 102006.

17. Gryaznevich M. et al. Overview and status of construction of ST40. — Fus. Eng. Des., 2017, vol. 123, p. 177.

18. Chuyanov V.A., Gryaznevich, M.P. Modular fusion power plant. — Fus. Eng. Des., 2017, vol. 122, p. 238.

19. Buxton P.F. et al. On the energy confinement time in spherical tokamaks: implications for the design of pilot plants and fusion reac-
tors. — Plasma Phys. Contr. Fusion, 2019, vol. 61, p. 035008.

20. Snipes J. et al. Characteristics of high-confinement modes in Alcator-C-MOD. — Phys. Plasmas, 1996, vol. 3, p. 1992.

21. Ma. Y. et al. Scaling of H-mode threshold power and L—H edge conditions with favourable ion grad-B frift in Alcator-C-MOD
tokamak. — Nucl. Fusion, 2012, vol. 52, p. 023010.

22. Orsitto F.P., Todd T.N. Tokamaks as neutron sources for Fusion-Fission hybrid reactors: analysis of design parameters and tech-
nology readiness levels. — In: Proceedings FUNFI3 Conference 2019; https://www.enea.it/en/publications/abstract/funfi3-
international-conference-on-fussion-fission.

23. Pucella G. et al. Dependence of the density limit on the toroidal magnetic field on FTU. — Nucl. Fusion, 2013, vol. 53, p. 023007.

24. Romanelli M. et al. On the optimal choice of the dimensionless paramenters of burning plasma physics experiments. — In: 28th
EPS Conference on Contr. Fusion and Plasma Phys., Funchal 18—22 june 2001, ECA vol. 25 p. 697.

25. ITER Physics basis. Chapter 2. Plasma confinement and transport. — Nucl. Fusion, 1999, vol. 39, p. 2204 (formula (21) for H-mode
energy confinement time), and p. 2205 (formula (25) for L-mode).

26. Menon V. Physics Design and Analysis code SPECTRE for Tokamak based fusion reactors. — 25th IAEA FEC 2014.

27. Orsitto F.P. et al. Diagnostics and controls for steady state and pulsed tokamak DEMO. — Nucl. Fusion, 2016, vol. 56, p. 026009.

28. Blackwell B. et.al. Energy and Impurity Transport in the Alcator C Tokamak. IAEA-CN-41/I-3. Plasma Physics and Controlled
Nuclear Fusion Research. IAEA FEC Conference Baltimora, 1982; see also C. Gao et al. Non-local heat transport in Alcator-C-
MOD ohmic L-mode plasmas. — Nucl. Fusion, 2014, vol. 54, p. 083025.

BAHT. Cep. Tepmosinepnsiii cuntes, 2021, 1. 44, Bbim. 2 55



F.P. Orsitto, M. Romanelli, M. Vinay

29. Gormezano C. Highlights of the physics studies in the FTU. — Fusion Science and Technology, 2004, vol. 45.
30. Greenwald M. et al. Energy confinement of high-density pellet-fueled plasmas in the Alcator C Tokamak. — Physical Review

letters, 1984, vol. 53, Ne 4.
AUTHORS

Francesco Paolo Orsitto; ENEA Department for Fusion and Nuclear safety, C.R. Frascati, E. Fermi 45, 00044 Frascati, Italy,
francesco.orsitto@enea.it

M. Romanelli; Tokamak Energy Ltd., 173 Brook Drive, Milton Park, Oxfordshire, 0X14 4SD, United Kingdom

M. Vinay; Institute of Plasma Research, Gandinaghar, Gujarat, India

Cratps noctynmia B pegakuuto 15 sasaps 2021 r.

[Mocne nopadotku 16 mapra 2021 r.

[punsTa k my6nukamuu 25 mapra 2021 r.

Bormpockl aTOMHOM HAyKU U TEXHHUKH.

Cep. Tepmosinepusiii cuntes, 2021, 1. 44, Boim. 2, c. 47—56.

56 BAHT. Cep. Tepmosinepnsriii cuntes, 2021, T. 44, Bbim. 2



Novel hybrid pilot experiment proposal for a fusion-fission subcritical coupled system

UDC 621.039.674.3: 621.039.623
NOVEL HYBRID PILOT EXPERIMENT PROPOSAL FOR A FUSION-FISSION
SUBCRITICAL COUPLED SYSTEM

M. Ciotti!, F. Panza* 3, A. Cardinali!, R. Gatto*°, G. Ramogida®, G. Lomonaco®®,
G. Ricco®®, M. Ripani®®, M. Osipenko®

'ENEA Dipartimento Fusione e Tecnologie per la Sicurezza Nucleare, Divisione Fisica della Fusione, Frascati, Italy

2ENEA Dipartimento Fusione e Tecnologie per la Sicurezza Nucleare, Divisione Tecnologie, Impianti e Materiali per la Fissione
Nucleare, Roma, Italy

3Istituto Nazionale di Fisica Nucleare, Sezione di Genova, Genova, Italy

4Sapienza Univ. Roma Dipartimento di Ingegneria Astronautica, Elettrica ed Energetica, Roma, Italy

5Centro Fermi, Museo storico della fisica e centro studi e ricerche Enrico Fermi, Roma, Italy

5GeNERG/DIMETEC Universita degli studi di Genova, Genova, ltaly

Fusion-fission hybrid systems (FFH) represent a coupling between a fusion device and a subcritical fission reactor driven by neutrons
produced by fusion reactions. This kind of systems, in principle, can be useful for different purposes, for example, as energy amplifier or
as nuclear waste burner. In this work, the preliminary characteristics and potentialities of a FFH based on a tokamak device characterized
by high magnetic field (B > 9 T) and high-density plasma (n > 104 cm=3) have been evaluated. During the years high magnetic field
compact tokamaks have been designed, built and operated. Thanks to their characteristics, such as compactness, high field and high den-
sity plasma, these devices can produce intense neutron fluxes, and therefore are good candidates to be incorporated in FFH while operat-
ing in a sub-ignited regime. An additional advantage is that their design is based on relatively simple existing technology. In this
work, a coupling between a tokamak (operating in DD-mode) and a subcritical molten salt fission blanket has been proposed. Molten
salt reactor could be adapted for this purpose and could help the hybrid system to increase its energy balance. A model with a molten
salt fission blanket (kert = 0.92, P = 95 MW) instead of the lithium one, has been considered and studied in terms of neutronic evalua-
tions. Presented preliminary numerical calculations based on a neutron Monte-Carlo code confirm the potentialities of the system.

Key words: Fusion-fission hybrid system, subcritical molten salt fission blanket, nuclear waste burner, compact tokamak with high
magnetic field and high density plasma, neutron Monte-Carlo code.

DOI: 10.21517/0202-3822-2021-44-2-57-64

HOBOE ITPEJIJIOJKEHUE O PABPABOTKE DKCIHIEPUMEHTAJIbHOM
HNOJKPUTUYECKON T'MBPUTHON YCTAHOBKU CUHTE3A-JIEJTEHUS

M. Quommu®, @. [Manza®3, A. Kapduﬂaﬂul, P. Fammo*®, . Pamozuoa, . Jlomonaro®$,
. Pukko®®, M. Punanu®®, M. Ocunenxo®

Hayuonanvnoe azenmcmeo no Ho6bIM MeXHONOUSAM, IHep2ull U yemotiuueomy sxonomuueckomy passumuio (ENEA), Omoenenue mep-
MOsI0epHo20 cunmesa u mexrono2uil s0eprou besonacnocmu, Omoen uzuxu mepmosoeprozo cunmesa, @packamu, Umanus
2Hayuonanvhoe azenmemeo no HOGbIM MEeXHOA0UAM, SHEP2Ull U YCmotuueomy skoHomuueckomy paseumuio (ENEA), Omoenenue mepmosoep-
HO20 cunmesa u mexuono2uil sioeproti 6ezonacrnocmu, Omoen mexHono2uil, yCrmaHo8oK 1 Mamepuanos oisi ioeprozo oenenus, Pum, Umanus
SHayuonanwuwiii uncmumym adeproii pusuxu, I'enyszckoe omoenenue, Ienys, Hmanus

ACanuenya — Pumckuii ynueepcumem, Omoen mexnono2uieckux npobiem acmponasmuxit, S1eKmpomexHuKy u suepeemuxu, Puv, Umanus
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5GeNERG / DIMETEC — Vuusepcumem Ienyu, Ienys, Hmanus

T'ubpunansie cuctemsl cuntesa-aesieHus (ICCH) npeactaBisioT co6oii 00beIHMHEHHE B OJHOM YCTAHOBKE TEPMOSICPHOTO KOMIIOHEHTA H
HOJKPUTHUYECKOTO PEaKTopa JENICHHS, B KOTOPOM PeaKlusi HHULMUPYETCs HelTpoHaMH, 00pa3yIoIUMHCS B Pe3yJIbTaTe PeaKlil TepMo-
SIEPHOro cuHTe3a. Takue CHCTEMBI, B IPUHIIMIIE, MOTYT OBITh MOJIE3HBI JUIS Pa3iIMYHbIX LeJIel, HalpuMep, ATl YBEIMICHNUS [IPOU3BOJICTBA
SHEPrUH WIN CXKUI'AHUS SJIEPHBIX OTXOJOB. B naHHOW paboTe oleHEeHbI XapakTepucTHku u BosMoxkHocTH I'CCJ] Ha ocHOBE TOKamaka
CHJIBHBIM MarHUTHBIM TiosieM (B > 9 Tir) u 6ombmioit miotHocThRO iasMer (N > 1014 cm3). B TeueHre MHOTHX JIeT pa3pabaThIBAIHCh, CTPOH-
JIMCh U DKCIUTyaTHPOBAJIMCh KOMIIAKTHBIE TOKAMaKH C CHJIBHBIM MarHWTHBIM IOJIeM. biiarozmapss KOMIIaKTHOCTH, CHJIIBHOMY MarHUTHOMY
TIOJTEO ¥ GOJIBIIIOHN TIIIOTHOCTH IJIa3Mbl TAKME TOKAMaK{ MOT'YT F€HEPHPOBATh HHTCHCHBHBIE TIOTOKH HEHTPOHOB H, CIIEIOBATENIBHO, SBIISIOTCS
xopoummu Kanaunatamu s Bkmouenus B I'CCJL npu nx paboTe B MOAKPUTHYECKOM pexuMe. VX JOMOIHUTENBHBIM IPEUMYIIIECTBOM
SBIISIETCA TO, YTO UX KOHCTPYKLMS OCHOBaHA Ha OTHOCHTENBHO IPOCTOM CYILECTBYIOIICH TEXHOJIOrHH. B 3T0ii paboTe OblI paccMOTpeH
TOKaMak, paboTatonmii Ha DD-peakiy, ¢ TOIKPUTHIECKAM OJIAHKETOM JIEJIEHUs] HA OCHOBE PacIUIaBIeHHON coiy. Takoi OGIaHKeT MOXeT
YBEIMYUTH BRIPAOOTKY SHEpPruu B THOpUAHOI cucteme. boumn n3ydeHs! HeiiTpoHHO-(pu3nueckue xapakrepuctuku I'CCJl npu 3amene nutu-
€BOro Oy1aHKeTa GJIaHKETOM JIETICHHS C pacIuIaBlIeHHO# conbio (Kop = 0,92, P = 95 MBT). [IpeaBaputesbHble YHCICHHBIC PACYETHI HA OCHOBE
HelTpoHHOro Koja Monre-Kapiio moareepik1aloT HOTEHIMAIBHBIE BO3MOXKHOCTH CHCTEMBI.
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KiroueBble cjioBa: rubpuaHas cuCTeMa CHHTE3a-JeICeHUS, TOAKPUTUUECKHI OJIaHKET JIeNIeHUsI Ha OCHOBE PACILIaBJICHHOM COJH, silep-
HOE YHMYTOXKCHHE PAaANOAKTHBHBIX OTXOIOB, KOMIIAKTHBIH TOKaMaK ¢ CHJIbHBIM MarHUTHBIM I10JE€M M OOJIBIIOH MJIOTHOCTBIO IUIA3MBI,
HEHTPOHHAs BBIYHCIIUTENbHAS Tporpamma MonTte-Kapiio.

INTRODUCTION

Fusion-fission hybrid systems (FFH) [1] represent a coupling between a fusion device and a sub-
critical fission reactor driven by neutrons produced by fusion reactions. This kind of systems, in principle,
can be useful for different purposes, for example, as energy amplifier or as nuclear waste burner. In this
work, we studied the characteristics and potentialities of a FFH based on tokamak device characterized by
high magnetic field (B > 9 T) and high-density plasma (n > 10* cm™). During the years high magnetic
field compact tokamaks have been built and operated (see for example FTU in Frascati (ltaly) and C-MOD
(MIT, Boston USA) and some like Ignitor [2—4] and Columbus projects [5, 6] have been designed. The
latter two systems were originally conceived to explore the physics of burning plasmas with «Columbus»
being a slightly enlarged version of Ignitor.

Thanks to their characteristics, such as compactness, high field and high density plasma, these devices can
produce intense neutron fluxes [7], and therefore are good candidates to be incorporated in FFH [8] while oper-
ating in a sub-ignited regime. An additional advantage is that their design is based on relatively simple existing
technology. Preliminary numerical calculations based on a neutron Monte-Carlo code are presented, confirming
the potentialities of a FFH based on the coupling of a compact, high field tokamak with a fission region based
on the molten salt concept as a preliminary device to start to gain experience in operating fusion fission subcriti-
cal coupled systems.

IDEA AND BACKGROUND

Several hybrid reactor configurations have been evaluated in the past years in order to verify conceptual
ideas and machine potentialities.

The aim of this proposal is to evaluate the main characteristics for a new FFH device having as main goal, if re-
alized, to short-cut the demonstration of the first energy producing system based on a fusion device. The achievement
of this goal is currently foreseen in the fusion roadmap with the DEMO demonstrator, where a thermal power pro-
duction of several hundred MW should be achieved for a relatively long time, but still in pulsed mode. On the other
hand, DEMO overall energy balance [9], due to the large amount of needed power for re-circulation, for cryogenic
cooling under intense high energy radiation flow, to additional power systems and, in general to its high technological
complexity level, may not be necessarily positive. In addition, the roadmap for such a pure fusion demonstrator is still
affected by several physical and technological challenging problems [10] some of them far to be solved, with at least
10 years of ITER operating time and IFMIF/DONES material testing, i.e. probably far away in this century.

In this paper, an experimental machine configuration, ready to be designed for a relevant net thermal power
production demonstration is presented, with as much as simple and cheap solutions as possible. This device
could be the first hybrid experimental system to be realized with the possibility to produce a relevant quantity of
power (comparable to DEMO) starting from a fusion system. With this option the cost, realization time, overall
system complexity, and consequently affordability, will be extremely reduced. This machine, in principle, could
ensure a positive power net balance due to the lack of strong power needs. Additional heating, in fact, is not es-
sential to the ignition (or at least a remarkable neutron rate production), that could be reached by Ohmic heating
alone. The presence of a few MW (3—5 MW) of ICRH system will expand the capabilities of the device.

This new proposed configuration has few open points from both the physical and technological point of
view, and its detailed planning and construction could be started in a relatively short time.

According to these guidelines a fusion compact, high density, high magnetic field non superconducting ma-
chine has been considered. The main consequences of this choice are the following: i) cheapness: machine com-
pactness together with the use of normal copper magnets reduce the cost and the complexity of the machine; ii)
possibility to operate even in DD-mode with acceptable neutron production [11]. High density compact machine
can achieve a neutron production useful for a first experimental power generation test, if coupled with a fission
system as shown hereafter. The DD-regime reduces the system complexity caused by the management of large
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quantities of tritium and overcome the possible uncertainty on the lack of tritium for the starting of the opera-
tions (one of the DEMO challenges); in addition, due to DD operations, it would be possible to replace the ori-
ginal lithium blanket for tritium production with a blanket filled with circulating liquid molten salts mixed with
fission elements placed partly inside the vacuum vessel, for higher neutron flow.

On the other hand, the non-superconducting choice limits the discharge time in a way non-compatible with
a real reactor needs, limiting this system to the exclusive purpose of a demonstrator able to start the exploration
of the hybrid experimental configuration. In addition, the generation of DD 2.45 MeV neutrons, instead of the
DT 14 MeV, reduces the fission rate of 45% due to a reduced n-U235/238 cross-section. Even with these limits
the configuration is able to produce in principle a relevant amount of power.

In Table I it is reported a parameter comparison between compact high-magnetic field tokamaks, which
may be expected to be well-suited as neutron sources for hybrid systems (FIRE, Ignitor, Columbus), and the
ITER tokamak presently under construction.

Tablel Comparison between ITER, FIRE, Ignitor and Columbus main parameters

Relevant parameters ITER FIRE Ignitor Columbus
Pulse flat top tpuise, S 400 20 6 11.4
Minor radius a, m 2 0.595 0.47 0.535
Peak el. temperature Teo, keV 19 11 10.5 115
Peak ion temperature Tio, keV 19 11 10.5 10.5
Peak density n, m= 1020 5%1020 9%x1020 9.5x10%
Profile parameter or, parab 1 1 2 2
Purity parameter Zesr 1.7 14 1.2 1.2
DD-neutron yield Yop, n/s 108 10Y7 10 108
DT-neutron yield Yor, n/s 102 10%° 10%° 102

COMPACT DEVICE IN DD OPERATION MODE

Due to its physics characteristics, high magnetic field compact tokamaks can generally operate both in DT- and
in DD-mode. Here we focus on the latter mode of operation, which has the advantage of not needing a tritium bree-
ding region in addition to the fission blanket, to have an idea of the potential performances of DD-operational mode.

A simple evaluation of the neutron emission yield has been performed. Considering, for example, the follo-

wing plasma parameters: i) density ne = 10'®* cm= with para-
bolic profile; ii) <ov> = 9x107° cm®/s (Fig. 1); iii) V plasma =
=2.5x10" cm?®; iv) Tpeak = 10 keV with parabolic squared profile
(note that ion and electron temperature at that plasma density are
equivalent); v) no additional heating; the reaction rate can be
calculated as: R =n%2 <oV> Vpusma = 2x10* DD/s. Since two
equi-probable production channels are possible for the DD-
reaction: i) D + D — *He + n; ii) D + D — ®H + p; the neutron
yield is about Y = 10'® n/s.

Considering E = 3.27 MeV (*He + n) and 4.03 MeV (°H + p)
as emitted energies for both production channels, fusion power
can be estimated as 1.16 MW.

The design of a device like high magnetic field compact
tokamak must be adapted to the requirements and goals of a
FFH. In this contest, flat-top and cooling time duration repre-
sent crucial parameters for this configuration and have to be
optimized in order to avoid molten salts freezing or complex
heat exchanger addition to evacuate the excess heating.

New materials for the magnets might also be considered in
order to increase magnetic flux availability and flat top dura-
tion, and the mode of operation (plasma temperature and densi-
ty) should be adjusted to fit the requirements of a FFH.

BAHT. Cep. Tepmosinepnsiii cuntes, 2021, 1. 44, BbIim. 2

10—21

10—22

102

10—24

Averraged Reactivity <ov>, m¥/s

10—25

-26
10 1

10

D—3He
D—D
T

T—3He

*He—°He

102 103

Kinetic temperature T, keV

Fig. 1. <ov> reaction rate as a function of plasma tem-

perature for several fusion reactions

59



M. Ciotti, F. Panza, A. Cardinali, R. Gatto, G. Ramogida, G. Lomonaco, G. Ricco, M. Ripani, M. Osipenko

FUSION-FISSION HYBRID COUPLING

On the basis of the considerations presented in the previous paragraphs, high field tokamak characteristics
fit in a very good way with hybrid device requirements.

For the fusion plasma, an adaptation of the parameters to the requirements of an FFH is necessary, and this
task will not be pursued here. For the fission zone, the following two main solutions could be considered:

— traditional reactor (with fuel rods) inside an external blanket, cooled by water;

— molten salt reactors (MSR) [12, 13] with fissile/fertile elements dissolved in the molten salt fluid.

Traditional reactors have the advantage in terms of technological knowledge and feasibility coming from
decades of operation, but, in this kind of nuclear system, material stresses could represent a weak point especial-
ly for fuel rods cladding and structure. In particular, the pulsed behavior of the fusion machine could induce
failures in the rod cladding. On the other side MSR solution could be better coupled to the tokamak geometry
with the positioning of the blanket entirely, or partially, inside the machine. This has the advantage to intercept
all the plasma produced neutrons and to shield the external structure from them.

There are many studies concerning MSR with different characteristics and designs, traditional or breeders,
using many kinds of salt mixtures depending from the neutron spectrum inside the core (fast or moderated) [14—18].

The schematic view of MSR is reported in Fig. 2, in which it is possible to observe the molten salt circuit
passing through the fission core and then in the heat exchanger loop.

A summary of the main features of MSRs which

Colz:;;?nnect Salt well fit the requirements of a FFH is the following:
salt — fissile isotopes contained in the salt mixture;
Circulation Generator — possibility to use salt mixture containing dif-

Motots ferent kind of isotopes (U/Pu/minor actinides);
Pump — salt mixture chosen considering the fission
Turbine Electric blanket region temperature; MSR avoid the material
Steam POWET  stress on the traditional nuclear fuel rods, that could
E:ﬁl pump Generator be very high due to the pulsed operational mode of
the fusion system;
c — salt online reprocessing keeping Kesr < 1.
ore

Molten salt fission reactor with dissolved fuel

, o _ has some limits in terms of system safety. The dis-
Fig. 2. MSR schematic view in which it is possible to observe the

primary fuel loop passing through the reactor core, the secondary solved fuel may_ have den§!ty fluctuatlops _that may
and the tertiary loops lead the reactor in supercritical state. This is a well-

known problem for fission reactor with sudden in-
crease in power production. This difficulty is completely solved in a subcritical system, as the fuel density fluc-
tuations will not be able to reach supercriticality.

SIMPLE HYBRID SYSTEM PRELIMINARY SIMULATIONS

In order to gain a preliminary understanding on the performances of the proposed hybrid system, a
simplified simulation model has been considered. The model, as shown in Fig. 3, is based on a high magnetic
field compact tokamak device with the following ge-

ometric characteristics: major radius R = 200 cm,

minor radii a = 54 cm and b = 100 cm (vertical size

of the plasma taking into account the elongation

¢ = 1.85). The first wall is composed by 1 cm thick

tungsten, 3 cm thick AISI-316 followed by 29 cm

thick molten salt fission blanket. This is supposed

to be placed inside the machine vacuum vessel

Fig. 3. FFH poloidal and toroidal sections sketches. Molten salt made with 2 cm steel. Just outside the vacuum ves-
blanket (), steel vessel (1), lead reflector (1) sel a 35 cm lead neutron reflector is positioned, to

60 BAHT. Cep. Tepmosinepnsriii cunte3, 2021, T. 44, Bbim. 2



Novel hybrid pilot experiment proposal for a fusion-fission subcritical coupled system

recover part of the out-flowing source or fission neutrons. In the following sketches a poloidal section (see
Fig. 3) is shown with a void sector representing the space for divertor (not designed in this model and not
necessarily required) positioning (in white).

The simulations have been performed by using the Monte-Carlo code MCNP6.1 with ENDF/BVI1.0 librar-
ies. For effective multiplication factor (kerr) evaluation KCODE mode has been used, while, for neutron and
fluxes calculations SDEF mode have been considered.

The isotropic neutron source (from DD-fusion reactions) emitting Y = 10 n/s over 4x solid angle has been
implemented uniformly on a circumference passing from the center of the torus as shown in Fig. 4.

a b

Fig. 4. Poloidal (a) and toroidal (b) views of the neutron emission from the circumference passing from the center of the torus

For this model, it has been considered a 34.5 cm thick fission blanket filled with molten salt mixture LiF—
NaF—UF,, (44.48%, 24.12%, 31.40%) molten % with 3.4 g/cm® density and the following mass composition
[19]: 13.5% **U; 48.5% 2*8U; 2% "Li; 31% *°F; 6% **Na.

The effective multiplication factor for this fission system results to be about 0.92 (in order to guarantee a high
safety level) , the integral neutron flux averaged on the whole molten salt volume is about 5,85x10" n/(cm?-s) and the

thermal power level is about 95 MW4, (assuming a neutron yield 31012
of 10* nfs). 25102
- - - - - (%]
In this scenario, the energy distribution for the neutron flux <L 2102
averaged on the whole molten salt volume is shown in Fig. 5. < 1510%
A map of the integral flux intensities in the hybrid system ¢ 110%
. . . — 1011
is shown in Fig. 6. T 510
In Table 2, the integral flux and the integral flux evaluated 01078 10-6 104 10-2 100
for three energy bins with their relative percentages in terms of Neutron energy, MeV
absolute flux are reported to have a quantitative idea of the Fig. 5. Neutron energy distribution averaged over the
neutron energy distribution inside the fission blanket. whole molten salt volume
a 7.19-10% b
5.495.10%3
4.199-10'2
3.209-10™
2.452.100
1.374-10°
1.432-108
1.094-107
3.364-10°
6.392-10*

Fig. 6. Poloidal (a) and toroidal (b) integral flux intensities in the hybrid system in the legend the flux intensities are reported in n/(cm?-s)

T able 2. Flux values for different energy bins with their relative percentage with respect to the integral one

Parameter Integral <leV 1 eV — 100 keV >100 keV
Flux, n/(cm?-s) 5.85x10%3 7.36x107 2.54x10% 2.31x10%3
Percentage, % 100.0000 0.0001 60.4550 39.5448
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Such a fission blanket can provide a relatively high intensity flux with a good component in the range
of fast reactors.
To have a more detailed and quantitative eval-

O ggg uation, starting from a temperature of about 500 °C
& 540 (higher than fusion temperature) and considering
£ 530 the thermal power generated inside the salt mixture
égig (95 MW4,) in stationary situation, the temperature
2500 increase as a function of pulse duration is shown in
& 490 Fig 7.
480 o .
0 10 20 30 20 50 60 An optimization regarding the pulse and the cool-

ing time durations can be fundamental for the defini-
tion of the hybrid device operation mode in a more
detailed model. In this framework, the magnets have
to be actively cooled by liquid nitrogen flow during and in between the pulses as already done in the FTU ma-
chine [20]. Thermal insulators are still not considered in this preliminary version, but in a more detailed work,
could be considered as a fundamental component of the system.

This simple analysis has to be better detailed but could highlight the possible compatibility between a high
magnetic field tokamak and a molten salt fission blanket in order to start to gain experimental confidence with a
simple fusion fission coupled system with increasing level of criticality.

To have an idea of the differences due to the use

Time, s

Fig. 7. Salt temperature increase as a function of shot duration

12

2‘;81}812 of 14.1 MeV neutrons instead of considering
% 35107 2.45 MeV, (as briefly recalled above), the comparison
E 2;211812 of the neutron spectra sampled inside the fission blan-
E, i-g:igﬁ ket obtained starting from DD- and DT-fusion reac-

2 10102 tions is reported in Fig. 8.
5.0-10" Neutron integral flux and thermal fission
0 108 106 10 102 109 power in the case of DT-fusion source are 45%

higher than in the case of DD-source (maintaining
the same neutron intensity of 10'® n/s for both
cases).

From this comparison, performed by maintaining
the same neutron intensity, the better behavior of DT-source is clear, 14.1 MeV neutrons are more efficient for
inducing fission reactions inside the fuel. Another important factor is that the neutron intensity is much higher
for DT-fusion with respect to DD. In any case, for a first experimental demonstration DD fuel appears to be
suitable to drive the fission system.

Neutron energy, MeV

Fig. 8. Neutron energy distributions averaged over the whole molten
salt volume for DD source (—) and for DT source (—)

CONCLUSIONS

In this paper the idea of considering a tokamak neutron source operating with DD fuel coupled with a mol-
ten salts fission blanket for a fusion-fission hybrid system preliminary experimental activity has been described.
This solution could represent a short-cut towards a first experimental system based on a fusion machine generat-
ing an appreciable value of power with a positive overall energy balance. In this way it could be possible to
reach the fusion power experimental generation conceptual demonstration several decades ahead of schedule as
foreseen in the mainstream fusion roadmap.

High field non-superconducting tokamaks, for their peculiar properties, can act as neutron sources for FFH
due to their compactness, their relative technological simplicity and their high neutron emission. An optimiza-
tion in parameter space is however required in order to adapt the original already existing (i.e. Columbus) high
field tokamak design to the hybrid purposes. The simple and feasible technology represents a crucial point with
regard the realization of a FFH pilot experiment. Configuration optimization could be performed by modifying
the magnetic field intensity and by considering new solutions and materials for the molten salt reactor technolo-
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gies, but the proposed technologies are well tested and available and allow to start with a simple and cheap sys-
tem the coupling studies between fusion sources and fission energy generation module.

A simplified model simulation has been performed by using the MCNP6.1 code concerning a ket = 0.92.
The results of these simulations provide some preliminary insights on the main neutron parameters concerning
the fission blanket in terms of geometric characteristics, thermal power and fluxes. A power production of about
95 MW4, has been calculated along the plasma shot duration, sufficient for the first relevant power production
demonstration with a fusion based system. The simulations have given inputs on the required characteristics
concerning the fusion device, the geometrical disposition and the neutron emission intensity, providing a start-
ing point for the definition of a pilot FFH experiment, its main characteristics and its operation mode. An im-
portant point is represented by molten salt thermal cycle: from a preliminary evaluation seems that the high
magnetic field tokamak operation characteristics can match in a good way with the thermal properties of the salt
in stationary conditions also allowing to increase, step by step the kes of the system. A fusion shot of about few
tens of seconds in case of an increased kefr could theoretically reach a significantly higher power production. A
proper design of the copper magnets cooling system can help to increase the flat-top duration and to reduce the
cooling time, in order to improve the FFH operation mode.

Of course, additional studies for a further detailed planning are needed.
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KOMIIVIEKCHOE MOJAEJIMPOBAHHME ITOTOKOB TOIIJIMBA B IIVIABME
N CUCTEMAX NTH)KEKIIMU 1 OTKAYKHA JJIAA JEMOHCTPAIIUOHHOI'O
TEPMOSIIEPHOI'O HCTOYHUKA HEMTPOHOB JIEMO-TUH
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2Hayuonanvuwiii uccnedosamensvekuti ynugepcumem <MUDH», Mockea, Poccus

B pabote onucana moaudukanus cucremHoro koga FC-FNS, no3Bossitoniasi BKIOYUTE B MOJACIb TOIUTMBHBIE IIOTOKH B OCHOBHOM
U quBepTopHON miiasMme. [IpeqnokeH HOBBIM MOAXOJA K ONMMCAHUIO IMJIOTHOCTH M30TONOB BOJOPOJa B OCHOBHOM IJIa3Me, OCHOBAH-
HBIIl Ha MCIOJIb30BAaHUU PA3IMYHOIO BPEMEHHU YJEp>KaHUs HOHOB U3 Pa3IMYHBIX UCTOYHHKOB. MoOJenb 1ONOJHEHA HOBBIM CLIEHA-
pHUEM Tra30CHAGKEHHS CHCTEMbBI HATPEBHBIX HHYKEKTOPOB, MPELyCMATPHBAIOINM HiKeKIuio myuka DO + TO ¢ 3aMKHyTBIM Ta30BbIM
uukiaoM. Ouenensl moToku B ToruBHOM 1ukie (TL) ycranoBku JEMO-TUH u momo6Gpanbl mapaMeTphl TOTTHBHON HHKCKIHH,
obecreunBalomue 3aJaHHBIE YCIOBHS B OCHOBHOW M IUBEPTOPHOW IUIa3Me IpPHM BapbHPOBAHWU HM30TOIHOTO COCTaBa rasa B
HarpeBHBIX MHXKeKkTopax. OmpenenéH pabounii Auamna3oH cOCTaBa M30TOINOB BOAOPOAA B AMBEPTOPHOH MiasMme, MpPU KOTOPOM
obecreunBaeTcs Tpedyemas I0JIs TPUTUSA B OCHOBHOI 1ma3me. [lonydeHa oneHka MOJMHOTO cofepskanus Tputus B TL geiicTByro-
meit ycranoBku ot 850 o 1150 r.

KiroueBble cioBa: ruOpuaHas yCTaHOBKA CHHTE3a-JENICHNS, HCTOYHUK TEPMOSIICPHBIX HEUTPOHOB, TEPMOSICPHbIA TOIUIMBHBIN LIUKII,
MOJICIIMPOBaHNE OCHOBHOM M ITUBEPTOPHOU IIa3MBI, IIporpaMMa Uil BeIYUCIIeHHs O0ananca D- u T-OTOKOB, H30TOIBI BOJOPOAA, TOII-
JINBHBIA TUKJI TEPMOSJIEPHOTO UCTOYHUKA HEUTPOHOB.

INTRODUCTION

The fuel cycle systems must provide the required conditions in the core and divertor plasma by puffing
and coordinated pumping, controlling the plasma core parameters by fuelling, as well as efficient fuel mixture
processing to reduce the inventory of radioactive elements. Calculation of fuel isotope fluxes in the systems
that circulate the fuel and auxiliary gases in a tokamak-reactor or fusion neutron source (FNS) [1] requires
simultaneous consideration of processes in the core and divertor plasma [2, 3]. For industrial facilities of con-
trolled fusion (CF) or fusion-fission hybrid systems (FFHS), it is advisable to use cryogenic pellet injection as
the fuel feed [4, 5]. The auxiliary plasma heating system by neutral beam injection (NBI) also supplies the
core plasma with particles corresponding to the beam composition. At the same time, it is necessary to calcu-
late the divertor plasma parameters, since the fueling from the divertor plasma by neutrals is also essential [3,
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6]. To maintain the operating parameters of the core plasma and the divertor region, it is necessary to use the
gas puffing into the vacuum chamber with a flow rate three orders of magnitude higher than the fusion fuel
burnup in the core plasma [4—6]. It is this flow that controls the composition and density of neutrals and
plasma in the divertor.

During fuel injection (into the vacuum chamber), not all the particles reach the core plasma — some of

T
div

them immediately enter the divertor layer. Thus, the tritium fraction in the divertor plasma fg, will be influ-

enced by pellet injection and NBI.

The core plasma receives particles from three sources (the NBI systems Sng, the cryogenic fuel pellets
feed systems Spel, and the neutral flux from the divertor region Ssp), comparable in contribution to the core
density [3, 6]. A change in the isotopic composition of the core plasma affects the systems for pumping and
processing gases (since the magnitude and composition of the gas flows depend on the tritium fraction in

the core f! and divertor fJ plasma), as well as the fuelling systems, which must provide the specified

core div

values of f!

core *

The computer model FC-FNS (Fuel Cycle for Fusion Neutron Source) [6, 7] was used as a tool for model-
ing processes in the DEMO-FNS facility fuel cycle systems (FC). The updated code version takes into account
the self-consistent core and divertor plasma parameters obtained from joint simulation with the SOLPS4.3 [8]
and ASTRA [3, 9] codes. The main goal is to develop an approach that provides DEMO-FNS FC simulation in
the presence of feedback between the pumping and injection systems, considering the change in the isotopic
composition of the edge and core plasma.

In this report, we will call the entire plasma outside the separatrix a «divertor», making no distinction be-
tween the divertor itself and the scrape-off layer (SOL). These plasma parameters are calculated in the
SOLPS4.3 code and are represented here by the average values of, for example, the plasma density at the sepa-
ratrix, or the tritium concentration in the edge plasma.

FUEL CYCLE ARCHITECTURE

The fuel cycle (FC) means a complex of systems (often placed in a separate room, for which the term «triti-
um plant» is used), which serves to circulate the DT fuel through the vacuum chamber of the fusion reactor,
maintaining the necessary D- and T-densities in the core plasma. During the conceptual development stage, the
operation scenarios for DEMO-FNS were selected, the gas flows in the systems were estimated, and the archi-
tecture of the FC systems was chosen [10]. Progress in the project development and the FC simulation allowed
moving from the conceptual to the engineering design stage for some systems [5, 7]. At the same time, together
with the FC systems elaboration, modeling of the operating scenarios by FC-FNS code made it possible to op-
timize the system functions [5]. At the moment, the FC systems are grouped according to their functions:

— pumping of gases from the tokamak vacuum chamber;

— hydrogen isotope extraction from the pumped gases;

— additional purification of chemically bound hydrogen isotopes;

— processing of the tritium-containing radioactive waste (including tritium removal from the gases
and water);

— hydrogen isotope separation to the required purity level;

— control of the hydrogen isotope sources in the plasma, heating, and fueling systems;

— tritium production and extraction from the propellant gas;

— storing the fuel isotopes;

— ensuring the circulation of the seed impurity gases (Ne).

In the course of the FC optimization for DEMO-FNS, three circuits are distinguished: (i) for the rough pro-
cessing of the exhaust gases from the tokamak pumping system, (ii) for tritium extraction from the blanket, and
(iii) for processing of the tritium-containing waste, the capture of tritium from technological flows (including air
from working rooms in emergencies) and the extraction of gases added for better plasma performance (impurity
seeding).
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A conventional block diagram of the FC systems, including all three contours, is shown in Fig. 1. The sys-
tems that form the contours are highlighted in one color. The colored arrows indicate the fuel isotope fluxes. In
general, the structure chosen is typical for the majority of fusion reactor projects [11—13]. However, the pres-
ence in the device of the breeding blanket unit and the steady-state NBI system with a gas composition signifi-
cantly different from the gas combination in the primary circuit required a fundamentally new approach to the
FC architecture and composition of the technological systems, necessary for their integration [5].

Transport-
getter
Hydrogen isotope storage
T-storage yarog System‘; g T, D T, D, D
T, Fueling systems
Starting storage
Isotope sepa- D,
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Fig. 1. Block diagram of FC systems. The systems of the first, second, and third contour are conventionally shown in different colors (according
to the functions described in the text). Colored arrows show the fluxes of the fuel isotopes. For the NBI system, three gas supply cases are shown

The FC systems of DEMO-FNS must maintain a steady-state operation mode of fuel mixture processing
and supply (for fuelling). To create and maintain the plasma discharge with a power amplification factor (the
ratio of the fusion power to the additional heating power) Q ~ 1, a relatively low fuel (T and D) flow, ~0.08 g/s,
is required. Therefore, it was proposed to circulate the hydrogen isotopes mixture in the FC DEMO-FNS with-
out separating isotopologues (Hz, HD, D2, DT, T2), but with re-balancing the D-T isotopic composition in
the gas injection system. Isotope separation will be performed for a flow (less than 5% of the total) sufficient
to provide the required amount of the isotopes in the injection systems, where it is necessary to use a predomi-
nantly single isotope (D, with T minority for NBI and T, with D minority for pellet injection). Processing such a
flow is sufficient to control the H fraction in the plasma by its removal in the isotope separation system [5]. The
critical (required) degree of the fuel isotope purity should be determined in the further process of in-depth mod-
eling of the individual FC systems (including injection) and optimization to reduce the tritium content in all FC
systems, as well as to meet the safety and compatibility requirements of the systems.

The DEMO-FNS project is based on the FC technologies that have already been used in JET and TFTR to-
kamaks and are being developed for the ITER project. The significant progress achieved in recent decades in the
fuel cycle technologies for the fusion reactors CFETR and DEMO is also taken into account when considering
the technical proposals for the FC technological systems and their integration [5, 6].

The FC-FNS code was modified to comply fully with the FC architecture that had previously been selected
by the analysis of the candidate technologies [5]. One of the changes concerned the gas supply to the NBI sys-
tem. The FC scenarios in the model were supplemented with a new case using the injection of a mixed, D° + T°,
NBI (which had previously been considered in [2, 6, 10, 14, 15] at a concept level) realized by a closed gas cy-
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cle. This solution will avoid loading the tokamak fuel reprocessing system (the rough and membrane gas separa-
tion, isotope separation) with additional gas flows while providing the required injection of the fuel isotopes into
the plasma core with a minimum change in the isotopic composition of the injector gas [14]. This case is mo-
deled similarly to the closed cycle for the D° beam, taking into account the control of the isotopic gas composi-
tion through the isotope separation system included in the loop [5, 14]. Thus, all the scenarios modeled in FC-
FNS rely on concrete technological solutions. This renders the results obtained more reliable and allows us to
calculate the isotope inventories in the FC systems, taking into account the peculiarities of the physical and
chemical processes occurring there.

INTEGRATED MODELING OF CENTRAL AND DIVERTOR PLASMA

For integrated modeling of the core and divertor plasma, the mediated coupling of the ASTRA [9] and-
SOLPS4.3 [8] codes is used — an approach developed earlier for the ITER project [16, 17]. In this approach,
the one-dimensional modeling of the plasma core by the ASTRA code is supplemented by the boundary condi-
tions and constraints represented in the form of scalings obtained from two-dimensional modeling results of the
edge plasma using the SOLPS4.3 code. As a result, an efficient algorithm is built, which provides a simultane-
ous description of plasma regions with strongly differing timescales and makes it possible to calculate the pa-
rameters of the plasma core that are consistent with the constraints for the divertor (heat loads, gas flows). In
this work, for all FC systems, the deuterium and tritium fluxes are calculated, corresponding to the plasma pa-
rameters obtained in [3].

The principal technical parameters of DEMO-FNS, as well as the main plasma parameters obtained from
the coupled modeling of the core and divertor plasma using this code combination [3], are shown below:

68

R/ia,m... 3.2/1
B, T... 5
Ip, MA ... 4—5
Auxiliary heating (NBI) power Pngi, MW . . . 30
Beam atom energy Enei, keV . . . 500
Auxiliary heating (ECRH) power Pecry, MW . . . 6
The core plasma volume inside the separatrix Vo, m3. . . 121
Fusion power Psus, MW . . . 30
Isotopic composition of plasma core fuel components fclre . 0.5
Ne fraction in the plasma at the separatrix fne . . . 0.02
Average plasma density <n.>, m=. .. 7-10%°
Electron density at the separatrix Nsep ), m= . . . 4.67-101°
Power supplied to SOL PsoL, MW . . . 374
DEMO-FNS parameters for FC-FNS code simulation:
Reduced neutral pressure in the divertor pn, Pa . . . 2.0
Pumping speed from the divertor c,, m%s. . . 30
Energy confinement time g, s . . . 0.737
Particle confinement time tp, s . . . 2.95
Effective plasma charge Zef . . . 2.74
He density at the separatrix n>, m=. .. 0.11.10%
He atom influx across the separatrix Ss';; 1s. .. 6.12-101°
Pellet injection (HFS/LFS) frequency, Hz . . . 0—1.5/0—100
Pellet size (LFS, HFS), mm?3. .. 0.05/7
Fueling efficiency:
K, % Kett(NB) . . . 90
Keff (peyHFS/LFS . . . 90/50
Fusion neutron flux, 1/s . . . 1.08-10'°
Max. duration of T breeding interruption, days (T from getter)* . .. 20

*The acceptable time for which the tritium breeding in the blanket can be paused — the T reserve to meet the facility's demand for

this period is stored in the getter [7].

BAHT. Cep. Tepmosinepnsriii cunte3, 2021, T. 44, Bbim. 2



Integrated modeling of fuel flows in the plasma and the injection and pumping systems for the DEMO-FNS fusion neutron...

In calculations using the ASTRA and SOLPS codes, the hydrogen isotopes are not distinguished. The cal-
culations are carried out for fuel particles with atomic weight 2.5 (ASTRA) or 2 (SOLPS). Therefore, to esti-
mate the fluxes of deuterium and tritium, we introduce additional assumptions. We assume that the transport

coefficients of the D and T particles in the plasma are equal. Then the relative concentration of tritium in the

core plasma f_ _ is determined by the ratio of the strength of the sources of D and T and by their distribution

over the plasma core cross-section. For our estimates, we assume that the contributions from various sources to
the density of the corresponding plasma species are additive. Then global particle balance in the plasma core can
be written in the form

Necore = Nsep + SneTng + SpeITpeI + Ssestep — StusTtot, (1)
where Neore = Neore Vi IS the total number of the D and T particles in the plasma core, Nsep = Nsep Vi (We assume no pinch
for the hydrogen components), N« is the plasma density at the separatrix obtained from the scaling fit to the SOLPS
data, and Vy is the volume of the core plasma inside the separatrix. Here Sng, Spei, Ssep, @nd Srus are the source intensities
of the D and T ions related to injection of neutrals, injection of pellets, gas supply from the edge (determined from the
SOLPS scaling), and fusion reactions, whereas g, Tpel, Tsep, aNd Tior are the corresponding confinement times for these
ions. All these N and S values are calculated in the ASTRA code, and the values of t are determined by numerical dif-
ferentiation of Eq. (1) with respect to the corresponding variable S. The profiles of the sources and density obtained
from the modeling [3] are shown in Fig. 2. Fig. 3 shows the evolution of the total particle, in this case, electron,

Fig. 2. Cartoon of the flows that appear in Egs.

(1)—(5). Indicated are the plasma fueling flows, Pump  Plazma core Fdge
as well as the gas puff into the vacuum chamber Seep
and pumping. The electron (ne) and fuel (no+T) ne
density profiles in the plasma core are calculated Sep
by ASTRA. The profiles of the ion sources of ntl)\l+eTutraI Sout
different nature (NBI, pellet injection, and gas beam Pellet Fueling
injection) in the core plasma are shown. Flows Fusion S+ Spel + Sout
that penetrate into the plasma core Sns, Spel, Ssep

Sne + Spel

are shown as well as those that do not reach Nsep ND+Tsep Puff
there, Spurtne and Spuffpel. They are directed to the

pumping port. The particle loss from the plasma Sputf B Sput pel

core Sout equals the sum of the fluxes generated

by all sources (see Egs. (3), (5)). Also shown is

the computational grid of the SOLPS covering Spumlgump
the region of the edge plasma and divertors Spuff
inventory in the plasma after a minor, about 10%, 860
artificial reduction of the individual sources. The 855
ratio of the difference between the particle inventory 850
at two corresponding source values to the difference -
of these values gives the estimate of the particle con- 3
finement times tne, Tpel, Tsep aNd Tor fOr different % 840
sources. z 85
In Eq. (1), the g, Tpel, Tsep, @Nd Tror pParameters 830
are the diffusion times characterizing the escape 825
rate of ions originated from the corresponding 820
source to the separatrix. The effective slowing of 815
the density decay in the plasma core due to recy- 10 15 20 25 30 35 40 45 50 55 60 65 70
cling is described here by the non-zero plasma Time, s

fjenSity at the separatrig Nsep and the neUtra_I flow Fig. 3. Evolution of the total particle (in this case, electrons) content after a
into the core Ssp, Which are calculated in the 10% artificial decrease (at 30 ms) in individual sources: neutral beam (—),
SOLPS code and are approximated by the scalings.  pellet-injection (—), neutrals flux from divertor (—), and all of them (—)
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Note that the particle transport equations in the ASTRA code are written for electrons and impurity ions.
The density of the hydrogen isotopes in the core plasma is calculated from quasi neutrality <n'*P> =
= <ne> — X(Zi<n;>), where i is the impurity index (in our case, He, Ne, Be). Here <n> is the average concen-
tration of electrons, Zue, Zne, Zg. are the average ion charges of the corresponding impurity (for the light impuri-
ties considered here, we assume their complete ionization in the core plasma), and <n;> is the average impurity
concentration obtained in the ASTRA code.

USING CONSISTENT PLASMA PARAMETERS FOR CALCULATING FUEL FLOWS IN THE FC

Let us write the balance equation system for tritium. Particle retention in the core plasma:

Foore Neore = fiy Neep + Sl Tue + S Toel + iy Ssep Tsep — Stus Trot @)
Balance of tritium particle sources in the plasma core:
Sou= St *+ Spar + iy Seen = Siis- (3)
Their balance in the divertor:
faiy CoPn + fiiy Ssep = SpTuff + Sgy 4

Here f,, is the tritium fraction in the divertor plasma fuel components, which we consider constant, so the
tritium fraction in the flows to the pumping system and the plasma core is the same:

dev sep /SSSP pump /Spump = Spump /(Cp pn) (5)
and

Sputt = Suig (1 — Ker (ue))/Ketr (v) + Sy (1 — Kett oeny)/Ket ey + Siis. (6)

Here f ' and f|

core div

are the T fractions in the core and divertor plasma, respectively. S_ . is the tritium flux

out
from the core plasma across the separatrix and SG,S the tritium gas puff into the vacuum chamber, which pro-
vides the required pressure (reduced to the normal conditions [20]) pn in the divertor at a given pumping speed
Cp (pn is determined in the coupled ASTRA + SOLPS calculation from the condition of the acceptable heat load
on the divertor targets [16]). kerr (nvg) @nd Kerr pery are the efficiencies of fueling the plasma core by the beam and
pellets. The coefficients (1 — Kerrne)) and (1 — ket ery) describe the fraction of particles that do not reach the
plasma core upon injection of the neutral beams and pellets (the accompanying gas, ionizing in the divertor lay-
er). Since these particles are injected into the tokamak chamber, they must be pumped out and therefore appear

in the particle balance in the divertor plasma. The set of 5 Egs (2)—(6) has 5 unknowns S, Sge,, guﬁ,Spuff,
S¢is and is solved for the given 4 parameters Sig, fq, Cp, Pn, Which are varied in our model. The tritium frac-
tion in the plasma core f_

it is used to calculate the fusion power [3]. The following, additional equations allow one to find the fluxes of
deuterium and include also the values of the total fluxes Sper and Sout, Which are calculated by ASTRA [3]:

is fixed equal to the value adopted in the corresponding ASTRA calculation, where

Sout Sout — Sout, @)

= Spel Spe| ; 8)

puff = (1- 4, )(Spurt Sou) — Seui; 9)

Sais = Spt — Snis (1 — Ketr ng))Ketr (vey — Sy (1 — Ke (oety)Kett (pe)- (10)

The working pressure in the divertor p, at a given pumping speed ¢, [3, 6] is maintained by gas puff into
the vacuum chamber Spusr. This flow is formed by the gas injected through the gas valves Sgis and by the gas
flows from the Sputt (vey @and Sput pery iNjection systems that did not enter the plasma core (due to the fueling
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efficiency <100% [18]).The actual particle fluxes from the injection systems for each (D and T) isotope are
Ske' T2 = S + Sputr (ve) = Sn/Kett (vgy and Sy ' = Spet + Sput ety = SpeilKert ety [6, 10]. Therefore, these parti-

cle fluxes affect the divertor pressure (and thus reduce the required gas puffing rate). These fluxes have also an
important role in the simulation of the injection systems, pumping, and fuel mixture processing in the FC. The
tritium source balance in the core plasma, Eq. (3), determines the tritium flow rate across the separatrix into the

divertor S], andthe f, value is the parameter determining the tritium flow rate SZ s through the gas valves (6).

out div
Fig. 2 shows the plasma fueling flows, the gas puff into the vacuum chamber and the pumping flow, the
electron density (ne), and the fuel isotope density (n°*T) profiles. Different zones of fueling by the NBI, pellet

injection, and gas injection sources are also shown. Flows that penetrate into the plasma core, SI,Q P, Sge,* P and

T+D
Ssep

T;D

ouff_pet- 10€ particle losses from the

, are shown, as well as those that do not reach there, SpTLjf?_NB and S

plasma core S)° are equal to the sum of the fluxes generated by all sources.
The total gas flow rates and intensities of the various sources are determined by the ASTRA + SOLPS

codes, ensuring that they match the selected operating mode of the reactor. Thus, in FC-FNS, we assume that

the S;e;lD fluxes provide the required D and T densities in the plasma core for various NBI cases ( S\ and Syg).

T

By changing the ratio of S] . /S> (while maintaining the total Su), the T fraction f4, can be changed. Selec-

puff puff
tion of the optimal values for the fuel fluxes in the injection system should ensure particle balance in the core
and divertor plasma, Egs. (2)—(6), for D and T, providing plasma burning and neutron production.
Since the total number of D and T particles in the plasma core is specified by the ASTRA code, a
condition for the range of the fuel isotope injection fluxes can be obtained. Writing Eq. (2) in the form

T,.D — T,DpnD+T T,D T,D T,DpnD+T H
Neoe = faiv Nsep + SNB ™e + Spel Toel + faiy Nsep Tsep — StusTrot, We Obtain

T.D_ ¢TD — ¢T,D T,D T,D T,DoD+T
Ncore - fcore Ncore= fdiv Nsep+ SNB e + Spel Tpel + fdiv Ssep TSQP_SfUS‘nOt’ or

T+ D T,D T,D T,D D+T — ¢T,D
(n Vp' fcore + StusTrot _SNB TNB — Spel Tpel)/(Vpl nsep+ + Ssestep) - fdiv :

This equation limits injection into the plasma to maintain its density for the given confinement times. Since

it contains the f-° and f,.° terms, it can be used as a condition for the fraction of the isotopes in the divertor
f.2 depending on the required f_" value:
(N"*OVpi fgre + Stustior = Sy’ na)/ (Vo n2; T + Sseptsep) > (11)

with a non-negative value of S7,°.

Substituting the values for the consistent stationary solution in the core and divertor plasma into Eq. (11),
one can find the boundaries of the admissible range of f,. This limitation has a simple nature — when the T
fraction in the divertor is changed, the deuterium fraction is changed too, but in the opposite direction. As a re-
sult, S is changed. This, in turn, leads to a change of f_.>. Therefore, to ensure particle balance in the plasma

sep

P value must be provided by the fueling gas puff S™° and pumping S™:° . We'll take a

core, the necessary f,- putt pump-
closer look at this in the next section.

The FC-FNS code implements a numerical method for solving the set of Egs. (2)—(6) by an iteration
method, which calculates the fluxes of the fuel isotopes required to feed the plasma and calculates the gas flows
in the systems of pumping, hydrogen extraction, isotope separation to the required concentrations, and their in-

jection in various forms (gas, neutral beams and cryogenic pellets). Using the equations described in [6, 10], for
specified values of ST° and ST fluxes in the FC systems and the relative tritium concentrations, the corre-

pump core

sponding values of fiT in these systems are determined. The isotopic composition index together with the flux

of one fuel isotope in the FC system makes it possible to calculate the flux of the other if not specified otherwise.
The FC diagram (see Fig. 1) shows that some systems have several input and/or output flows, and they do not
necessarily have the same isotopic composition. For example, monoisotopic mixtures are characteristic for the
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output of the systems for breeding T, isotope separation, and injection. As a rule, the input flow to a system (for
example, isotope separation) is set from the condition of ensuring the required product flow at the output — in

this case, the f." values allow one to calculate correctly the input and output flows of the fuel mixture compo-
nents.

RESULTS AND DISCUSSION

Using the ASTRA code, a stationary solution was found and the particle confinement times Tiot ), T™nB (o)
Tpel (e), Tsep ) Were calculated instead of a single t, that we used earlier for all sources. Table 1 shows the charac-
teristic particle retention times from the various sources, as calculated with ASTRA.

T able 1. Characteristic particles retention times from various sources, calculated by ASTRA

Parameters Value Parameters Value (10%°)
Particle confinement time tng (), S 2.69 Total particles Ncore 630
Particle confinement time tpel ), S 25 Particle source from NB injectors Sns, 1/s 375
Particle confinement time tsepe, S 0.63 Pellet particle flow Spel, 1/s 28.5
Particle confinement time ttot ), S 0.96 Particle flow from the divertor Ssep, 1/s 222
Total particle source Sot, 1/s 288

For the stationary solution found by ASTRA + SOLPS4.3 codes for the core and divertor plasma with cor-
responding He balance and Ne seeding gas in divertor (see Table 1), the FC-FNS code calculations were per-
formed for three cases of gas supply to the heating injectors [10, 19]: (i) using D, + T, mixture with the isotope
ratio close to the plasma composition; (ii) with a closed gas supply loop (described in section 1) and using the
D, + T, mixture; and (iii) with a closed gas supply loop and D; as the working gas (in this case, the T fraction is
controlled by the purification system). As a result of the numerical solution of the set of equations, the absolute

values of the flows in various FC systems were obtained for the given values of .| and f,

core div*
Plasma scenario calculations in ASTRA were performed for f_. = 0.5. The working range of f
Eq. (11) turns out to be different for different cases of NBI gas supply. For example, for the D° + T° beam, we

get fo> <0.53and f, < 0.53, which will result in the working range of 0.47 < f, < 0.53. For the D° beam, the

div div div

T
v from

working range for the T fraction in the divertor is 0.54 < f, < 0.60. Therefore, for the D° + T° beam case the

variant f_=f, can be realized, but for the D° beam this condition f = f] cannot be met.
The option of f_,= 0.5 was considered for f,, = 0.47, 0.50, 0.53, 0.54, 0.60. The first three modes are

only realizable for the D° + T° beam cases, and the last two for the D° beam case. Fig. 4 shows the isotopic
composition f;" in the key FC systems, depending on f,, . The plots for 0.47 < f, < 0.53 correspond to the

div

0.65 a 0.65 b
0.60 0.60
= =
= 055 T 055
0.50 0.50
0.45 0.45
046 047 048 049 050 051 052 053 054 055 056 057 058 059 060 061
fd-irv

Fig. 4. Isotopic composition fiT in the key FC systems: core plasma (—), purification system (—), flow distribution (—), and gas
injection (—) vs. f, , for the D° + T beam scenarios (0.47 < f,, < 0.53) (), for the D° beam (0.54 < f4, < 0.60) (b)
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" < 0.60 to the D° beam. It can be seen that f.

div core

D° + T°beam cases, and 0.54 < f
For f[

div

tion [6, 7]) and gas puff differ in the absolute value within 5%. Changing f

= 0.5 is kept for all f

div
= 0.5, the f," values for the systems of purification, flow distribution (to restore the isotopic composi-

T

div
T

core

T
< fpuff’

in one direction or another leads
to the change of f," in the same direction. The largest f, deviation from f

T T T T T
puff < fdiv < 1:core or 1:core< fdiv

is observed for the gas puff sys-

tem into the vacuum chamber/divertor, and f which allows providing the

T
div

The condition f.|

core

required fg, value.

~ 0.5 is provided by the fuel injection regime (the pellet size and the injection frequen-

cy), at which Eq. (2) is satisfied. In all cases considered, the FC-FNS model assumed the fuel injection from the
HFS (high field side) by cryogenic fuel pellets D, and T of a cylindrical shape with d = 2.0 mm and the length
equal to the diameter. In this case, the selected injection frequencies do not exceed 1.5 Hz. The injection from

the LFS (low field side) was considered similarly, but with the smaller size, d = 0.5 mm, D pellets. Its frequen-

cy depends substantially on the f, operating point. Due to ablation, the LFS pellet loses particles at the plasma

periphery, which decreases the f.

div
This reduces the S»

value because of the increase of their (D) amount in the divertor plasma.

flow required to maintain f,, at the required level. Nevertheless, some of the particles

from the pellets fuel the plasma core. Accordingly, to maintain the balance of fluxes, Eq. (3), it is necessary to

reduce the S;?el flux from the HFS. Obviously, the closer to the border of the operating window, Eq. (11), the T

D

- - - T
fraction in divertor f pel (LFS)

qiv 1S chosen, the less margin for the S flow (so that particle balance, Eq. (3), for D+ T

is not violated) remains. In this regard, if D pellet injection for ELM mitigation is foreseen, then the frequency

of this injection can be limited depending on the operating point in fdfv considering NBI gas supply and the ex-

D
pel (LFS)

is 5 and 10 Hz for D° + T° and D° beams, respectively. At the same time, at the high end of the range, these val-
ues reach 105 and 110 Hz.

Here, the ELMs and the associated particle loss from the plasma core were not taken into account. The par-
ticle loss due to ELMs should be compensated by HFS fuelling. This will lead to an increase in the flow of
Spel (1rs) and will require re-balancing of all the flows (including a decrease in Spur). This assessment is under-
way and will be reported separately in the future.

Fig. 5 shows the dependences of fuel particle fluxes from different sources on the T fraction in the divertor

f4, for the D° + T° and D° NBI cases (see. Fig. 4) and Table 2 shows their values. The plots on the left
(0.47 < f] <0.53) correspond to the D° + T° beam case and those on the right (0.54 < f, < 0.60) to the D°

div div

beam. One can see that the corresponding fluxes D and T for all sources have the opposite dynamics, thereby
providing the conditions for maintaining the total fluxes S,"°. The horizontal dotted lines in Fig. 5 show the

pected S flow. So, at the low end of the range (atSpDe, wrs) = 0), the available injection frequency with LFS

average values of the total flow S °, relative to which S;"° change their values. The particle fluxes from the

NBI, S;ED, for the D° + T° beam are equal, and for the D° beam, while maintaining the total ion source current,

Table2 TheDand T particle source intensity (10%° 1/s) for different values of f,,

Beam fd1i—v SIII—B SSB S;;rel SpDeI S;p Sszp SJut Sl?ul
DO + 10 0,47 17,6 19,9 26,7 1,26 104 118 147 137
0,5 18,7 18,7 13,9 13,9 111 111 142 142

0,53 20,2 17,3 0,84 27,1 117 104 137 147

DO+ TO 0,47 18,7 18,7 25,0 2,95 104 117 147 138
0,5 18,7 18,7 13,9 13,9 111 111 143 143

0,53 18,7 18,7 2,86 251 117 104 138 147

D° 0,54 0 37,5 25,3 2,66 120 102 144 141
0,60 0 37,5 2,97 25,0 133 89 135 150
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Fig. 5. Particle flu xes (for D and T) from sources vs. deV for the cases of the D° + T° and D° beams considered above. The plots for 0.47 < deV
< 0.53 correspond to the scenarios for the D° + T° beam (a), and 0.54 < 4, < 0.60 for the D° beam (b). The horizontal dashed lines (---) show the

average values of the total flow S*®, relative to which S® change their values. The dash-dotted line shows the Spel value (-----):
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ST+D

respectively, twice as large. Thus, for this particle source, the total value is also retained in the entire

range considered (see the flow values in Table 1). The D, pellet flux S o values rise from O (at the high end of
the fg, range) to the maximum value, while the T, pellet flux Spe, reflects the opposite dynamics. The intersec-

tions of the STI and S o curves with the 0 level line and the total flux S ° correspond to the working range

boundaries, Eq. (11), for f,,. The dotted lines in the figure show the S, P plots for the D° + T° beam case with
the closed gas supply cycle. For this case, the dependencies are flatter than for the second case (the D° + T° beam
with the open gas cycle). Table 3 shows the D and T particle fluxes in the divertor for different values of f.

div*
Table3.DandT particle fluxes (10%° 1/s) in the divertor for different values of fdiv

Beam fduTv SpTuff NB) SpDuff (NB) S;;ruff (vel) SpDuff (pel) S(;s SGD|s SpTuff S;?ufr
DO + TO 0,47 2,08 2,08 2,97 0,14 859 1000 865 1004
0,50 2,08 2,08 1,55 1,55 931 931 934 934
0,53 2,08 2,08 0,09 3,10 1000 858 1004 865
DO + 1O 0,47 2,08 2,08 2,78 033 861 1000 865 1003
0,50 2,08 2,08 1,55 1,55 931 931 934 934
0,53 2,08 2,08 0,32 2,79 1000 861 1003 865
Do 0,54 0 4,17 2,81 0,29 1020 846 1019 850
0,60 0 4,17 0,33 2,78 1160 706 1159 713

A detailed description of the flows in the injection and pumping systems in DEMO-FNS is necessary to re-
fine the parameters of the fuel cycle systems, which must have the appropriate performance for processing the
incoming flows. The flow map of the fuel isotopes in the FC allows optimizing both the architecture of the sys-
tems and the technologies used to reduce the processing time of the tritium-containing gas flows, reducing the
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total T inventory on the site. Table 4 shows the gas flows through the main FC systems for various NBI cases:

D° + T%nd D° ( f_

core

= 0.5). As already mentioned, the candidate technologies for hydrogen extraction, isotope

separation, and pumped (from the vacuum chamber) gas detritiation were considered earlier [5] based on similar

T

T able4. Gas flows through the main FC systems for various NBI cases: D° + T°(closed gas supply loop) and D°( f,, = 0.5) (in
mol/s; 1 mol = 2-6.022:10% nuclei for gases with diatomic molecules, such as Hz, D2, T2).
Fueling:
NBIcases Pumping Cleanup,_ Isotope_ Separa- Isotope_Re- 9 Blanket
Gas separation tion balancing PIS NBI GIS
DO+ T, 0.010/0.008 0.030/0.029 3:10%4/3-10* 0.030/0.029 | 6-1075/3-10™* | 0.021/0.021 | 0.009/0.008 | 1.2-:10-5/0
D% 0.010/0.008 0.010/0.008 9:10%4/4-10* 0.009/0.008 | 6-107%/3.10™* |2:1076/0.042|0.009/0.008 | 1.2:10-5/0

flow calculations in the FC (including [6]). By considering this refined data, further optimization can be carried out.

Table 5 shows the T inventory in the FC systems considered, estimated from isotope flux modeling
with the FC-FNS code. As noted in [10, 14, 15], the D° + T° beam case with the open cycle of the NBI gas
supply corresponds to the largest T amount in the entire system (this case is not shown separately here).
From a technological point of view, the closed fuel cycle is more attractive. Here many of the FC systems
can have lower productivity, although for the D° + T° beam, it has little advantage in the T inventory. For
the D° beam, the T inventory in the FC is reduced by more than a factor of 1.5. With T inventories in the
backup storage and the long-term storage, the total T inventory at the site will be from 850 to 1150 g,
which is lower than the estimates made earlier [6]. First of all, this is explained by the decrease of the fu-
sion power and, consequently, the T breeding rate in the hybrid blanket of the machine. Other reasons in-
clude the change in the flux ratio in the core and divertor plasma, as well as optimization of the FC archi-

Tableb5. T/D inventories in the main FC systems as calculated by FC-FNS code. Values in brackets taking into account T
inventories in backup storage and in long-term storage

DEMO-FNS FC systems D° + T%heam, g D%beam, ¢
Gas supply to heating injectors 300/200 1/1380
Pellet fuel injection 25/35 25/35
Gas puff 17/12 17/12
Pumping 48/28 48/28
T breeding and extraction 56 56
Li-loop on the FW and/or in divertor <1 <1
FW and divertor cooling and T extracting <1 <1
Membrane permeation 11 11
Chemical H-compounds decomposition 20/64 6/18
Isotope separation 100/40 100/40
Detritiation of gas in heating injectors — <1
Plasma core <0.1 <0.1
Backup storage 95 95
Long-term storage (after a year) 290 305
Manifolds, receivers, etc. 70/50 70/50
In construction materials 110/70 110/70
Total amount 840(1150)/500 530(850)/1600

tecture and refinement of the plasma parameters simulated by the ASTRA + SOLPS4.3 codes.

CONCLUSION

The paper presents a zero-dimensional model of the FC complex of the DEMO-FNS tokamak, which includes
the FC systems as well as the core and edge tokamak plasmas. An approach to modeling the core plasma is devel-
oped, considering different fuel retention times for particles originating from different fueling sources. The work-
ing range of the isotopic composition in the divertor plasma is found, at which the required fraction of tritium in
the core plasma is provided. For various cases of the NBI gas supply scheme, the fueling parameters were selected,
which are necessary to ensure the specified isotopic composition in the core and divertor plasma. The selected in-
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jection frequencies of cryogenic D, and T, fuel pellets do not exceed 1.5 Hz for all cases considered (without
ELM-induced particle loss from the core). Scenarios with f = 0.5 in the range 0.47 < fJ <0.53 for the

core

D° + T° beam and 0.54 < f < 0.60 for the D° beam were found. It is shown that for LFS (D) pellet injection,

it will be necessary to select the fdfv operating value taking into account the beam isotope composition and the
expected S3, ., flux. The closer f4, value is chosen to the edge of the working window, the lower Spul (LFs)

flux can be allowed without negatively affecting the plasma core parameters. The permissible injection frequen-

cy depends significantly on the value of fdfv (from 5 to 110 Hz for the specified size of LFS pellets), which can

limit the working area of parameters when mitigating ELMs this way.

The FC-FNS code has been modified to fully match the architecture chosen in the course of the analysis of
the DEMO-FNS candidate fuel cycle technologies. The model is supplemented with a new scenario of the NBI
gas supply for D° + T° beam injection with a closed gas cycle. The gas flows through the main FC systems were
calculated for various NBI gas supply schemes and the T inventories in the FC systems are obtained as the iso-
tope flux simulation result. The D° + T° beam case with the open NBI gas supply cycle requires the largest T
amount in the FC systems (850 g). From the technological point of view, a closed fuel cycle is more justified, in
which many FC systems can have lower productivity (however, for the D° + T° beam, it gains little in T content
(840 g)). For the D° beam, the T content in the FC decreases by more than a factor of 1.5. The whole T invento-
ry in the backup storage, the long-term storage, and in the FC is expected to range from 850 g to 1150 g (for the
D and D° + T° beam scenarios, respectively), which is lower than the estimates made earlier [6].

This work was supported by the National Research Center «Kurchatov Institute». The SOLPS calculations were performed
using computing resources of the federal collective usage center Complex for Simulation and Data Processing for Mega-
science Facilities at NRC «Kurchatov Institute», http://ckp.nrcki.ru/.
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DIAGNOSTICS AND CONTROL OF FUSION-FISSION HYBRID TOKAMAK-
BASED REACTORS: THE TECHNOLOGY FOR MEASUREMENT SYSTEMS
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A fusion-fission hybrid (FFH) reactor is a complex machine, which includes a tokamak fusion neutron source and two blankets: the triti-
um regeneration and the actinide burner zones. These three systems need their own diagnostics and controls. Problems associated with
the implementation and integration of control systems call for a simplified technology. In this paper, the criteria determining the diagnos-
tics needs of FFH reactors are reviewed bearing in mind the requirement that the measurements systems should be simple and robust, and
their number be limited, considering the space occupied by the blankets. The diagnostics for the tokamak neutron source, including the
machine protection and burn control are among the basic equipment. As the fusion and fission blankets can be integrated in a single sub-
system their diagnostics must be conceived as an integrated package that includes the means for measuring isotope content, neutron mul-
tiplication and effective reactivity of the fission blanket, as well as tritium regeneration in the breeding blanket. The most recent techno-
logical developments the field of neutron spectroscopy for fusion and fission blankets are presented, including the diamond and self-
powered neutron detectors technology.
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JNATHOCTHUKA U YIIPABJIEHUE 'MBPUIHBIMU PEAKTOPAMU CUHTE3A-
JAEJEHUSA HA OCHOBE TOKAMAKA: TEXHOJIOI'MS UBMEPUTEJIBHBIX CUCTEM

Q.11 Opcummol, M. Anoxcenone, M. T apdozmu2

Hayuonanvnoe azenmcmeo no Hoévim mexHono2usm, dnepauu u yemouuueomy sxonomuueckomy pazsumuio (ENEA), Omoenenue mep-
MOs10epHOUL u si0epHoul bezonachocmu, Ppackamu, Umanus
2Hncmumym nayunvix u mexuono2uueckux npobaem niazmol, Munan, Mmanus

T'ubpusneiit peakrop cunresa-aeneHus (IPCI) mpencrapiser coOoil CIOKHYIO YCTaHOBKY, KOTOpas BKIIIOYaeT B ceOsi TOKaMak, SIBIISIO-
MINICS ICTOYHUKOM TEPMOSIIEPHBIX HEHTPOHOB, U JiBa OIaHKETa: 30HbI BOCIIPOU3BOACTBA TPUTHS U CKUTAHU aKTUHUIOB. OTH TPH CHCTe-
MBI HY’KIAIOTCS B COOCTBEHHON THAarHOCTHKE U CBOMX CHCTeMax ympasieHus. [IpoGiemsl, cBSI3aHHbIE ¢ BHEAPEHUEM U HHTETpanuei CIemu-
IM3UPOBAHHBIX CHCTEM YIPABJICHHs, TPEOYIOT YIPOLIEHHON TEXHOJIOTHU. B HacTosIel cTaThe paccMaTpUBAIOTCS KPUTEPHH, OIPEIEIISIIO-
e notpedHocty B auarHoctuke ['PCJI, ¢ yuérom TpeOoBaHHMs, YTOOB H3MEPHUTEIBHBIE CUCTEMbI OBUTH MPOCTHIMU M HAaJEKHBIMH, & UX
KOJIMYECTBO OBUIO OTpaHMYEHO, YYMTHIBAs IPOCTPAHCTBO, 3aHMMaeMoe OnaHkeTaMH. J[MarHOCTHKa MCTOYHHMKA HEHTPOHOB — TOKAaMaKa,
BKJTIOYAsI 3aIIIUTY YCTAHOBKM M yIpaBJI€HUE TEPMOSIEPHON peaKklUel, BXOAUT B YHCIIO OCHOBHOTO 00opyaoBaHus. ITockoabKy G1aHKETHI, B
KOTOPBIX OyIyT MPOMCXOANTD PEAaKIU! CHHTE3a M ACNICHHS, MOTYT OBITh HHTETPUPOBAHBI B €MHYIO MOACHCTEMY, UX JUAarHOCTHKA JJOJDKHA
OBbITh CIIPOEKTUPOBAHA KAaK HMHTETPUPOBAHHBIN MAKeT, BKIIIOUAIOIINNA CPEICTBA M3MEPEHHUS COIEPIKAHMS H30TONOB, PA3MHOKEHHS HEHTPOHOB
1 3G (eKTUBHON PeaKTUBHOCTH OJIAHKETa JICJICHHS, a TaKkKe BOCIIPOM3BOJICTBA TPUTHS. IIpeacTaBieHs! caMble MOCTIEAHIE TEXHOIOTHIECKUE
pa3paboTKu B 00JacTH HEHTPOHHOM CIIEKTPOCKOIHMH JUIsl OJIAHKETOB, B KOTOPBIX OyIyT OCYLIECTBIISITBCS PEAKLUM CHHTE3a ¥ JICJICHHS,
BKJTIOYAst TEXHOJIOTHIO aIMa3HBIX U aBTOHOMHO 00ECTIeUHBAIOINXCSI SJHEPIHEH IETEKTOPOB HEHTPOHOB.

Kirwuesble ciioBa: FI/IGpPII[HLIe PC€aKTOPbl CUHTE3A-ACJICHUSA, TUarHOCTHUKA, OJIaHKETHI.
INTRODUCTION

The fusion-fission hybrid (FFH) reactor can be viewed as an attractive actinide burning or fusion-assisted
transmutation system for the elimination of transuranic nuclear waste [1, 2]. The FFH has three subsystems: i) a
breakeven (Q ~ 1—3) tokamak, as a source of 14 MeV neutrons, ii) a fission blanket acting as a transuranic
burner, and iii) a tritium breeding fusion blanket. A hybrid load assembly used as a reference in this study, em-
ploys a Q =~ 2 spherical tokamak [2] as neutron source. FFH diagnostic equipment must complement tokamak
measurement systems plus blanket diagnostics, including those used for tritium regeneration and fission charac-
terization. Tokamak diagnostic equipment generally falls into the following subgroups: i) machine protection, ii)
basic plasma control, iii) advanced control, iv) physics evaluation and advanced control [3]. Due to the space
constraints associated with the fusion and fission blankets, the tokamak of a FFH must have simple equipment
for basic plasma control, machine protection and fundamental plasma measurement. In the present study, sys-
tems related to the above diagnostics subgroups are discussed: some basic plasma measurements like electron
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temperature are considered as well. The paper introduces the reference tokamak model and summarizes the FFH
environmental constraints. It also provides the definitions of terms, such as neutron fluence and damage, and
presents the criteria for determining the diagnostic needs of a hybrid reactor: DEMO-like diagnostics and con-
trols (D&C) for the tokamak neutron source (machine protection and burn control), and the D&C for both fis-
sion and fusion blankets; introduces the diagnostic technology needed for a tokamak neutron source and pre-
sents measurements of 14 MeV neutrons, produced by the tokamak neutron source, as well as by single crystal
diamond and/or SiC detectors. Furthermore it deals with the diagnostics for the FFH fusion and fission blankets;
and presents the conclusions.

REFERENCE TOKAMAK MODEL AND ENVIRONMENTAL CONSTRAINTS

The diagnostics needs for a FFH can be more precisely determined using models as a reference for the
evaluation of systems to be implemented. Table 1 shows the main parameters of FFH models compared with the

ITER design.

T able 1. Parameters of tokamaks proposed as FFH neutron sources vs ITER parameters

Parameter FDS-I (China) SABR (USA) | CFNS (USA) | FNS (RF) ITER

Major radius, m 4 3.75 1.35 3.2 6.2
Aspect ratio, (R/a = major radius/minor radius), 4 34 1.8 3.2 3.1
Magnetic field, T 6.1 5.7 2.9 5 5.3
Q (Prus/P_auxiliary heating) 3 3 2 2 10.0
Prus, MW 150 180 100 60 400.0
Average neutron wall loading, MW/m? 0.5 0.6 0.9 0.2 0.57
Plasma elongation 1.78 1.7 3 2 1.7
Triangularity 0.4 0.5 0.33
q, safety factor 35 3 25 4.4 3
Plasma current, MA 6.3 8.3 10 5 15

We can use the Kadomtsev similarity parameter, Kadomtsev similarity parameter
Sk [10—12] to define similar plasmas, i.e. plasmas S
with the same confinement properties (R is the toka- 4
mak major radius, B is the on-axis toroidal magnetic . 3
field, A is the aspect ratio R/a: Sx = RB*°A2, Fig. 1 2
shows S for the devices included in Table I. 1

It is clear from Fig. 1 that FDS-I, SABR and FNS 0

parameters are more or less similar. All have an either 2
or 3 fusion gain Q. The difference between the above
FFH models and ITER lies in the level of their availabil-
ity and the pulse length, which must be of the order of
75% and at least 3 hrs, respectively, for a tokamak neu-  Fig. 1. Similarity parameters evaluated for FFH reactors models
tron source useful for FFH. These characteristics are considered in Table 1

there in the DEMO tokamak reactor. In fact, some guide-

lines applied to DEMO diagnostics can be also useful for determining FFH diagnostic systems, if we regard a FFH
tokamak neutron source as a low power/low gain DEMO-like reactor. The following criteria can be identified as a
basis for determining the FFH diagnostic systems [4]:

— a plasma scenario is available (assessed): no specific measurements are made in respect to a physics sce-
nario evaluation, the physics scenario model is assumed known;

— measurements are needed for: assessing the machine protection and safety, including the divertor and
PWI (plasma wall interaction); controlling the plasma scenario (including DT-reactions/burn control and neu-
tron production): controlling tritium production; controlling the fission blanket;

— in particular, since available space will be used primarily to maximize the fusion and fission blankets,
diagnostics for machine protection and plasma scenario/burn control should be minimal.

Evaluating the magnitude of a FFH tokamak neutron fluence (neutrons/m? or MW-a/m?) would be useful.
To this end, the CFNS machine (internal surface, S ~ 100 m?), producing 100 MW of DT (deuterium-tritium)
fusion power with availability of 50% in one year will be used as a reference. Assuming that 100 W fusion cor-

FDS-1 (China)
SABR (USA)
CFNS (USA)

FNS (RF)
ITER (EU)
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responds to 80 MW of 14 MeV (14 MeV = 2.24-107* J) neutron power, this gives a neutron flux,
¢ =80.0-10%/(100 m?.2.24-10** J) = 3-10" n/(s-m?. Integrating this flux over 120 days (i.e., one
year = 240 days) of operation per year, we obtain a neutron fluence of 3:10* n/m?. The ITER neutron fluence
(assuming that 400 MW fusion power corresponds to 320 MW of 14 MeV — neutron fusion power, the ITER
availability is 7% a year and inner surface of the ITER vessel, S_ITER =~ 200 m?) is 1-10% n/m? for 16.8 effec-
tive day reactor operation. The CNFS fluence is three times as large as that of ITER for one year of operation
and is therefore well sustainable even with currently available FW materials.

Minimum machine protection diagnostic set. Table 2 shows a possible minimum diagnostic set for the
tokamak machine protection (see [4] for additional details of the DEMO diagnostic systems and [5] and [6] for
those of FFH).

T ab | e 2. Minimum machine protection diagnostic set

Magnetics | Sensors: hall probes
Runaway electrons and control by Cherenkov radiation detection
IR cameras W or Mo mirrors
Polarimetry (poloidal and toroidal) W or Mo mirrors)

Plasma position reflectometry (waveguides to be tested)

Fission chambers and diamond detectors —
X-ray spectroscopy —
VUV and V spectroscopy —

In general, the machine protection diagnostics already studied for the ITER case can be used as a template
for a FFH reactor: however, as suggested above, the neutron damage of the diagnostic system components, such
as the Hall sensors, the waveguides or the first mirrors, can be higher for a FFH than for ITER. That is why for a
FFH reactor, R and D of the neutron damage for the diagnostic system components should be set at the level of
fluence evaluated above. A minimum machine protection diagnostic set should include the following:

— magnetics for equilibrium evaluation: the Hall probes measure the magnetic flux. They are very useful
for measuring long pulses and are resistant to high neutron fluxes;

— combined polarimetry/interferometry tools to measure the DL line integrated density and determine,
through Faraday rotation and Cotton-Mouton phase shift measurements, the equilibrium with internal (relative
to the plasma) constraints. Polarimetry can also allow a rough evaluation of electron temperature Te averaged
over the line of sight for T, = 10 keV;

— IR cameras for measuring the temperature of the wall and divertor tiles;

— fission chambers, diamond/SiC detectors and activation foils for the measuring tokamak neutron yield;

— spectroscopy measuring plasma impurities;

— Cherenkov probes and hard X-ray spectrometers for measuring the runaways.

Burn Control in a plasma scenario on a tokamak-based FFH reactor. Burn control in plasma scenarios
implies the use of a complex matrix, shown in Table 3.

T able 3. Burn control matrix for a plasma scenario

Actuator Plasgz;\]t?zlrﬁergeter Availability Actuator output controlled | Latency re::)egr?:ﬁ??ne
ECRH, NBI Temperature and All scenarios Angle of ECRH launcher <ls <ls
density profiles
ECRH, NBI, Central solenoid |Conductivity profiles Current rise Angle of ECRH launcher <ls <5s
Impurity seeding (Ar, N) Radiation profile All scenarios Impurity flux and density, | <0.1s <ls
(divertor detachment Zest (dilution, fusion power)
Deuterium gas injection Density All scenarios Isotopic mix (fusion power)| <0.1s <ls
Tritium (NBI or pellet) Central fuelling All scenarios Isotopic mix (fusion power)| <1s <ls
ESRH System Parallel current Steady state scenario Angle ECRH launcher <ls <1s
NBI Plasma rotation | All scenarios mainly steady state NBI power <1s <1s
PF System Plasma boundary All scenarios Higher ordet moment of <1s <ls
boundary shape or gas

The burn control matrix includes a column for actuator as well as columns for plasma parameter controlled
(and diagnostic system used), the scenario and actuator output to be controlled, the latency (maximum time de-
lay of the actuator response from the sensor input), and hardware response time.

For example, an actuator in the form of a neutral beam injector (NBI) is used to control plasma rotation,
while the sensor (diagnostic) would be the spectroscopy (active or passive), this control is needed mainly in the
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advanced tokamak scenario, the power of the NBI controls the plasma rotation, and both the latency and the
hard ware response time must be less than 1s.

From Table 3 it can be seen that the main burn control quantities are: temperature and density profiles re-
solved in time, impurity content, rotation spatial profiles, and radiation profiles. The neutronics is central to fu-
sion power monitoring. Listed in Table 4 are potential neutron measurement high tech sensors.

T a bl e 4. Neutron diagnostics versus measurements

Parameter Neutron camera Fission chamber Activation foils Spectrometer
Fission power Possible to measure parameter Primary method Provide supplemen-
tary/relate information
Fission power density Primary method Provide supplemen- Provide supplemen-
tary/relate information | tary/relate information
Total neutron flux Possible to measure parameter Primary method Provide supplemen-
tary/relate information
1st wall fluence Provide supplementary/relate | Provide supplemen- Primary method
information tary/relate information
Fuel ratio Possible to measure parameter Primary method
Runaway Provide supplementary/related
information

MHD instabilities Possible to measure parameter

lon temp distribution | Possible to measure parameter Provide supplementary/relate in-
formation

Table 4 is set out to show what diagnostic system is appropriate and useful (and to what extent) in con-
trolling a given parameter. For example, the fusion power is measured mainly by fission chambers giving
the neutron yield (in neutrons/s); where as the fusion power density is measured primarily by a neutron
camera, which allows neutron fluxes to be measured along different lines of sights (usually the same lines
of sights are shared with gamma ray sensors to detect gamma ray emitted by interactions between fusion
alpha particles and impurities). Fusion power and neutron flux feedback control is needed to keep constant
the hybrid reactor’s global power. The ke (effective criticality coefficient of the fission blanket) decreases
with the fuel fissioning up, in which case the fusion power (the number of neutrons) needs to be increased.
The main plasma parameters to be controlled are plasma density and dilution and Te, consequently the main
actuators are the NBI power and the gas injection valves.

DIAGNOSTIC TECHNOLOGY NEEDED FOR A TOKAMAK NEUTRON SOURCE: MEASURING
14 MEV NEUTRONS PRODUCED BY A TOKAMAK NEUTRON SOURCE USING SINGLE
CRYSTAL DIAMOND AND/OR SIC DETECTORS

This section addresses recently developed neutron measurement technologies represented by single
crystal diamond detectors (SCDDs) for quantifying DD (2.5 MeV) and DT (14 MeV) neutrons. A SCDD
[7, 8] is a compact device, suited to harsh environments and characterized by high-intensity neutron fluxes
and high temperature. The device is insensitive to magnetic fields and little sensitivity to gamma radiation
background. Furthermore, SCDDs have high energy resolution (<1%). Their neutron detection technology
relies on the collection of electrons and holes that are generated by charged particles in nuclear reactions
induced by neutrons on carbon nuclei: an energy of 13 eV is needed to produce an electron-hole pair. The
following neutron-induced nuclear reactions on *2C are used to detect neutrons:

i) the n—a-reaction: n + 2C = °Be + a. (Q = -5.7 MeV, threshold energy 6.17 MeV);

i) elastic neutron scattering on *2C nuclei: n + **C = n’ + **C;

iiif) n—3a-reaction: n + *2C = n’ + 3a. (Q = —7.23 MeV, threshold energy 7 MeV).

For the 2.5 MeV DD-neutrons, the only detection path available is via elastic scattering, while for the
14 MeV DT-neutrons, i) reactions, ii) and iii) are available as well.
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Fig. 2 shows a remarkable measurement of 14 MeV neutron calibration using the Frascati Neutron Genera-

tor (FNG).
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Fig. 2. Linear (a) and log-linear (b) signals measured with the single crystal diamond detector using the FNG 14 MeV neutron generator:
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Fig. 3. 14 MeV neutron spectroscopy performed by SCDD; the
components of neutrons produced in collisions of DT-reactions
tritium beams with thermal ions and thermal deuterium and tritium

nuclei: —— — fit, ----- — beam-th, - — ——th

Fig. 2 shows different SCDD signals indicative of
the neutron-induced nuclear reactions; e.g., a good
energy resolution (of the order of 1%) is found in the
measurements, and the count rate capability is
>1 MHz. Fig. 3 displays a very recent (October 2020)
preliminary measurement produced in a DT calibration
JET pulse: the plot shows a preliminary reconstruction
of the various components of the neutron production.

The SiC detector has similar properties (one nota-
ble difference being a lower energy resolution), but is
less susceptible to damage by neutrons that can distort
detector response and worsen the energy resolution.

The technology for neutron measurements on a
FFH prototype is similar to that developed for JET DT
and that being designed for ITER. The role of neutron
spectrometers is to monitor the real-time performance

of fusion plasmas in selected robust plasma scenarios (Qinerm/Qnon-therm). A Neutron monitor can be used to measure
the overall neutron yield (including the multiplication factor due to the fission part). The ITER experience suggests
that the diagnostics integration is a very challenging endeavour. Solutions studied for ITER, could be beneficial for

FFH, although need to be FFH-specific.

FUSION-FISSION HYBRID’S FUSION AND FISSION BLANKET DIAGNOSTICS

The FFH reactor system consists of three subsystems: a tokamak neutron source, a tritium producing blan-
ket, and a fission blanket. Measurements are therefore needed to monitor:

— the fission rate of main transuranic (TRU) elements;

— the secondary (relative to fission) neutron production;

— tritium production and the tritium breeding ratio.

Sensors can be inserted in the blankets to determine the status of tritium production and the fission of TRU

elements.

Fusion blanket diagnostics. A first list includes both passive and active detectors: active detectors:

— (micro) fission chambers (FCs);

— self-powered neutron detectors (SPNDs) for total neutron/gamma flux measurements;
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— diamond/SiC sensors (coated with °LiF films for tritium measurement) and SPNDs with N“LiF coatings,
used as emitters or lithium-based detectors (time dependent tritium production): (micro) ionization chambers
(1Cs) for gamma dose-rate measurements.

Passive detectors: nuclear activation system.

The SPNDs [9] are rugged miniature devices (Fig. 4) that have long been used for in-core fission reactor
monitoring (for safety and neutron/gamma flux mapping purposes). SPNDs operate without any applied voltage,
which enhances their reliability and resistance to radiation from the reactor core. The detectors are usually con-
structed in a coaxial configuration, in which the central conductor (called the emitter) material usually deter-
mines the device characteristics. The other electrode or metallic sheath is called the collector, and the two are
separated by a (coaxial) mineral insulator.

3
1 2
n n Y Active detector Lead cable
150
100 1000

0

i
B i o 3
—

&
Emitter (Cr)  Insulator (Al20s) Collector (SS304L)  Core wire Sheath

Fig. 4. Scheme of a SPND detector

The SPND operates on the basis of measuring a
beta decay (decay in electrons) related to a metastable
state created by the interaction of the neutron with the

Mineral cable emitter (in green in Fig. 4) which can essentially be
either of the following materials: chromium, cobalt,
vanadium or rhodium. Generated electric signal is
compared to the collection on the “collector’ (in Fig. 4,
one can see that the collector is made of stainless steel)
of the electrons generated through the beta decay. The
SPND electrical circuit is shown in Fig. 5.

In commercial SPNDs (used in fission reactors), the
emitter (metal)_material has at least a moderate neutron
capture cross-section at thermal neutron energy_allowing
activation products to decay through beta_emission. Be-
cause the neutron spectrum generated by a fusion FFH
neutron generator has higher energy, commercial emitters
are not suitable. Consequently, prototype SPNDs whose
emitters are suitable for fast neutron spectrum (enough
beta activation) are presently developed at ENEA and
KIT. Two prototypes detectors fabricated (Cr and Be
emitter) ENEA developed the SPND Cr, KIT the
SPND_Be. Fig. 6 shows a Cr-based prototype SPND im-
plemented at ENEA: it is 10 cm long and has a 2 mm
across Cr emitter (5.5 gr), and a 10 m-long mineral cable
(SS-304 sheath and Al,Os insulator).

Tests were performed on the SPND_Cr prototype
using the FNG (frascati neutron generator, REF)
Fig. 6. ENEA CNPD prototype detector based on a Cr emitter 14 MeV neutron source and a strong 50co gamma-ray

Emitter (E) Insulator (D) (Al203)

Collector (C)

Fig. 5. SPND electrical circuit
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1600 source. The signal detected by the SPND_Cr, when
S 1200 14 MeV neutrons are injected, is shown in Fig. 7;
S 80 t=320s Fig. 7, a presents the neutron monitor, while Fig. 7, b
© 400 shows a measured current signal.
0 Fig. 8 shows the SPND_Cr detector calibration:
—12 . R .
151075 the linearity of the signal generated by the SPND_Cr
10-12 . . H H
ff_ 1310 b while changing the neutron dose rate is displayed.
§11£112_12 The SPBD_Cr can also detect gamma rays:
c '9'10_13 Fig. 9 shows a comparison between current signals
generated by the SPND_Cr detecting neutrons and
0 100 200 300 400 500 gamma rays. Note the opposite polarities of the cur-
Time, s
Fig. 7. 14 MeV neutron monitor (a); current signal generated by the ren_t produced by ) 14 MeV neutrons and_ gammas'
SPND_Cr (b) This could be predicted by a Monte-Carlo simulation.
1.5.101t 6.10-12
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Fig. 8. Calibration of the SPND_Cr: linearity between the current Fig. 9. SPND_Cr current signals generated with FNG 14 MeV neutrons
signal and the neutron dose and the CALLIOPE ENEA %Co gamma ray source (note the opposite
polarity of the signals): —— — 14 MeV neutrons, - - - — gamma-rays

CONCLUSIONS

A tokamak-based FFH reactor is a complex system, which includes three subsystems: i) a tokamak
neutron source, ii) a fusion blanket, iii) a fission blanket. These subsystems need their diagnostics and con-
trols. The FFH reactor is a tokamak with low fusion gain, but working with very long pulses (at least 3 hrs)
and high availability (75%); it is a low power DEMO-like device: the integrated in time neutron fluence
(3-10%* n/m?) is three times that of ITER, in one year. The evaluated neutron fluence means that from the
point of view of diagnostic technology, the ITER system design can be used as a template, but some addi-
tional R&D on the damage of the main components like the mirrors and waveguides exposed to plasma are
required. Tokamak plasma control includes the machine protection and plasma burn monitoring, which can
be done using a minimum DEMO-like [6] set of diagnostics and actuators including plasma density and
temperature diagnostics, as well as spectroscopy for plasma impurity detection. In this paper, the fusion
and fission blanket diagnostic technology solutions are discussed and characterization measurements of
14 MeV neutron diamond detectors for fusion blanket and the SPND are given in detail. The diamond de-
tectors are very promising as neutron sensors for DEMO-like devices i.e., high neutron flux environment.
The SPND can be used or the neutron measurements on the fission blanket being very robust and compact:
Chromuim-based SPND are currently studied and considered to be suited for the detection of high energy
14 MeV neutrons.
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A Fusion Neutron Source (FNS) based on Spherical Tokamak (ST), now being developed, is expected to produce a high-yield (up to
108 s71) neutron flux via in-plasma stationary current generation with a beam of fast atoms [1—3]. This study is concerned with the se-
lection of the setup and parameters of a fast deuterium atom injector for the FNS-ST neutral injection system. Fast atom energy is im-
portant for determining the efficiency of current generation in tokamak plasma and estimating the neutron yield. Different injector setup
versions based on positive- and negative-ion sources were tested, and the one selected based on sources of positive deuterium ions with
energies <140 keV. An injection module allowing the delivery of 3.5 MW deuterium neutral beam power to plasma is considered.
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AHAJIN3 CXEMbI U TAPAMETPBI HH)KEKTOPA BBICTPBIX ATOMOB

JJISI TOKAMAKA TUH-CT
A.A. Ilanacenxos, C.C. Ananves, E.J{. /Inyeau, b.B. Kymees

HUI] «Kypuamoesckuii uncmumym», Mockea, Poccus

B pazpabarbiBaeMOM IMPOEKTE TEPMOSIEPHOTO HCTOYHHKA HEWTPOHOB Ha ocHOBe cepuueckoro Tokamaka THH-CT mpeamonaraercs
BO3MOJKHOCTb CTALIMOHAPHOM I'eHepalMy TOKa B IUIa3Me ¢ IOMOIIBIO ITyYKa OBICTPBIX aTOMOB, YTO 00eCIIeYHBaeT BEICOKUH yPOBEHB (110
108 ¢™") noroka neiirponos [1—3]. Jlannas pa6oTa NOCBALIEHA BEIGOPY CXEMBI U NAPAMETPAM MHYKEKTOPA OBICTPBIX aTOMOB J€HTEpHS
IUTSL CUCTEMBI HeHTpanbHoH mHkekuu Tokamaka THMH-CT. DHeprust ObICTPBIX aTOMOB SIBIISIETCS BaXKHBIM IIAPAMETPOM, ONIPEIEISIONIIM
3¢ PexkTUBHOCTb TreHepaliy TOKa B IIa3Me TOKaMaka M HEHTPOHHBIH BBIXOA. PaccMOTpeHBI CXeMbl HHXEKTOPOB Ha OCHOBE MCTOUHHKOB
IIy9YKOB MOJIOKUTEIBHBIX M OTPUIATENBHBIX HOHOB M BBHIOpAH BapHaHT C MCHOJIF30BAHUEM HCTOYHHKOB MOJIOKHUTEIBHBIX HOHOB JeiiTe-
pust ¢ sHeprusmu 10 <140 xk3B. PaccMOoTpeH BapuaHT HH)XXEKTOPHOIO MOJYJISl C MOLIIHOCTBIO BBOJUMOIO B IIa3My IIy4Ka aTOMOB JieiTe-
pust Ha yposae 3.5 MBT.

KnrodeBble c10Ba: TepMOSIECPHBII HCTOUYHUK HEHTPOHOB, TOKAMAK, HHIKEKTOP, HICTOYHHK HOHOB, ITy9OK OBICTPBIX aTOMOB.

INTRODUCTION

Fusion neutron sources (FNS) are considered promising for applications, such as testing of struc-tural mate-
rials for future nuclear and thermonuclear reactors, nuclear waste disposal research, fuel production and testing
of hybrid reactor technologies. Spherical tokamaks have better plasma stability and confinement characteristics
than their classical counterparts. They can be used as a template for smaller neutron sources capable of provid-
ing a high stationary neutron flux at a lower cost [1—3].

A FNS-ST (Spherical Tokamak)-based thermonuclear neutron source project, now being designed, is an-
ticipated to produce a high-yield (up to 10'® s™) neutron flux via in-plasma stationary current generation with a
beam of fast atoms [1—3]. This study is concerned with the selection of the setup and parameters of a fast deu-
terium atom injector for the FNS-ST neutral injection system. Fast atom energy is important for determining the
efficiency of current generation in tokamak plasma and estimating the neutron yield. It has been shown in [2]
that in the 100—200 keV range, the fraction of neutrons generated via D—T reactions in the thermal component
of the plasma decreases with increasing beam energy, while the total neutron yield grows due to rising intensity
of D—T reactions associated with the beam-plasma interaction. Another effect of beam energy increase is a no-
ticeable enhancement of plasma current generation efficiency. How-ever, beam energy increase is capped by the
relatively small plasma size. In fact, a neutral beam (NB) fraction passing through the plasma without being
captured also grows with increasing energy, im-parting a significant power load onto the tokamak first wall.

FNS-ST’s key characteristics are as follows:

LargeradiusR, m. .. 0.5
Small radiusa, m . .. 0.3
Elongationk . . . 2.75
Toroidal magnetic field Br, T . .. 1.5
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Plasma current Ip, MA . .. 1.5 MA

Average plasma density, m™ . . . (0.5—1)10%

The NB power, Pijj = 6—10 MW, is delivered to the plasma by three operating injectors. The NB enters the
tokamak chamber through a 0.3x0.6 m entrance window.

Selection of the ion types and energy. From the viewpoint of the NB injection efficiency, the 100—
200 keV beam energy range, proposed for FNS-ST, is an intermediate case, where both positive and nega-
tive ion technology (Pl and NI, respectively) may be used. This is due to the neutralization efficiency of
deuterium ions in the gas target with energy increasing, which remains at a level of about 60% for NI and
rapidly decreases for PI. Fig. 1 demonstrates the equilibrium yield (®o) of D atoms as a function of energy
released in the D* neutralization of in a «thick» deuterium target [4] (target thickness: T = [no(x)dx). In fact,
this dependence reflects the efficiency of PI neutralization in the beam current (@, = ®@,). By multiplying
@, by corresponding ion energy value we obtain a curve representing neutralization efficiency in terms of
power (dp), where power is expressed in terms of atoms obtained per ampere of source ion current at dif-
ferent energies. For deuterium PI case, this dependence has a maximum of about 52 kW/A at an energy of
around 100 keV (Fig. 2). In the NI case, the ®p value grows almost linearly by a factor of around 0.6 with
increasing ion energy. Consequently, with the rise of the ion energy, to obtain a neutral beam of a given
power with the PI technology a significant increase in the current and power of the beam from the source is

required, while in the NI case the required ion current decreases noticeably at an almost constant beam
power (Fig. 3).
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Fig. 1. Equilibrium yield of D atoms upon neutralization of D*  Fig. 2. Efficiency of neutralization by power (®p) of D* ions in a
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Fig. 3. Energy dependence of the power (a) and current (b) of source ion beams D* or D~ required to obtain a 1 MW neutral beam
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An example of the beam composition changes in 120 keV Pl and NI beams undergoing neutralization in a
deuterium target is shown in Fig. 4. One can see that with positive ions being neutralized, the equilibrium yield
of fast atoms is achieved in an «infinitely thick» target, while for negative ions there is a thickness optimum
(Topt) associated with a maximum atomic yield, and a further t increase leads to the same yield as in the Pl case.
Accordingly, in the NI case, topt is always taken, and for PI, in order not to let too much gas flow into the neu-
tralizer, t is usually chosen to ensure an atomic yield of 95% of the equilibrium value (to.9s, ®o.95). In the 100—
200 keV energy range, the topx Value is practically independent on ion energy when using the NI technology,
while in the case of PI, the to9s dependence is quite strong (Fig. 5) and exceeds the optimal value for the NI
technology 2—>5 times (100 to 200 keV, respectively).

120 keV D* in D; target a 120 keV D~ in D> target b

%0.4_

Beam composition

0 0.4 0.8 1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0
Target thickness, 10'6 cm™2 Target thickness, 106 cm™

Fig. 4. Evolution of beam composition upon the passage of D* (¢) (a) and D~ (m) (b) ions of a 120 keV energy through the D2 gas
target, e — D

D~ or D* ions in Da target Thus, the above data point to the advantages of
T T I 1 =11 theNI technology, which become decisive at energies
S N D 1ol o1 above ~150keV. The NI beam’s small average
divergence angle is an additional case in favor of the
NI. For example, in ITER’s NBI system, based on
negative ion neutralizers, the beam divergence
operating angle of 7 mrad determines the high
efficiency of beam transportation to plasma [5].
_ That said, the following NI weaknesses should be
4 noted:
' — about 15% of the NI current is contained in a
: : : : : : «halo» with a divergence angle of up to 30 mrad, and
80 100 120 140 160 180 200 more than a half of this current may be lost on the

Energy, keV injector components, which increases power

Fig. 5. E_nergy depenfie_n_ce _of the required deuterium target thick- deposition along them and reduces the injector’s
ness: optimal for the initial ion beam D~ and to.0s for the D* beam: . . -
o — D'>D" & — D-D" power efficiency;

— D ion current density is low (20 mA/cm? at
the ion source exit); as a result, a current of several tens of amperes can only be obtained, if the plasma emission
surface is uniform and measures more than 0.5 m? in the gas-discharge chamber of the ion source;

— to date, for the nominal current density, a high degree of uniformity of the plasma emitter of an NI
source with a large emission surface, which is necessary for the formation of a beam with a low angular
divergence, has yet to be demonstrated;

— to reduce the losses of NI inside the ion-optical system (I0S) of the ion source (IS) owing to their
stripping on the background gas, a vacuum gap is provided between the IS and the neutralizer to evacuate the
gas; as a result, gas feeding into the neutralizer increases several times due to its outflow in both directions.

The PI technology (for ion energies less than 150 keV) has the following strengths:

—_
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P T

Beam composition
S

o
W
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— an order of magnitude higher D* current density is achieved at the Pl source exit, allowing the area of
the uniform plasma emitter and electrodes of the IS 10S to be reduced approximately 3—4 times even if the PI
current is twice as large as that required. At the same time, the neutralizer dimensions are decreased, and the
flow of gas fed to the neutralizer and needed to achieve required target thickness is reduced;

— in addition, in the PI scheme, the neutralizer is attached to the ion source and gas exiting the source par-
ticipates in the creation of the target, making the gas load on the injector’s cryogenic pumping system apprecia-
bly less than with the NI technology;

— PI-based beam injectors are compact and extensively tested in different fusion machines.

The PI technology disadvantages include:

— an approximately twice as wide divergence angle compared with the NI technology, the result being a
weaker beam transmission efficiency;

— presence of D;and D; molecular ions (15—20% and 7—10%, respectively) in the IS beam, from

which atoms with energies E/2 and E/3 originate in the neutralizer as a result of dissociation and neutralization.
lonized and captured at the tokamak plasma periphery, these atoms contribute little to the in-plasma current
generation;

— the system of magnetic deflection of residual ions exiting the neutralizer must have a large size beam re-
ceiver to ensure the interception of ions with three energy fractions;

— because the residual ion beam power can be ~1.5 times greater than the NB power (see Fig. 3, a), this
receiver appears to be the most energy-stressed component of the injector.

The analysis of an injected NB ionization in the FNS-ST plasma and in-plasma current generation is dis-
cussed in [6]. It is shown that in a small-sized FNS-ST with a plasma concentration of ~1-10% m™, up to 5% of
delivered NB power passes through the plasma if particle energy is higher than ~150 keV. Such a load on the
FNS-ST chamber wall is regarded as critical, and the upper acceptable NB energy level is estimated at 140 keV.

Setup and parameters of the D* ion-based FNS-ST injector. A FNS-ST injection module configuration
allowing the delivery of a 3.5 MW deuterium atomic beam power is considered with a view of using a Pl source
with a deuterium ion energy in the range of 100—140 keV. A 3.5 MW power should ensure the tokamak
operation during the injection of a 10 MW NB using four alternately enabled injectors, of which three are in
operation, and one is in the cryopump regeneration mode (or setting, preparation, etc.). The IS geometry and
parameters, as well as the components of the beam path from the IS output electrode to the tokamak chamber
entrance window are specified. The injector schematic is shown in Fig. 6.

Absolute Injector vacuum vessel Scraper
Valve Absolute PC
Bushing valve
Magnetic box Fast shutter _
Duct liner
g Neutralizer : r%é?ér Entramce
§ Magnetic RID window
c L=25m Panel 0.3x0.6 m
[=]
- L=2m
Magnetic shield _ L=12m Duct
Z=15m L=1Im Bellows Concrete
Source
vacuum PC
vessel
X=0 X=25m 3m 35m 45m 5m 53m 65m 6.8m 8m 11.5m

Fig. 6. Schematic diagram of the positive deuterium ions-based injection module for the FNS-ST tokamak

Injector main components. An ion source producing a positive deuterium ion beam with a 80 A current. A
vertically elongated uniform plasma emitter of ions with emission current density = 0.2 A/cm?® on an area of
18x115 cm is formed in the gas-discharge chamber (GDC). An ion beam with a divergence angle of =15 mrad is
extracted from the plasma and shaped using a four-electrode multi-aperture 10S. Each electrode has five sec-
tions, each containing 8x10 profiled apertures, so that each section produces 80 elementary beams («beamletsy),
whose axes are focused horizontally on the center of the tokamak entrance window. With their axes separated
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by 220 mm, these sections are inclined vertically, so that their center lines are also directed at the center of the
entrance window. To ensure a stationary operation, the electrodes have channels in their bodies, intended for
forced water cooling. The IS is placed inside a source vacuum vessel (SVV) 1.5 m in diameter and 2.2 m high.
All 1S communications kept at high potential (e.g., the GDC, emission and extracting electrodes) are admitted
into the SVV through a ceramic bushing 0.5 m in diameter and 0.4 m high.

The neutralizer is a 2.5 m long water-cooled copper liner with a 18x120 cm passage window, installed in-
side the tube connecting the SVV with the injector’s vacuum vessel (VV). The gas target is formed by a deuteri-
um flow injected into the liner near the IS, whose flow rate is adjusted with regard to the gas flow from the
source GDC. A magnetic shield, fixed on the connecting tube, is designed to reduce the tokamak’s scattered
magnetic field inside the neutralizer to within 1 G. The front end of the liner is inserted into the SVV close to
the 10S output (grounded) electrode (the «adjusted» neutralizer).

An absolute vacuum valve is at the entrance of the injector VV, it separates the SVV and the rest of the
beam path by vacuum when the SVV needs to be opened for repair or IS replacement.

The injector VV contains: a magnet to deflect residual positive ions leaving the neutralizer onto a residual
ion dump, a movable diagnostic NB calorimeter, and cryosorption pumps with a 1-10° /s pumping speed. The
VV is 2x2.5%4 m (WxHxL), with panels of cryopumps fixed on its side walls.

Magnetic system for residual ion deflecting and dumping (MRID). A post neutralizer beam consists of NB and
residual ions, whose power significantly exceeds the NB power, and on-axis power density (PD) reaches 70—
80 MW/m?. To ensure a stationary reception of such a PD, the residual ion beam must strike the dump surface at a
less than 10° angle, meaning that a large space within the injector VV should be provided for dumping the residual
ions — especially with account of components with energies E/2 and E/3. Therefore, here we consider a small-sized
version, in which ions are horizontally deflected by a vertical magnetic field (MF) onto a dump panel built into the
magnetic deflection system. A schematic view of the magnetic system, in which the MF horizontal profile is uniform
inside the deflecting volume, is shown in Fig. 7, a, and a photo of the experimental device is given in Fig. 7, b.

a b

H;
B:

B, Z

X
Fig. 7. Schematic view of the magnetic system (I — magnetic coil current) (a) and a photo of the experimental device (b), whose «mag-
netic steel box» has a length of 1 m, an opening of 0.4x1 m and a magnetic steel thickness of 6 mm
The magnet system is a «magnetic steel box» whose side walls (cores) carry coils, which allow identically
directed current to be distributed over a height of 1 m. A MF created inside the box is in opposition to induction
B, of the steel cores. Fig. 8 shows the measured profiles of the vertical MF inside and outside the experimental
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device (in the local coordinate system) at currents of 115 A in each coil. Inside the «box», the field horizontal
uniformity is acceptable, but along the MF system axis it falls more than 10 times at a distance of about 1 m
from the «box» edge.

X=0,2=0 a Y=0,2=0 b
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Fig. 8. Experimental profiles of the vertical magnetic field along the horizontal (a) and axial (b) coordinates of the MRID (in the local
coordinate system) at current of 115 A in each of the coils

The vertical panel collecting the residual ions is placed inside the deflection system (Fig. 9). It consists of
two layers of horizontal tubes made of hardened chromium-zirconium bronze with swirl heat removal intensifi-
ers (swirl tube elements STEs, similar to the dumps of the ITER injectors) [5]. The STEs are of 20 mm in outer
diameter and have 2 mm-thick walls. They remove heat loads with heat flux densities up to ~10 MW/m? when a
water velocity in one STE is 2 m/s and up to 15 MW/m? with the velocity of 3.5 m/s is provided [7]. In each
layer, the pitch between the tube axes is 34 mm, the tubes of the back layer are shifted relative to the front layer
by half pitch, providing full interception of the beam even in a case of mutual vertical displacement of the tubes
by ~2 mm. There are altogether 65 tubes, each with a working length of 2 m.

Magnet vertical core Magnet coil
Magnet shield
R10 cooled panel
Beam
(=3
S D¢ 2
=
D* =
D* + D? =
R10
lon dump panel
(two layers of STE tubes)
1000

Fig. 9. Plan view of the MRID magnetic system and the ion dump panel position

The calorimeter is a device unit for receiving NB during training of an ion source and bringing its parameters to
the operating mode during the period when this injector does not inject NB into the tokamak. It is equipped with di-
agnostic devices for measuring the NB power and the beam profile over its cross section to determine its divergence
and sight accuracy. The calorimeter consists of two movable panels, which for this period move, forming a V-shaped
configuration with an opening angle of 20°, which provides a decrease in the peak PD on the panels by about 5 times.
Each panel, similarly to the MRID, consists of two layers of chrome-zirconium bronze tubes, the only difference is in
the working length of the tubes — in the calorimeter it is 1.2 m, the number of tubes in each panel is 65. The panels
open when the injector operates on the tokamak, the width of the corridor between the panels is 0.4 m.

Other units along the injection path are:

— scraper in the form of a truncated pyramid (6.7 < X <7.1 m), designed to cut off the beam «wings» to reduce
the load on the elements of the connecting duct line;

BAHT. Cep. Tepmosiaepnslii cuntes, 2021, 1. 44, BbIm. 2 91



A.A. Panasenkov, S.S. Ananyev, E.D. Dlougach, B.V. Kuteev

— absolute vacuum valve that cuts off the injector from the tokamak during work with opening the volumes of
either the injector or the tokamak;

— fast shutter that only opens up when the NB is injected into the plasma. In the closed state, it has insignificant
gas conductivity both from the injector to the tokamak and vice versa, and provides a small leakage of gas into the
tokamak chamber while the cryopanels are being regenerated in the injector VV;

— bellows connecting unit, designed to compensate the injector and the tokamak’s thermo-mechanical dis-
placements relative to one another, when the system is in operation;

— NB duct with a water-cooled liner inside that takes on the neutrals not passing into the tokamak entrance
window, as well as ions formed along the path due to re-ionization of beam atoms in collisions with background gas
molecules and deflected to the liner walls by the tokamak stray magnetic field.

Efficiency of the NB transport and power loads onto the beam path components. Calculations were
carried out using the PDP and BTR beam codes (see [8] for details). Data on the geometry of the injection path
and the beam parameters were obtained from a series of optimization calculations using the following criteria:
NB power delivered to the plasma: 3.5 MW, loads on the components along the beam path have power density
within 500 kW/m?, and for dumps of NB and residual ions not more than 15 MW/m?>.

As mentioned above, the IS output electrode has five sections, arranged vertically and inclined in such a
way that their centerlines are directed at the center of the tokamak window. They are distanced 11.5 m away
from the IS output electrode. Each section has 8x10 apertures, from which beamlets are extracted and focused
horizontally at 11 m. The source produces a vertically elongated narrow beam with an initial size of 15x110 cm,
this configuration was chosen to minimize the beam width in the region of the tokamak entrance window and in
the plasma. In addition, the minimum gas inflow into the neutralizer is achieved, since its conductivity is pro-
portional to the square of its liner width.

The deuterium ion beam current is 80 A at a current density on the plasma emission surface in the GDC of

0.2 A/em®. With such the current density, the composition of the beam ions is approximately D*:D;: D} =

=0.75:0.15:0.10. The thickness of the deuterium target in the neutralizer appears to be sufficient to dissociate
molecular ions almost entirely. For originating ions and atoms with energies (E/2 or E/3), the efficiency of their
neutralization is determined in accordance with the dependence shown in Fig. 1. The composition of the mixed
beam at the exit from the neutralizer is given in Table 1. It can be seen that in comparison with Fig. 1, the aver-
age efficiency of neutralization of the initial ion beam increases due to the appearance of particles with energies
E/2 and E/3 due the dissociation of molecular ions.

Table 1. Beam composition at the neutralizer exit, at a 80 A source ion current, with D*, D, and D; being
in the 0.75:0.15:0.10 ratio, and ion current components in the 60:12:8 A ratio

Energy of ions from the source E, keV 100 120 140
lon beam power, MW 8 9.60 11.20
D? atoms current after 95% neutralization with dissociation of molecular ions, A
E 29.64 23.94 19.95
E2 17.56 16.42 15.28
E/3 19.15 18.70 18.01
Total D° current, A 66.35 59.05 53.24
Neutralization efficiency ®o (in current) 0.83 0.74 0.67
Power in atoms, MW
E 2.96 2.87 2.79
ER2 0.88 0.98 1.07
E/3 0.64 0.75 0.84
Total D® power, MW 4.48 4.61 4.70
Neutralization efficiency ®op (in power) 0.56 0.48 0.42
Residual ion current, A
E 30.36 36.06 40.05
E2 6.44 7.58 8.72
E/3 4.85 5.30 5.99
Total D* current, A 41.65 48.95 54.76
Residual ion power, MW
E 3.04 4.33 5.61
ER2 0.32 0.46 0.61
E/3 0.16 0.21 0.28
Total D* power, MW 3.52 4.99 6.50
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Calculations of the beam transport and loads on the beam path components were carried out for a 140 keV
D" ion beam energy extracted from the IS. The beam geometry on the path from the IS exit to the MRID exit
and the cross-section of the mixed beam at the neutralizer exit with a maximum PD of 140 MW/m? are shown in
Fig. 10.

v Horizontal (plan) view a b
8? 13 21 22
‘0 7 1 X
ol 1 10 2 317 419 5
e 0.4
-0.2
1 Dia 2 3 4 0.2
Z Vertical (side) view )
0.6 ~
2 0
<
0.3 02
0 X -0.4
1 2 3 4 5
-0.3 -0.1 0 0.1
AXxis Y
0.6 Total = 1.107-107 W
’ . . Max = 1.453-108 W/m?
Neutralizer Rid

Fig. 10. Beam geometry in the path from the IS exit to the MRID exit. The axial lines of the output electrode sections and beamlets are
shown, the right (Ne 10) and left (13) walls of the neutralizer, the residual ions dump panel (19) and the screen plate (22) of the MRID,
the axial profile of the model magnetic field are marked (a). Section of the beam at the exit from the neutralizer at a beam energy of
140 keV and an average angle of divergence 6o = +15 mrad (b)

Neutralizer loads. Loads coming from the beam on the neutralizer side walls depend on the accuracy of the
IS beam axis horizontal angular alignment relative to the injection axis. Calculation result for an ideal setting is
shown in Fig. 11: PD peaks at the neutralizer exit, and four peaks emerge vertically due to the overlapping of
beams starting from adjacent sections of the IS electrodes.
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Fig. 11. Load coming from the beam on the neutralizer left wall with the beam axis ideally fixed between the IS and injection path axis:
beam footprint (a), axial and vertical power density profiles (at X = 2.5 m) (b)
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P, kW; PD, kW/m?
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Horizontal misalignment angle, mrad

Fig. 12. Power (P), maximum PD and total power (Pwt) on the

neutralizer right and left walls as functions of the misalignment

angle in the beam axis setting: ¢ — P left, ©« — P right, A — PD

left, A — PD right, * — P tot

An appreciable load asymmetry can be observed
on the right and the left walls, even with relatively
small misalignment angles resulting from a horizontal
beam axis adjustment (an) and likely due to
inaccuracies both in the 10S electrodes assembly and
the IS installation in the SVV (Fig. 12).

As can be seen from the figure, the ratio of both
powers and PD on the left/right sides grows 4-fold al-
ready at on =4 mrad, Py reaches 350 kW, and PD; is
more than 400 kW/m? while the total beam power
losses in the neutralizer increases almost by 25% to
425 kW. It should be noted that the ratio of loads on
the neutralizer walls can serve as a good diagnostic
tool for determining ax when tuning the injector.

MRID loads. To completely intercept the beam of
residual D* ions with energy E =140keV on the
MRID receiving panel (19 in Fig. 10), a deflecting ver-
tical magnetic field of 130 Gs is required. The beam

footprint, and axial and vertical PD profiles on the panel are shown in Fig. 13.

Global x = 3.38,
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Fig. 13. Footprint of the deflected beam of 140 keV residual D* ions on the MRID dump panel (a), and power density axial and vertical profiles (b)

Source ions: E = 140 keV, D*:D>":D3*==10,75:0,15:0.1
14 7= 1.

12
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(o]

3.0 35 4.0 45
Axial coordinate X, m
Fig. 14. PD axial profiles on the MRID dump panel of the residual
ion beam components with energies of 140, 70, and 46.7 keV,
deflected by a 130 Gs magnetic field; the total PD profile; and load
profile from the NB for the case of the ion beam axis angular
misalignment, an = -4 mrad (to the right), £, keV: m — 140, ® —
70, o — 46, v — sum PD, o — NB PD
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Beams of residual D* ions with energies
E/2 (70 keV) and E/3 (~47 keV) are dumped onto
the same panel with small shifts and with
significantly lower PD. The total PD reaches a
value close to 14 MW/m? (Fig. 14).

The calorimeter load. The calorimeter operates
when it is necessary to get the IS into working order
and check the adjustment of the beam parameters.
During this period its panels are shifted, forming a
V-shape configuration. The junction of the panels is
at X =6.5m. With an ideal beam axis setting, the
PD profiles on the right and the left panels are
symmetrical. The calorimeter receives a neutral
beam with three atomic components energies E, E/2
and E/3, the footprints of which are superimposed
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on each other. Fig. 15 shows the footprint, and axial and vertical profiles of the NB on the left panel at the
energy E = 140 keV of D* ions from the source and a beam axis ideally aligned to the injection axis. The
power of ~2.2 MW received by the panel is half the NB power with a PD up to ~10 MW/m?.

a b
82
0.4 6
E
0.3 x 43
0.2 2
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N .
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2 0
<
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k=)
-0.3 x 4
04 2
56 57 58 59 60 61 62 63 64 ~0.5-0.4-0.3-0.2-0.1 ()A_o,é 02 03 04 05
Total = 2.189-106 W Axis X XIS

Max = 9.643-108 W/m?

Fig. 15. Footprint of the neutral beam on the calorimeter left panel (a), and beam power density axial and vertical profiles (b) at the ener-
gy of D* ions from the source, E = 140 keV

Scraper loads. The scraper geometry should provide a NB «cutoff» to prevent the PD loads coming from
the beam on the walls of the NB duct liner and the scraper itself from exceeding ~500 kW/m?. This require-
ment has to do with the technological difficulties of cooling the walls. Maximum permissible misalignment
angles resulting from horizontal and vertical beam axis adjustment, onand ay, were calculated as
+4 and £6 mrad, respectively, relative to the injection axis. This allowed appropriate configuration of these
components to be selected. Figs 16, 17 shows the scraper dimensions and the maximum power and PD pro-
files of the loads on its left and bottom walls.
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Fig. 16. Scraper dimensions (Xs = 6.7 m, W/H = 0.32/1.0 m; Xo =7.2 m, W/H = 0.28/0.8 m) and maximum power loads and
PD, an/av = 4/0 mrad
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Fig. 17. Scraper dimensions (Xs = 6.7 m, W/H = 0.32/1.0 m; Xo = 7.2 m, W/H = 0.28/0.8 m) and maximum power loads and PD
profiles and bottom, an/av = 0/—6 mrad walls of the scraper at the maximum permissible misalignment angles of the beam axis

to the injection axis
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NB duct liner loads. The liner is divided into two sections, and has a constant channel width of 0.3 m along
its entire length, while the sections’ upper and lower walls have different slopes to equalize PD peak values, as
shown in Fig. 18. A PD peak of about 500 kW/m? is obtained at the liner downstream end.
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Fig. 18. NB duct liner dimen-

sions (X10 = 7.8 m, W/H
=0.3/0.85m;  Xi1=10.5m,
W/H =0.3/0.63 m; Xi2=11.5m,
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Fig. 19 shows the PD profiles and the power values of the neutral beam entering the FNS-ST chamber for
the ideal and the worst-case beam axis alignment. One can see that with an imperfect beam axis alignment, input
power falls from 3.58 to 3.36 MW, while PD remains at its maximum of ~44 MW/m’.
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Fig. 19. Power density profiles of the neutral beam injected into the FNS-ST plasma for cases of ideal beam axisalign-
ing, an/aw = 0/0 mrad (a) and for maximum values of misalignment angles, on/owv = 4/—6 mrad (b)

Table 2 shows the change in the beam power along the injection path and the distribution of loads to the
path components, when the IS beam energy is 140 keV, for the ideal beam axis alignment to the injection axis
and for the worst-case misalignment angles, on/o = +4/+6 mrad. As one can see from the table, the efficiency
of NB transmission from the neutralizer to the tokamak plasma entrance, is 76% in the «ideal» case and drops to
acceptable 71% in the «worst misalignment» case.

T able 2. Change in the beam power along injection path and load distribution to the path components (positive deuterium
ions beam current from the ion source of 80 A; D*:D;:D; ionic makeup: 0,75:0,15:0,10; divergence angle: +15 mrad)

IS beam energy, keV 140

IS beam power, MW 11.2

Beam axis horizontal/vertical misalignment angle, mrad 0/0 +4/+6
Beam power load in the neutralizer, MW 0.34 0.42
Neutral beam power at the neutralizer exit, MW 4.57 4.53
lon beam power at the neutralizer exit, MW 6.29 6.25
Power of the neutral beam load in the MRID, MW 0.27 0.33
Total power released in MRID (atoms + ions), MW 6.56 6.58
NB power at the exit from the MRID, MW 430 4.20
NB power intercepted by the scraper, MW 0.05 0.07
NB power load on the duct liner walls 0.67 0.77
NB power injected into the plasma, MW 3.58 3.36
Efficiency of NB transport to the plasma 0.76 0.71

Injector vacuum conditions. The gas (deuterium) flow rate in the injector VV is determined by required
thickness, 1, of the neutralizer gas target. As mentioned earlier, when neutralizing positive ions, the equilibrium
yield of fast atoms is achieved at «infinite» t; therefore, 1 is usually chosen that provides the atoms yield of 95%
of the equilibrium one. The value of 1 increases with increasing beam energy and for an energy of 140 keV
Toos = 1.26:10%° m™? (see Fig. 5). A neutralizer liner 2.5 m long connects two volumes: the SVV and the injector
VV, while the change in gas concentration/pressure along its axis is almost linear, and the pressure in the VV is
negligible compared to the pressure in the SVV. Accordingly, the gas concentration in the SVV volume should
be about 1-10* m, i.e., pressure ~0.37 Pa (at a room temperature). With a liner section of 0.18x1.2 m and a
length of 2.5 m, its conductivity is about 15 m%s and the gas flow, providing the required To9s, Will be
Qn = 5.6 Pa-m®s. The gas escaping from the ion source passes through the neutralizer, its flow will be about
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1.6 Pa:m®s. Accordingly, an additional gas feed into the SVV is required at the level of 4 Pa-m%/s. In addition, a
residual ion beam with a current of about 55 A is dumped in the VV, which, after neutralization on the MRID
panel, gives a molecular deuterium flux of 0.65 Pa-m®/s; so the total flow in the VV is about 6.3 Pa-m¥s.

The pumping in the VV of the deuterium molecules at a rate of about 1.1-10° m*¥s is carried out by cryo-
sorption panels with a total area of ~14 m?, located on the side walls of the VV. To reduce the NB loss in the
region after the MRID due to the re-ionization of atoms due their collisions with the background gas molecules,
the VV is divided into two parts using a vacuum baffle located in the MRID region. In this case, differential
pumping is provided, which reduces the pressure in this section to ~2.5-107 Pa. According to estimates, the re-
ionization losses of the NB will be ~7% (about 0.24 MW).

The duration of the injector continuous operation is limited on account of the explosion hazard. Gas evacu-
ated from the V'V freezes on cryopanels, and a critical value may be reached, in which event an atmospheric air
breakthrough into the VV and the cryopanels rapid warming may occur, giving rise to an «explosive mixture.
In accordance with explosion safety provisions, deuterium content in the mixture under normal conditions must
not exceed 2% (2-10° Pa). Considering that the VV and SVV total volume is 25 m?, gas accumulated on cryo-
panels must not exceed 5-10% Pa-‘m®. Consequently, at a gas flow of 6.3 Pa-m%ss, the injector must be brought to
a halt after 2.2 hours of operation to regenerate the cryopanels, and must be ready to resume operation in
~45 min to make sure that NB power injection into the tokamak is uninterrupted.

CONCLUSION

Strengths and weaknesses of positive- or negative-ion-based fast deuterium neutral beam injectors for
FNS-ST have been analyzed and compared with the assumption of their applicability to the «intermediate»
beam energy range of 100—200 keV. It has been shown that a negative- deuterium-ion-based system has signi-
ficant advantages over the positive ion technology at ion energies above 150 keV, whereas at lower energies the
situation is vice versa.

As is shown in [6], in the case of a small-sized FNS-ST, the attenuation of an >140 keV neutral beam dur-
ing its moving in the tokamak plasma is insufficient in terms of its power release on the first wall. Consequent-
ly, the injection module for the FNS-ST should be a positive- deuterium-ion-based system allowing the delivery
of 3.5 MW deuterium neutral beam power to plasma at an ion source energy of 100—140 keV and source ion
current of 80 A.

Calculations of the efficiency of beam transmission to the tokamak plasma were done for different beam
geometries. The ion beam configuration at the IS exit was chosen in the form of a five-section vertically elon-
gated 0.15%1.15 m «ribbon» with each section focused onto the tokamak 0.3x0.6 m entrance window. Power
loads on the beam path components were calculated, and the efficiency of NB transport was found to be 75%.

A compact system of residual ion beam horizontal deflection by a vertical magnetic field onto a dump panel
inside the magnetic system is considered. At a 140 keV source ion energy, the fraction of residual ions is about
60%, therefore, peak power density, PDmax, at the dump panel reaches 15 MW/m?,

The dump panel, as well as calorimeter panels with a PDmax of 10 MW/m?, falls into the class of receivers
with critical heat fluxes (CHF), whose design uses hardened chrome-zirconium bronze tubes with twisted tape
heat removal intensifiers. The configurations of the other injector components are selected such that PDpax IS
within 0.5 MW/m?.

The working gas (deuterium) supplied to the neutralizer and the ion source is pumped at a rate of about
1:10° m*/s using cryopanels, placed inside the injector vacuum vessel. The duration of the injector continuous
operation is limited on account of the explosion hazard. At a gas flow of 6.3 Pa-:m®/s, the amount of gas accumu-
lated on the cryopanels should not exceed 5-10* Pa-m®, i.e. the injector must stop operation after 2.2 hours to
regenerate the cryopanels. If NBIS FNS-ST uses four injectors, they should be enabled alternately, so that with
three units in operation one is in the cryopump regeneration mode. The latter should be ready to resume opera-
tion in ~45 minutes to make sure that NB power injection into the tokamak is uninterrupted.

This work was supported by the National Research Center «Kurchatov Institute» (28.09.2020 Ne 1934a).
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NEUTRAL BEAM CURRENT RATIO IN THE NEUTRON SOURCE FNS-ST
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The FNS-ST spherical tokamak [1] is of particular interest for development as a neutron source, since it can provide higher steady-state
neutron flux densities than classical tokamaks [2]. When choosing the device operation parameters, it is assumed that the non-inductive
current drive in FNS-ST may be achieved with an energetic neutral beam injection (NBI). The choice of a neutral beam (NB) production
scheme is mainly determined by beam energy; neutral beams with energy Eb > 140 keV can be more effective in plasma heating and
current drive, while they can be efficiently produced only from negative ions. For small tokamak reactors, positive-ion-based injectors
with smaller dimensions seem more attractive, thus the lower energy interval of 100—140 keV is considered too, and the final choice of
operating energy will be based on the total NBI efficiency optimization. In the framework of this study, injection efficiency was estimat-
ed in terms of current ratio, i.e. the ratio between the beam current output in plasma and the beam source current input. The analysis is
done by a simple approach (LNB, light neutral beam), used for the direct estimation of fast ion (FI) current. The LNB technique has
much in common with the model presented in [3], but allows for NB energy optimization without recourse to any scaling laws. It lever-
ages the analytical expressions from [4] to calculate FI thermalization and phase space distributions, and obtain FI current profiles. It has
proved to be applicable to selecting the injected beam energy — with account of the NB production scheme, and in agreement with the
shine-through losses reduction.
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TEHEPAIIUA TOKA HEMTPAJIbHBIM IYYKOM B HEUTPOHHOM
NCTOYHUKE THUH-CT

EJI. Jlnyeau, A.A. Ilanacenxos, b.B. Kymees, E.A. @unumonosa
HUI] «Kypuamoeckuii uncmumym», Mockea, Poccus

Coepuueckuii tokamak FNS-ST [1] npexncrasisier oco6blii HHTEPEC LIS pa3spabOTKH MCTOYHUKA HEUTPOHOB, IOCKOJIbKY MOYKET 00€CIIEUHTh
Goree BBICOKYIO CTALOHAPHYIO IIOTHOCT [TOTOKA HEMTPOHOB [0 CPABHEHHIO C KJIACCHYECKMMHU ToKamakamu [2]. Ilpu Berbope mapamerpos
paboThl YCTAHOBKH TIPEONAracTcsi BO3MOXKHOCTh HEMHAYKTHBHOM reHepaimu Toka B TUH-CT myukom 6sictpbix aromos (NBI). Beioop
CXeMbI HHKEKIMU HelTpanbHoro mydka (NB) onpenensiercs sneprueii myuka. Heiirpanshble myuku sHeprueit En > 140 k3B 6Gonee s¢ddek-
THUBHBI C TOUKH 3PCHUS HarpeBa M TeHEpally TOKa, HO TEXHOJIOTHS MX IOJy9YeHUs] OCHOBaHA HAa YCKOPEHHH OTPHIIATENBHBIX HOHOB. Uro
KacaeTcs KOMITAKTHBIX TOKAMAKOB, TO HH)KEKTOPBI Ha MOJIOXKUTEIILHBIX HOHAX, KOTOPHIE IMEIOT 0oJiee CKPOMHBIE rabapuThl, Oojee MpyBIIe-
KaTeJIbHBI, TO3TOMY JUISl HUX TaKKe paccMartpuBaercs: Oosee Hu3kuit narepsai sHepruu 100—140 k3B, 1 okoHYATENIbHBII BBIOOP SHEPIUH
Oyner czenaH ¢ y4€ToM ONTUMHU3ALNK COBOKYITHOM 3((EKTHBHOCTH MHXEKLMH ITy4ka. B naHHOH pabote 3(()eKTHBHOCTh MHXEKLIUHU OLie-
HHUBAeTCs B TEPMUHAX YCUICHUs. MOKO6, T.€. B BUJI€ OTHOLICHUSI MEXTYy Pe3yJIbTHPYIOMINM TOKOM ITy4Ka B IJIa3Me U TOKOM, U3BIEKAEMBIM
U3 HOHHOT'O MCTOYHHKA. AHAJIN3 BBIIOIHEH C OMOILLBIO poctoit Mopenu mydka (LNB, ayuesoti netimpanshuiii nyuok), KOTOPBIA MO3BOJISET
OBICTPO MOJIyYaTh TOK OBICTPHIX HOHOB B IPOLIECCE MX TOPMOXKEHUS B [UIa3Me. YKa3zaHHas MOJEIb HMEeT MHOTO 001ero ¢ Mojensio [3], Ho
MO3BOJISICT ONTHMH3HPOBATh SHEPTHIO Myuka 6e3 ucrosb3oBanus ckeiimaros. Mogens LNB ucnons3yer ananuruueckue Boipaxenus [4]
111 pacuéra TepMmaim3anui ObicTphix HoHOB (FI) 1 ux pacmpenenenus B Gpa30BOM MPOCTPAHCTBE, a TAKXKE UL HOTyICHHs Mpoduuteit To-
Ka. YKa3aHHas METOAUKA IIPUMEHEHa JUIsl BBIOOpa SHEPIHH MHXEKTHPYEMOTO ITy4Ka ¢ y4E6ToM 3 ()EKTHUBHOCTH €ro MPOM3BOACTBA U B Ipe-
Jienax JA0IMyCTUMOM Harpy3KkH OT Iy4Ka Ha IEpBO CTEHKE.

KiwueBblie c10Ba: TepMOSICPHBIH UCTOYHHK HEHTPOHOB, C(HEPUYCCKUI TOKaMaK, HEWTPaIbHBIA My4YOK, HHKEKTOp, TCHEepanus TOKa,
CKBO3HBIC MTOTEPH, Jérkas ay4esas mojenb, LNB, TUH-CT.

INTRODUCTION

Spherical tokamaks (ST) can provide higher neutron flux density and better compatibility with fission blan-
kets than classical tokamaks, and at a much lower cost. However, heating and current drive (CD) systems can
increase the entire device cost essentially and should be designed with maximum care.

The FNS-ST [1] tokamak is supposed to provide a high steady-state neutron flux of about ~10'® n/s. The
machine operation parameters are selected from the assumption that non-inductive current drive is achieved in
FNS-ST using energetic atoms injection. Fast neutral beam is the most efficient current source, as the generated
fast ions directly produce the current parallel to the magnetic field. The beam driven current together with boot-
strap current can fully replace the inductive current in plasma, making steady-state operation possible.

In a nominal operation mode, nuclear fusion reactions from high-energy ions slowing down in plasma
should contribute up to 90% to overall neutron generation. In other words, FNS-ST neutrons are expected to
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originate mainly from D—T-fusion reactions between hot injected beam particles (or high-energy tails) and core
plasma ions that form the Maxwell background [2]. An example of NB optimization for FNS-ST steady-state
operation is given in [3], where a system (zero-dimensional) approach is proposed for scanning the machine
parameters; and ITER scaling laws are used to assess CD and plasma heating. Fusion power gain (Qrus)
proved to be highly sensitive to deuterium beam energy, due to the beam-plasma interaction. It reaches a ~0.8
peak at E, = 300 keV, and falls down to ~0.5 at E, = 100—150 keV. Because the production of neutral beams
with Ep > 140 keV from positive ions is ineffective, the decreased energy range is considered as well [3]. Final-
ly, the interval of injected deuterium beam energy optimization is E, = 100—300 keV.

The best CD efficiency is typically achieved at higher electron temperatures and lowest plasma density in or-
der to maximize the fast ion slowing down time, and by choosing the beam energy is close to the so-called critical
energy [4]. All beam-driven effects including current generation, beam-plasma fusion, plasma heating and rotation,
are very sensitive to the initial deposition of fast ions (FI), the latter being mainly defined by the beam penetration
path in plasma. In short, the beam penetration depth, fast ion current amplification in plasma, and shine-through
losses are the principal figures of merit when choosing the operation gap for beam-plasma system.

The spatial and angular structure of the injected beam can smear the beam deposition shape, which normal-
ly results in the beam capture and CD decrease as compared to pencil beam models. In compact tokamak sys-
tems the beam width is comparable with the plasma core radius, and the beam geometry is even more critical as
the combination of distorted FI distributions across magnetic surfaces with wider pitch-angle and ions energy
profiles essentially reduce the expected beam current gain and neutron output. A way to measure these 3D ef-
fects is to use a beam-plasma model that would account for the entire geometry of a given beam-plasma system,
including the source beam detailed specification and plasma magnetic configuration.

The NBI total efficiency can be estimated in the terms of Current ratio, i.e. the beam output in plasma (or cur-
rent circulating around the torus) referred to the beam source input, in current, so that the total NBCD efficiency is
calculated as a product of the injector yield in neutralized current, the beamline transmission coefficient, and the
beam current amplification in plasma. The beamline transmission is beyond the scope of this paper and is assumed
to be constant regardless of beam energy. The focus of this paper is more on the enhancement of neutral beam in-
jection performance and beam energy optimization with a view to maximizing plasma current output.

A simple technique (LNB, light neutral beam) is proposed for the beam current direct and fast estimation; it
has much in common with the model presented in [3], but enables the calculation of beam-driven quantities
without recourse to ITER scaling laws for NBCD (the reliance on those laws may not deliver accurate results in
the case of compact devices). The LNB method is also useful in the sensitivity analysis of beam deposition in
plasma, as it allows a comprehensive evaluation of beam geometry and spectra effects on CD (however, this is
outside the scope of this paper). The LNB technique is based on the analytical expressions for neutral beam
heating [4], and allows calculation of beam ion thermalization and current, spatial distributions and energy pro-
files directly by the beam bunch tracing through 3D plasma. The technique is applied to evaluate the compound
beam current from all the injected beam fractions (energy groups), and to select optimum operation range with
account of the NB production scheme.

Due to FNS-ST device rather small size, the beam capture in plasma should be not less than 95% within the
range of plasma density considered. Therefore, prior to optimizing the injection geometry, we lowered the upper
value of the injected beam energy to ensure that the beam capture efficiency is high enough for the designed range
of plasma densities and that the lost beam fraction (shine-through) does not damage the plasma facing surfaces.

NBI SCHEME FOR FNS-ST

The NBI system for FNS-ST will include 3 or 4 injectors, each delivering ~3.5 MW power to FNS-ST
plasma (deuterium + tritium), so that the total steady-state beam power injection is 10 MW (in deuterium). The
beam port size is 0.3x0.6 m. The injection axis is horizontal (Z = 0), the positions of tangential injection points
are variable: R = 0.4—0.6 m. The system’s main parameters are summarized below:

Aspect ratioR/a, m . . . 0.5/0.3
Elliptic elongationk . . . ~3(2.75)
Toroidal magnetic field, T . . . 15
Electron temperature Te, keV . . . 1—5
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Average plasma density ne, 102 m=3 . .. 0.5—1
Plasma current Ip, MA . .. 0.8—1.5
NB tangential injectors . . . 3—4

NB total power P, MW . . . 10

DO atoms energy, keV . . . 100—200
lon source current 1, A. .. 80

NB port size WxH, m . .. 0.3x0.6

The choice of the beamline design for the NB injection is based on the following considerations. There are
two possible design solutions, one based on a positive ion source (PIS), the other on a negative ion source
(NIS). A PIS-based injector neutral output in current decreases rapidly with increasing NB energy in the range
of 100—300 keV, thus it is not so efficient to generate NB at E, > 140 keV needed to reach the plasma core. A
negative-ion-based NBI scheme offers the prospect of much higher neutral fractions for high-beam energy, with
the neutral output remaining almost constant and close to ~60%. Also, a NIS-based injector enables a better
beam transmission, with beam divergence being twice as small as that observed with the PIS beam technology.
On the other hand, the PIS-based NBI provides higher (by at least an order of magnitude) densities of extracted
ion current and features a more compact beamline setup. In addition, the positive-ion technology has been ex-
tensively studied and used.

A detailed performance analysis and comparison of the two NB production schemes have been performed,
and the following conclusions have been made:

— the choice of the NBI scheme depends on the energy of injected atoms: for E, > 140 keV, the NIS is
preferable. For lower energy, a detailed analysis of beamline efficiency will tell;

— whatever the NBI design, the NBI vacuum vessel (VV) should be mounted horizontally. The VV, to-
gether with the beamline components, is more than 100 MT in weight; its fastening and alignment, as well as
remote maintenance are difficult if the platform is inclined;

— the NIS-based injector has the advantages of a highly efficient atom production, regardless of atom en-
ergy, beam higher transmission to plasma, and a more compact electrostatic residual ion dump (ERID);

— the drawbacks of the negative-ion technology include lower D~ current density (~20 mA/cm?) at the
source exit, the neutral beam halo fraction (15% of beam particles), which decreases NBI performance and rais-
es power loads, plasma emitter non-uniformity across large emissive surface leading to higher beam divergence;

— the advantages of a PIS-based injector (for Ey < 140 keV) are: high D* current density (200 mA/cm?) at
the source exit (i.e. lower emitter area), smaller neutralizer dimensions, reduced gas flow (target thickness), the
neutralizer can be attached to the ion source (reduced gas load for cryopanels, as compared with NIS);

— the drawbacks of the PIS-based NBI include: a 2-fold lower power efficiency, molecular ion fractions in
the source — D, (15—20%) and D; (10%) which produce due to dissociation and neutralization the lower-
energy atoms (E/2 and E/3), the latter are ionized and captured by plasma periphery reducing resultant NBCD;
compact electrostatic RID deflection and dumping system cannot be used (due to the high current density and
volume charge), instead, magnetic deflection is employed, with dumping surfaces fitting all energy fractions; for
E, ~140 keV, the residual power in ions can be twice as high as the neutral power, hence the magnetic RID be-
comes the most power loaded component of the injector.

Given the small size and relatively wide plasma density range in FNS-ST, the beam energy interval was
checked to meet the >95% capture criterion to prevent the shine-through damage of the camera first wall. Ac-
cording to preliminary shine-through estimations, a deuterium beam with E, ~ 200 keV can produce ~5 MW/m?
peak power density at the first wall, for mean plasma density 1x10?° m=, Thus, the operation with 200 keV
beams will only be possible at a plasma density exceeding 1.5x10%° m=, and E, ~ 300 keV beams — from
2x10% m3, Plasma operation at lower densities will only be safe with the NB energy below E, ~ 150 keV and
provide the expected shine-through of <2 MW/m?,

With all these considerations in mind it was finally decided to use the PIS based scheme with deuterium beam
energy 100—140 keV, and with ~3.5 MW power injected by each NB module. In this scheme, beam content (D* and
DY in a thick gas target is defined by the ratio of cross-sections of two competing processes — charge exchange and
ionization, and achieves equilibrium when the gas target is infinitely thick. This ratio (as well as the maximum atomic
yield, F%) is a function of the beam energy, Eb, and the equilibrium neutral fraction decreases rapidly with increasing
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energy, as shown in Fig. 1. To provide an infinitely thick
target, for which equilibrium is attainable, one needs a
very long neutralizer and extremely large gas flow.
Therefore, in a PIS-based injector, a nominal gas thick-
ness point is chosen for 95% of the maximum atomic
yield. The optimum target thickness (Fes = 0.95F°) in a
P1S-based NBI rises almost linearly with the beam ener-
gy. Power contained in the residual charged part of the
beam after neutralization is comparable with the neutral
power injected to plasma. For Ep, ~ 140 keV, the dumped
residual power can be twice as high as the neutral beam
power, making RID the most loaded NBI component.
The ion beam extracted from a positive ion source

contains three particle species: D', D; (15—20%),

and Dj(~10%). Molecular ions, while passing

Neutralization efficiency for D* in a thick D2 gas target D*—D°
1.0

0.9
0.8
0.7
0.6
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0.4
0.3
0.2
0.1

0 20 40 60 80 100 120 140 160 180 200
Beam energy, keV
Fig. 1. Energy dependence of the equilibrium neutral fraction in a

deuterium beam

through a gas cell, dissociate and after neutralization produce atoms with lower energies E1, and Eys. The lower-
energy beam fractions are ionized and captured at the plasma periphery; hence CD calculations should account

for the injected beam spectral content.

The neutral beam content was calculated for the 100—140 keV range of injected beam energies — taking
into account the source beam species percentage and the neutral yield for each source species (Fgs). The results

T able 1. Neutral beam fractions (F) and effective neutral yield in current for 17 =1 A
Eb, keV

Parameter 100 120 140
In, A F(15) In, A F(I2) In, A ‘ F(IY)
Efun 0.49 0.37 0.40 0.30 0.33 0.25
E1 1.46 0.22 1.37 0.21 1.27 0.19
Eus 2.39 0.24 2.34 0.24 2.25 0.23
Injected NB current DY In, A 0.83 0.74 0.67

Effective neutral yield Io/ I 0.83 0.74 0.67

Comments to Table 1: Atoms DY current, [A] — after 95% neutralization with molecular ions dissociation; In, A — neutralized D?
output, normalized to 1 A of each beam fraction; F( 1, ), A — specific contribution to the neutralized current, for 1 A of the total ion
source current; the source beam content is: D*: D; : D3 = 0.75:0.15:0.10.

are shown in Table 1. The source beam fractions ratio D*:

normalized to the source beam current (either specific or
total) 17 =1 A. The injected beam energy corresponds to
the basic (full) energy fraction: E, = Esu.

The results of Table 1 are illustrated as a chart in
Fig. 2. Based on the neutral yield values, the NB energy
100 keV looks the most attractive for the beamline design.

LNB MODEL FOR BEAM PENETRATION
AND IONIZATION

The NB total efficiency can be defined as a
product of total neutralized yield in current, beamline
transmission, and fast ion current multiplication in
plasma. Although a lower energy beam seems to be
more efficient from the NBI perspective, current pro-
duced by the beam in plasma can be of higher priori-
ty. As a neutral beam produced with PIS technology
has three energy fractions, all of them contribute to
the beam penetration, ionization and slowdown, pro-
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Fig. 2. The neutral beam output fractions Efui, E12, E1z (blues)
for NB energy of 100, 120, and 140 keV, respectively. The
source beam contents (D*: D3: D3 ) are shown in red colors

103



E.D. Dlougach, A.A. Panasenkov, B.V. Kuteev, E.A. Filimonova

ducing their own fast ion current fraction in plasma. Current drive calculations take into account the actual NB
content measured in Fig. 2.

The injected atoms produce a current of fast ions (FI) circulating around the torus. The FI current stacks up
during the injection period, and a steady state is reached when the build-up rate of current due to stacking is bal-
anced by the loss rate due to slowing down through collisions with plasma electrons and bulk ions, or to charge
exchange of the fast ions with neutral atoms [4].

To calculate beam deposition and CD directly, a simple LNB model (light neutral beam) is used. From the
LNB’s viewpoint, the beam consists of a large number of rays (or test atoms), whose input structure is prede-
fined (calculated by specialized NBI codes). The direct tracing procedure for each beam ray is discrete and de-
terministic; it applies analytical expressions [4] and allows beam-driven quantities calculation without recourse
to scaling laws (which may be not quite applicable to small devices). Although LNB accepts the detailed beam
configuration and spectra effects, these are beyond the scope of this paper. The results shown are obtained for a
thin beam (single ray) direct tracing in a plasma toroidal target with elliptical cross-section of FNS-ST plasma.

The NB penetration and ionization are calculated using analytical fits of cross-sections proposed by Janev [5]; the
procedure scheme and the resulting plot for E, = 120 keV are shown in Fig. 3. The three energy fractions of the beam
are marked in the plot, making clear the significant difference in ionization rates between the fractions. The cross-
section for the lower-energy beam fraction (Eys) is almost 3 times higher than that for the Equ beam fraction.

a Ews Ee Ert NB(DO) b
10—14 .
.
0.5 i
6
-0.5
10—16
50 100 150 200
-0.5 0 0.5 Beam energy, keV

m
Fig. 3. The LNB scheme of single ray injection to FNS-ST (a), and energy dependence of beam-stopping cross-sections (b) calculated
for D-beam Esun = 120 keV for plasma temperature Te = 1 keV and for plasma densities ne = 0.1x10%° m= (—), 1x10%® m=3 (—),
10x10%° m=3 (—)

FAST IONS SLOWING-DOWN AND CURRENT GENERATION

The NBI fast ions distribution in phase space can be calculated by solving the kinetic equation with a beam
produced source term and the collision operator, which includes fast ion slowing-down and pitch angle scatter-
ing. As opposed to the Fokker-Planck equation numerical solution for reduced phase space, LNB directly calcu-
lates the NB slowing down path in plasma toroidal geometry — from the instant the FI source distribution gen-
erated along each beam ray. The fast ion toroidal current is supposed to be produced by the ions velocity com-
ponent parallel to the magnetic field. The plasma is assumed to be steady-state and unaffected by the beam. The
charge-exchange FI losses are ignored, as are the electron screening of FI current, radial diffusion, and orbit ef-
fects. The net CD value is calculated as: Ingco = Iri. Due to these approximations, LNB model allows the evalu-
ation of the beam-driven quantities upper bounds, with the geometry optimization.

The characteristic time for the beam ions slowing down to the thermal energy including the drag force on

C

3/2
plasma ions and electrons, is taken from [4] as: T, =%In 1+(%) . Here 15 « (Te3’2 Ine) is the Spitzer ion-

electron slowing-down time, see 5.4.3 in [4], «« — means «proportional», and E; = 14.8(Au/ A”®) Te — the criti-
cal energy. The critical energy for a D-beam in a D-plasma at T, = 5 keV is ~93 keV (~19Te).
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The FI toroidal current from the NB, normalized
by 1 A injected is shown in Fig. 4 as a function of NB
energy. The plot is calculated for mono-energetic deu-
terium beam (LNB) injected to FNS-ST plasma with
Te=5keV, ne = 1.10°° m=. The beam is injected in
equatorial plane, the target radius is Ry = 0.5 m. The
plasma kinetic profiles (Te, ne) are assumed parabolic
with maximum at the magnetic axis.

Clearly, the energy dependence of the beam cur-
rent is quite strong — 2-time energy rise results in
threefold increase of NB current. It means that the to-
tal NB ratio can be more affected by the FI efficiency,
than by neutralization yield in the injector.

18
16
14
12
10

Rt=0.5m

NBCD, kA

o N B OO

20 40 60 80 100
Atoms energy, keV

Fig. 4. LNB normalized toroidal current in FNS-ST due to fast ions

120 140

slowing-down within the energy range selected for PI1S-scheme

NBI TOTAL EFFICIENCY IN CURRENT

As the injected beam in PIS scheme comes with three energy fractions (Esu, E1 and Eis), the cumulative ioniza-
tion and current drive are calculated with the weight of each fraction. The calculations are made for the following val-
ues of NB energy: E, = Equ = 100, 120, 140 keV. The neutral beam content is taken from Table 1, calculated for the

source beam ratio D*: D, : D; = 0.75:0.15:0.10. The results of the specific FI current fractions and total FI current per
1 A injected are shown in Table 2. All the values are normalized to the injected current (specific or total) I, =1 A. The
last row of the table shows the total NB efficiency in current (lcowt 1, ), represented as a product F( 1S )x<G(lp).

Table2. Fastions current (kA), efficiency, and total FI current in plasma for Ih =1 A

Eb, keV

Parameter 100 120 140
Icp, KA G(lp) Icp, KA G(ln) Icp, KA G(lb)
Efun 9 4.05 12 4.87 15 5.61
Eir 3 0.8 4 1.13 5.2 1.47
Eus 17 0.5 2 0.66 2.5 0.87
NBCD lcp tot, KA 5.35 6.66 7.95

Effective NB ratio lcp ot/ 15 4.43 4.93 5.34

Comments to Table 2: Ico, KA — FI current, normalized to 1 A injected in a beam fraction; G(lb), kA — specific fraction contribution to

the FI current, for 1 A current injected.

Data from Table 2 are presented as a chart in Fig. 5.
It can be seen that for the energy range selected, the
neutralization yield is the highest at E, = 100 keV, but
the overall NBI efficiency is the best at the upper limit

Ep = 140 keV, so that the current gain lcowt I hits the

maximum and can be about 5.34 kA per 1 A delivered
by the ion source. For example, the NB source current
80 A would produce the output FI current:
lco ot = 354 KA — for Ep, = 100 keV (the ion beam
source power is Po = 8 MW); lcp ot = 430 KA — for
Eb = 140 keV (and Py = 11.2 MW).

CONCLUSION

NBI shows the best current generation perfor-
mance among various plasma heating and CD systems.
NBI is particularly important for fusion neutron
sources design, as it makes the largest contribution to
neutron production. In FNS-ST tokamak the beam-
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Fig. 5. The neutral beam current gain for NB energy 100, 120, and
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are shown in blues, the residual ions fraction — in greens
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plasma fusion is expected to be the main source of neutrons, so the neutral beam should be effectively captured
by plasma and produce the high-energy tails in the ions spectra needed for beam-plasma fusion and neutron
generation. As the fusion rates in the two-component system (beam + plasma) highly depend on the fast ions
current and energy distributions, NBI shall be optimized to provide a reliable mechanism of steady-state current
drive and fusion rate control.

The NB efficiency in current grows with the beam energy due to the beam higher penetration to the plasma
core and longer ion relaxation time. However, the shine-through fraction increases with the beam energy as
well, and both effects are measured when deciding on a particular energy value. The radial profiles of beam cur-
rent generation strongly depend on the beam 3D deposition in plasma, the latter being sensitive to the beam
structure, beam energy, the injection geometry (tangent point and tilting), plasma density and temperature pro-
files. All these effects have to be accounted for in the NBI optimization based on the beam efficiency study.

Initial assessment of beam deposition and slowing-down with LNB technique has proved, that for the ener-
gy range of 100—140 keV, a neutral beam with a nominal energy of ~140 keV is the best performer in terms of
current drive. Although the neutral beam of 140 keV is produced with lower efficiency in current (67%), the
current gain in plasma referred to the beam source current is the best (with multiplication factor ~8000), due to
the longest path of the hot ions thermalization. For a beam source current of 80 A it provides a ~430 kA current
of fast ions driven by the beam.

The work is supported by NRC «Kurchatov Institute.
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ST40 PROGRESS TOWARDS OPTIMIZED NEUTRON PRODUCTION
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ST40 tokamak, which is now operational, can be used as a prototype of a Compact Fusion Neutron Source. Such (CFNS) can be opti-
mized for tritium production and complement a modular Fusion Power Plant. Recent results from ST40 are presented and options to
optimize ST40 for neutron production are discussed.

Key words: spherical tokamak ST40, compact fusion neutron source (FNS).
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MPOT'PECC ONITUMMU3AIIMU IPOU3BOICTBA HEUTPOHOB
B COEPUYECKOM TOKAMAKE ST40

M. I'paszuesuu, A. Huxonau, B. Yyanoe u komanoa OO0 «Tokamax Duepoxcu»
000 «Toxamak Dueporcu», Benuxobpumanusa

Toxamak ST40, KOTOpBIii ceifyac HAXOIUTCS B IKCILTyaTal[lH, MOKET OBITh HCIIOIB30BaH B KAYECTBE MIPOTOTUIA KOMITAKTHOTO HCTOYHUKA TEPMO-
sepubIx Heirporos (KUTH). Takie KUTH MoryT GbITh ONTHMHU3UPOBAHBI TSI POU3BOICTBA TPUTHS U CTAaTh YaCTHIO MOJYJIBHON TEpMOsiIep-
HOIA nekTpocTaHyy. [IpencraBieHsl 1 00Cy>KIatoTes OCIeIHIE pe3yapTaThl ontumu3atyi ST40 1o reHeparyy HEHTPOHOB.

KiroueBrle ciioBa: cdeprueckuii Tokamak ST40, KOMIIAKTHBINA HCTOYHUK TEPMOSIIEPHBIX HEHTPOHOB.

INTRODUCTION

Tokamak Energy Ltd. is developing a modular approach to a fusion power plant [1]. In this new alternative
route to fusion power, the economically feasible fusion power plant will consist of several low power modules.
In all modular approaches, regular necessary maintenance is done offline in a module-to-module way, providing
high availability of the power plant and lower maintenance cost. The approach saves time and resources needed
for development, to improve reliability by the cheap reservation, to use economy of mass production. Our mod-
ular fusion plant will consist of several compact, low-power high-field spherical tokamak (ST) modules and
auxiliary systems shared between them. This decreases the prototype costs (one module is actually a DEMO)
and the fusion development risk [2]. The modular approach combines the advantages of the economy of scale
for the conventional part of the plant and those of the economy of mass production for the fusion core and does
not increase the plant’s capital cost. At the same time, it permits to design a very efficient ST-based fusion pow-
er plant that allows for:

— high availability, due to reduced duration of the first wall change and maintenance. Modules can be ser-
viced in turn, so electricity supply can be maintained:;

— possibility for its units to share start-up (e.g., gyrotrons) and remote access facilities, as well as the hot
cell for maintenance;

— establishing a sustainable supply chain, because the production of many small units is attractive to man-
ufacturers.

Modules with acceptable fusion power and neutron wall loading should be in a narrow range of aspect rati-
0s between 1.65 < R/a < 1.9 [2]. Demonstration fusion module would aim to have a long pulse plasma operation
with required fusion power and possible demonstration of tritium breeding, so it will be a compact ST FNS. The
fusion module is not expected to be fully self-sufficient in tritium, and even in a full-scale power plant, the triti-
um self-sufficiency issue may be eased, as one of the modules will be customized to meet the tritium production
need. A CFNS based on a compact ST may act as a tritium breeder, if neutron output is maximized. Neutrons
can also be produced via DD- and D—He- (beam-plasma and beam-beam) reactions [3, 4], so there are ways to
increase neutron production minimizing tritium consumption or even in DD. A CFNS based on a high-field ST
may be also used for other non-electrical applications of fusion.
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ST40 TOKAMAK AS A CFNS PROTOTYPE

ST40 (design parameters: R = 0.4—0.6 m, R/a =1.6—1.8, [ =2 MA, B: =3 T, k = 2.5, tpuse ~ 1—2 5,
3 MW NBI, 2 MW ECRH/EBW, DD/DT operation) is a currently operational compact spherical tokamak
(Fig. 1), proposed as a CFNS test prototype.

a Inner vacu- Outer ves-
um vessel sel/cryostate
Central Merging
solenoid compres-
sion coils
TF coils PF coils
Divertor
coils

Fig. 1. ST40 tokamak: photo (a) and sectional drawing (b)

Waveforms for a typical discharge, obtained in 2018 during initial operations, are presented in Fig. 2. A
CCD visible light image and EFIT reconstruction at 30 ms are also shown. Plasma current >0.5 MA at 2 T TF,
electron and ion temperatures in a several — keV range produced using merging-compression formation, sole-
noid-assisted ramp-up and 1 MW of 25 kV NB heating, and densities up to 2x10®° m™ have been achieved in
later experimental campaigns in 2019—2020. At the flat-top, measured T; increases with TF, in agreement with
observations on other STs. However, on ST40, a sharp Ti and WegT increase is observed at TF > 1—1.1 T
(Fig. 3), which may suggest transition to a better confinement at higher TFs.

1.2
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Reeo, m 0.4 -0.6
He, ClII -0.8
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0 02040608 1 1.214
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Fig. 2. Waveforms for a typical discharge with Bi= 1.3 T (a), CCD image (b) and EFIT reconstruction at t = 30 ms (c)
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Fig. 3. Ti measured with Doppler spectroscopy on ST40 in 2018 (O — Ti end of flat-top; O — Ti mid of flat-top), and with NPA on
START (@) and Globus-M (@) against toroidal field, along with a predicted ion temperature assuming the Artsimovich formula (+¢) (a);
thermal energy WeriT against toroidal field: A — Werit 2018 Prog0; A — Werir 2019 Progl; V — WerT 2019-20 Prog?2 (b)
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OPTIMIZATION OF CFNS NEUTRON PRODUCTION PERFORMANCE FOR

There are several ways to use ST40 for optimizing
neutron production. One is to optimize beam-plasma
and beam-beam reactions to enhance the neutron yield.
This can be done by accelerating fast ions injected by
NBI to a significantly higher energy, increasing the ef-
ficiency of beam reactions to make neutron production
more efficient [3]. The cross-section of these reactions
increases strongly with fast ion energy, and if the latter
grows to a mega-electron-volt level, neutron production
from some reactions may increase many fold compared
to reactions that occur in pure thermal Maxwellian
plasma of a 10 keV temperature range, Fig. 4.

In a high-field ST, the confinement of such high-
energy ions may be significantly better than in conven-
tional aspect ratio tokamaks or in STs with a low toroi-
dal field, Fig. 5. The figure shows ion orbits for both
trapped (1 MeV) and freely passing cases, observed in a
ST. It is clear from Fig. 5 that fast ions have smaller
orbits and spend more time at the high-field side. These
effects help reduce fast ion losses and enhance the effi-
ciency of reactions on fast particles. Fig. 6 shows the
results of ion distribution and neutron yield simulation
with the NFREYA full-orbit Monte-Carlo code and the
FIFPC Fokker-Planck code [5]. We use a 1MW,
50 keV beam and accelerate D ions by ICRH to
1 MeV. High neutron yield of up to 3.5x10'" n/s can be
expected, summarising DD beam-beam, beam-plasma,
DD-thermal and DT-thermal (tritium produced in the
DD-reaction). Several other approaches for fast ion
acceleration using ICRH can be considered [4].

a
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Acceleration of the fast ion tail by ECRH with beating ECR waves has been attempted on tokamaks and
other plasma devices [6]. While the ratio of each EC wave frequency to the ion cyclotron frequency is large
(100 GHz range), the frequency difference can be near the ion cyclotron frequency (tens of MHz), allowing the
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IC wave to heat plasma. The waves interact in a region close to ECR, where the efficiency is at its maximum. It
may also be possible to transfer microwave power to energetic ions by parametric decay near the upper-hybrid
resonance [6]. High-field side launch of EBW will be used on ST40 to test this in a spherical tokamak.

If D and T nuclei are polarized parallel to magnetic field and to each other, fusion reactivity may be in-
creased by 50% [7]. Calculations suggest that deuteron polarization can enhance the DD-reaction by a factor of
between 1.5 and 2. Time to depolarize them by binary collisions is at least 5 times longer than the nuclear burn-
ing time. This will be of interest when a pure DD-fusion device is considered. The nuclei can be introduced into
the fusion device by standard means, such as gas puffing, injection of energetic neutral beams or pellet injection.

CONCLUSIONS

Enhanced confinement of fast particles in STs opens up opportunities for boosting a high-field ST’s neutron
production efficiency. A CFNS based on a high-field ST may be used for tritium production and other non-
electrical applications of fusion. ST40 experiments contribute to the assessment of a high-field ST as a CFNS
prototype.
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Developments for stellarator-mirror fusion-fission hybrid concept

UDC 621.039.574.3
DEVELOPMENTS FOR STELLARATOR-MIRROR FUSION-FISSION HYBRID

CONCEPT

V.E. Moiseenko?, S.V. Chernitskiy?!, O. Agren?, N.B. Dreval', A.S. Slavnyj*, Yu.V. Kovtun®, A.V. Lozin',
R.O. Pavlichenko®, A.N. Shapoval', V.B. Korovin*, M.M. Kozulya®, N.V. Zamanov?,
A.Yu. Krasiuk?, Y.V. Siusko!, I.E. Garkusha!

INSC Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
2Uppsala University, Angstrém laboratory, Uppsala, Sweden

Conceptual development activities on a stellarator-mirror-based fission-fusion hybrid system (SM hybrid) are reviewed. Intended for
transmutation of spent nuclear fuel and safe fission energy production, SM hybrid consists of a fusion neutron source and a powerful sub-
critical fast fission reactor core. Its fusion component is a stellarator with an embedded magnetic mirror. The stellarator allows for the
confinement of a moderately hot (1—2 keV) deuterium plasma. In the magnetic mirror, the hot sloshing tritium ions are trapped and
fusion neutrons are generated. The magnetic mirror is surrounded by a fission mantle, where transmutation of minor actinides and energy
generation take place. One candidate magnetic confinement device for the SM hybrid is the advanced DRACON magnetic trap system,
which, unlike the «classical» DRACON version, has one short, rather than two longer mirrors with a relatively short size of 3—6 m. A
comparative numerical analysis of collisionless losses occurring in the magnetic trap part of the single-mirror DRACON leads to a con-
clusion about the possibility for high-energy tritium ions to be fairly well confined in the magnetic trap area. The Uragan-2M (U-2M)
stellarator is used to test the SM hybrid concept with experiment. To fit a magnetic trap into U-2M system, one of the toroidal coils had
to be switched off. A radial escape of charged particles may spontaneously give rise to a weak radial electric field, which may result in
closing the particles’ drift trajectories and thereby substantially improve their confinement. Background plasma confinement without
destructive instabilities is demonstrated in the stellarator-mirror regime of U-2M) operation. The sloshing ions driven by radio-frequency
heating are detected in the mirror part of the device with NPA diagnostics. A novel fission mantle design for the SM hybrid is proposed.

Key words: fusion-fission hybrid, stellarator, magnetic mirror, nuclear transmutation.
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PA3PABOTKA KOHIENINA CTEJLJIAPATOPHO-IIPOBKOTPOHHOM
T'MBPUJTHON YCTAHOBKU CUHTE3A-JIEJTEHUS

B.E. Mouceenxo*, C.B. Yepnuyxuii*, O. Aepen?®, H.B. Jlpesanv', A.C. Cnaguuiii*, KO.B. Kosmyn*, A.B. Jlosun",
P.O. IMasnuuenxo®, A.H. lllanoean*, B.b. Kopoequ, M.M. K03yﬂﬂl, H.B. 3amanoé*, A.IO. Kpacmkl,
E.B. Ciocvko*, U.E. Iapxywa*

tHayuonanvuwiii nayunviil yenmp «Xapbkosckuil pusuxo-mexuuueckuii uncmumym», Xapokos, Ykpauna
2Vncanvckuil ynusepcumem, rabopamopus Anecmpem, Yncana, Illseyus

PaccMaTpuBaeTCsi KOHLENTYaIbHBIH IPOCKT CTEIapaTOPHO-MPOOKOTPOHHOH rudpumHoi cucteMsl cuHrtes3a-gaenenus (CII-rubpun).
IIpenna3HaueHHBIH A TPAHCMYTalUy OTPabOTABIIETO SIEPHOTO TOIUIMBA M GE30MacHOr0 MPOU3BOJCTBA SHEPTUH IPU JEICHUH TSDKE-
nbIx saep CII-ruGpua COCTOUT M3 MCTOYHHUKA TEPMOSAEPHBIX HEHTPOHOB M MOIIHOW IMOAKPHUTUYECKOW aKTHBHOW 30HBI peakTopa Jele-
HUA, paboTaromniero Ha OBICTPBIX HEHTPOHAX. Ero TepMosaepHbIil KOMIIOHEHT SBISIETCS CTEIAPATOPOM CO BCTPOSHHBIM MPOOKOTPOHOM.
Crennaparop MO3BOJISIET YACPKHBATh YMEPEHHO ropsuyio (1—2 k3B) peiitepueByro 1miasmy. B mpoOKOTpOHE ropsiaue IUIeHlypecs
WOHBI TPUTHS 3aXBATHIBAIOT ¥ TEHEPHUPYIOT TEPMOsIepHbIe HeHTPOHBI. [IpOOKOTPOH OKpPYKEH MaHTHEH, B KOTOPOH IPOUCXOAT JeIeHHE
TSOKENBIX A7ep, TPAaHCMYTAIMsl MUHOPHBIX aKTUHOHMJIOB U TeHepalys sHepruu. OJHUM U3 BO3MOXHBIX YCTPOWCTB MarHUTHOTO yAepiKa-
Hus ans CII-rubpupa sBisieTcss yCOBEpIICHCTBOBaHHAs cucteMa MarHUTHOHM noBymku JIPAKOH, xotopas B oTnmyme OT «Kiaccuye-
ckoit» Bepcuu JIPAKOHA nmeer oguH KOpOTKHI IPOOKOTPOH, a HE /1Ba Oojee [UIMHHBIX, IMEIONHI pa3mep B npenenax 3—6 m. Cpas-
HHUTEIbHBIN YHCIEHHBIN aHaM3 GECCTOIKHOBUTEIBHBIX MOTEPh, BO3HUKAIOLUIMX B TOH 4acTu MPOOKOTPOHA, I€ HAXOAUTCS MarHUTHas
noBymka JIPAKOH, mo3BossieT caenaTs BEIBOA O BO3ZMOXKHOCTH JOCTATOYHO XOPOIIO yAEP>KHUBATh BBICOKOIHEPT€THIECKIE HOHBI TPHTHS
B obJsiacTu 3TOi MarHuTHO# JoByuiku. Cremnapatop «Yparan-2M» (U-2M) ucrosnb3yeTcst uist SKCIEPUMEHTAIBHON POBEPKH KOHIIETI-
IIUM THOPHMTHON CTeIUIapaTOpHO-TIPOOKOTPOHHOM CHCTeMBI. J[JIs yCTaHOBKM MarHUTHO# JoBymkH B cucteMy U-2M Heob6xoanmo ObLI10
OTKJTIOYUTH OJJHY U3 TOPOUJANBHBIX KaTylleK. PaguaabHbIi BBIX0O aMOUTIONSPHBIX YACTHIl MOXKET CIIOHTAHHO BBI3BATh C1a00€ paanalb-
HOE 3JIEKTPHUYECKOe TI0JIe, KOTOPOE MOXKET 3aMKHYTh TPAEKTOPHH Apeii(a JacTUIl ¥ TEM CaMbIM CYIIECTBEHHO YIydIIUTh UX yAepKaHHe.
VYnep:kanue miasMel 6e3 pa3pynIMTEeIbHBIX HEYCTOHYMBOCTEH MPOAEMOHCTPHPOBAHO B CTEIUIAPATOPHO-IPOOKOTPOHHOM pexkume pado-
ol U-2M. T'opsiurie MOHBI, MOSBUBIIMECS B Pe3yjbTaTe PajnO4acTOTHOTO HarpeBa, PerHCTPHPYIOTCS B MPOOKOTPOHHOW YacTH STOTO
YCTpOIiCTBa ¢ MOMOIIBIO aHATU3AaTOPa HEUTpaIbHBIX YacTull. [IpemioskeHa HoBast KOHCTPYKLUS siaepHoit yactu s CII-rubpuna, B xo-
TOpPO# OyIeT MPOUCXOJUTH JeTICHHE SIIep.

KnroueBble ciioBa: rubpuHas cucteMa CUHTE3a-IelIeHHs], CTeJuIapaTop, IPOOKOTPOH, TpaHCMYTalUs sep.

INTRODUCTION

Current nuclear power plants rely mainly on 2*°U fission for power generation. The ore reserves of this
uranium isotope are not large, and the future of nuclear power production is associated with utilizing >3®U
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and %%2Th, which are abundant. This situation has three implications. Number one is that the large amount
of spent nuclear fuel already generated by the nuclear industry continues to grow. Today, the preferred op-
tion for nuclear waste management is long term geological storage with a view to keep the wasteisolated
until the radionuclides have decayed to acceptable levels. However, the decay may last thousands of centu-
ries, which is hardly acceptable. Therefore, geological storage should be looked upon as a way to gain
some time before a full-scale incineration of spent nuclear fuel is in place. Unlike geological storage, in-
cineration is consistent with the sustainability concept.

Number two is the inevitable need for introducing a new fuel cycle to allow U and #°Th to be used as a
fuel. Both isotopes cannot be directly burned, and the first stage of this fuel cycle includes breeding of %°Pu and
28, The fission of these isotopes, as well as many others, results in a twice as small fraction of delayed neu-
trons as the fission of 2°U. This seriously hinders the controllability of critical reactors. Another need is for in-
troducing a closed fuel cycle, in which, in the best-case scenario, waste would only consist of fission products.
Such waste could be stored in a geological repository for a much shorter time of about 300 years. In the closed
fuel cycle, all fissionable isotopes involved in the nuclear chain must be burned. This is only possible in fast
reactors. Unfortunately, many fast reactor concepts are difficult to implement due to the positive reactivity ac-
companying a temperature increase. This, coupled with the shortage of delayed neutrons, has a serious impact
on reactor safety. Implication number three is that 2°U cannot be easily synthesized. If we burn it up complete-
ly, there will be no °U left for future generations.

A solution is a subcritical fast reactor driven by an external neutron source. Inherently safe, it can be used for
burning fertile components of spent nuclear fuel, nuclear breeding and energy generation under the closed fuel cy-
cle. The neutron source for this reactor must be powerful and efficient. Two obvious candidates for the role of
drivers of a sub-critical fast reactor are the spallation and fusion neutron sources, of which the latter are more com-
pact, more feasible and less costly. In turn to, there are three major lines of fusion-fission hybrids (subcritical fis-
sion reactors driven by a fusion neutron source), i.e. tokamak, mirror and stellarator-mirror based hybrids.

Tokamak [1] offers the best plasma confinement. However it allows an acceptable neutron budget to be on-
ly achieved with an excessive neutron production. Tokamak’s another inherent weakness is the pulsed-mode
operation with a long (~100 s) duty cycle.

In a mirror-based hybrid [2], plasma confinement is poor, which translates into the machine’s low energy
efficiency and huge size.

The SM hybrid [3, 4] has an acceptable plasma confinement, stationary operation and a very compact design.

THE SM HYBRID

NBI Fission In the SM hybrid, fusion neutrons are generated

reactor in a deuterium-tritium plasma, confined magnetically

Eﬁgfe? Fission  in a stellarator-type system (Fig. 1). The plasma con-
”ef‘IJltJf” tains a warm electron component, and the majority of

deuterium ions are in thermal equilibrium with elec-

trons. The stellarator provides a steady-state opera-

gBrgﬁﬁd tion and offers a relatively good confinement for
plasma such a warm Maxwellian plasma. Hot minority triti-
Stellarator um ions are sustained in the plasma by a radio-

Mirror part frequency (RF) heating [5—38]. Considering the stel-
part larator’s inferior ability to confine high energy ions,
it is proposed in [3] to integrate it with a magnetic

Magne- trap with lower field. Hot ions mostly have perpen-
tic coils dicular to the steady magnetic field Kinetic energies.
Because of the trapping effect, the hot (sloshing)

Fig. 1. Sketch of the fission-fusion hybrid ions’ motion is restricted to the mirror part of the
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device. The containment of hot sloshing ions and, therefore, contraction the neutron production zone to the mir-
ror part is favorable, as it makes it sufficient to only have the mirror part surrounded with a fission mantle. Fur-
thermore, all sensitive plasma diagnostics and plasma control devices could be located at the stellarator part, but
at a distance of the fission reactor zone, where the neutron flux is reduced.

It is not only RF heating that can sustain hot sloshing ions, but also a continuous neutral beam injection
(NBI). The latter is implemented in both stellarators [9] and mirror machines [10].

For mirror-based hybrids, a quasi-tangential injection to the mid plane is typical. In comparison with nor-
mal injection, it allows the injection energy to be increased. However, a mid plane injection can seriously affect
the reactor design, requiring either the reactor division into two independent nuclear reactor cores [11] or, in the
case of a single reactor core, introduction of beam lines within the reactor core. Each of those modifications is a
major engineering challenge.

Normal injection seems preferable, as it implies a smaller neutron loss from fission core and allows beam
lines to be placed out side of the reactor core. To avoid beam shine-through, the shorter beam-plasma interaction
distance is offset with a tolerable plasma density increase. The configuration with an NBI at the mirror ends,
presented here, is similar to the scheme reported in [12]. The NBI is normal to the magnetic field and targets
plasma just near the fission mantle border (see Fig. 1). Shined-through atoms, outnumbered by injected atoms,
hit the armor made of refractory material (tungsten) and placed opposing to the NBI port.

The first step in the study of the SM hybrid is to analyze the power balance [4, 13] and thereby estimate the
plasma machine size, the magnetic field strength, power needed for the sustain of hot ions and the overall power
efficiency. The analysis used the results of the 1SS04 stellarator scaling [14] and Kinetic calculation. The calcu-
lations resulted in a compact device with achievable characteristics. The parameters of the device chosen as a
demo machine are given in [3]. They are as follows:

Stellarator beta . . . 0.01
Mirror beta . . . 0.15
Tritium injection energy, keV . .. 150
Beam shine-through parameter (ratio of ion mean-free path to plasma radius) . . . 1.5
Background plasma temperature, keV . . . 1.6
Stellarator part magnetic field, T . .. 4.1
Mirror ratio . . . 1.7
Angle of rotational transform . .. 0.8
Inverse aspect ratio . . . 0.05
Plasma density, cm™ . . . 1.5-10%
Tritium concentration (in mirror part) 0.11
Heating power, MW . . . 20
Fission power, MW . . . 570
Plasma minor radius, cm . . . 20
Torus major radius, m . . . 4
Mirror length, m . . . 3.2
Electric efficiency Qe (for nuclear mantle with ket = 0.95) . . . 4.8
Estimated cost, M$ . .. 500

This SM hybrid version is used for neutronic calculations and cost estimates.
FUSION PART OF THE SM HYBRID

The SM hybrid’s magnetic system is a combination of a stellarator and a mirror. It was first implemented as
part of the U-2M stellarator at the Kharkiv Institute of Physics and Technology in Ukraine. There are two big
questions about this magnetic system, viz. (i) whether it can have magnetic surfaces, and (ii) whether it can con-
fine hot ions in its mirror part.

Studies at U-2M. Stellarator U-2M was involved in modeling such system, [15]. It has the advantage of a
winding availability, which allows using an additional toroidal magnetic field. The winding accommodates
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16 separate magnetic coils. The switching off of one of them produces a local mirror inside it with a proper mir-
ror ratio of 1.5 [16].

First Biot-Savart magnetic calculations were done to model the field with the coil switched off. Several
practically important cases were identified, where the field lines formed nested magnetic surfaces in the
device. Next, experiments to measure the magnetic configuration had been performed [17], which verified
the theoretical data and demonstrated the magnetic configurations of U-2M with an embedded magnetic
mirror.

A theoretical study was carried out to analyze the behavior of fast ions in the mirror part of U-2M [18].
It involved Biot-Savart magnetic calculations and drift surface calculations based on motion invariants. The
study confirms poor confinement properties of the magnetic mirror created in the U-2M stellarator by
means of switching off one toroidal field coil. The created magnetic mirror had a flaw, namely, a curved
magnetic axis. Calculated drift surfaces were not closed, hence, there was no radial confinement. Such a
situation can be avoided if the embedded mirror would have a straight magnetic axis. Unfortunately, this
cannot be realized in U-2M. Meanwhile, the radial electric field can improve the situation substantially in
U-2M. It causes a particle drift in the poloidal direction which competes with the vertical magnetic drift.
Above a certain value of the electric field, mean drift surfaces become closed, and particle confinement
improves. This value can be obtained from ep ~ uAB, where ¢ is the electric potential, u is the magnetic
moment and AB is the variation of the magnetic field across the confinement volume. To establish the elec-
tric potential in the plasma column, a very small amount of lost ions is sufficient. The electric potential
seems to be small enough to perturb the diffusive character of confinement of the bulk plasma.

Such an opportunity to confine fast ions is checked experimentally at U-2M (see below). Since the RF heat-
ed ions are confined at the mirror part of U-2M, one can suggest that the regime with the radial electric field is
realized in that case.

Plasma generation in U-2M in SM hybrid regime. The U-2M — based experiments proved the possibil-
ity of background plasma production and confinement. A discharge was initiated by a RF pulse of a crankshaft
antenna [19]. The discharge start-up was successful, as produced a ~10* cm™ plasma. The OV and CV lines
showed up in the discharge. Their intense emission, especially that of the CV line, indicates an electron tem-
perature of at least 100 eV. The parameters of the stellarator-mirror discharge are lower, but compatible with
those of regular discharges.

Experimental study of fast ion generation in the embedded mirror. An experiment to generate sloshing
ions in an embedded mirror was carried out on the U-2M stellarator. The magnetic beach approach was em-
ployed. A compressional Alfven wave was launched with a two-strap (W7-X like) antenna operated in mono-
pole phasing. It is expected [5] that on the way to the embedded mirror, at a lower magnetic field, the wave
reaches the ion cyclotron layer and accelerates the trapped ions. The neutral particle analyzer is used to detect
high-energy ions.

The U-2M stellarator was recently equipped with a passive single-energy channel electrostatic small-angle
30° CX neutral particle analyzer (NPA) without mass separation similar to that described in [20]. Sweeping
voltage NPA operating regimes [21] were used. A 2—5 ms analyzing voltage with triangular temporal shape
was applied to electrostatic plates to enable a fast (2—5 ms) measurement of energy distribution using a single-
energy channel analyzer. An additional 15 keV acceleration of ions after the electrostatic separation and ion-
electron conversion allowed the suppression of the NPA collector energy sensitivity [21]. The NPA was located
close to the switched off toroidal field coil and not far away from the W7-X like RF antenna, used for the ion
cyclotron heating. Nitrogen was used in the NPA gas stripping cell. The 10—100 eV energy range was not cov-
ered by the NPA. Variations of line of sight angle allow us measuring the CX flux distribution from the plasma
center to the edge. Very high CX fluxes in U-2M RF discharges allowed an analog NPA signal to be obtained.
The NPA signal integration time was 0.1 ms, and its sampling rate was about 50 000 samples/s. Substantial CX
flux as well as fraction of fast ions with perpendicular energy characterized by temperature of 400—500 eV was
observed in pure hydrogen RF discharges in the U-3M stellarator [21], as well as in recent experiments invol-
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ving the U-2M stellarator. Here we are demonstrating
the strong transient CX flux in a «hybrid» configura-
tion discharge, as shown in Fig. 2.

The CX flux radial distribution indicates that the
energetic ions are localized in the centre of the plas-
ma column. It should be admitted that the sweeping
voltage of 1 kV corresponds to ion energy of 4.5 keV
due to the NPA calibration coefficient [21, 22]. lons
with energies of 4.5 keV in the U-2M hybrid configu-
ration are clearly seen in Fig. 2. Here we report the
first experimental evidence of fast ions in a hybrid
system. Although the presence of 0.5—4.5 keV ions
is evident, some unclear points, e.g., different mech-
anisms of energetic ion generation in conventional
stellarator and hybrid configurations are yet to be
addressed.

DRACON as a plasma confinement component
of the SM hybrid. One candidate magnetic confine-
ment device for the SM hybrid is the DRACON mag-
netic trap system, which, unlike the «classical» DRA-
CON version, has one short, rather than, two longer
mirrors. The equilibrium stellarator configuration
DRACON (see [18] and references therein) consists
of two rectilinear regions and two curvilinear ele-
ments (known as CREL), which close the magnetic
system and whose parameters are chosen so as to
keep the Pfirsch—Schluter currents within the CREL
and to prevent them from penetrating into the recti-
linear sections. In order to improve plasma confine-
ment, the magnetic field in the CRELS is higher than
the field in the rectilinear parts. So, in fact the recti-

0.8
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Fig. 2.Waveforms of the row NPA signal, NPA sweeping voltage,
spectral lines Cn and Hq emission and line-averaged density in
hybrid configuration pure H discharge: p = 2.4x1072 Pa,
Bo=0.38 T, 2.5 ms (start of the pre-ionization with K-2 RF gene-
rator), 12.5 ms (shutdown) K-2: f=5.36 MHz, Ua = 4 kV, RF
power ~30 kW, 12.5 ms (start of main pulse with K-1 RF genera-
tor), 27.5 ms (shutdown) K-1: fi =4.9 MHz, Ua = 55kV, RF
power ~80 kW

20 25 30

linear parts represent two mirror traps, which are closed by the CRELS. Fusion reactions in such a device can be
realized in the mirror parts, which help to confine the hot ion component (tritium) with high perpendicular ener-
gy. A comparative numerical analysis of collision less losses occurring in the magnetic trap part of the single-
mirror DRACON [18] leads to a conclusion about the possibility for high-energy tritium ions to be fairly well

confined in the magnetic trap area.
FISSION PART OF THE SM HYBRID

The acquired knowledge of the fusion neutron
source parameters can be used to obtain the initial
conditions for a preliminary design of the hybrid’s
fission mantle part. The mantle design is mostly based
on the results of engineering research described in
[23].The cylindrical reactor is compact, with a 1.6-m
radius and a 4-m length. Its major parts (Fig. 3), mov-
ing from the axis to the major radius, are the inner
opening for the plasma column, the first wall, the LBE
(lead-bismuth eutectic) buffer, the metal fuel-loaded,
LBE-cooled active zone, the core extension zone
(filled by LBE), and the reflector. Fuel for the fission
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Fig. 3. Reactor part of the SM hybrid: 1 — axial reflector (HT-9
steel 70% and LBE 30%); 2 — 60:40 Vol.% mixture of the stainless
steel S30467 tipe 304B7 with water, the steel contains 1.75% wt of
natural boron; 3 — coolant (lead and Bismuth eutetic); 4 — fission
blanket; 5 — first wall; 6 — neutron souce (D—T-plasma); 7 —
radial reflector (HT-9 steel 70% and Lii7Pbss 30%, enrich 20% SLi);
8 — borated water with B, 10 g/kg; 9 — magnetic coils
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component is produced by separating uranium and fission products from spent nuclear fuel. Actual fuel material
is an alloy (TRU—10Zr) consisting of transuranic elements with 10% wt zirconium [24]. The active zone size is
chosen using MCNPX calculations to achieve the effective neutron multiplication factor keir ~ 0.95. For the dis-
cussed reactor, the calculated fusion power multiplication factor is 65. There are only 5 t of transuranic elements
in the fuel. This suggests that a nuclear plant operated at full capacity will need to refuel every 1—2 years.

PRELIMINARY COSTS ESTIMATES

There is no point in doing the required experiments based on a downscaled prototype, as the hybrid ma-
chine itself is quite small. Taking the Wendelstein7-X stellarator’s cost, EUR 1 billion
(https://en.wikipedia.org/wiki/Wendelstein_7-X), as a reference and considering that:

— the SM machine is smaller;

— the diagnostic equipment is less advanced;

— the coils and the vacuum chamber are much simpler (in DRACON’s case);

— the cost could be decreased to EUR 0.2—0.3 billion.

The fission mantle is expected to be installed after the completion of the «plasma part» test. Its cost can be
put at EUR 0.2 billion based on the cost of the BREST-OD-300 (EUR 0.3 billion), the project carried out by
Russia’s Rosatom (https://www.riatomsk.ru/article/building_%20reactor_seversk). The total cost estimate for a
hybrid with a fission mantle is then in the range of EUR 0.4—0.5 billion. This is less than the cost of the acce-
lerator-driven MYRRHA system (around EUR 1.6 billion (https://en.wikipedia.org/wiki/MYRRHA)).

DEMO MACHINE OPERATION PROSPECTS

The DEMO device needs 20 MW of RF power, which is high, but not exceptional: such a power is availa-
ble, for instance, at the JET tokamak. Power supply could be provided by 1—2 MW modules and enlarged step
by step to a total of 5 MW, needed for initial experiments. Frequency could be set at 27.2 MHz, the standard
industrial value. It makes sense to start those experiments using the *He—H mixture, a halved magnetic field
and low power (5 MW). For a 3/4 magnetic field, the D—3He mixture could be used. The fission mantle can be
installed after the completion of the «plasma part» test.

With around EUR 0.5 billion of investment, the SM hybrid based on the spent fuel incineration technology
could be developed in 10—15 years.

SUMMARY AND CONCLUSIONS

The U-2M experimental studies suggest that the SM hybrid key properties are achievable. This machine of-
fers the prospect of a successful implementation of the stellarator-mirror plasma trap technology. It is designed
in such a way that the desired properties, including background plasma confinement and generation/confinement
of hot ions at the mirror part are fully feasible. There is reason to be hopeful that developing an appropriate de-
vice is a realistic undertaking.

Calculations suggest that the plasma part of the SM hybrid could be a DRACON-like device with a single
embedded mirror as short as needed.

The MCNPX calculations for the fission mantle are in line with a robust device design and operation, with
no major engineering challenges looming.

The fuel mass is small enough, and refueling is needed every 1—2 years.

The estimated cost of the DEMO device for the SM hybrid is just EUR 500 million, which is the lowest for hy-
brid devices. It is just twice as large as the cost of a critical reactor of the same power. But the safety advantage could
be a decisive argument in favor of hybrids to be used for regular power production under the closed fuel cycle.
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We determine coil arrangements for reproducing a minimum-B mirror magnetic field, optimized with respect to plasma stability, plasma
cross-section ellipticity and particle drift surfaces. The reproduction has to be done with precision, as field errors may give rise to plasma
instabilities or collisionless plasma losses due to the guiding centres’ drift away from the confinement region. We have developed a set of
twisted «fishbone» coils to allow an array of coils to be flexibly stacked, as required for a precise magnetic field reproduction. Results
suggest that high mirror ratios of around 10 can be obtained using a fishbone coil arrangement. The mirror ratio can be further increased
by finite plasma beta. Parameters representative of a compact 10 MW fusion neutron source have been derived.
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TPEXMEPHBIE KATYIIKHU JJIS1 IOJTYUYEHUA KOMIIAKTHOI'O
MATHHUTHOTI'O ITOJISI C MUHUMAJIBHON UHJIYKIIUMEN 1 MUHUMAJIBHOM
QJIVIMIITUYHOCTBIO TPYBOK MAT'HUTHOT O ITIOTOKA IIJIA3MBbI
B TEPMOSAJAEPHBIX YCTAHOBKAX C MAT'HUTHBIMUA ITPOBKAMHA

O. Aepen®, B.E. Mouceenko®

1S/szepcumem Vnncanet, ¥Ynncana, llseyus
2Hucmumym ¢usuxu niazmol, Hayuonanouwiii nayunsiii yenmp «Xapokosckuii usuxo-mexuuueckuii uncmumym», Xapvkoe, Yipauna

M5l ompezienisieM pacHoNIokKeHHe TPEXMEPHBIX KaTyIIeK B MPOOKOTPOHE C MHHUMYM B, ONTHMH3MpPOBAHHOTO C TOYKH 3PEHUS CTAOWIIb-
HOCTH IUIa3MBl, SJUIMIITHYHOCTH NONEPEYHOr0 CEUYeHHs TUIa3Mbl U TIOBEpXHOCTEH Apeiida yacTun. BocnponsseneHne TOKHO ObITh BbI-
TIOJTHEHO ¢ OOJIBIIOI TOYHOCTHIO, TAK KAaK ONIMOKH MOJISI MOTYT HPUBECTH K HECTAOMIFHOCTH IIIa3MBbl WM OSCCTOJIKHOBHTEIBHBIM IIOTE-
psM IUIa3Mbl U3-3a JApeiida HaNpaBIAIOMNX LEHTPOB M3 00JIACTH yJepaHus IU1a3Mbl. Mbl pa3pa0oTaid TBHCTUPOBAHHBIC KATYIIKH
«(puIIOOH», KOTOpHIE MO3BOJISAIOT MMOKO YKJIaJbIBaTh MAacCHB KaTyLICK B COOTBETCTBUH C TPEOOBAHHSAMH TOYHOTO BOCIIPOM3BEICHHUS
MarHMTHOTO NoJisl. Pe3ynbTaThl pacy€ToOB IMOKA3bIBAIOT, YTO BBICOKHE MPOOOYHBIE OTHOUIEHHS 0KOJIO 10 MOTyT OBITH MOJTYYEHBI C TOMO-
b0 KaTymrek «pumobon». [Ipo6ouHOe OTHOMIEHHE MOXKET OBITH TOMOJHUTENHFHO YBEIMYEHO 3a CYET KOHEYHOTO 3HAYCHHUS OeTa TUIa3MBl.
[MomyueHsl mapamMeTpsl, XapaKTepHbIE ISl KOMIIAKTHOTO UCTOYHHMKA TEPMOSACPHBIX HEHTpoHOB MomHocThio 10 MBT.

KitroueBble ci10Ba: cMeIaronye TOPLEBbIE MIACTHHBI, MPOOKOTPOH, YCTAaHOBKA ¢ MarHUTHBIMHU NMPOOKaMu, THOPHIHBIN peakTop, Hc-
TOYHUK TEPMOSIEPHBIX HEHTPOHOB, MUHIUMAIIbHASI HHLYKIIMsI MATHUTHOTO TTOJIS.

INTRODUCTION

A minimum-B mirror field, optimized with respect to plasma stability, plasma cross-section ellipticity and
1.5+ particle drift surfaces has been derived in [1], Fig. 1
(the confinement region has essentially straight and

1 nonparallel magnetic field lines). The shape of the
magnetic surface cross section evolves from circular
0.5 at the mid plane to elliptical near the magnetic field
maximum and regains a circular shape at the expan-
0- der tank wall, where ring-shaped end plates biased to

£ . )
= different voltages could be placed. The plot is for a
-0.5 case, where a = 40 cm (plasma radius), ¢ = 4 m
(longitudinal scale length), Rm = 4 (mirror ratio) and
-1 M = 3 (magnification of the flux tube cross sectional
area at the end tank). In the present paper, we inves-
-1.5+ ' r T 1 tigate how such a target field can be reproduced by

0 1 2 3 41 0 -1

zm X, m some appropriate arrangement of superconducting
Fig. 1. Magnetic surface of a compact optimized minimum-B field 3D-coils. The reproduction of the magnetic field
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3d coils for a compact min B mirror field with minimal flux tube ellipticity

needs to be quite precise, since field errors may trigger plasma instabilities or cause collisionless plasma losses
by guiding centers drifting away from the confinement region. Straight loffe bars and variants of baseball coils
and ying-yang coils have been used to create a quadrupolar mirror magnetic field, but the flexibility to shape the
magnetic field in more detail is limited, if the coil design does not permit a flexible stacking of many coils. This
study is an extension of the research reported in [2], where a special set of «fishbone coils» was introduced for a
quadrupolar minimum-B field. We will use a slight modification of those coils in the present study, and expand
the parameter range for the reproduction of magnetic field and present a convenient way to make a good preci-
sion fit to the target field. Some tasks of interest are constraints set by the coils on device size and the mirror
ratio. The mirror ratio should preferably be as high as possible within tolerable limits for the flux tube cross sec-
tion ellipticity.

COIL MODEL

The magnetic field from filamentary currents is determined by the Biot-Savart’s law:

Bl pdl'xR
B(x) = ,
%) Ant R®

where R = x — X’ is the relative vector between the field point and filament source point. Consider first a single

!/

i _— dz
filamentary current with line elementdl’ = do¢’ [(p r +zd—] wound on a round cylinder at distance r’ from the z
¢

axis with a line element: dl'=@r'de’ + 2dz' = (-y'de’, xX'd¢’, dz'), Z'(¢") = z;+hcos2¢’,
dZ'=g—Zd(p =-2hsin2¢'de’. Here x’ = r'cosg’, y' = r'sing’ and (r', ¢', z') are the cylindrical coordinates for

source points on the magnetic axis of the linear device. A finite h gives a quadrupole field component. Com-
pared to the coil set in [2], the straight parts connected by curved elements in [2] are here replaced by the wiggle
z'=1z5+hcos2¢’, which can be anticipated to give a similar contribution to the quadrupolar field. Near the
magnetic axis, the Cartesian magnetic field components from this current loop are determined by

= f(2)+0(r?), BX=§|:—£+Q(Z):|+O(I'3), Byzl[—ﬂ—g(z)}O(P) (1a, b, ¢).
2| dz 2| dz

For a single filament we obtain f(z) = ZO r’%j) g(z) “0 r? [—3hl_COS4(p _ 0 cos2g Jd '

RE oz R
A simple check confirms that these formulas yield V-B = 0. The special case of g(z) = 0 corresponds to an
axisymmetric field.

We extend these calculations to a set of filamentary currents I wound on cylinders, where j enumerates the
cylinder radii and k counts the filament coils on each cylinder surface, compare Fig. 2. Separation distance r/

between the cylinder surfaces and the z axis can be written as rj = a, + JAr', j=0,1,2,..., N, where a is

' \\5\ D)) I \ \!

. ////// A// D) /// AU

-20 -15 15 20
Fig. 2. Coil boundaries versus arc Iength a,’ at the inner coil radlus, which is the radius where the filament curvatures are at their max-

O P N W b

imum. Measurement units are meters. The complete coil winding includes analogous layers of wire currents at constant external radii r;

wound with the same variation with ¢’, which facilitates convenient stacking of the coils. Each coil layer at a constant radius has a width
Lz along z, and a package is formed by adding such layers in the interval of a0 < rj < as, where a1 is the outer coil radius. The coil set

consists of a sequence of pair of identical coils on the opposite sides of the mid plane at z = 0. The figure is for the case, where a coil pair
closest to the mid plane has coalesced in to a single coil
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the inner radius and a; = ao + N/Ar’ is the outer radius of the coil package. Filamentary currents with currents Iy are
wound at the cylindrical radius r; with the axial source coordinates (compare Fig. 2): z;(¢") = z; , +h, cos2¢’,

k==1,42, ..., kmax. Here z; , determines the axial center of the filamentary current. For simplicity, we take Ij = I« for

all j values (for convenient stacking of the coils, we will arrange packages, where all filamentary currents in a given
9,.(2)

package have the same z; ., h and lx values). The described winding results in I, g(z):ZBk . , Where

ik

2

r - ' ' - '
& q-{_ghkl cosdg’ 0 cos2¢ Jd(p" With 2, =—2 ,,

r_!2 d(P' az 1
B = pold(ag) and f ., (2) =——p——,q. . (z) =
k “Ok( ) ]k( ) o CﬁRg’jk g],k( ) o Rs’jk 22 Rg’jk

h, =h, and I ik = I i.k» We have a symmetric quadrupole field satisfying f(-z) = f(z) and g(-2) = g(2).
Details of the coil arrangement will be presented elsewhere. As indicated in Fig. 2, for convenient stacking,

we collect filaments into paired packages, where parameters for the current I; the quadrupolar parameters h; are

identical. Each package, which models a multi-turn winding in a cryogenic coil, has width L, along the z direc-

tion, compare Fig. 2, and identical inner and outer coil radii. With an arrangement where identical coils are

placed on opposite sides of the mid plane, a symmetric minimum-B field is formed, satisfying f(-z) = f(z) and

g(-2) = g(2). Overlapping between the coils must be avoided.

TARGET MAGNETIC FIELD PROPERTIES

_ _ B tg B, ..[f0
With B, = (0), we introduce ue(z) and v,(z) byu,(z) =, |—"-cosh| | =dz |, y,(z) =, [—=2=sinh| | =-dz |,
th Bo = f(0), we introduce ue(z) and 1,(2) byu,(2) = |7 uzf ]v() ,/f(z) uzf ]

where Ue(z) = Ue(-2), and is an even function and y,(z) = —yo(-2) is an odd function. In the equatorial plane, these
functions satisfy the Cauchy conditions, namely, ue(0) = 1, yo(0) = 0, u,(0)=0 and v,(0)=1/c_, where
cL = 2f(0)/g(0) is a parameter, which determines the longitudinal length scale for the quadrupolar field (axisym-
metric fields correspond to ¢, —). The Cartesian components of the field are in the paraxial approximation
r R e el e e

Near z = 0 this reduces to Bx — (x/c.)Bo and By — (y/cL)Bo. The formulas show that the shape of the mag-

determined by B, =

netic field near the z axis is determined by ue(z) and yo(z). Our goal is to fit ue(z) and y.(z) to the target functions
u®(z) and y$7(z),, derived in [1] for an optimized minimum-B field. The target functions correspond to an
extended SFLM (straight field line mirror) field with a minimal flux surface ellipticity for a given mirror ratio,
which will be connected to expanding flux tubes beyond the mirror throats. Over most of the confinement re-
gion, apart from a close vicinity to the location for the maximal magnetic field strength, the corresponding target
functions are accurately described by the simple SFLM expressions u*”(z) =1 andy®”(z) = z/c_, which sim-

o

plifies the fitting in that region. This ideal SFLM field results in: B a%,
— z L

allowing desirable properties

for a region with a finite mirror ratio to be obtained, although this simple solution cannot be directly extended
to the expander region beyond the mirror throats due to singularities that show up at z = +c.. The extended
SFLM field derived in [1] is somewhat (but importantly) deviated from the ideal SFLM solution in the confine-
ment region, which enables a smooth transition into the end tank region. The magnetic field from the coils
should also provide suitable properties on the path to the expander tank region.
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2N
M SC) Pl E L S - B
C, 4(L+e,) c,

2N
1 z . . o
— = | %% Here en = 1/(2N), integer N determines how close the target function is to the
41-g )\ c,

idealised SFLM field, and mirror ratio Ry, determines the ko parameter. With R, =4 and N = 4, o = 0.839, and
parameter values for other cases can be found in [1]. The above target functions are only applicable to confine-

ment region —zg < z < zg, where the magnetic field strength is at its maximum at the end points. Apart from the

(SF)
0

We wuse the SFLM target functions derived in [1]:

uf?(z) =1+

small, but important, deviations, we have u®”(z) = 1, and y,"’ (z) = z/c_ in the confinement region. The coil

parameters should demonstrate a proper magnetic field evolution into the end tank region beyond the mirror
throats. Our goal is to provide desired flux tube magnification M at the end tank wall with nearly circular flux
surface footprints at the end tank to avoid short circuiting between the end plates, which are biased to different
voltages. Nearly circular shapes will certainly appear far enough beyond the mirrors, since the vacuum field
asymptotically approaches an axisymmetric dipole field.

To generate the magnetic field, we first select parameters for mirror ratio R, and longitudinal scale length
cL, together with coil parameters for the inner coil radius ao, the outer coil radius ai, and their axial length, L,.
We then do the fitting by selecting imax, i.€. the number of coil package pairs, and adjusting the coil parameters

to match current I;, wiggling h; and central coil position zo,; for each coil, so that apart from very small field er-

(SF)

rors, we end up with ue(z) = u” (z), and v+(2) = v,

(2) in the confinement region. An almost exact agreement

with the target function assures that the coils produce a magnetic field satisfying the minimum-B criterion near
the axis, which corresponding MHD stability for the flute and ballooning modes, accompanied with favourable
properties for flux tube ellipticity and suppression of neoclassical transport effects.

RESULT FOR A FUSION NEUTRON SOURCE

As an example, we have considered a case 7
which could be representative for a fusion neutron
source with a fusion power in the range of 10 MW.
In Figs. 2 and 3, plasma dimension parameters are 5
a=0.35 m and ¢. =10 m. The coil parameters are
a=14m, and L, = 0.4 m. The available width for
shielding and other arrangements can be estimated 3
from Aasnyiels ® a0 — 2a = 70 cm. For this case, the

reproduction was made using mirror ratio Rn = 6 and 2

parameter value ao/c. = 0.14. To match the strong 1

gradients of the target functions for this rather high

mirror ratio, it was necessary to consider a low value 0 05 1 15 5

of ao/cL. The target functions (with N = 3) and the
coil fitting give a good agreement in the confine-
ment region as seen in Fig. 3.

Fig. 3. The ue(z), yo(z), functions (yellow and green, resgectively)
and the corresponding mirror ratio Rm(z) = 1/(u? - v2) (blue)
generated by the coil set versus z/cL is shown. The plots demonstrate
accurate reproductions of the SFLM field in the confinement region

The coil parameters

i 1 2 3 4 5 6 7 8 9 10 11
zy:lc, 0 0.081 0.17 0.28 0.37 0.51 0.65 0.8 0.94 1.0946 1.41
hi/as -0.252 | -0.252 | -0.252 | -0.272 | -0.272 | -0.322 | -0.422 | -0.592 -0.762 -0.18 1.63

Az, cm — 41 49 67.2 50 93 86 86.2 76.2 33.12 22
I 0.1239 | 0.2767 | 0.3346 | 0.3139 | 0.4543 | 0.5369 | 0.7022 | 0.5782 2.3336 6.3276 0.9491

(Note that separations Az between neighbouring coils provide space for the structural support and openings to the vacuum chamber.
The I, parameters represent dimensionless coil currents.)
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The ellipticity at a maximum B strength is reasonably well described by a simple estimate eei(Rm) = 4Rnm.
Because the target vacuum field is close to a marginal minimum-B field, we need to assure that field errors do
not give rise to plasma instabilities. The small field errors obtained here are unlikely to pose any problem for
flute stability, since they would be surpassed by several other stabilizing effects. Although the gas-dynamic re-
gime may, in principle, provide stabilization for an expander with its favourable curvature, other mechanisms of
stability control should be identified, if we aim for a more collision-free regime. Line tying could be one such
mechanism. Wall stabilization is present since a plasma displacement induces image currents in a conducting
vacuum vessel. Most importantly, a finite beta deepens the magnetic well and is therefore expected to strongly
improve flute stability. Small field errors also are not expected to have any dramatic effect on the confinement,
if a radial electric field is applied, since the ExB rotation tends to smear out guiding centre excursions caused by
the field errors. There are therefore reasons to anticipate a robust confinement in the magnetic field with favour-
able MHD-stability properties.

We have also computed the representations of a more compact test device with a 6-m long confinement re-
gion, as well as a full scale stand-alone fusion reactor with a 100-m long confinement region. The 6-m long de-
vice could be of interest for testing purposes, if optimal confinement properties could be demonstrated in a real-
life device, and such a device could also be designed for investigations of centrifugal confinement, where a con-
trolled ExB rotation provides a plasma heating source. Apparently, centrifugal confinement schemes [4, 5] have
not yet been tested on a device with superior MHD-stability properties, such as the SFLM field, where stability
of flute and ballooning modes is predicted. An interesting possibility with the centrifugal confinement is the po-
tential for counteracting pitch angle scattering, since it could provide a torque and a corresponding kinetic ener-
gy deposition into perpendicular velocity components. Since only a small tilt in pitch angle is required to pre-
vent a particle from escaping into the loss cone, there may be a chance that the longitudinal confinement in mir-
rors is dramatically increased with a moderate power applied to the centrifugal confinement scheme. If so, a
mirror may even be relevant as a stand-alone fusion reactor.

A 100-m long full scale device can be designed with a mirror ratio exceeding 10 for the vacuum field using
our magnetic shaping method. Including a finite plasma 3, there may be a possibility to reach a mirror ratio of
around 20 [1]. A good confinement of energetic particles is anticipated in the SFLM field, while the confine-
ment of tritium and Helium 3 particles from the D—D-fusion reaction is expected to substantially increase the
power output from a D—D-plasma. Several crucial problems concerning tritium inventory and its breading ratio
could be eased by a fusion device using the D—D-fuel, however that would require a by far higher confinement
than achieved in any device developed so far. It seems plausible that commercial fusion energy development
will be confined to one or another scenario involving only the D—D-fuel cycle.

Essentially, a target field can be reproduced to a certain maximal mirror ratio, where higher values for the
mirror ratio are obtainable for long-thin systems. For a sufficiently long-thin system, mirror ratios in the range
of 10 can be achieved. Finite plasma Bcan be exploited to raise the mirror ratio to around 20.

SUMMARY AND DISCUSSION

A detailed reproduction of an optimized magnetic field is necessary to avoid plasma instabilities. MHD sta-
bility for both flute and ballooning modes with  ~ 1, combined with minimal ellipticity, are envisaged for the
SFLM field. Arrangements can also be made to suppress the neoclassical transport effects. The objective of this
study was to identify a practical and convenient coil set for the reproduction of a SFLM field, and to determine
the limiting values of the mirror ratio for this coil set. Our fishbone coil arrangement can be applied to a wide
range of sizes for a minimum-B mirror field.

.. L . inner coil radius
The most critical parameter for accurate reproduction is ratio % _ _
c_  axial scalelength

It determines the upper limit on the mirror ratio, and higher mirror ratios can be fitted with smaller values
of ao/c.. For a sufficiently long-thin system, we can achieve Ry = 10 for the vacuum field, with tolerable values
for the ellipticity. With a finite plasma beta, the mirror ratio can be increased further. In a minimum-B vacuum
magnet field, a finite B would not trigger flute instability (because diamagnetic currents deepen the magnetic
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well) or increase the ellipticity. For the optimised magnetic field, the largest flux tube ellipticity in the confine-
ment region is estimated as een = 4Rm(0), where Rn(0) is the vacuum field mirror ratio.

The fishbone coils are smoothly twisted, which is favourable for superconductors [3]. Results representative
for a 10 MW fusion neutron source are presented in this paper. A detailed reproduction of the target SFLM field
is also possible for a wider parameter range.

A more compact magnetic field design may be appropriate for a 6-m long test device, where the existence
of the radial invariant could be tested experimentally. The idea is that a quasi-neutral electric field, controlled by
biased end plates, would act like a «glue» to force each guiding centre to move in close vicinity of its mean
magnetic surface, which is connected with the radial constant of motion [1]. The latter prevents a collision-free
radial leakage, allowing the neoclassical transport effects to be neglected.

With higher (around 100 kV) bias voltages, there may also be the possibility of testing the centrifugal con-
finement [4, 5], as well as plasma heating by a controlled ExB rotation. The point is to test this heating scenario
for a magnetic field with superior MHD-stability properties. To the best of our knowledge, experiments per-
formed so far on other devices have been using magnetic field designs prone to MHD-instabilities.
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The paper aims at studying peculiarities in isotope composition of thorium blanket under irradiation by fusion neutron source (FNS) in
hybrid thermonuclear reactor (HTR). High-energy (14 MeV) component of neutron spectrum in thorium HTR blanket can produce non-
traditional fissile mixture including not only 233U, but also 23'Pa, 22U and 234U. The extraction of such non-traditional fuel from a spent
Th-blanket and its utilization in traditional nuclear power reactors could increase fuel burnup and contribute to nuclear weapon non-
proliferation. The results of a comprehensive investigation of the above positive effects, which included high-precision neutronics anal-
yses of a HTR’s Th blanket, are presented. The chosen model of HTR allowed the formation of high-energy neutron spectrum in
Th-blanket with significant fraction of 14-MeV neutrons; it appeared that threshold (n, 2n)- and (n, 3n)-reactions are able to produce
significant amounts of non-traditional target isotopes 23'Pa and 2%2U; it was shown that accumulation of non-traditional target isotopes
weakened substantially in depth of Th-blanket. It is therefore reasonable to look for optimal thickness of Th-blanket and optimal invento-
ry of natural thorium.
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TEPMOSIJIEPHBIV HEUTPOHHBI HCTOYHUK — DY®PEKTUBHbIN
HAPABOTUUK HETPAJULIMOHHOI'O SITEPHOI'O TOILINBA

I'I". Kynukos, A.H. llImenes, A.E. Kpyenuxos, B.A. Ancs, E.I". Kyiukos

Hayuonanvnutii uccnedosamenvckuii soepuswiil ynugepcumem « MUDHUy, Mockea, Poccus

AHaTU3UPYIOTCS 0COOCHHOCTH M30TOMHOro coctaBa Th-OnankeTa mpu oOnyueHnHu B ruOpuaHom tepmosigepHom peaktope (I'TP) nHa
(D—T)-tnasme. (D—T)-mna3ma Gbuia BeIOpaHa MOTOMY, YTO BhICOKOIHepreTuueckas (14 MaB) cocTasisitorasi HSHTPOHHOTO CIIEKTPa B
TopueBoM Onankere I'TP TIO3BONISET MOTYYaTh HETPATMIMOHHYIO NEJANIYOCS CMECh, BKIFOYAIONLYIO He TONBKO 255U, HO W M30TOIBI
21pg, 232 y 24U, Takue HETPaAULMOHHBIE TOILUIMBHBIE KOMIIO3MIMH MOTYT HPEACTABIATL MHTEpEC Wi npoektoB ADC ¢ suepHBIMH
peaKkTOpaMH Ha TEIUIOBEIX HEHTPOHAX, MOCKOJIBKY OHHM MOTYT IIPHUBECTH K 0oJiee BHICOKOMY BBITOPAHUIO TOIUIMBA M YCHICHHIO PEeXHMa
SIIEPHOTO HepacrpocTpaHeHus. ViccinemoBaHus 3THX IOJOXKHUTENIBHBIX d(Q(EKTOB MOTPeOOBAIN JIETANIFHOTO HEHTPOHHO-(PHU3NUECKOTO
aHanmu3a TopueBoro O6mankera ['TP. B craThe mpencraBieHs! pe3ynbTaThl, MOJYYSHHBIE B X0/I€ STHX MCCIeOBAaHHUI: BEIOpaHHAS MOJIENb
I'TP no3Bonuia copMHUpoBaTh BEICOKOIHEPreTHUECKUIT HEUTPOHHBIN criekTp B Th-GnaHkeTe ¢ 3HAUMTENBHON 10JIel HEHTPOHOB C SHEp-
rueit 14 MbsB; noporossie (N, 2Nn)- u (N, 3N)-peakuun CrrOCOOHBI MPOU3BOUTH 3HAYMTEILHBIE KOIMYECTBA HETPAJUIIHOHHBIX H30TOMOB
231pa u 232U; HakoOIUIEHHE 3THX M30TONOB CYNIECTBEHHO ocnabeBaeT B rnybune Th-6Gnankera. [105ToMy HYKHO MCKAaTh ONTHMAIEHYIO
tonuuHy Th-cios ¥ ONTHMAaNbHOE KOJIMYECTBO 3arpykKaeMoro B OJIaHKET NPUPOJHOTO TOPHSI.

KaroueBnbie c10Ba: THOPUIHEIH TEPMOSICPHBIN PEAKTOP, TEPMOSICPHBIN MCTOYHIK HEWTPOHOB, TOPUEBLIH Onanket, 25'Pa, 232U, koM-
nbiotepHast mporpamma SERPENT-2.

MODEL OF FUSION NEUTRON SOURCE

High-energy (14 MeV) neutrons present in thorium HTR blanket can produce non-traditional mixes off
issionable materials including not only #3U, but also ?*'Pa, **2U and #*U. The extraction of those non-
traditional fuel sourced from a spent Th-blanket and their subsequent utilization in conventional nuclear

Tritium power reactors could increase fuel burn up and en-
reproduction zones hance nuclear non-proliferation [1—4]. A one-
o dimensional cylindrical HTR model [5] was used in

numerical analyses. Radial HTR zones were treated

I _ o .

I (D, T)- % Th-blanket *§ § é as infinitely long axial layers. An equi component
| Plasma e & 511511 & 5| D—T plasma (nr = np = 5-10* ion/cm®) was taken
cmp (cm to be the main neutron source. A basic layout of the

Y200 10 27 16 4 4 412100 HTR model is shown in Fig. 1.
cm cm cm M Moderator <M M The thorium blanket was place dimmediately be-
(2.4 and 1 cm of H20) hind the first wall, to allow high-energy 14-MeV neu-
Fig. 1. Basic layout of the HTR model trons to irradiate thorium and produce non-traditional
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nuclides via certain threshold reactions. In front of the blanket, fusion neutrons are partially moderated by the
first wall. The blanket is separated from the tritium reproduction zones (Li-containing zones) by structural mate-
rials. Light-water layers are set in front of, behind and between the tritium reproduction zones to intensify °Li(n,
o) T reaction. Neutron senter the tritium reproduction zones after having passed through the tritium blanket and
been slowed down. Theses low neutrons do not have the potential to initiate any threshold reaction and can be
utilized in the tritium reproduction zones without decreasing the production of non-traditional nuclides.

NEUTRON ANALYSIS OF THORIUM HTR BLANKET

Time-dependent neutronics analyses of the isotopic content compositions in thorium HTR blanket were car-
ried out using SERPENT-2 Monte Carlo [6—8] with continuous energy dependencies of evaluated nuclear data.
The first wall neutron load was taken as 1 MW/m?. This value is generally acceptable from the standpoint of the
first wall strength properties.

SERPENT-2code. SERPENT-2 is the multi-purpose computer code based on Monte Carlo methodology. It
applies continuous energy dependencies of evaluated micro cross-sections to the solution of three-dimensional
transport equations. SERPENT-2 was initially created to solve nuclear reactor physics problems, but now its
capabilities extend beyond this. Applications can be divided into the following three categories:

— traditional problems of the nuclear reactor physics: spatial homogenization, determination of reactor crit-
icality, investigations of nuclear fuel cycle, simulation of nuclear research power reactors, validation of deter-
ministic computer codes, etc.;

— multi-physical simulations: neutronics combined with thermal-hydraulic analyses, CFD-code computa-
tions, as well as computations that account for variations in fuel properties;

— neutron/photon transport modeling in the estimation of exposure dose — aimed at solving radiation
shield problems and conducting nuclear power and medical research.

SERPENT-2 reads continuous energy micro cross-sections from ACE-formatted libraries. The interaction
physicsis based on classical kinematics of inter-particle collisions, reaction cross-sections from evaluated nuclear
data files (ENDFs) and probability table sampling in the unresolved resonance energy range. ACE-formatted
cross-section libraries are based on JEF-2.2, JEFF-3.1, JEFF-3.1.1, ENDF/B-VI1.8 and ENDF/B-VII evaluated nu-
clear data files. Data on radioactive decay and fission yield are taken from standard ENDF-formatted libraries.

Neutron spectrum in Th-blanket. The results of the Th-blanket neutron spectrum calculation are shown in
Fig. 2. One can see two peaks, one close to 10 MeV, the other close to 0.4 MeV. While the former is directly
related to fusion neutrons coming from the source, the latter is produced by neutrons that have passed through
the first wall, undergone inelastic scattering and lost a significant portion of their initial energy. Neutrons with
resonance, epithermal and even thermal energies can be found in deep inner layers of the Th-blanket. The pro-
portion of these slow neutrons is substantially smaller than that of high-energy neutrons. As a result, a suffi-
ciently high-energy neutron spectrum can be formed in the Th-blanket even with a thick (10 cm) first wall. The
proportion of high-energy neutrons increases with de-
creasing blanket thickness. 2 0.3 MeV

Micro cross-sections and reaction rates in Th- 20
blanket. This section deals with the basic characteristics }
that define the Th-blanket performance in terms of pro- 5
ducing the important >'Pa and %?U isotopes. These char-
acteristics are the micro cross-sections of Th and neu- 10
tron flux in different radial zones of Th-blanket at the } 14 MeV
beginning of irradiation (Fig. 3). Because the Z2Th burn
up will be relatively low when the first wall neutron load - / k
sincrease (1 MW/m?) at a certain level of engineering 00.01 01 1 10 100 10° 10* 10° 10° 107 108
maturity, neutron reactions on 2?Th nuclei will define the Neutron energy, eV
neutron balance throughout the irradiation cycle. Fig. 2. Th-blanket neutron spectrum

Neutron spectrum, %
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0.6i 6 As one can see, the probability of radiative neu-
tron capture increases, while of the (n, f), (n, 2n) and
(n, 3n) threshold reactions decreases with the depth of
neutron penetration into the Th-blanket. This effect is

Neutron flux

b £

S =

S 04 4 =

SF S caused by gradual neutron slowing down. The micro

1] X . - .

g‘% \ «  cross-sections of radiative neutron capture by 22T

g o2 I , = increase especially strongly in periphery of Th-blanket

[ e - - - -

s —| % (in the last centimeters). At the same radial points the

? = ' Z neutron flux falls roughly twice in an almost linear

& | 0 manner. Therefore, one can conclude that the intensity
0 5 10 15 20 25 27 of ?'Pa and ?*?U production in the Th-blanket periph-

Radial coordinate, cm eral areas is low. It diminishes both in absolute terms
Fig. 3 Energy-averaged micro cross-sections of 22Th and neutron (kilograms per year) because of the low neutron flux,
flux in Th-blanket: —(, y), ——(n, 2n), —— — (n, 3n), . . .
A a_nd in relative terms as compared aga_unst the produc-
tion of ?*U because of the low ratios between the
cross-sections of the threshold reactions and the radiative neutron capture. As a conclusion, the problem of op-
timizing the blanket thickness and thorium inventory should be set and solved.

The cross-section of 22Th (n, f) reaction is more or less similar to the micro cross-section of the 2Th (n,
3n) reaction, meaning that the thorium fission reaction is weaker than reactions giving rise to the U, ?*'Pa and
2321 isotopes. This fact allowed us to expect modest heat generation rates in the Th-blanket that would simplify
heat removal from it. Therefore, thermal energy release into the environment without utilization may be eco-
nomically reasonable.

The balance of energy-averaged reaction rates in Th-blanket is presented in Fig. 4. The processes involved
include radiative neutron capture by of »*Th, fission reaction of 22Th, %?Th (n, 2n) and ***Th (n, 3n) threshold
reactions, radiative neutron capture reactions of structural materials (Fe, Mo) and neutron leakage. In fact, these
0.6 6 reaction rates are appropriate micro cross-sections (see

'% \ % Fig. 3) multiplied by the neutron flux and by the *2Th,
& | Neuton 5 Feand Mo concentrations.
S o4 eutron X 4 F Neutron leakage rate is positive over the first 9 cm
SN.E \ % and negative further into the blanket. This suggests
E&:a \ X that neutrons coming from plasma through the first
g 9 ] 5 E wall and getting multiplied in the upper 9 cm layer by
: - 1 S #2Th(n, 0, ®Th (n, 2n) and 2Th (n, 3n) threshold
? T Z  reactions, irradiate the deeper blanket layers.
0 T 0 The following conclusions can be made. First,
0 5 10 15 20 25 27 threshold 2**Th (n, 2n) and #?**Th (n, 3n) reactions
Radial coordinate, cm give rise to the isotopes of interest, %'Pa and **2U

Fig. 4. Energy-averaged reaction rates and neutron leakage rate g play a remarkable role in the balance of neutron
n Th'blankfe“ — ) === 02, ——— 3N oactions. However, it is the Z2Th (n, y) 2®U-
——00 reaction that plays the main balancing role. Second,
the 2*3U production rate at the blanket periphery is substantially higher than the production rates of *!Pa
and 22U isotopes. Therefore, enhancing the production of the desired isotopes may require a thinner blan-
ket. Third, the 22Th (n, f)-reaction is slow in all radial points of the Th-blanket. Then one may anticipate
that heat could be dumped into the environment without the need to be utilized. Fourth, the neutron balance
is strongly influenced by the rate of neutron leakage, especially that occurring deep in the blanket.

Rates ofreactions involved in the isotope decay chain. This section analyses the rates of neutron reactions
involved in the chain of isotopic transformations in the Th-blanket. The rates of radioactive decay, radiative
neutron capture reaction and fission reaction for some short-lived isotopes are presented in Table 1.
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T able 1. Reaction rates (1/day) of short-lived isotopes from the decay chain of Th-blanket.

Isotope A (ccD) (or®) (ocr-D)
B1Th 0.64 0.000206 0.000045 0.000251
233Th 45.0 0.000174 0.000008 0.000182
232pg 0.53 0.000077 0.000230 0.000307
233pg 0.026 0.000125 0.000002 0.000127

One can see that radioactive decay rates are at least twice as high as the rate of radiative neutron capture.
For this reason, the composition analysis of an isotope mix produced in the Th-blanket may neglect the radiative
neutron capture and fission of those short-lived nuclides. If structural materials with an enhanced radiation re-
sistance are used in the first wall, then the neutron load (and related neutron flux) can be increased, while the
reaction rate difference can be decreased. However, a several-fold neutral flux increase is hardly practicable.

Next, we compared reaction rates obtained with different cross-sections, i.e. macro cross-sections multi-
plied on neutron fluxes. We omitted the same multiplier (neutron flux) and calculated the macro cross-sections
using relative masses of the isotopes (kg per 1 MT #2Th) produced, for example, by the end of the 1000-day
irradiation cycle rather than isotope concentrations, considering the close atomic weights of nuclides involved in
the chain.

The rates of 232U production via the threshold 2*Th(n, 2n) Z'Pa(n, y), 22Th(n, 3n) 2°Th(n, v) >*'Pa(n, ) re-
actions and via 22Th(n, y)**U(n, 2n) reaction were calculated. The threshold reactions are comparable in terms
of their contributions to the Z'Th production (in the form of a direct (n, 2n) threshold reaction on #*Th nuclei in
one case and through neuron capture by *°Th in the other case). The total rate of these threshold reactions was
compared with rates of the %'Pa(n, y) reaction and rate of threshold ?3U(n, 2n) reaction. The micro cross-
sections, relative masses and reaction rates at the end of irradiation time (1000 days) are presented in Table 2.

T able 2. The rate of 22U production via different channels

282Th-reaction

Evaluated reaction

Micro cross-section, barn

Relative mass, kg/t

Reaction rate, barn-kg

(n, 2n)
(n, 3n)
(n, 2n) + (n, 3n)

(n,v)

232Th(n, 2n)
230Th(nl ,Y)
ZSlPa(nl ,Y)
233Y(n, 2n)

0.082
3.679
6.167
0.010

988.6
0.911
2.564
6.188

80.9
3.35
15.81
0.063

It is evident from this table that the total rate of the threshold reactions, is more than twice as high as the
222Th(n, v)*3U(n, 2n)-reaction rate. The ?*Th(n, 2n)-reaction is 24 times faster than the Z2Th(n, 3n)-reaction. As
a result, the lion’s share of 22U is produced via the?*Th(n, 2n)-reaction. The contributions of the rest reactions
are negligible.

Some parameters of heat generation rate at the end of irradiation time are presented in Table 3. Isotope 23U
is main contributor here while contribution of %2Th is lower by two orders of magnitude. Taking into account
the fact that 2*°Th is a threshold-fissionable isotope, and that Th-blanket contains 99.86% 2*2Th, one can con-
clude that total heat generation rate at the end of irradiation time remains insignificant. Therefore, heat removal
does not represent a serious problem, as thermal energy may be released into the environment without the need
to be utilized

T ab | e 3. Fission reaction rates for different isotopes at the end of irradiation time (1000 days)

Isotope Micro cross-section of fission, barn Relative mass, kg/t Fission rate, barn-kg
232Th 0.025 998.6 25.26
230Th 0.057 0.911 0.052
231pg 0.256 2.564 0.656
232y 3.429 0.089 0.305
=3y 7.477 6.188 46.27
24U 0.455 0.072 0.033

Thus, one can conclude that contribution of short-lived isotopes is negligibly small. Among the threshold
reactions, only the 2Th(n, 2n) should be accounted for.
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Thorium burnup. Time-dependent thorium burnup via different reactions (radiative neutron capture, fis-
sion, threshold (n, 2n)- and (n, 3n)-reactions) is shown in Fig. 5.

Naturally, all time dependencies are linear, because the rates of all burnup reactions are linear functions of the
neutron flux and neutron spectrum. The neutron flux is determined by the FNS intensity which is fixed with re-
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spect to the first wall fusion neutron load (1 MW/m?).
Time-dependent variations of neutron spectrum are
very small because of low thorium burnup and low ac-
cumulation of new isotopes. Only around 10 kg out of
one initial ton Z2Th input are burned up during an irra-
diation cycle, meaning that %**Th burnup is nearly 1% of
heavy metal (HM) inventory. Mean fuel burnup in cur-
rent light-water reactors of VVER-1000 type is close to
5% HM while maximal fuel burnup is about 7% HM.
The ways towards intensification of thorium burnup and
production of objective isotopes must include the at-
tempts to provide higher values of neutron load on the
first HTR wall and longer irradiation time of Th-
blanket. Anyway, it is necessary to seek for new struc-
tural materials with upgraded radiation resistance.

As expected, the 22Th(n, y)-reaction is the main
channel for thorium burnup. However, the %*Th(n, 2n)
threshold channel is not negligibly weak, and slightly
more intense than Z2Th(n, f) channel. These results al-
lowed us to expect intense production of traditional iso-
tope 2*U and non-traditional objective isotopes **'Pa
and 22U,

Production of isotopes 23U, #'Pa and 2*?U. Pro-
duction of different isotopes in thorium blanket under
irradiation by fusion neutrons is shown in Fig. 6 as a
function of irradiation time.

We show 22U and %*3Pa total production consid-
ering that 2*Pa decays into 23U (half-life
T12 (3%Pa) = 27 days) almost fully. In fact, its radio-
active decay is much faster than its radiative neutron
capture and fission. As expected, the largest part of
2% is produced via the ?°Th radiative neutron cap-
ture, followed by two rapid B-decays of **Th and
%3pa. However, *'Pa produced via the #*Th(n, 2n)
threshold reaction constitutes a significant portion of the
233 produced. The production of the «next in the line»
isotopes 2*2U and **U via the #'Pa(n, y)- and 23U(n, v)-
reactions, respectively, is, of course, less substantial.

Isotopic composition of uranium produced. The
282 and u?**U contentsin the uranium produced in Th-
blanket are shown in Fig. 7 as functions of irradiation
time.

One can see that the 22U and #*U contents in-
crease almost linearly with time. At the end of the
1000-day irradiation time, they reach 1.6 and 1%, re-
spectively.?3U represents the remaining 97.4%. In
fact, highly-enriched weapon-grade uranium is pro-
duced in the irradiated thorium blanket. This material
is very important for nuclear power reactors and re-
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quires strict control (in the non-proliferation context) by the IAEA inspectorate. The produced weapon-grade ura-
nium may be diluted by either natural or depleted uranium to a required concentration of fissile 23U. In addition,
such a dilution can provide proliferation resistance of the produced uranium at the highest isotopic level. In this
case, main fissile isotope 23U would be surrounded by the lighter 22U and by the heavier %*U and %®U isotopes.

Now a question about the 2*U and 22U contents of the uranium produced, 1 and 1.4%, respectively: are
they large or small? Numerical evaluations suggest that these concentrations are negligible and unable to influ-
ence the neutron-physical properties of nuclear fuel in any significant way, as produced uranium would be dilut-
ed by 8U. Moreover, with the uranium produced and diluted by natural / depleted uranium to 5% 2*3U, the 22U
and #*U concentrations fall ~25 times to 0.065 and 0.04%, respectively.

Presently, the glovebox approach is used to fabricate fresh nuclear fuel for light-water reactors from reprocessed
uranium. According to the Russian technical regulations, the **U content in the reactor-grade uranium must be below
0.2%. The rationale behind this stringent requirement resides in the ?*U intense a-activity (Ti» =2.45-10° years). If
uranium is enriched using a gas-diffusion or gas-centrifuge technology, then o-particles emitted by 2**U are able to
disorder the enriching process by the chemical dissociation of uranium hexafluoride UFs molecules accompanied by
the formation of free fluorine and lower uranium fluorides (mainly, UFs and UF,). These low-volatile uranium fluo-
rides can disturb the uranium enriching process, as they can precipitate on the inner surfaces of process facilities (cen-
trifuges, pipelines), while free fluorine can act as a strong corrosion-aggressive element.

As for 22U, Russian technical regulations require that the 22U content in uranium-bearing materials is be-
low 2-1077%. The rationale is largely the same as that for 24U, although a much stronger case can be considered
for 22U. Indeed, the *2U half-live is significantly shorter than that of 24U (69 years versus 2.45-10° years). The
232 decay chain includes five additional o-emitters. Besides, one member of 22U decay chain, namely isotope
29871, is a source of high-energy (2.6 MeV) y-rays. At the end of irradiation time (1000 days), the ?*?U content in
the uranium produced is ~107 times larger than the acceptable value for the glovebox technology of U-based
fuel fabrication. Even if the uranium produced is diluted by 22U, the 22U content is at least ~10° times greater
than acceptable value (2-10%)t. This means that remote technologies should be developed for nuclear fuel fab-
rication from uranium with such isotope composition. The intense emission of high-energy y-rays can act as a
strong deterrent for parties who might otherwise be willing to use uranium for non-peaceful applications. If such
parties still go for the manufacturing of a nuclear explosive device (NED), they will have to carry out uranium
pre-enriching with isotope 22U in a cascade of gas centrifuges, for instance. In this case, intense a-activity of 22U
and its decay products could trigger a chemical dissociation of the UFs molecules. The separation of the U iso-
tope, surrounded by #2U, #*U u 28U, is a much more intricate problem than the enrichment of natural uranium. To
solve it, one would need a dedicated or a two-stage enrichment cascade to produce successively higher concentra-
tions of the desired isotope. Besides, difference of 22U, 22U and %*U atomic weights is only 1 a.m.u. while that in
the process of natural uranium enrichment equals to 3 a.m.u. So small difference can complicate additionally the
uranium enriching process and reduce efficiency of the process. If terrorists try to manufacture a NED without the
283 separation, then intense heat generation by *2U would melt down the chemical explosive, disabling the NED.
The intense neutron emission by 22U from spontaneous fission reactions can trigger a premature initiation of chain
fission reaction in the NED and drastically reduce the
energy yield of nuclear explosion. Thus, the large *?U
content is an extremely strong barrier against any unau-
thorized usage of the 2U. 0.8

The technical capabilities of the government-
owned industrial enterprises are evidently greater than
those of terrorist organizations. Actually, we can al-
ways establish the 22U content in uranium-bearing
materials, which would allow the government-owned
enterprises to work with these materials, but make
them beyond the reach of non-state actors. 0.2

Production of #'Pa. Ratio of ?*!Pa-to-uranium
content in Th-blanket is shown in Fig. 8 as a function
of irradiation time.

One can see that the #*!Pa-to-U ratio is, in es-
sence, a time-independent value (about 0.38). This Fig. 8. Ratio of 2*'Pa-to-U content as a function of irradiation time
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means that with uranium enriched up to <5% 23U the %'Pa content in uranium-bearing materials will be 1.9%. We
know that the neutron capture micro cross-section for ?*'Pa is almost 75 times higher than for ?*®U in the thermal
energy range. Therefore, an intense neutron capture by **'Pa can contribute to the neutron balance and stabilize
neutron-multiplying properties of uranium-based fuels during irradiation time in a nuclear power reactor.
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Fraction of high-energy neutrons in Th-blanket.
Because the desired %'Pa and 2*2U isotopes are produced
by threshold (n, 2n)- and (n, 3n)-reactions, it would be
interesting to study the radial distribution of high-energy
neutrons in thorium blanket. Only these high-energy neu-
trons are able to initiate threshold (n, 2n)- and (n, 3n)-
reactions. As was shown in Fig. 5, the neutron spectrum
does not change in any significant way during full irradi-
ation time because of the #Th low burn-up (about
1.1% HM). For this reason, the radial distribution of
high-energy neutrons in thorium blanket is shown in
Fig. 9 for the beginning of irradiation.

Fraction of high-energy (E > 6.5 MeV) neutrons de-
clines approximately twice as we move from the front
edge of the Th-blanket (the plasma-blanket border) to its
back edge (the blanket-structure border). The radial deg-
radation of the high-energy neutron flux is due to the
gradual neutron slowing down through elastic and inelas-
tic scattering. Therefore all relevant isotopes, including
those desired, will be accumulated in thorium blanket in
a non-uniform spatial manner. This conclusion is con-
firmed by numerical results presented below.

Isotope production in thorium blanket. The
radial distributions of isotope production in thorium
blanket are shown in Fig. 10.

One can see that the production of the desired !Pa
and ZTh isotopes, which is only achievable with high-
energy neutrons via threshold (n, 2n)- and (n, 3n)-
reactions, is substantially (~by a factor of 6) more intense
at the front edge than at the back edge of thorium blan-
ket. This can be due to the neutron spectrum softening
(see Fig. 9), i.e. slowing down of high-energy neutrons in
the energy range below 6.5 MeV. The production of the
«traditional» 2*U isotope initially declines, but ultimately
starts rising. Such an irregular trajectory of the *2U pro-
duction may be due to the fact that moderated neutrons
enter an energy range (1—100 eV), where the %*Th neu-
tron capture cross section is low, which is favorable to
the production of 2*U (1 eV to 100 eV). However, this
effect calls for further investigations.

The production of 22U and 2**U is so small that
the radial distributions of these isotopes are almost
indistinguishable in Fig. 10. These distributions are
treated separately in the next section.

Radial distribution of uranium isotope compo-
sition in Th-blanket. The radial distributions of ura-
nium isotopes (**2U and #*U) production in Th-blanket
are presented in Fig. 11.
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The #*2U production minimum in the middle of thorium blanket is due to the neutron spectrum softening.
However, the 22U production begins to increase in the peripheral layers of thorium blanket. This may be at-
tributed, first, to the intense production of *3U at the blanket periphery (see Fig. 10), second, by the initiation of
threshold 2U(n, 2n)?*2U-reaction. The production of 2*U increases substantially closer to the blanket back
edge. This can also be due to the vigorous generation of 2*U and the 23U(n, y)***U-reaction.

COMPARISON WITH OTHER CALCULATIONS

Production of various isotopes in Th-blanket of HTR on D—T-plasma has been also investigated in papers
[9, 10]. Experimental and computational data on reaction rates per one fusion neutron (E = 14 MeV) are pre-
sented in Table 4. These results demonstrate sufficiently good agreement.

T ab | e 4. Reaction rates of 232Th per one 14-MeV neutron

232Th reactions Experiment [9] Calculation [10]
(n,y) 1.63£0.10 1.58
(n.2n) 0.42 £ 0.04 0.58
(n.3n) 0.30 £0.05 0.15
(n.f) 0.17 £0.01 0.19
Neuron leakage 0.78 £ 0.04 0.76
12 T T

The time-dependent variations of isotopic mixes Neutron load

produced in a thorium HTR blanket are shown in

on the first wall = 1 MW/m? /

=
Fig. 12 [10]. They show a good qualitative agree- %D 8 — — .
ment with the results published in [10]. Small dis- :% e
crepancies may be due to dissimilar HTR types, é /
HTR blanket designs, different ENDF libraries and S 4 /’
numerical approximations. § —"

CONCLUSION 0 200 400 600 800 1000
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) Fig. 12. Isotope composition of Th-blanket as a function of irradia-
The proposed model of fusion neutron source tion time: —— — 233U + 31Pa (T1;» = 27 days), —— — 231Pa,

makes it possible to form high-energy neutron —— — U (1.5—6.7% inU), — —**U
spectrum in Th-blanket with sufficient fraction of
14-MeV neutrons.

It was demonstrated that non-traditional target isotopes **Pa and 2*°U can be produced insignificant quanti-
ties via threshold (n, 2n)- and (n, 3n)-reactions.

A possibility was shown to use simplified chain of isotope transformations without taking short-lived iso-
topes into consideration. Only one #2Th(n, 2n)-reaction should be accounted for.

The production of the desired isotopes was shown to reduce significantlyas it goes deeper into thorium
blanket. It therefore seems reasonable to look for an optimal blanket thickness and the natural thorium inventory
in the blanket.
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Americium and curium burnup in a fusion reactor
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AMERICIUM AND CURIUM BURNUP IN A FUSION REACTOR
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Kharkiv, Ukraine
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A large amount of spent nuclear fuel (SNF) from nuclear power plants has been accumulated globally to date, and there is still no established
strategy for handling it. While SNF can be partitioned, the predominant isotope Uranium-238 can be used to produce secondary fuel in fast nu-
clear reactors, and plutonium be burned in thermal nuclear reactors as a part of MOX fuel. Fission products can be disposed in geological reposi-
tories, as they decay in 200—300 years — much sooner than SNF. A major challenge is to handle minor actinides (MAs), particularly americium
and curium, which are long-lived elements and are currently not recycled. They have different nuclear properties and cannot be treated like plu-
tonium. It is possible to have americium and curium effectively burned up (fissioned) through irradiation with fusion neutrons. This paper ex-
plores the idea of employing fusion power plants for recycling those elements. An appropriate model was generated, which used americium and
curium quantities small enough to avoid any strong impact on the reactor systems and operation. At the same time, the model allowed for high
MA burnup rates. Nuclear facility used in the model was a torus-shaped thermonuclear reactor with plasma major and minor radii of 1000 and
300 cm, respectively. Such facility could take up additional 10 t of fuel (americium plus curium) with no significant impact on its physical char-
acteristics. The americium and curium burnup rates, calculated with the MNCPX code, were within acceptable limits. Fission neutrons were
found to contribute to the production of tritium, which may be important from the standpoint of the reactor’s self-sufficiency in tritium supply.
Calculations proved that the reactivity of the reactor as a fission burner was low, enabling a safe operation. In addition to the MA incineration and
tritium breeding capacities, fission reactions provided for a moderate (tens of percent) power gain.

Key words: fast reactors, spent nuclear fuel, fusion installations, MCNPX.
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BbBI'OPAHUE AMEPULIUSA U KIOPUSA B TEPMOSAJIEPHOM PEAKTOPE
B.E. Mouceenxo*, C.B. Yepnuyxuii®, O. Azpen®

YUnemumym @uzuxu nrazmol, Hayuonansuotii nayunwiii yenmp «XapoKosckuii uzuko-mexuuueckuii uncmumym», Xapokos, Yepauna
2Hayuno-mexnuyeckuti omoen «Soepuviti monauenvii yuxn», Hayuonanonviii nayunviii yenmp «XapoKo6CKuil (usuxo-mexuuyeckuil
uncmumym», Xapvros, Ykpauna

3Vnusepcumem Yncanwt, nabopamopus Anecmpema, Ynncara, leeyus

B Hacrosiiee BpeMst BO BCEM MHpPE HAKOILICHO GOJIBIIOE KOJINYeCTBO oTpaborasiuero saepHoro tomiusa (OST) ¢ aTOMHBIX 3JIEKTPOCTaH-
WM, ¥ JI0 CHX IIOp HET YCTaHOBJICHHOW CTpaTeruy oOpameHus ¢ HuM, B To BpeMst kak OST MoxxeT OBbITh cerapupoBaHo, IPpeo0IIafaromuii
uzoton 28U MoXKeT OBITH HCTIOIB30BaH YISl TIOTYY€EHHs] BTOPUYHOTO TOIUTHBA B OBICTPHIX AIEPHBIX PEAKTOPAX, a TUTYTOHUH MOXKET CIKUTATh-
csl B AlepHBIX peakropax B kadecTBe yacTH MOKC-tommBa. TIpoyKThl AeeHNs] MOXKHO YTHIN3UPOBATH B EOJIOTHYCCKUX XPaHWIIHILAX,
Tak Kak oHM pacmanarorcs depe3 200—300 ner, ropasmo pansure, veM OST. OcHoBHast pobieMa 3aKIIFOYaeTcst B 00paboTKe MUHOPHBIX
aktuHEAOB (MA), 0COGEHHO aMepHLIHS U KIOPHsI, KOTOPbIE SBISIFOTCS JOJIT0XKUBYILIMMHE JIEMEHTAMH 1 B HACTOSIIIEE BPEMsI He repepadarhl-
BafoTcs. OHM 00JA/IAI0T PAa3INYHBIMH SIIEPHBIMU CBOMCTBAMU M HE MOTYT HCIIOJIB30BATHCS TaK K€, KaK ILUTyTOHHH. MoxHO 3 deKTHBHO
CXKHTaTh aMEPUIMHA U KIOpHH (pacIIeruIsaTh) myTéM oOIyYeH s TepMOsICPHBIMH HefiTpoHaMu. B HacTosiMiei cTaThe MCCIeayeTcs uies co-
3[1aHUs TEPMOSICPHBIX MIEKTPOCTAHIUH JUIs epepabOTKU STUX IEMEHTOB. bblla co3zaHa COOTBETCTBYIONIAs MOJIENb, B KOTOPOI HCIIOJIb-
30BAJIMCH KOJIMYECTBA AMEPHIIUS U KIOPHS, JOCTATOYHO MaJble, 4TOObI N30eXkaTh KAaKOro-nub0 CUIBHOTO BO3JEHCTBHS HA PEAKTOPHBIC CH-
CTeMbI U UX paboTy. B To ke BpeMst MOJIelTb JA0MycKajla BEICOKHE MOKas3aTesn Beiropanus MA. SInepHast ycTaHOBKa, HCIIONB3yeMasi B MOJie-
JIM, TIpeICTaBIsIa coOO0 TepMOsIEpHEIH peakTop B hopMe Topa ¢ OonbinM 1 MansM paguycamu masMel 1000 n 300 cM cooTBeTCTBEHHO.
Taxas ycraHoBKa Moruia Ob1 OTpeGIATh HononHuTenbHo 10 T TormmBa (aMepHIumil IUTFoC KIOpHid) 63 CyIeCTBEHHOTO BIMSIHUS Ha e (hu3u-
Yeckue xapakTeprucTuki. CKOPOCTH BBITOPaHUS aMEePHULIMS U KIOpHsl, paccuuTanHble ¢ nomortbio kona MNCPX, Haxoaunuck B TpeOyeMbIx
npenenax. beuio oOHapy»KeHo, 9TO HEHTPOHBI JleJIeHHs CIOCOOCTBYIOT IPOU3BOACTBY TPHTHSI, YTO MOXKET OBITh BaKHO C TOYKH 3pPEHHS Ca-
MOJIOCTATOYHOCTH PEaKTOpa B IIOCTaBKaxX TPUTHsL. Pacu€Thl mokasaiy, 4TO PeakTHBHOCTh peakTopa ObLia HH3KOW, 4TOo obecreynBaio Oe3-
OIACHYIO 3KCIUTyaTalHio. B 10MoIHEeHHe K MOLHOCTSM CXKUraHust MA 1M pa3MHOXKEHHS TPUTHSL PEaKLUHU JIeJIeHUs 00ecieunBall yMepeH-
HBIi (IECATKU MPOLIEHTOB) MPUPOCT MOIIHOCTH.

KuioueBble c10Ba: ObICTpBIE peakToOpHl, 0OTpaboTaBIIee AepHOE TOIUTNBO, TepMosiaepHble ycranoBky, MCNPX.

INTRODUCTION

A large number of nuclear power reactors operating in the world require uranium «enriched» in the ?°U iso-
tope for their fuel. This is not the case of research reactors and reactors used in watercraft, including submarines.
The operation of thermal nuclear power plants results in large amounts of spent nuclear fuel (SNF), which conti-
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nue to grow. Nuclear power development in different countries and globally depends on approach adopted with
respect to the SNF management. This paper addresses approaches already in place and those that are yet in the
works and believed to be promising, with a particular focus on SNF management using thermonuclear facilities.

Nuclear power plays an important role in the world’s energy supply. Its growth prospects are directly linked to
the availability of proven uranium reserves. [1]. Electricity from nuclear power plants is one of the cheapest [2].
That said nuclear power is fraught with a variety of problems, including the radiotoxic nuclear waste. At present,
SNF is isolated in geological repositories, where it can be stored for hundreds of thousands of years. However,
SNF contains valuable chemical elements, whose extraction can potentially deliver economic benefits [3].

The incineration of transuranic elements at different levels of burnup depth is only possible in a fast neutron
spectrum, because not all transuranics can be fissioned by thermal neutrons. However, this technology has some
limitations that can be summarized as follows:

— transuranics contained in SNF and undergoing fission cause a deficit of delayed neutrons, which de-
creases the reactor controllability [4, 5];

— in a fast reactor, the Doppler-effect is reduced, which can be a major safety issue in the case of an acci-
dent, such as the fuel heating up in the reactor core;

— fast reactors are critical.

From the above one can conclude that transuranic elements make up only a small fraction of fast reactor
fuel, which significantly reduces the rate of their transmutation. What is more, the prospect of using the scarce
2% as a major fuel component is highly undesirable.

Another method to obtain high-energy neutrons is to use an accelerator driven system (ADS) [6—29]. This elec-
tronuclear breeder facility, created as an alternative to fast neutron reactors, (Fig. 1) uses a subcritical nuclear reactor
coupled with a particle accelerator and a neutron producing target, which eliminates the risk of power excursion acci-
dents. In this method, MAs, placed in the core along with *°U, are expected to gradually burn up. It is important to
note the significant conceptual advantage of electronuclear units over traditional fast neutron reactors. In addition to
being deterministically safer due to the subcritical core, an ADS allows a harder neutron spectrum to be achieved. As
a result, the amount of all MAs is reduced (albeit with varying efficiency).

The electronuclear technology has a greater de-

gree of engineering complexity than the traditional

Linear Accelerator reactor technology, as it combines accelerator tech-

nology and reactor physics, not to mention a number
of related applied science disciplines.

Another technology that provides a harder neu-
tron spectrum than the fast reactor is the fusion-
fission hybrid reactor [10—12]. However, the disad-

Spallation Target

Energy vantages inherent in the ADS technology are also
encountered in hybrid reactors.
_ Reactor One SNF management technology that is exten-
10t Fig. 1. Concept of electronuclear technology sively used worldwide is temporary storage. This is
relatively cheap compared to the above options, as
g 10° the fuel (17 or 24 fuel assemblies) is stored in con-
% 102 Fission Fragments (FF) crete containers at nuclear power plant sites. Howev-
i . Actinides (TRU) er, storage in interim on-site facilities is limited to
‘;10 100 years, and options concerning further disposing
S 1 . of SNF are to be decided upon at a later stage.
X Uranium Ore Level . SR
B0t Spent fuel can be partitioned. The majority iso-
8 tope, 2®U, is not radioactive. Plutonium can be

107 burned in thermal nuclear reactors as part of MOX
fuel. Fission products can be disposed in geological

10210 10 10° 10° 10" 10° repositories, as they decay in 200—300 years [13],
Decay time, year . . .

much sooner than SNF (Fig. 2). A major challenge is

Fig. 2. Time evolution of the potential radiotoxicity (relative to uranium . L .
ore) of the two main components of nuclear waste for PWR spent fuel to handle MAs, particularly americium and curium.
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Americium and curium burnup in a fusion reactor

The aim of the study was to analyze the possibility of burning significant quantities of americium and curi-
um isotopes in a tokamak-type fusion reactor with dimensions close to DEMO and figure out whether fusion
power plants can be utilized for a deep burnup of americium and curium isotopes. The amounts of americium
and curium isotopes to be present in the reactor were chosen to be small enough to avoid any strong impact on
the reactor systems and operation.

FUSION REACTOR MODEL

Computer simulations were performed with the Monte—Carlo N-Particle extended (MCNPX) code [14],
which supports problems involving the transport of radiation from a volumetric source of arbitrary spectral
composition in complex three-dimensional models. It uses the Monte—Carlo method for the solution of radia-
tive transfer equations and allows for continuous-energy treatment and flexible geometry modelling.

Our neutronic model has a two-dimensional cylindrically symmetric geometry. Its radial structure is shown
in Fig. 3. The model dimensions are close to those of the future DEMO reactor. The vacuum chamber contains a
D—T-plasma which is the source of fusion neutrons. The first wall, chosen to be 3 cm thick, was assumed to be
made of HT-9 steel with a mass density of 7.7 g/cm?®. Its isotopic composition was taken from the ORNL Fusion
materials data bank [15]. The HT-9 steel is a candidate structural material for the first wall of the ITER experi-
mental thermonuclear reactor.

R =1000cm 1

Zoom area

r=1350cm
r=1353cm
r=1353.13cm
r=1368cm
r=1398cm
r=1421cm

Fig. 3. Radial cross-section of the model: 1 — vacuum chamber; 2 — first wall; 3 — Am + Cm; 4 — LBE; 5 — natural lithi-
um; 6 — shield

The thickness of the reactor core (blanket) containing the americium and curium isotopes was determined
from critically calculations. A thickness of 0.13 cm was found to provide the effective multiplication factor
ket = 0.1. Behind the blanket, there is a lead-bismuth-eutectic (LBE) system, which is 15 cm thick. The LBE
system is assumed to be made of 44.5% wt. lead and 55.5% wt. bismuth and have a mass density of 10.17 g/cm?
[16]. In addition to its primary role in the LBE system, lead acts as a fast neutron flux amplifier due to the neu-
tron propagation threshold reaction ?®Pb(n, 2n)?’Ph. The buffer zone was chosen to be 15 c¢m thick for the rea-
son that a fast neutron’s free path within the LBE is 15 cm long. In general, using liquid metal as a coolant in a
high-temperature reactor has many advantages. High boiling point, significant heat capacity, and good thermal
conductivity are more or less inherent in liquid metals. Bismuth and lead have melting points of 271 °C and
327 °C, respectively, whereas the eutectic lead-bismuth alloy melts at 125 °C. Therefore, LBE is less prone to
solidify in the reactor cooling circuit, than pure lead.
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Continuous tritium reproduction is very important to maintain a self-sufficient operation of the plasma neu-
tron source. Due to tritium’s low (~20 keV) beta decay energy [17], particles emitted from this decay are easily
stopped by ordinary clothing or rubber surgical gloves. However, this isotope presents a radiation hazard when
inhaled and ingested with food [18]. Therefore, tritium transportation may be dangerous. In addition, tritium is
an expensive material (around USD 30 000 per gram) [19]. For this reason, it is worthwhile to arrange for triti-
um reproduction inside the hybrid reactor and on-site handling in addition to ensuring the plasma source self-
sufficiency.

Tritium is produced through the following four reactions:

1. SLi+n—*He+T;
2. 'B+n—2%He+T;
3. UN+n->2C+T;
4, 'Li+n—“*He+T+n.

The cross-section of the thermal neutron reaction for ®Li is about 940 barn, 70 barn for natural lithium and
only 5-1072 barn for '°B. The reaction *N(n, T)**C is a threshold reaction (requiring a minimum energy of inci-
dent neutrons >4 MeV), and for neutron energies E, = 5—7 MeV, the reaction cross section is only 2-1072 barn.
The reaction ‘Li(n, n"T) is a threshold one and requires >2.8 MeV of incident neutron energy to start. Thus, the
predictable and optimal way to produce tritium is through the ®Li (n, T) reaction. The tritium breeding zone is
30 cm thick and filled with natural lithium. Calculations suggest that no additional lithium 6 enrichment is re-
quired.

A 23 cm-thick shield is used to reduce the neutron and gamma loads of the tokamak magnetic coils needed
for the plasma confinement. The shield contains 304B7 alloy (UNS S30467) stainless steel [20] and water,
60:40 vol. %. The steel component has 1.75% wt. of natural boron. The protection zone is also used to provide
supplementary external cooling for the entire installation.

All volumetric elements of the fusion reactor were modeled as a homogeneous mixture of its component
materials. Because of the neutrons’ long mean free path, such modeling is acceptable for fast systems and does
not distort the result, and also significantly reduces the calculation time.

CALCULATION RESULTS
1015
The probability of any reaction depends on incident
particle’s energy. In our case, knowing the neutron spec-
10t trum in the vicinity of the americium and curium isotopes’
location is important, as this allows the burnup rates for
those isotopes to be estimated.

Americium and curium isotopes can be effectively
fissioned by neutrons with energies higher than 0.5 MeV,
especially those falling under the «thermonuclear» spec-
trum. As can be seen from Fig. 4, the number of neutrons
with energies above 0.5 MeV is significant. It is interest-

105 104 10° 102 100 1 10 102 ing to compare _the number of source neutrons and their
Energy, MeV energy for the discussed tokamak model and, for example,
Fig. 4. Neutron spectrum at the blanket for a PWR-type thermal reactor (Table 1).
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T ab el Source neutron comparison
Reactor type Numbers of neutrons Neutron energy, MeV
Fusion (DEMO) 1.0E21 14
PWR 3.0E19 0.7

As one can see from Table 1, a fusion reactor is a sound candidate for the role of a burner system for americium
and curium. Column 2 in Table 2 shows the percent content of americium and curium in SNF extracted from PWR
reactors. Column 3 shows the mass of each isotope loaded in a fusion reactor. When the specified amounts are loa-
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ded, it appears that the reactor is deeply subcritical (ker = 0.091), with the thermal fission power at 0.425 GWh, that
is, about 15% of the fusion power (2.7 GW in our model). Such a low subcriticality makes the reactor safe. The ad-
ditional fission power is not large and does not require big changes to the cooling system. Column 4 in Table 2 shows
how the concentration of a given isotope in fuel decreases after one year of the facility continuous operation.

T able 2. Source neutron comparison

Element Wt.% Fuel load, kg Burnup after one year of operation, % Fusion neutron source intensity, s

21Am 88.796 9390 7.0 1.0-10%

22Am 0.06478 6.85 70

23Am 9.87 1040 6.2

243Cm 0.0174 1.83 12.8

24Cm 1.12 118 3.7

25Cm 0.121 12.7 8.2

246Cm 0.00967 1.01 1.9

The model used natural lithium for the tritium breeding zone, which allowed a tritium breeding ratio of 1.34
to be obtained. This should be enough to produce tritium needed for the plant’s own needs.

CONCLUSIONS

So far, about 400 000 t of SNF have been discharged from commercial nuclear power reactors, of which
100 000 t have been reprocessed. Considering that americium and curium account for about 0.1% of SNF, some
300 t of these materials should be available for transmutation purposes. The proposed method for americium
and curium incineration in tokamaks does not seem to be about to perturb the operation of future tokamak-based
fusion reactors in any significant way. The fusion reactor fleet should digest and remove part of SNF that is,
accomplish something that other facilities are unable to do.
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Applications of fusion-fission hybrid systems for nuclear fuel cycle
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This paper comprises results presented at the FUNFI4 conference. The reported research focuses on the prospective utilization of a fusion-fission
hybrid system (FFHS) as a powerful neutron source capable of transmuting minor actinides (MAs; Np, Am, Cm) from spent nuclear fuel (SNF).
Calculations simulating nuclide kinetics in MA-bearing metal fuel were performed for three 40-MW fusion power FFHS reactors, intended for
different purposes (demonstration, pilot-industrial, and industrial). In addition, the research assessed potential requirements for FFHSs and their
role in Russia’s nuclear power program. A model created by AO «Proryv» was used to analyze the development of the Russian nuclear power
system with integrated FFHSs. MA quantities expected to be produced and transmuted in the integration scenario were estimated. The results
suggest that just one hybrid facility’s capacity would be enough to achieve a ~28% MA decrease in the Russian power system by 2130.
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INPUMEHEHME I'MBPUHBIX CUCTEM CUHTE3A-AEJIEHUA B AJEPHOM
TOIIVIMBHOM LHUKJIE

M.H. I[IInénckuii™?, B.B. Kymeee2

Hayuonanvuwiii ucciedosamenvckuii s0epuvtii ynueepcumem «Mockogckuil unoicenepHo-pususeckuti uncmumym», Kageopa ¢uzuxu
naasmol, Mockea, Poccus
2HUI] «Kypuamosckuii uncmumym», Omoen moxamaxos, Mocxea, Poccus

Ota cTathsl ComepXUT NpencTapieHHble Ha kKoHpepeHimy FUNFI4 pesynbraTel MccieoBaHHi BO3MOKHOTO HCIIONB30BAHMSI MEPCIIEKTUBHBIX
rubpuaHbIX cucteM cuntesa-aenenus (ICC/I) B kayecTBe MOLIHOIO MCTOYHUKA HEHTPOHOB, CIIOCOOHOTO TPAHCMYTHPOBATH MUHOPHBIC aKTHHH-
1wt (MA) Np, Am, Cm u3 otpabotasuiero sinepHoro Torutisa (OSIT). Pacuérel, MOIENMpyONIHE KHHETHKY HYKIHIOB B META/ITMYECKOM TOILIH-
Be, coziepkarieM MA, 6butn Bbimonsens! i Tpéx 'CCJI MomtHocThio 40 MBT, NpeHa3HAYCHHBIX IS Pa3IMYHBIX ek (IeMOHCTPAIHOHHOM,
OIIBITHO-POMBIIIUICHHOH M MPOMBIIUICHHO!). B X0z1e uccnenoBanus ObUIH OLIGHEHB! TToTeHImanbHble notpedroctd B 'CCJI 1 X polb B poc-
CHIACKOH siiepHOi sHepreTrke. Mogeis, cosnanHas AO «[IpopbiB», ObLUTa UCTIONB30BaHA JUTs aHAJIM3A PA3BUTHSL POCCUIICKON aTOMHOMN SHEpreTu-
ku ¢ uaTerpupoBaHabiME B He€ ['CCJI. B oneHeHs! KonmaecTBa MA, KOTOpBIE, KaK OKHAaeTcs, OyAyT MONYYeHBI U TPAHCMYTHPOBAHEI B
CLICHAPHH, OXBaThIBAIOLIEM Bce TpU paceMoTpeHHbIX Buja I'CCII. PesynbTarhl pacuéroB nokasbisarot, 4to Tpéx I'CCJI (10 oaHO# ycTaHOBKE
Ka)KJ10r0 BU/Ia) Oy/IET JJOCTATOYHO JUTSl CHIDKCHHS KoymdecTBa MA, HapaOOTaHHBIX POCCHICKOI sHeprocucTemoi k 2130 1., Ha ~28%.

KnroueBble ciioBa: rubpuaHas cucTeMa CHHTE3a-AeIeHHs, TEPMOSAECPHBII HCTOYHHK HEHTPOHOB, MHHOPHBIC aKTUHHMBI, pa3aelcHie 1
TpPaHCMyTalLlUs HyKJIU/I0B, 3aMKHYThIH S/1epHbII TOIUIMBHBIN LIUKIL.

INTRODUCTION

One of the most crucial issues for the nuclear engineering community is to develop a closed nuclear fuel
cycle that would extend the use of nuclear energy to more than 1000 years and make nuclear technologies more
environmentally acceptable, cost-effective and safe. A further aspect of this issue is the management of SNF and
radioactive waste (RW).

As reported in [1, 2] SNF from a light water reactor (LWR) typically contains more than 95% of U, about 1% of
Pu, 0.1% of MAs and around 3—4% of fission products (FPs). Plutonium and MA, although present in low concen-
trations, are the main contributors to the SNF’s long-term radiotoxicity [2]. The radiotoxicity of FPs declines much
faster compared to that of actinides. It reaches radioactive equilibrium with respect to uranium ore in about 300 years
[2]. If not reprocessed and transmuted, SNF reaches the natural radiotoxicity level only after 100 000 years [2].

In this context, SNF reprocessing via separation of minor actinides, Pu and U, seems to be a promising option
for future nuclear energy production and SNF management [3]. Pu and U could be reused in fission reactors. FPs
could be utilized as sources of radiation to reduce the amount of radioactive waste. As mentioned above, actinides
are much slower than FPs in terms of radioactivity decay. This problem can be solved by transmuting MAs via
fission reactions producing FPs. The strategy is known as partitioning & transmutation (P&T) [1].

Some of MASs’ neutronics features make them less suited for transmuting with subcritical systems than with
critical reactors. These include:

— a very hard spectrum required for the fission of most MAs due to the «threshold» character of their fis-
sion cross-sections;
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— the capture-to-fission ratio, a (the ratio of the nonfission capture cross section to the fission cross sec-
tion) for a given neutron spectrum is crucial to ensuring an effective transmutation [4];

— MA nuclides have small fractions of delayed neutrons (e.g., 0.00127 for ***Am, 0.00214 for ?*Pu and
0.0172 for 28U);

— the number of prompt neutrons per fission increases with initial neutron energy. Thus, the higher the ini-
tial neutron energy, the more effective the neutron utilization.

One of the most promising approaches to solving this problem is to use of a fusion reactor as a source of
high energy neutrons. This is investigated, for example, in [1, 5—10].

Although the use of FFHSs for MA transmutation is subject of many research works, most of those works
deal with early stages of designing a real-life facility or have no intention of designing a real-life facility at all.
Furthermore, many studies lack a comprehensive analysis of the problem or overlook the fact that not only
transmutation parameters are essential, but also the comparison with alternative transmutation techniques and
the assessment of the impact, which the integration of FFHSs may produce on the nuclear power system.

METHODS, MODELS AND DATA

All three hybrid reactor types identified by the road map for the NRC «Kurchatov Institute» project are
based on a tokamak with a blanket containing fissile materials and lithium. At present, the demo FFHS version
(DEMO-FNS) is in the design stage. Two other hybrid reactors envisaged by the road map have a pilot-
industrial and industrial designation (PIHR and IHR, respectively).

The DEMO-FNS features a high-end design, which is also more sophisticated and elaborate compared to the oth-
er two. PIHR and IHR have a similar build with slightly different parameters. Tokamaks used in the discussed hybrid
systems have the following identical parameters: major plasma radius Ry = 320 cm, minor plasma radius a = 100 cm,
plasma current 1, = 5 MA, toroidal magnetic field Bo =5 T, fusion power Pss = 40 MW (corresponding t, ~1.4-10% n/s
for the D—T-reaction) and effective fuel irradiation time of 5 years. DEMO-FNS, PIHR and IHR are due to be started
up in 2033, 2045 and 2055, respectively. Differences that are important for this study are listed in Table 1.

T ablel. Capacity factor and fuel loading with minor actinides
Parameter DEMO-FNS PIHR IHR
Capacity factor 0.3 0.8 0.95
Fuel loading (MA + Zr), t (H20 as 26.24 26.24 4168
coolant)

DEMO-FNS’s 3D-geometric model is shown in Fig. 1. Fig. 2 gives a cut of a 3D-geometric model for
Monte-Carlo calculations of neutron transport. The blanket contains 18 MA-bearing fuel assemblies (the trans-
mutation area), with lithium salt filling the remaining space (the tritium breeding area).

Injector
port

TFC

Transmu-
tation area
of blanket
with MA

Blanket

Blanket
mainte-
nance

Plasma

Fig. 2. Horizontal equatorial cut of DEMO-FNS model — transmuta-

Fig. 1. 3D DEMO-FNS tion area; TFC — Toroidal field coil
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Two coolants for the transmutation area, CO, and H-O, are considered. Whatever the coolant, it flows verti-
cally, along the fuel rods and inside the assemblies’ casings. H-O is chosen as a basic coolant option for the
blanket. Average coolant density inside the assemblies is 0.37 g/cm? for H,0, and should be 0.14 g/cm?, if CO,
is employed. The use of CO; instead of H,O encourages the ke to grow (up to 1.04). In that case, it is necessary
to decrease the total fuel loading (to 19.7 t for DEMO-FNS).

A MA-Zr metal alloy was chosen as a fuel. This alloy has a theoretical density of 15 g/cm®. Many research-
ers have considered this type of fuel [8, 11, 12], and it has even been utilized in a fast reactor [13]. Fuel invento-
ry details are shown in Table 2.

Table2. Fuel inventory (15 g/cm?®), % (mass)

Nuclide Fraction, % Nuclide Fraction, %
ZNp 28.67 0zyr 2.05
21Am 62.10 azy 0.45

242mAm 0.06 927y¢ 0.70
283Am 4.63 “Zr 0.72
24Cm 0.49 %Zr 0.12

MA 95.96 Zr 4,04

The FISPACT-II inventory code [17] was used to quantify nuclide kinetics using a constant neutron spec-
trum. The neutron spectrum for the transmutation area was obtained using Monte-Carlo calculations of neutron
transport. The spectrum was volume-averaged for the whole transmutation area. The use of a constant neutron
spectrum in the nuclide kinetics calculations skewed the results, because of the interplay between fuel inventory
evolution and the spectrum. However, in the case of a subcritical system with an external neutron source, this
error should not be significant. Some contradictions in the assessment of this error are addressed in different
publications [9, 10].

The ENDF/B-VI neutron data file was used for neutron transport calculations. Data needed to quantify nu-
clide kinetics came from the TENDL_2014 nuclear data library (CCFE-709 group structure).

RESULTS AND DISCUSSION

Neutron transport and nuclide kinetics analysis. Other important parameters for the transmutation area
were calculated via neutron transport modeling:

— with H,O used as a coolant, volume-averaged total neutron flux @, = 2.88-10% (cm?:s)%, average neu-
tron energy E, =3.52 MeV, and ke = 0.95;
— in the case of CO,, @ =3.02-:10% (cm?-s) %, E,, =3.47 MeV, and ket = 0.91.

From the obtained spectra it is deducted that 99% of neutrons have energies higher than 0.001 MeV, and 40%
have energies higher than 1 MeV. In addition, when CO: is used as a coolant, the spectrum is harder and reflects
greater quantities of fission and, to a lesser extent, fusion neurons, than in the water-cooling case.

The obtained spectra were used to calculate aver-

age cross-sections. As shown in Fig. 3, there are three 18
important actinides (*'Np, *'Am, 2*Am), whose L6
capture-to-fission ratio, a, is higher than 1, despite a 14
very hard neutron spectra inside the transmutation 12
area ( E, > 3 MeV). At the same time, it must be em- \S z'g
phasized that this ratio is only slightly higher than 1, . 0:6
as opposed to o for light-water and fast reactors. As 0.4
follows from Fig. 3, CO; is the best cooling option 0.2
for the transmutation of MAs, as it allows all predom- 0
inant actinides to have the lowest o value. There is, § § § 5 § § § § § 2 g g

however, one problem with this coolant, to be dis-
cussed below.
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Key transmutation characteristics observed in each of the reactors are listed in Table 3. Among other things,
the table provides data on how the mass of the most important actinides changes during irradiation.

T able 3. Key MA transmutation characteristics observed in the FFHSs

Parametr DEMO-FNS (H20) DEMO-FNS (CO2) PIHR IHR
Total fuel loading, t 26.24 19.7 26.24 41.68
Irradiation + Idle, y 16.7 16.7 6.25 5.25
Np
Change in actinide mass: accumulation (+); -9.9 (3.5%) | -5.2 (1.8%) | -19.1(6.7%) | -100.3 (35.0%)
reduction (=), kg/t (per t of fuel) Am
-70.2 (10.5%) | —63.2 (9.5%) | -60.8(9.1%) | —241.8(36.2%)
Cm
-0.4 (7.7%) | -1.0 (21.2%) | +2.8(57.5%) | +17.7(358.1%)
u
+2.4 | +1.6 | +0.9 | +3.0
Pu
+43.5 +29.5 +41.7 +174.0
Burnup of actinides, % (mass) 3.6 4.0 3.6 15.4
Total actinide incineration, kg 906.4 755.0 904.4 6148.0
Efficiency of actinide incineration, kg/year 54.3 45.2 144.7 1171.0
Time-averaged fission power, (thous. MW) 472 398 472 3100

A more detailed analysis of the final fuel inventory shows that the largest Pu fraction is comprised of ?*®Pu
(80%), 2*Pu (11%) and **°Pu (6.5%). 2*U represents U almost entirely (99%). Although the total mass of Cm
decreases, new isotopes %*Cm (12%) and %*Cm (2%) are produced due to neutron capture on Am and initial
24Ccm. 2'Np (37%) and ***Am (60%) subjected to neutron capture generate a chain leading to >*®Pu. #*U occurs
as a product of ?*Pu a-decay.

As mentioned above, a simple change of the transmutation area coolant to CO; causes ket to grow to 1.04
and requires the total fuel loading to be decreased to 19.7 t. With CO», the qualitative change in actinides’ com-
bined mass is the same as with H»O, but quantitative parameters are different. The burnup of actinides increases
by 14.3%, however the total actinide incineration is less because of a lower fuel loading. The amount of trans-
muted Np and Am is smaller, as is the accumulation of U and Pu, while the amount of transmuted Cm is twice
as large. This change is due to a greater hardness of the CO-associated spectrum, resulting in a neutron capture
cross-section decrease that overrides the increase in the fission cross-sections. The result is the overall cross-
section decrease, and the reduction of the transmutation rate. At the same time, due to the lower neutron capture
rate, Cm is less than before, while its fission rate is very high (owing to its isotopes’ low o). Consequently, the
transmuted amount of Cm is larger than before.

Initially, fuel contains a small amount of Cm. For this reason, while its isotopes undergo fission at a high
rate, new Cm isotopes emerge due to the neutron capture reaction on other actinides. The Cm amount may even
increase (as reported in [15]): the neutron capture rate for other actinides is higher than the fission rate of Cm.
This situation is typical for the operation of both the pilot industrial (PIHR) and industrial (IHR) reactors.

The ultimate purpose of the FFHS project is to create an industrial-scale hybrid reactor. The IHR will feature
the same build as the DEMO-FNS and PIHR and similarly produce 40 MW of fusion power, but will have a larger
fuel loading (40 t). This implies a more intense neutron flux in the transmutation area. For this study, it is assumed
that the neutron flux will increase five times compared to the demo reactor using H2O as a coolant. The high ca-
pacity factor (0.95) and large fuel loading should make for a good performance. Not only for MA transmutation,
but also for electrical power production exceeding the reactor’s operational consumption, so this facility will solve
the problem of MA transmutation not only from a technical, but also from an economical, perspective.

For the IHR, fuel inventory evolution during the operating cycle is similar to that for the PIHR with the ex-
ception that the transmutation rate is higher due to a higher neutron flux. The IHR will be able to produce more
than 3 GW (th) and ~1 GW (el), while its own electrical energy consumption will be about 200 MW.

FFHS integration in Russia’s two-component nuclear power system and the potential for MA re-
duction. In the first part of this study, the potential of FFHSs for the MA transmutation was defined. How-
ever, what also matters is the impact of FFHSs’ operation on the nuclear power system that reduces the to-
tal amount of MA. For this purpose, the Universal System Model designed by E.V. Muraviev [16] was
used.

142 BAHT. Cep. Tepmosinepnsiii cunres, 2021, 1. 44, BbIm. 2



Applications of fusion-fission hybrid systems for nuclear fuel cycle

Fig. 4 shows the historic and prospective evolu- = %38
tion of Russia’s nuclear power net installed capacity. i 90
In 2100, the last thermal reactor will be decommis- 5 5738
sioned and only fast reactors will remain. g 60
Nuclear power net installed capacity determines the 3 38
production of SNF (and related MAS), as well as the g 38
total amount of MAs accumulated over a given year. 2 10
Fig. 5 shows the total amount of MAs in the sys- < 00 C bbb oot o000o0o
tem during successive five-year periods between R R EEEEEEEEERRE
1970 and 2130. 287 t of MAs accumulate in SNF, if Year
there is no fuel reprocessing, as shown with the blue Fig. 4. Evolution of Russia’s nuclear power the net installed capacity
curve. The orange curve is for actinides, whose in- 345
ventory is scaled down with the help of hybrid reac- 295
tors. The grey curve represents MAs managed 245
through hybrid reactors’ operation and initial fuel «~ 195
loadings in the blankets, so it is possible to reduce the § 145
total amount by 28% (82 t) or 43% (122 t), taking 95
into account the initial fuel loadings. 45
The rate of MA production in the system was de- -5
termined obtained based on information about MA ac- E88828838E888888
cumulation during the assumed period of time. As fol- oo T e ao O\J(e:; NS e A

lows from obtained data, it will be necessary_to _|nC|r_1er- Fig. 5. Russian nuclear power system’s total MA inventory: ® —
ate more than 4 t/year of MAs at the end of this timeline. \yithout PT: » — reduced amount by FFHR-operation: * — reduced
This means that at least 4 facilities with IHR parameters amount by FFHR-operation and initial load

will be needed. In the interim, two more IHRs can be put

into service, in 2090 and 2120. In that case, the MA amount could be reduced by 48% (142 t) or 88% (262 t) taking
into account the initial fuel loadings.

CONCLUSION

This research was performed as part of the Kurchatov Institute’s project on the development of fusion-
fission hybrid reactors in Russia. This study shows that the application of fusion-fission hybrid reactors possess-
es a promising application potential for the transmutation of minor actinides. Calculations on neutron transport
and nuclide kinetics were performed for three reactor types intended for different purposes (demonstration, pi-
lot-industrial, and industrial). The capture-to-fission ratio was found to be is less than 1 for most actinides,
which should favor an effective MA transmutation. The exceptions are >’Np (only if H,O is used as a coolant),
2Am and 2Am, with o slightly higher than 1. The use of CO; as a coolant required the reduction of the total
fuel load, thus the potential advantages of this coolant for transmutation are neutralized. This can be improved
via optimization of the transmutation area for this coolant. During irradiation, new actinides emerge. This is im-
portant in light of the fuel potential multicycle reprocessing and reuse. Determining an equilibrium inventory for
the FFHS’s fuel is an objective for future research, as is the analysis of the inventory evolution and its influence
on the neutron spectrum during irradiation and vice versa.

For effective MA transmutation, in terms of not only technical but also economical parameters, it is neces-
sary to use a FFHS with a large fuel loading and high capacity factor, such as the IHR, which is able to inciner-
ate more than 1 t of actinides per year and generate about 1 GW of electrical power.

A system analysis of nuclear power in Russia, performed with the involvement of the hybrid reactors, highlight
the problems associated with the absence of MA transmutation and the potential of FFHSs to reduce these hazards.

As can be seen from the reported results, there is a deficit of extracted MA, even for optimized develop-
ment scenarios. At the same time, it is necessary to decommission the DEMO-FNS and PIHR (at least as burner
reactors), and to abandon one additional IHR, which is needed due to the rate of MA accumulation in the sys-
tem. It is also necessary to delay the commissioning of 2 other additional IHRs.
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For the scenarios considered in the study, the deficit problem of extracted MA may be overcome by around
2075. However, in the case of additional IHRs, the MA deficit takes place again at the time when the second
and the third IHR is commissioned. This can be improved by using imported SNF, which can be considered a
service of radioactive waste management. The results obtained also highlight the need to speed up the commis-
sioning of SNF reprocessing plants to ensure the required amount of MAs for FFHS fuel manufacturing.

It follows from the analysis performed that, over the period of time considered, it is possible to decrease by
2130 the amount of MA in the system by ~28%, in the case of just 1 IHR, and by ~48%, in the case of two addi-
tional IHRs. If MAs loaded in the FFHS blankets are not treated as waste, then the amount of MAs isolated
from the system may be up ~43% or, if two additional IHRs are there, up ~88%.
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High-flux neutron sources are relevant to testing materials for thermonuclear facilities and hadron colliders, treating malignant tumors
with boron neutron capture therapy, and other applications. An accelerator-based neutron source was proposed and implemented at the
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Unemumym adepnoii pusuxu um. I'.H. Byoxepa CO PAH, Hosocubupck, Poccus
2Hosocubupckuii 2ocydapcmeennsiii yuusepcumem, Hoeocubupck, Poccus

HcToyHuky GONBIINX TOTOKOB HEHTPOHOB MOTYT HAiiTH MPUMEHEHUE MPU UCCIIEA0BAHUN MATEPHANIOB ISl TEPMOSAEPHBIX YCTAHOBOK U
aJIpOHHBIX KOJUIAHJEPOB, JICUCHUH 3JI0KAYECTBCHHBIX OITyXOJeil MeTomoM OOp-HEeHTpPOHO3aXBaTHOW Tepamuu W Ul APYyrux nenei. B
HoBocuOupckoM MHcTuTyTe sinepHoit ¢pusuku um. .M. Byakepa Obu1 n300peT€H M M3rOTOBIICH TaKOW HEHTPOHHBIH HCTOYHUK HA OCHOBE
YCKOPHTEIIS, BKIIOYAIOLINHA BIIEPBEIC pa3pab0TaHHBIA TaHIEMHBIH YCKOPHUTEIb OPUTHHAIBHONH KOHCTPYKIHH, TBEPIYIO JUTHUEBYIO MU-
IIEHb U cucTeMy (opMHpOBaHMS Iy4Ka HEHTPOHOB. bplI0 0OHAPYXEeHO, YTO pa3paboTaHHBII HEHTPOHHBIH HCTOYHUK CIIOCOOEH reHepH-
poBaTh OONBINNE TTOTOKH HEHTPOHOB B PAa3IMYHBIX AMANA30HAX YHEPIHU — OT TEIUIOBBIX HEHTPOHOB IO ObICTPHIX. OH MOXET ImpHMe-
HATBCS JUI1 MHOTUX LeJIeH, BKIIOUYas OIpe/IeICHIE XapaKTePUCTHK HEUTPOHHBIX JETEKTOPOB, UCIIONIb3yEMbIX B TEPMOSIIEPHBIX UCCIEN0-
BAaHUSX, @ TAKKE NIPH yrITyONEHHOM M3y4EHHMH NIEPCIIEKTUBHOM GE3HEUTPOHHOM TepMosiepHOl peakiuu 1B(p, o)oo.

Kuarwuessbie cioBa: HeﬁTpOHHBIﬁ HUCTOYHHUK, YCKOPUTEIIb 3aPAKCHHBIX YaCTHUL, IUTUEBAss MUIIICHbD.

INTRODUCTION

A neutron source based on a charged particle accelerator and a lithium target has been proposed and devel-
oped for boron neutron capture therapy (BNCT) [1, 2] at the Budker Institute of Nuclear Physics (BINP) in No-
vosibirsk, Russia. This paper describes the said neutron source and summarizes relevant research. The neutron
source applicability for the testing of fusion materials is discussed.

2
NEUTRON SOURCE ' J_% 28

2b

The BINP neutron source comprises a DC vac- 1 3
uum insulation tandem accelerator (VITA), a lithi-
um target, and a neutron beam shaping assembly. A
schematic diagram of the neutron source is shown in
Fig. 1. The VITA is used to provide a high-current 2c
proton/deuteron beam of up to 2.3 MeV. Negative
ions injected into the VITA are accelerated by ap- S 4b
plying a positive potential to the central electrode,

then stripped to positive ions, and accelerated again _ _ e
A cross-sectional view of the neutron source: 1 — negative ion source;

by the same potential. The VITA has a special de- 2 _ yacuum insulated tandem accelerator (2a — high voltage electrode:

i i i - 2b— intermediate electrodes; 2c — feedthrough insulator); 3 — bending
sign that does not include accelerating tubes [3] pre magnet; 4 — lithium targets (4a — horizontally; 4b — vertically); 5 —

sent in conventional tandem accelerators. Instead, it neutron beam shaping assembly

4a
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features intermediate nested electrodes (2b), fastened to a feedthrough insulator (2c), as shown in Figure. The ad-
vantage of this setup is that the ceramic parts of the feedthrough insulator are distanced well away from the ion
beam, increasing the high-voltage strength of accelerating gaps given high ion beam current.

After acceleration, the ion beam is directed to the lithium target placed either horizontally (4a) or vertically (4b)
behind the bending magnet. The low and high energy beam lines are equipped with diagnostics, such as retractable
Faraday cups, beam current monitors, video cameras, beam profile scanner, stripping target efficiency monitor, and
thermocouples installed on the beam apertures along its path. The lithium target (4) on a copper substrate is used to
generate a neutron flux via the "Li(p, n)’Be- or ‘Li(d, n)-reactions. The target assembly is water cooled [4].

RESULTS AND DISCUSSION

Proton beam energy varies in the range of 0.6—2.3 MeV with a high-energy stability of 0.1%. The beam
current also varies in a wide range (from 0.5 to 10 mA) with a high current stability (0.4%) [5]. The VITA can
generate a deuteron beam with similar characteristics.

A 2 MeV proton beam was used for an in situ observation of blisters growth in copper and tantalum [6].
The neutron yield behavior generated the ‘Li(p, n)’Be-reaction was determined as a function of neutron fluence
to identify the copper substrate’s potential blistering effect on the efficiency of neutron production.

Table shows the yields and energies of reaction products generated by the device.

The yields and energies of reaction products generated by the device

Reaction Incident ion Product of | Yield, 10** | Mean ener- Maximum Ref
energy, MeV reaction mC-! ay, keV energy, keV '
Li(p, n)'Be 2.0 Neutrons 1.1 75 230 [71
2.1 2.13 110 350
2.2 3.62 160 460
2.3 5.78 230 570
7Li(d, n)®Be; "Li(d, n)2*He 2.1 15 5600 15000 [8]
"Li(p, p’ y)'Li 1.85 Photons 0.9 478 [9]

In the device, the neutron flux is generated by the ‘Li(p, n)’Be threshold reaction. A beam shaping assembly
with a magnesium fluoride moderator is applied to convert this flux into a beam of epithermal neutrons with
characteristics suitable for clinical testing of BNCT [10].

The device is capable of producing a beam of thermal neutrons with a plexiglas moderator. This beam
is employed to irradiate cell cultures and laboratory animals for the boron neutron capture therapy (BNCT)
development purposes [11, 12]. It is also used to measure hazardous impurities in boron carbide ceramics
and 316L-1G austenitic stainless steel considered for ITER [13].

A beam of monoenergetic neutrons with energies from 10 to 100 keV is produced by kinematic colli-
mation using several-micron-thick lithium foil targets. This beam is suitable for calibrating a dark matter
detector [14] and is to be used for boron imaging by prompt gamma-ray spectroscopy.

Fast neutron flux is obtained via the "Li(d, n)-reaction [8]. It is employed to study the activation of B4C
ceramics and SS 316L ITER-grade steel by fast neutrons [15]. It is also intended for the radiation tests of
fibers used in the laser calorimeter calibration system of the CMS electromagnetic detector developed for
the High-Luminosity Large Hadron Collider at CERN.

A 478 keV-photon flux is produced by the ‘Li(p, p’ y)’Li-reaction (inelastic proton scattering by a lithium
atomic nucleus) at a proton beam energy below 1.882 MeV, the threshold value for the "Li(p, n)’Be-reaction.
This beam is used for in situ measuring of the lithium layer thickness [16] and for determining the doses of
high-LET radiation [17].

To sum it up, the device is applicable to a wide range of research tasks, including the characterization of
neutron detectors designed for fusion studies, in-depth investigation of the promising 'B(p, a)o.o neutronless
fusion reaction, etc.

CONCLUSION

The accelerator-based neutron source can produce high neutron fluxes in different energy ranges, from
thermal to fast, that can be useful in various fields of research, including thermonuclear fusion. The research
team has already been involved in neutron activation experiments conducted under the ITER project.

The study was supported by a grant (project Ne 19-72-30005) from the Russian Science Foundation.
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Temperature dependences of the diffusion characteristics of radiation defects, namely, clusters of up to five self-interstitial atoms (SIASs),
were studied by the molecular dynamics method for bcc Fe at temperatures in the range of 300—1200 K. The above-mentioned diffusion
characteristics included the diffusion coefficient, the tracer correlation factor, the mean distance traveled between changes in the migration
direction, the frequency of migration direction changes, etc. The activation energy values for diffusion and changes in the migration direction
were determined for the defects of interest for different temperature ranges. The temperature and size dependences of the SIA cluster diffu-
sion mechanism (1D vs 3D) and their potential implications for the microstructure of materials exposed to irradiation are discussed.
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ANPDY3ZNOHHBIE XAPAKTEPUCTUKU PAAMAIIMOHHBIX JE®EKTOB
B KEJIE3E: MOJIEKYJIAPHO-ITMHAMNYECKHUE JAHHBIE

A.B. Cusax, /[.H. /lemuoos, I1.A. Cusax
HUI] «Kypuamosckuil uncmumym», Mockea, Poccus

MeTo10M MOJIEKYJIIPHOH JUHAMUKHU MCCIIEIO0BaHbl TeMIIepaTypHbIe 3aBUCUMOCTH AU((Y3MOHHBIX XapaKTEePUCTUK PaJHallMOHHBIX Ae(ek-
TOB — KJIACTEPOB COOCTBEHHBIX MeXy3eibHbIX aToMOB (CMA), comepkaiux 10 st CMA — B Temneparypaom auanasone 300—1200 K
B OLIK Fe. YmomsnyTteie muddy3noHHbIE XapaKTEpUCTHKK BKIIOYANH B ceOs KodpduiueHT auddys3nn, KOPpeTSIMUOHHBIN MHOXKHUTEIb
MEeYeHbIX aTOMOB, CPETHIO JUTMHY Au(dy3MOHHOTO Ipodera 10 cMeHbI HarpaBieHHs Tu(y3Hun, YacTOTy CMEH HarpasieHui 1uddys3un,
np. OnpezeneHsl 3HAYSHUsI SHEPT UK aKTUBAIMH TU((GY3UN 1 SHEPTUM aKTUBAIMU CMEH HampaBlieHUH anddy3un 1uist pacCCMOTPEHHBIX TH-
1oB 1e(peKTOB Tsl pa3HBIX TEMITEPATYPHBIX quana3zoHoB. O0CyKaaroTes 3aBucuMoct Mexann3ma audoysun kmactepos CMA (1D vs 3D)
OT TeMIIepaTyphl ¥ pa3Mepa KJIacTepOB U UX BOSMOJKHBIE CJIS/ICTBHS IS BOIIOIUH MUKPOCTPYKTYPBI MaTepraia 1oz o0rydeHreM.

KioueBble cj10Ba: Kene30, MOJICKyJsIpHasl AHHAMHUKA, MMOTCHIMAIBl MEKATOMHBIX B3aHMOJCHCTBHIA, paJHallMOHHbIC Ie(EKTH, MeXa-
HU3MBI Anddy3un, kodbduipeHTs! 1uddysun.

INTRODUCTION

The diffusion of radiation defects to sinks (dislocations, grain boundaries, sub-boundaries, interfaces, etc.)
and their subsequent absorption affect the microstructure evolution of fusion/fission reactor structural materials
with resultant changes in their physical and mechanical properties (radiation creep and embrittlement, and void
swelling) [1]. The physical modelling of changes in material properties induced by irradiation or mechani-
cal/thermal loads requires the characteristics of radiation defects, to be used as inputs for such models.

Damaging neutron irradiation causes atomic collision cascades, which generate not only self-point defects
(SPDs) but their clusters as well [2]. A molecular dynamics (MD) study of primary radiation damage in iron [3, 4]
has shown that the higher the cascade damage energy, the greater is the tendency for self-interstitial atoms (SIAs) to
form clusters: the fraction of single SIAs decreases from 70 to 40% with increase in the damage energy from 1 to
50 keV. In a given range of damage energies, 30% to 40% of surviving SIAs are grouped in clusters of two to five.

Because the properties of SIAs and their small clusters are difficult to assess experimentally due to small
spatial sizes (~nm), computer simulation is actively used, which allowed to determine the diffusion characteris-
tics of single SIAs and clusters of up to 91 SIAs in Fe [5—18]. The results of computer simulations are highly
sensitive to the selection of applicable interatomic interaction potential. Elastic moduli determined experimen-
tally for Fe and V were very much at variance with values calculated based on the density functional theory
(DFT) [19]. Therefore, the applicability of DFT to the calculation of SPDs is questionable, as is the use of po-
tentials with parameters fitted to DFT data. In this context, data from many publications cited above require val-
idation and refinement using a reliable interatomic interaction potential, consistent with experimental data. It
was shown in [19] that the interatomic interaction potential RO1 [20—23], developed for the bcc metal Fe,
agreed well with the experimentally measured crystal bulk properties (elastic constants at 0 K and the tempera-
ture dependence of the lattice parameter), the properties of SIAs and vacancies, as well as threshold displace-
ment energies, and was therefore recommended for use in MD simulations of atomic collision cascades and
SPDs. Using R01, the crystallographic, energetic, and diffusion properties of SIAs [8, 12, 13] and di-interstitials
[9, 17, 18] were determined and atomic collision cascades were simulated [3, 4].
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This paper describes the results of the study of the diffusion characteristics of clusters of three to five SIAs
in bce Fe at temperatures in the range of 300—1200 K, performed by MD using the RO1 potential. The tempera-
ture and size dependences of the SIA cluster diffusion mechanism (1D vs 3D) and their potential implications
for the microstructure of materials exposed to irradiation are discussed.

SIMULATION TECHNIQUE

Cluster size q is the number of SIAs in a cluster. An SIA cluster of size q is denoted as g-SIA. To study the
diffusion of SIA clusters with g = 3—5, MD simulations were carried out using cubic model crystallites with
periodic boundary conditions. Those crystallites represented a microcanonical ensemble. The lattice constant, a,
was chosen to ensure that pressure P in the crystallite bulk was zero (accurate to 0.1 eV/nm?®) at given tempera-
ture T. The equations of motion were integrated by the Verlet algorithm [24]. The integration time step was se-
lected to ensure that the average of atomic displacements per iteration was ~0.005a. The positions of clustered
SIAs were determined from the numbers of atoms in Wigner—Seitz cells (WSCs). The position of the WSC
closest to the cluster mass centre was taken as the position of the SIA cluster. The model crystallite size was
chosen so that the boundary condition effect on the calculation results was insignificant. Crystallites with a side
length of 13a (the total number of atoms was 4394 + 3 and 4394 + 4, respectively) were used to simulate the
diffusion of 3-SIA and 4-SIA clusters. For 5-SIA clusters, the side length was 15a (6750 + 5).

The most stable SIA cluster configurations were chosen as initial configurations. Table 1 shows their for-
mation and binding energies (E™ and EB, respectively) for clusters of two to five SIAs (calculated in [9]), as well
as their schematic spatial configurations (viewed from different perspectives). All SIA clusters with q > 2 are
sets of crowdions or dumbbells split in the (111) direction (henceforth, the split direction will be referred to as
cluster orientation). SIAs occupy the most compact set of adjacent close-packed directions projected onto the
plane normal to the splitting direction (see Table 1).

Tab le 1. Crystallographic configurations of simulated SIA clusters in Fe, their formation energies EF and binding energies EB

Cluster type Crystallographic configuration Formation energy and binding energy, eV

2-SIA T EF =7.884

[101]
EB =0.884
3-SIA [111] EF=11.04
EB =1.230

[111]
EB =2.050

[111]
5-SIA [111] EF = 15.95
EB=1.810
[111]
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For each given cluster size and temperature, one hundred diffusion trajectories were obtained. Table 2 lists the
total physical simulation time and the number of cluster jumps summed over all trajectories for clusters and tem-
peratures of interest. To calculate the diffusivity D® of an SIA cluster, each simulated diffusion trajectory was split
into several isochronous segments of duration t. The choice of the t value is a trade-off between the need to have a
large enough number of segments (to minimize random errors) and a large enough number of defect jumps at each
of those segments to account for any significant spatial correlation associated with SIA cluster diffusion (to mini-
mize systematic errors). The empirical dependence t[ps] = 0.66exp(—B-0.078 eV) with B = (k,T)™* obtained in [18]

for 2-S1As, was used in this study to select t for a given T. Our analyses proved that it is applicable to clusters of
three to five SIAs. For all isochronous segments of all trajectories, values r?/ 6t were calculated, where r is the
displacement of the SIA cluster during time t for one segment. The value D was determined as the average of
these values, and the DY inaccuracy was estimated as the standard error for the specified set.

T ab le 2. Physical simulation time ts and the number of jumps js for the discussed types of clusters in Fe
(integral over all trajectories)

T K 3-SIA - 4-SIA - 5-SIA -

ts, Us Js ts, kS Is ts, s Is
300 61.5 2.87:107 122 2.43.108 70.9 1.89.108
400 34.7 1.80-107 65.7 1.50-108 47.1 1.42:108
500 211 1.20-107 331 8.38:107 27.2 9.07-107
700 15.0 9.47.108 17.1 4.72.107 18.7 6.76-107
800 8.81 5.97-108 8.84 2.62:107 12.3 4.76.107
900 5.23 3.80-108 — — 5.94 2.44.107
1000 2.63 2.00-108 1.05 3.91.10¢ 3.24 1.40-107
1100 1.34 1.08-108 — — — —
1200 0.556 4.73.10° 0.126 4.87.10° 1.22 5.52.10°

Tracer diffusivity D" (self-diffusivity per one SIA) was calculated by Einstein-Smoluchowski relation [25]
using the initial and end positions of each atom in crystallite models (100 program runs). For each dataset, self-
diffusivity intermediate values were calculated. The final D" value was obtained by their averaging. The D" in-
accuracy was estimated as the standard error over the specified set of 100 intermediate values.

Tracer correlation factor f" was determined as the ratio of D" to DY. Because " is affected by the cluster
diffusion mechanism, it can be used to indicate changes in the mechanism of SIA clusters diffusion. E.g., in the
case of a one-dimensional (1D) diffusion of a crowdion, f" = 0 [26], whereas in the case of a 3D diffusion of
{110y dumbbells under Johnson's mechanism, f* = 0.4151 + 0.0001 [18]. Usually, cluster diffusion is promoted
by a mixed mechanism: clusters make a number of jumps in one of the (111) directions, followed by a change in
the migration direction, resulting from the cluster reorientation.

Other metrics that allow the contributions of the 1D/3D diffusion mechanisms to be assessed are the mean
distance traveled between changes in the migration direction [27, 28], and the frequency of migration direction
changes (leh and VR, respectively). To determine v and |, a special algorithm analyzing MD defect trajectories
was developed. In this study, le is expressed as len = (6D (Atip))¥2, where (Atip) is the average time between
two successive reorientations.

The instants of time, at which the cluster reorientations occurred were determined using the following algo-
rithm:

— (1) construct four cylinders of radius p with axes oriented along four close-packed directions (111) and
passing through the initial position of the SIA cluster on the diffusion trajectory;

— (2) determine four instants of time, at which the trajectory leaves each cylinder;

— (3) the latest of the four instants of time, identified in step 2, is taken as the instant, at which the cluster
iS reoriented,;

— (4) construct cylinders of radius p with axes oriented along (111) and passing through the cluster’s new
position at the instant the last cluster reorientation is detected;

— (5) repeat steps 2—4 until the last cluster reorientation on the diffusion trajectory is detected.
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Upon the completion of this algorithm, the durations Atip between successive moments of cluster reorienta-
tions are determined and averaged to obtain the desired (Atip) value. Inaccuracy is determined as the standard
error for the entire set of Atip values.

Radius p was an algorithm parameter obtained using an iterative selection method, in which an initially
large value (e.g., 5a) was successively decreased by a/2 until it stopped to produce any noticeable effect on the
total number of detected 1D segments and the final values of Ic, and (Atip). The obtained values of p are 1.5a for
1-, 2-SIA and 2a for 3-, 4-, 5-SIA.

Frequency VR was determined as the reciprocal of (Atip). Since the time intervals between two successive
reorientations have a Poisson distribution, the relative error dvg for the frequency of reorientations v® can be
determined as N;"*, where Nr is the total number of reorientations detected at a given temperature. The Svr
values at different temperatures vary from 1% to 50%. The least accurate v® values were obtained at tempera-
tures below 500 K since reorientations were rare and their total number for the entire simulation period was usu-
ally ~10 (for all 100 diffusion trajectories at a given T).

RESULTS AND DISCUSSION

Figs. 1, 2 show typical MD trajectories of single and clustered SIAs at temperatures of 300, 700 and
1200 K, as well as the physical simulation time for each illustrated trajectory tm. Data for single SIAs and 2-SIA
clusters were obtained in [8, 12, 13] and [17, 18], respectively. The diffusion of single SIAs and 2-SIA clusters
has a much higher degree of three-dimensionality compared with larger clusters.

a b
40 80
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e 3
N 0 0
-40
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-80
-80 -80 120
-40 0 -40 g 40 80
0 -40 40 gy 400
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c d
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Fig. 1. MD trajectories of single SIAs (a, b) and 2-SIA (c, d) clusters at 300 K (a, ) and 700 K (b, d), m: 65.4 (a), 2.97 (b), 7.74 (c), 4.12 ns (d)
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Fig. 2. MD trajectories of g-SIAs, g =3 (a, b, c), 4 (d, e, f), 5(g, h, i) at 300 (a, d, g), 700 (b, e, h), 1200 K (c, f, i), Tm = 25.6 (), 9.52 (b),
5.21 (c), 160 (d), 17.1 (e), 0.422 (f), 11.0 (g), 12.4 (h), 0.297 ns (i)

Fig. 3 shows the calculated temperature dependences of diffusivity D? and tracer correlation factor f
for g-S1As (q = 1—5).
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Fig 3. Temperature dependences of diffusivities D® (a) and tracer correlation factor f (b) for g-SIAs (q = 1—5) in Fe: @ — 1-SIA, @ —
2-SIA, @ — 3-SIA, @ — 4-SIA, @ — 5-SIA
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Values D¢ for the discussed defects differ slightly at high temperatures, with the largest difference (30%)
observed between 2-SIA and 5-SIA clusters at 1000 K. This difference is much more significant at low tempera-
tures (e.g., the diffusivities of single SIAs and those of 3-SIA clusters differ by a factor of 36 at 300 K). 3-SIA
clusters show the greatest diffusivity among all defect types under review at T < 350 K. The temperature de-
pendences of DY are not linear in Arrhenius coordinates (Fig. 3, a). Therefore, an accurate description of MD
data can be obtained by Arrhenius dependences only for particular temperature ranges.

Table 3 lists the fitting parameters of such dependences (preexponential factor Do and diffusion activation
energy E”P) with indication of temperature ranges, for which those parameters have been obtained. In the
case of 3- and 5-SIA clusters, D¢ is weakly dependent on T at T < 400 K (EAP < 0.01 eV). The low EAP value
for 3-SIA clusters (0.004 eV) is consistent with the result of direct molecular statics calculations [9] of the ener-
gy barrier for cluster migration, which is less than 10~ eV. At T >700 K, the EAP value for the clusters under
review is 2—4 times lower than that for a single SIA (see Table 3).

T able 3. Arrhenius approximation parameters for DY(T) for g-SIA (q = 1—5) in Fe

Low temperature approximation High temperature approximation
4 Do, cm?/s EADP, eV T range, K Do, cm?/s EADP eV T range, K
1 2.59-10? 0.219 250—350 1.25-1078 0.101 600—1200
2 1.33-10°8 0.056 250—350 6.43-10 0.034 400—800
3 2.25-10* 0.004 300—400 5.38-10™ 0.036 700—1200
4 1.03-10°° 0.086 300—700 5.72-10™* 0.051 700—1200
5 2.82-10* 0.013 300—500 3.70-10* 0.025 600—1200

The E”P values obtained in this study are very much at variance with data reported in [6], where
EAP =0.024 + 0.004 eV regardless of cluster size. The potential used in [6] was developed by Osetsky et al.
[29]. The most stable SIA configuration allowing for that potential is (111) dumbbell, which does not agree with
experimental data [30].

As one can see from Fig. 3, b, the one-dimensionality of the SIA clusters’ diffusion becomes much more pro-
nounced as the cluster size, g, increases from 1 to 3 (f" decreases from ~0.28 to 0.03—0.08 depending on the tem-
perature), while the f" value becomes almost independent of q at q > 3. The f" value does not go to zero even
where the clusters’ diffusion is almost completely one-dimentional (as in the case of a 5-SIA cluster at 300 K). The
reason for f" + 0 is that atoms forming a SIA cluster may move from their original positions in the lattice to neigh-
boring close-packed rows. Therefore, even if the cluster’s mass centre moves one-dimensionally all the time, the
cluster is unable to completely «cover up the footprints», the result being the non-zero D" and f". The inability of
f'" to take the zero value is almost entirely determined by such changes of atomic positions within a g-SIA cluster,
where g > 3. Incidentally, f* does not characterize the diffusion mechanism of such clusters. In this context, the f"
value is useless for the identification of the cluster diffusion mechanism, and other characteristics are called for.

Fig. 4 shows the temperature dependences of the frequency of changes in the migration direction and the
average distance traveled between migration direction changes for g-SIAs (q = 1—5) in Fe. The inaccuracy of

1012 a 10* b
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Fig. 4. Temperature dependences of vR (a) and lch (b) for g-SIAs (q = 1—5) in Fe: @ — 1-SIA, @ — 2-SIA, @ — 3-SIA, @ —
4-SIA, e — 5-SIA
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vRand I is not indicated in the plots, if smaller than the size of the points. Both v® and e, in contrast to f", are
much dependent on q across the whole range of g values under review.

The temperature dependences of V® are not linear in Arrhenius coordinates (Fig. 4, a); therefore, an accurate
description of the MD data can only be obtained by Arrhenius dependences for particular temperature ranges.
Table 4 lists the fitting parameters of such dependences (preexponential factor vo and reorientation activation
energy EF) with indication of temperature ranges, for which those parameters have been obtained. At low tem-
peratures, the E® values for g-SIA clusters with g > 3 are close to each other and equal ~0.2 eV. At high temper-
atures, ER becomes 2—6 times higher (the higher g, the higher the difference) suggesting the roles of different
mechanisms in cluster reorientations at low and high temperatures.

T able 4. Arrhenius approximation parameters for vR(T) for g-SIAs (q = 1—5) in Fe

Low temperature approximation High temperature approximation
a vo, Hz ER, eV T range, K vo, Hz ER eV T range, K
1 1.16-10™ 0.242 250—300 1.81-1012 0.093 600—1200
2 2.16-101 0.076 250—400 8.67-1010 0.045 400—800
3 8.38-101%0 0.217 300—800 1.01-10%2 0.390 800—1200
4 3.11-108 0.186 300—700 1.20-10%3 0.888 800—1200
5 1.35-108 0.177 300—800 4.50-1013 1.125 900—1200

The I value for single SIAs becomes temperature independent in the temperature range of 250—1200 K.
Its average value (2.1a) is consistent with the temperature independent f" for the corresponding temperature
range (see Fig. 3, b). For 2-SIA clusters, I, decreases from 10.6a to 7.2a with temperature rising from 250 K to
1000 K, respectively, which is also consistent with the f" increase. For clusters with g > 3, lc, decreases dozens
of times with temperature rising from 300 K to 1200 K (from 283a to 10.7a, from 1051a to 33.5a, from 1535a
to 48.7a for clusters with g = 3, 4, 5, respectively).

The sink strengths of various microstructure elements are sensitive to the dimensionality of radiation de-
fects” diffusion (sink strengths for 1D and 3D diffusion types may differ by several orders of magnitude) [27].
For example, sink strength k? of spherical absorbers with radius R and number density N (the number of absor-
bers per unit volume) is

kZ, ~4nRN for a 3D diffusion [31, 32], (1)

and is

ki = 6(mR?N)*for a 1D diffusion [33]. 2

10 1-SIA 2-SIA  3-SIA As an illustration, if R=10a and N = (200a)73,

k2 /kZ ~1700.

The sink strength for a mixed 1D/3D defect diffu-
sion can be calculated using the object kinetic Monte
Carlo method (OKMC) [27, 28]. Such calculations
have been carried out in this study for spherical ab-
sorbers with R = 10a and N = (200a)™ to estimate sink
strength k? dependence on I, by a technique similar to
the techniques proposed in [27, 28], but different in
the following aspects: 1) migration directions may
change at each time step of the algorithm in accor-
dance with a given probability for such an event (not
every n jumps, where n is a parameter, as in [27, 28]);
2) the absorbers were not randomly located in the
computational cell as in [27, 28] but formed a simple
orthorhombic lattice with parameters 125a, 256a,
250a. Fig. 5 shows the resulting dependence.

105 kZ%p = 47RN

10”7

108 k?1p = 6(nR2N)?

102
Ich, a
Fig. 5. Dependence of the sink strength of spherical absorbers with
radius R =10a and number density N =(200a) on the average

100 10t 103 104

distance traveled between migration direction changes, lch. The color
fields indicate the ranges of values I values for g-SIAs (g = 1—5)
in Fe. The dashed lines indicate theoretical sink strengths for 1D and
3D diffusion mechanisms calculated by Egs. (1) and (2)
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k! is the radiation defects’ diffusion length (the
average distance that the defects can travel from their
origination sites to the sinks where they are absorbed
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or annihilated). Let us denote the diffusion length for the case of fully 3D- and 1D-migrating defects as k> and
k;5, respectively. For the considered spatial configuration of absorbers, Egs. (1) and (2) give k5 = 252a and
k;5 =10 3964, respectively. As one can see from Fig. 5, k> ~kZ, at I, < kg2 . Similarly, k* ~k;2 at I, >k;5.
The OKMC values of k?* deviate from k2, by not more than 10% at |, <10a. Such a criterion can be used to
assess the need to account for the contribution of the 1D diffusion mechanism to the diffusion when construc-
ting OKMC models of SIA clusters diffusion. For example, for the discussed configuration of absorbers, one
can conclude, using this criterion, that the effect of the 1D diffusion mechanism on the sink strength must be
considered for SIA clusters with g > 3. For single SIAs and 2-SIA clusters, the effect of the 1D mechanism is
too small to modify k? in any noticeable way.

In iron, the cluster distributions of SIAs generated in atomic collision cascades depend on the cascades’ dam-
age energy [3, 4]. Correspondingly, neutron damage irradiations with different neutron energy spectra generate
different cluster distributions of SIAs. As the sink strengths of various microstructure elements for radiation de-
fects are sensitive to radiation defects diffusion mechanism, the difference of the fluxes of radiation defects of dif-
ferent signs (vacancies, SIAs) to the microstructure elements is determined not only by the generation rate for radi-
ation defects (dpa) but also by the cluster distribution of SIAs specific for the given neutron spectrum.

CONCLUSIONS

MD simulation of diffusion trajectories of the SIA clusters (clusters of three, four and five SIAs) has been
performed for a temperature range of 300—1200 K in bcc Fe. Temperature dependences of diffusion character-
istics (diffusivity DY, tracers correlation factor f ", frequency of migration direction changes v®, average distance
traveled between migration direction changes Ich) for single SIAs and SIA clusters containing up to 5 SIAs have
been obtained based on MD data from this study and previous research. Their diffusion activation energies EAP
and reorientation activation energies ER have been also determined.

At T>700 K, D for single SIAs and SIA clusters differs by 30% at most. The EA® values for all types of
SIA clusters (0.025—0.051 eV) are 2—4 times lower than those for single SIAs (0.101 eV). At room tempera-
ture, the difference of DY values for different defect types can exceed an order of magnitude. At T <400 K, D?
weakly depends on T for 3-SIA and 5-SIA clusters (EA° < 0.01 eV). The E”P values for SIA clusters vary from
0.004 eV for 3-SIA clusters to 0.09 eV for 4-SIA clusters, which is significantly lower than the value for single
SlIAs (0.24 eV).

Single SIAs show a predominantly 3D diffusion at temperatures 250—1200 K, with I =~ 2.1a. For 2-SIA
clusters, the effect of mixed 1D/3D diffusion is most pronounced, with ¢, varying from 7.2a to 10.6a at temper-
atures 250—1000 K. The 1D diffusion mechanism prevails for 3-, 4-, 5-SIA clusters: I¢n varies from 283a to
10.7a for 3-SIA clusters, from 1051a to 33.5a for 4-SIA clusters, and from 1535a to 48.7a for 5-SIA clusters
when T rises from 300 K to 1200 K. The ER values are temperature sensitive: ER ~ 0.2 eV for clusters of three to
five SIAs at T < 700—800 K; ER = 0.4 eV for 3-SIA clusters, ER ~ 0.9 eV for 4-SIA, ER ~ 1.13 for 5-SIA clus-
tersat T > 800 K.

The dependence of diffusion mechanism of SIA clusters on the number of their constituent SIAs together
with the dependence of the cluster distributions of SIAs on the atomic collision cascades damage energy and the
sensitivity of the sink strengths of microstructure elements to the radiation defects diffusion mechanism cause
the evolution of the radiation microstructure under irradiation in different neutron spectra to be different at the
same damaging doses (dpa) which must be taken into account when analyzing and interpreting the results of
radiation tests of materials of nuclear fission and fusion energy.

The study was supported by NRC «Kurchatov Institute» (grant Ne 1934a from 28.09.2020) and carried out

using computing resources of the Federal collective usage center Complex for Simulation and Data Processing
for Mega-science Facilities at NRC «Kurchatov Institute», http://ckp.nrcki.ru/.
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4™ International Conference on Fusion-Fission Subcritical Hybrid Systems

Kpome 20 moknamoB, mpenacTaBieHHBIX Ha 4-if MexIyHapoIHOW KOH(EpPEeHINH M0 MOIKPUTHIECKUM TH-
6pI/I,Z[HI>IM CUCTEMaM CHUHTE3a-ACIICHUAA, 0,[[06peHHLIX PCUOCH3CHTAMU U Hy6J’II/IKy6MHX B HACTOSLICM BBIITYCKC,
PEIKOIUIETH KypHAJIa MOTy4YHiIa BOCEMb KPaTKUX COOOIIEHWH O JOKIIamaX, TakKe CIeIaHHBIX Ha KoH(epeH-
nmu. Jlamee myOIuKyIOTCS 3TH COOOTIICHNS.

In addition to the 20 reports presented at the 4th International Conference on Fusion-Fission Subcritical
Hybrid Systems, approved by reviewers and published in our journal above, the editorial board of the journal
received eight brief messages on the reports also made at the conference. These brief messages are published
below.

UDC 621.039.674.3
NRNU MEPHI ACTIVITY TOWARDS FUSION-FISSION HYBRID SYSTEMS
(short message)

Yu.M. Gasparyan', D.M. Bachurina!, L.B. Begrambekov', S.A. Krat?, V.A. Kurnaev?!, A.M. Litnovsky*?,
0.V. Ogorodnikova’, A.A. Pisarev’, O.N. Sevryukov’, A.N. Suchkov*

!National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Kashirskoe sh. 31, Moscow, 115409 Moscow, Russia
2Forschungszentrum Jilich GmbH, Institut fir Energie und Klimaforschung, Julich, 52425, Germany

The development of fusion-fission hybrid systems is a very complex and ambitious task. MEPhI is a key Rus-
sian University for students training in many areas related to this topic. The University is actively involved in re-
search and development activities. MEPhI has a unique complex of plasma and ion beam facilities allowing for
irradiation of candidate plasma-facing materials using hydrogen, deuterium and helium in a wide range of parame-
ters thus advancing fundamental investigations of plasma-wall interaction [1]. These facilities allow studies of
plasma-induced surface modification, erosion and various aspects of hydrogen isotopes retention, including co-
deposition and influence of radiation damage. Most of research are currently performed with tungsten and ad-
vanced W alloys (in cooperation with Research Center Jilich, Helmholtz Society, Germany [2]), steels and alumi-
num acting as a proxy of beryllium. Addressing a concept of a renewable surface of plasma-facing components,
experiments and theoretical studies of resistance of liquid lithium [3] and B.C coatings [4] are carried out. With
such a fundamental knowledge, new methods of edge plasma and surface diagnostics, tritium and dust removal are
developed for ITER and other tokamaks. To join dissimilar materials in fusion devices, various methods of brazing
using rapidly solidified amorphous alloys are developed for an application in ITER [5] and DEMO [6]. Recently, a
small spherical tokamak MEPHIST [7] has been built for student training and as a testbed for new methods of
plasma and surface diagnostics and various engineering solutions. Research related to analysis of non-conventional
nuclear fuels and involvement of fusion reactors in nuclear power production is described separately in [8].

Key words: MEPhI, nuclear fusion, plasma wall interaction, tokamak, brazing.
DOI: 10.21517/0202-3822-2021-44-2-158-159

JAEATEJBHOCTDb HUAY MU®U 110 CO3JAHUIO TUNBPUJHBIX CUCTEM CUHTE3A-AEJEHUSA
(kpamxkoe coobwenue)

FO.M. T'acnapsan®, .M. Bauypuna', JI.5. Beepambexos', C.A. Kpam*, B.A. Kypnaeg', A.M. Jlumnosckuii*?,
O.B. Oz0poonuxoea*, A.A. ITucapeg*, O.H. Ceepioxog*, A.H. Cyuxos*

Hayuonanvuwiii uccredosamenvcxuii soepuwiii ynusepcumem MUDH (Mockoscxuii undicenepro-gusuueckuii uncmumym), Kawupckoe
wocce 31, 115409 Mockea, Poccus
2Hccnedosamenvciuii yenmp Julich GmbH, Hucmumym snepeemuueckux u knumamuuecxkux uccnedosanuii, FOnux, 52425, I'epmanusn

Pa3paboTka ruOpUIHBIX CUCTEM, OCHOBAHHBIX Ha CUHTE3€ U ACJICHUH sIep, — 3TO OUEHb CIO0XKHAS U aMOu-
nuo3Has 3anada. MUDU gBnseTcsl KIOYEBBIM POCCUMCKUM YHUBEPCUTETOM I MOATOTOBKU CTYJEHTOB IIO
MHOTHM acIleKTaM, CBSI3AHHBIM C ATOM TeMaTHKOH, a Takxke akTuBHO ywyacTByeT B HHMOKP. B uactHOCTH,
MU®U pacrionaraeT yHUKaJIbHBIM KOMIIJIEKCOM IUTa3MEHHBIX M MOHHO-Ty4YeBBIX ycTaHOBOK st HD- u He-
IUIa3MEHHOT'0 00JIy4eHUsI MaTepUaJIOB B IIMPOKOM AUAIAa30He NapaMeTpoB U (GyHIAMEHTAIbHbIX UCCIEJOBAHUM
B3aUMOJICHCTBHS TIa3Mbl co cTeHkoil [1]. [IpoBonsaTes uccienoBaHus MiIa3MEHHO-UHIYUPOBAHHOW MOAU(H-
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Kallu¥ TIOBEPXHOCTH, SPO3UU U PA3IUYHBIX aCIEKTOB YJEpXaHHS M30TONOB BOAOPOAA, BKIIOUAs 3aXBaT B Ile-
pPEOCaXAEHHBIX CIOSIX M BIMSHUE PAAMALMOHHOTO MOBPEXICHHUSI MaTepHaioB. bONBIIMHCTBO HCCIeI0BaHUN B
HACTOSIIIIEe BPEMs MPOBOIUTCS C BOJIb()PAMOM M HOBBIMH NEPCIICKTUBHBIMH CIIABAMU Ha €ro OCHOBE (B CO-
TpyIHHYECTBE C [ embMIroNbIEeBCKUM Hay4YHbIM IIeHTpoM B lOmmxe, 'epmanus [2]), cransamu u aqroMUHHEM B
KaJyecTBe aHanora oepuiuius. B moanep:kky KoHLIENIIMU BO30OHOBIIIEMON IIOBEPXHOCTH OOPAIEHHBIX K IJIa3Me
SJIEMEHTOB MPOBOASATCS SKCIEPUMEHTH U TEOpPETHYECKHe paboThl MO CTOMKOCTH >kuakonuTueBbix [3] n B4C-
cioér [4]. Ha ocHOBe 3HaHMIA O MPOMCXOMAIINX IEMEHTApPHBIX mpoieccax B MUDU mpoBoauTes paspaboTka
g UTOP m npyrux TokaMakoB HOBBIX METOJIOB AMATHOCTUKU IMPUCTEHOYHOW IJIa3Mbl M IOBEPXHOCTH, yAaJe-
HUSI TPUTHS U TBUTH. J[J1s1 COSAMHEHHS MaTEPUANIOB C CHIILHO OTJIMYAIOMIMMHUCS CBOHCTBAMHU Pa3padaThIBAIOTCS
pas3yin4Hble METOMBI MAalKKU ¢ UCIOIb30BAHUEM OBICTPO3aKaJEHHBIX aMOP(QHBIX CIUIABOB, YTO MOXKET OBITH HC-
HOJIb30BAHO IMPU M3TOTOBJICHUH OOpaII€HHBIX K ruiazme anemenToB miust UTOP [5] u JEMO [6]. HenaBuo B
MU®U 6511 ocTpoeH HeGobImol cheprdecknii Tokamak «MUDUCT» [7] aus o6ydeHHs CTYIEHTOB M OTpa-
OOTKH HOBBIX METOJIOB TMAarHOCTHKH IJIa3Mbl M TIOBEPXHOCTH CTEHOK, a TAKXKE Pa3IMYHBIX HH)KCHEPHBIX pelle-
Huil. Eme oHO HampaBieHHe JEesTeTbHOCTH CBSI3aHO C aHAJM30M HETPaIUIIMOHHOIO SAEPHOrO TOILIMBA U BO-
BJICYCHHEM TEPMOSIEPHBIX PEAKTOPOB B SICPHBIC SHEPTeTHIECKUE CHCTEMBI M TOJpoOHee onucaHo B [8].

Kuaruessbie ciaoa: MUOU, TepmosiiepHbld CUHTE3, B3aUMOACHCTBUE IJIa3Mbl C MOBEPXHOCTHIO, TOKAMAK,
namka.
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PILOT FFHR BASED ON A RFP AS A FUSION CORE
(short message)

R. Piovan', P. Agostinetti!, C. Bustreo®, F. Bruno?, R. Cavazzana®, A. Cemmi** N. Cherubini®, M. Ciotti?,
D.F. Escande?, E. Gaio’, R. lacovacci?, G. Lombardi?, G. Lomonaco®®, F. Lunardon?, G.A. Marzo®,
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SIstituto Nazionale di Fisica Nucleare — Sezione di Genova, Genova, Italy
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Studies are in progress in order to revisit the status and the potentiality of the Reversed Field Pinch (RFP)
as a fusion core in FFHR, taking into account: (i) the recent progress in RFP physics brought by the results of
RFX-mod (R = 2, a = 0.46, I, = 2MA), mainly about MHD modes control, (ii) the expected performance im-
provements resulting from the ongoing upgrade of the machine. To cover the gap between the existing experi-
ments and the hybrid reactor, according to the strategy emerged in FUNFI3, an intermediate step with a FFHR
pilot experiment in which a RFP is the neutron fusion source is proposed. Three different categories of issues
are considered which require the assessment of:

— the RFP physics and the scaling laws at increased level of current and machine size;

— the technologies allowing increased RFP performances and continuous operation;
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— a test bench for a hybrid blanket, combining Tritium production and fission reactions.

In order to optimize the pilot experiment approach in terms of cost reduction, best use of the step-by-step
acquired knowledge and clear milestones towards the realization of a low power FFHR, a staged approach with
increased complexity and investment is introduced [1]. In the proposed pilot FFHR the aim is the production of
D—T-fusion power with a RFP configuration (P = 30 MW, Q = 0.4, continuous pulsed operation) and testing
the blanket with limited fission fuel. The overall strategy of this approach and the details for each stage of the
plant requirements, the tackled issues and the expected results in order to pass to the next phase will be present-
ed in the talk.

Key words: pilot FFHR, RFP, RFX-mod.
DOI: 10.21517/0202-3822-2021-44-2-159-160

MAJOTHBIN FHEPHI[HI)IFI PEAKTOP CUHTE3A-JIEJIEHUSA HA OCHOBE ITMHYA
C OBPAIIIEHHBIM ITOJIEM B KAYECTBE TEPMOSIZIEPHOT'O UICTOYHHUKA
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*Hayuonanouviii Hucmumym soeproii gusuxu — pasoen mpu, Pum, Umanus
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B Hacrosiee Bpems BEIyTCsI HCCIIEAOBAHUS C LIEbI0 MEPecMOoTpa cTaTyca M MOTeHIMajla MuH4Ya ¢ obpa-
ménnaeiM ToieM (RFP) B kadecTBe TepMOSIEPHOTO HCTOYHHKA B THOPHIHOM pEAKTOPE CHHTE3a-IEIICHIS
(FFHR) ¢ yuérom cnenyrommx ¢akropos: (i) HenaBHuil nporpecc B pusuke RFP, BbI3BaHHBIN pe3ysbTaTaMu Ha
ycranoBke RFX-mod (R = 2, a = 0,46, I, = 2 MA), rnaBHbIM 00pa3om B obsactu yrpasiaenuss MI'J[-pexxumam,
(i) o’xumaeMple yITydIIeHUS pe3yIbTaTOB MOCIE OKOHYAHMS MOJICPHHU3ALNH 3TOH YCTaHOBKU. UTOOBI yCTpaHUTh
PasphbiB MEKAY CYLIECTBYIOMMMHU SKCIIEPUMEHTAMH M TUOPHIHBIM PEaKTOPOM, B COOTBETCTBHH CO CTpaTerHel,
paspabotannoii B xone FUNFI3, npennaraercs mpoMexyTOUHBIH 3Tal ¢ MHIOTHEIM dkcriepumernToMm FFHR, B
koTopoM RFP Oyner ABIATHCS MCTOYHUKOM TEPMOSAIEPHBIX HEHTPOHOB. PaccMaTpuBaroTcs Tpu pa3nudHbIe Ka-
TEropuy BOIPOCOB, TPEOYIOIINX OLIEHKH!

— ¢wus3uka RFP u 3axoHbI MacITaOUpoBaHus MPH MOBHIILICHHOM YPOBHE TOKA M Pa3Mepe yCTaHOBKH,

— TEXHOJIOTHH, TT03BOJISIIOIIIE TOBBICUTE POM3BOINTENHHOCTE RFP 11 06ecnieunts HenpeprIBHYIO padoTy;

— UCTBITATENIbHBINA CTeH AJ1sl THOPUIHOTO OJIaHKeTa, COYETAIOIIEro MPOU3BOACTBO TPUTHUS U PEAKLMH Jie-
JICHUSI.

[ onTHMU3anMK MOAXOJAa MHJIOTHOTO 3KCIEPUMEHTA C TOYKHM 3PEHHUS] CHIDKEHHS 3aTpaT, HauIydIIero
WCIIOJIb30BaHMsl TIO3TAITHO MIPHOOPETEHHBIX 3HAHUHM M YETKHUX BEX Ha MyTH K peann3auuu MajgomorrHoro FFHR
BBOJIMTCS IOATAIHBIN MOJIXOJ C IMOCTEIIEHHBIM YBEIMYCHUEM CIIOKHOCTH M MHBecTuimi [1]. B mpeamaraemom
mwtotHoM FFHR ¢ kondurypauueii RFP nensio sBisieTcss moiy4eHHE TEpMOSACpPHOH MomHocTH B D—T-
peaknuu (P = 30 MBrT, Q = 0,4, HenpepbIBHAS UMIIYJIbCHAS paboTa) M UCIBITaHHE OJaHKETa ¢ OTPAHUIEHHBIM
JeneHneM TorunBa. [IpencTaBnensl o0mas cTpaTerus 3TOro MoAX0Aa U ONKCaHKue TPeOOBaHUH K KaXKIOMY 3Ta-
Iy, pelIaeMble BOIIPOCHI U OXKUIAEMBbIE PE3yJIbTAaThl U1 IEPEX0/a K CIEAYIOIEMY JTaIly.

Karouesnie ciaoBa: muiotHelii FFHR, RFP, RFX-mod.
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COMPARISON OF LITHIUM DIVERTOR OPTIONS FOR DEMO-FNS TOKAMAK
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!peter the Great St. Petersburg Polytechnic University, 29, Politechnicheskaya str. St. Petersburg 195251, Russia
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The issues of heat loads into the tokamak divertor still remain unresolved engineering and physical prob-
lems of a thermonuclear reactor development. Several approaches are being discussed and studied to reduce the
heat flux onto divertor plates below 10 MW/m? Among them, the attractive approaches proposed by Y. Naga-
yama [1] and R. Goldston [2] are based on a liquid lithium evaporation in a limited amount of divertor boxes.
They are relatively simple in practical applications and allow one to achieve necessary steady-state regimes both
for heat fluxes and for plasma effluxes from a plasma column to the divertor region. In order to choose one of
them for prospective tokamaks the comparative analysis was conducted and presented in this report. The design
of the divertor zone for the DEMO-FNS tokamak is proposed. The superconductive tokamak DEMO-FNS [3]
that is currently being developed in Russia will operate in the regime of fusion neutron source (fusion power
during a steady-state regime up to 40 MW, neutron production rate above 1-10%° s™). It was shown that the sys-
tem with «cold» box walls (about 200 °C) which can condense Li (like in [1]) looks more suitable compared
with «hot» (up to 800 °C) box wall system [2]. Both approaches fit the criterion for heat loads onto the divertor
walls. Both approaches also fit the criterion for the lithium flow into the main plasma, but the cold wall ap-
proach is on the verge of being applicable because of the lithium flow value into SOL. The «cold» box walls
design is preferable due to an engineering simplicity of realization as well. It was demonstrated that lithium ef-
flux into the main plasma is suppressed mainly due to the ionization process within SOL which exponentially
depends on its width. It is necessary to perform detailed 2D-modeling of SOL and divertor construction with
lithium for DEMO-FNS plasma parameters determination in divertor and SOL. Engineering and technological
study of such design is also required. Acknowledgments. This work was supported by the Ministry of sci-
ence and higher education of Russian Federation in the framework of the state contract in the field of sci-
ence under project No. 0784-2020-0020 using the Federal Joint Research Center Material science and char-
acterization in advanced technology» (project RFMEFI162119X0021), including the unique scientific facili-
ty «Spherical tokamak Globus-M».

Key words: divertor, lithium, heat loads, DEMO-FNS.
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CPABHEHHUE BAPUAHTOB JIUTHEBOI'O IUBEPTOPA JJId TOKAMAKA JEMO-THH
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Bormpocs! TemIoBbIX Harpy30K Ha JUBEPTOP TOKaMaka MPOJOKAIOT OCTaBaThCs HEPEIIEHHON MHIKEHEPHO-
¢uzngeckoi mpobiieMoli B X0€ pa3padOTKU TEPMOSIEPHOI0 peakTopa. bbulo npeanokKeHo HECKONIbKO MOAXO0-
JIOB K CHIDKEHHIO TEIIOBOTO MOTOKA HA IUIACTHHBI JMBEPTOpA 0 3HaueHuil Huke 10 MBT/M%. B X 4HCI0 BXO-
JSIT TIPUBJIEKATEIbHbIE TOAX0AbI, peaioxenHbie 0. Harasmoit [1] u P. Tonncronom [2], koTopble ocHOBaHBI
Ha MCHApEHUH XKUIKOTO JIUTHS B OTPAHUYEHHOM KOJIMYECTBE AUBEPTOPHBIX CeKIMH. OHM OTHOCHUTENBHO IPO-
CTBl B IPAaKTHUYECKOM MPUMEHEHUHU U TO3BOJIAIOT JOCTUYbh HEOOXOJUMBIX CTAallMOHAPHBIX PEKUMOB Kak AJIs
TETJIOBBIX OTOKOB, TaK U AJIS IOTOKOB IJIa3Mbl U3 IIA3MEHHOTO IIHYpa B 00macTh quBeptopa. C 1ensio BeIOO-
pa OHOTO M3 HUX IS MEPCIEeKTUBHBIX TOKaMaKOB ObLT MPOBENEH CpaBHUTENbHBIA aHanmu3. [IpeanoxkeHa KoH-
CTPYKIUSI JTUBEpTOpHOU 30HKI jisi Tokamaka JJEMO-TUH. PaspabareiBaemslii B HacTosmee Bpems B Poccun
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ceepxnpoBosmii Tokamak JJEMO-TUH [3] 6yaer pabotate B pexuMe TEPMOSICPHOIO UCTOYHHKA HEHTPO-
HOB (MOIIHOCTh TEPMOSIEPHOTO CHHTE3a B CTAalOHApHOM pexnme 10 40 MBT, ckopocTh BhIpaOOTKH HEHWTpO-
HOB cBbinre 1-10%° c"l). BbI10 MOKa3aHo, 4TO CHCTEMA ¢ «XOJNIOTHBIMI» CTeHKaMu cekiun (okoso 200 °C), cro-
cobHas xKoHmeHcuposath Li (kak B [1]), BEITIsauT Goitee MOAXOMAIIEH 110 CPABHEHHMIO C CHCTEMON C KTOPSIYH-
mi» (10 800 °C) crenkamu cekuuii [2]. O0a moaxoaa COOTBETCTBYIOT KPUTEPHUIO TEIIOBBIX HATPY30K HA CTCHKU
nuBepTopa. Kpurepuro mo moToky JUTHS B OCHOBHYIO IIa3My TaK)Ke YAOBIETBOPSIIOT 00a MOIX0Aa, HO TIOXO0/
C KOHJICHCHPYIOIIMMHU CTCHKaMU HaXOJUTCSl Ha TPpaHi MPUMEHUMOCTH 110 1oToky nutust B SOL. KoHcTpykims
«XOJIOJHBIX» CTEHOK CEKIHH MPEeANOYTUTENbHA TaKXKe M3-3a HH)KEHEPHOH MpocToThl peanu3anuu. [lokaszaHo,
YTO BBIXOJ JIUTHSA B OCHOBHYIO IUTa3My IOJABIISETCS, B OCHOBHOM, 3a CYET MpoIlecca MOHU3AIUN BHYTPHU
SOL, 3KCNOHEHIHAIILHO 3aBUCAIIETO OT €T0 MHUPHUHBL. i onpeneneHus napamerpos 1iazmel JEMO-TUH
B auBeptope U SOL HeoOxoauMo BBITOTHUTH AeTanbHOe 2D-MonennpoBanne koHcTpykuun SOL u nmutueBoro
nuBepTopa. TpebyeTcs TakKe HHKEHEPHO-TEXHOIOTHIecKast MpopaboTKa TaKoH KOHCTPYKIINH.

Hacrosmas pabota moanepskana MUHHCTEpCTBOM HayKH WM BhICIIEro oOpazoBaHust Poccutickoit Denepa-
UM B paMKax rocyJIapCTBEHHOTO 3aiaHus B cdepe Hayku mo npoekty Ne 0784-2020-0020 ¢ ucmonb3oBaHueM
denepanbHOTO MEHTPa KOJUIEKTUBHOTO TOJh30BaHusS «MaTepualoBeieHne U JUarHOCTHKA B TMEPEIOBBIX TEX-
monorusax» (mpoext RFMEFI162119X0021), BKIIOYAIOIIET0 YHUKAIBHYIO HAydHYO YCTaHOBKY «CQepHuecKuii
Tokamak ['mo0yc-M».

KuaroueBble ¢ji0Ba: TUBEPTOP, JIUTUH, TETUIOBEIe Harpy3ku, JIEMO-THH.
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ALIANCE-T is a pilot experiment aiming to test the core principles of operation of the ALIANCE [1]
volumetric fusion neutron source and to study specific plasma physics problems related to continuously opera-
ting gas dynamic mirror traps [2]. Research program of ALIANCE-T focuses on achievement of continuous
discharge in axisymmetric magnetic field with high mirror ratio (~100) with parameters of plasma suitable for
neutral beam injection. The research program includes experimental evaluation of several possible plasma gen-
eration techniques, studies of plasma stability against magneto hydrodynamic (MHD) perturbations, testing of
stabilization methods most suitable for a continuous discharge, studies on interaction between neutral gas and
plasma and its influence on the overall energy confinement time. As a technology demonstration experiment,
ALIANCE-T will feature several technical solutions envisioned for ALIANCE-1 [1] and succeeding machines
such as modular magnet system with compact superconducting magnetic mirror solenoids, electrode-based
plasma stabilization and limiting technologies suitable for a continuous discharge, continuous gas feed for plas-
ma density control and cycling of neutral gas through pumping and gas feed systems. Successful completion of
the experimental program is expected to provide well-defined solutions for the ALIANCE-1 experiment with
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neutral beam injection. The report presents general structure and parameters of the machine’s subsystems, in-
cluding the description of plasma source and its expected performance.

Key words: gas dynamic trap, fusion neutron source, superconducting magnets, plasma source.
DOI: 10.21517/0202-3822-2021-44-2-162-163
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ALIANCE-T — muIOoTHBIH 3KCIIEpUMEHT, HalpaBIeHHBIN Ha MMPOBEPKY OCHOBHBIX ITPUHITUIIOB PaOOTHI 00B-
&mHoro TepmosiepHoro uctounuka HeiitponoB ALIANCE [1] u u3yueHue BOonpocoB yaepikaHus 1a3Mbl B ra3o-
JMHAMHYECKUX TPOOOYHBIX JIOBYIIKAX, paboTalomuX B HenpepblBHOM pexnme [2]. MccmenoBarenbsckas mpo-
rpamma ALIANCE-T HanpaBieHa Ha JOCTHKEHHE HENPEPHIBHOTO pa3psiia B 0CECHMMETPUYHOM MarHUTHOM TIOJIe
C BBICOKMM TIpoOo4HbIM oTHOIIeHneM (~100) 1 mapameTpaMu 1ua3mel, IIPUTOJHBIMU TSI HHXKEKLMN HEHTPAJIbHO-
ro myuka. [Iporpamma uccrnenoBaHuii BKJIOYAET SKCIEPUMEHTAIBHYIO POBEPKY HECKOJIBKUX BO3MOXKHBIX METO-
JIOB TCHEPALMHU IIJIa3Mbl, UCCIEIOBAHNUS YCTOMYMBOCTH IUIA3MBI 110 OTHOIIECHHUIO K MAarHUTOTUIPOIUHAMUYECKUM
(MI'1) BO3MyIIEHHSIM, TECTUPOBAHHE METO/IOB CTAOWIIM3AINK, HAnOoIee MOIXOSIMIIMX Ul HEIPEPBIBHOTO pa3-
psna, a TaKKe MCCIEIOBaHUS B3aMMOJCHCTBUS HEHTPAJIBbHOIO Ia3a C IUIA3MOM M €ro BIMSIHUS Ha o0liee Bpems
yaep)kaHus dHepruu. B kadectBe skcriepuMenTa st gemoHcTparu TexHojoruii ALIANCE-T mpencraBur He-
CKOJIPKO TEXHHUYECKUX DPEIIeHHi, KoTopsle npemiaraercs npumenuts B ALIANCE-1 [1] u mocienyromux ycra-
HOBKaX, TAKUX KaK MOJAYJIbHAsI MarHUTHAsl CUCTEMa ¢ KOMIIAKTHBIMHU CBEPXIIPOBOSIIMMYU COJIEHOUIAMHU MarHHUT-
HBIX IIPOOOK, TEXHOJIOTMH CTAOMJIN3ALMU M KOHTPOJIS I'PAHULbI IJIa3Mbl IIPU HOMOIIM 3JIEKTPOAOB, NPUTOTHbIE
JUISL HEIIPEPBIBHOTO pa3psla, HElpephIBHAs 110/1a4a ra3a Ul HOJIep)KaHus INIOTHOCTH IUTa3Mbl, a TAKXKE 3aMbIKa-
HHE Ta30BOT0 LHUKJIA YE€PEe3 CUCTEMbI OTKAYKU U Mojayu raza. Oxumgaercs, 9To YCIEIIHOE BhIIIOJHEHHE SKCIIEPHU-
MEHTAIILHOW TIPOrPaMMBbI IIO3BOJIUT BBIPaOOTaTh roTOBBIE penienust ast sxcriepumenTa ALIANCE-1 ¢ umkekuuei
HEeHTpalbHOTO My4Kka. B oTuére mpencTaBieHsl o0mas CTpyKTypa U MapaMeTpbl IOJACUCTEM 3KCIIEPUMEHTATbHOM
YCTaHOBKH, BKIIFOYasi OIIMCAHNE UCTOYHHKA TTa3MBI M €T0 OXKHJAEMBIX XapaKTePHCTHK.

KiroueBnlie ciioBa: razogrHaMu4eckast JJIOBYIIIKA, HCTOUHUK TEPMOSIAEPHBIX HEUTPOHOB, CBEPXIIPOBOSAIINE Mar-
HUTBI, UICTOYHUK IUIa3MBl.
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DEVELOPMENT AND APPLICATIONS OF HINEG HIGH INTENSITY NEUTRON SOURCES
(short message)
Yican Wu
Institute of Nuclear Energy Safety Technology, FDS Team, Chinese Academy of Sciences, Hefei, Anhui, 230031, China

Neutron sources are the important experimental platforms for the R&D of advanced nuclear energy and nu-
clear technology application. The High Intensity Neutron Generator (HINEG) has been developed in China with
different missions including neutronics design validation, material & components irradiation test, nuclear waste
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burning and nuclear technology application. HINEG-I has achieved the fusion neutrons with the yield of
6.4-10* n/s at maximum, and has been coupled with the Lead-based Zero Power Critical/Subcritical Reactor
named CLEAR-0. Such a facility is actually an accelerator-driven Fusion-Fission Hybrid System. Series of typ-
ical experiments have been carried out on HINEG-I, including neutronics and code validation, core physics
study of advanced reactors, neutron radiography, neutron detector calibration, neutron biological effects, neu-
tron radiation hardening, and so on. HINEG-II is an accelerator-based neutron source with the yield of 10%—
10" n/s. It aims to apply to multi-purposes, e.g. neutron capture therapy, isotope production, etc. The design and
R&D for key technologies of HINEG-II are performed on-going. HINEG-III is initially conceived as a GDT-
based or accelerator-based neutron source with the intensity of 10"—10'® n/s. The objectives of HINEG-I1I are
to conduct test of nuclear materials, components test and reliability data collection of nuclear components, nu-
clear waste burning test, etc. This contribution presents an overview of the series recent activities.

Key words: neutron source, HINEG, high intensity.
DOI: 10.21517/0202-3822-2021-44-2-163-164

PASPABOTKA U IPUMEHEHHUE BBICOKOUHTEHCHUBHbBIX
HEUTPOHHBIX UCTOYHHUKOB HINEG
(kpamrkoe coobwenue)

HU. By
Hnemumym mexnonoeuu 6esonacnocmu soeproul snepeuu, Komanoa FDS, Kumatickas akademus nayk, Xagoii, Anwxoti, 230031, Kumaii

HcTOUHUKN HEUTPOHOB SBIISIOTCS Ba)KHBIMH SKCIEPUMEHTAIBHBIMH YCTaHOBKaMHU AJISI MCCIEJOBAaHUHA U
pa3paboToOK B 00JIACTH TIEPEIOBON SACPHON PHEPTETUKHA W MPUMECHECHHSI SICPHBIX TEXHOIOTHH. BBICOKOMHTEH-
cuBHBIN HerTpoHHbIi reHeparop (HINEG) Obut pazpaboran B Kurtae ¢ pazindyHbIMEU 33a4aMH, BKITFOYAs MPO-
BEPKY HEHTPOHHO-(UZNIECKIX PACUETOB, HCIBITAHNE IO O0yIeHHEM MAaTePHaIOB H KOMIIOHEHTOB, CYKHTaHHE
SIEPHBIX OTXOJOB U NpuMeHeHue sfaepHbix TexHonorui. Ha HINEG-1 mocTurHyT MakcumanbHBINA BBIXOX Tep-
MOSAJIEPHBIX HEHTPOHOB 6,4-10'? u/c. Dror HEUTPOHHBIN MCTOYHUK OBUT COCMUHEH CO CBUHIIOBBIM KpHUTHYE-
CKUM/TIOAKPUTHYECKUM peakTopoM HyJneBoil momiHoct CLEAR-0. ITony4yeHHas ycTaHOBKA SIBISETCS THOPHI-
HOU CHCTEMOW cHHTe3a-JeNieHus Ha ocHoBe yckopurenss. Ha HINEG-| Obuta nmpoBeneHa cepusi THIIMYHBIX JKC-
MIEPUMEHTOB, BKIIOUas MPOBEPKY HEUTPOHUKH W BAIMIAITUIO HEUTPOHHOTO KOJa, U3yUCHHE HEHTPOHHOU (H3H-
KW aKTUBHOU 30HBI MEPCIIEKTUBHBIX PEaKTOPOB, HEUTPOHHYIO panuorpaduio, KaIMOpOBKY HEHTPOHHBIX AETEK-
TOPOB, HEUTPOHHBIE OMosormueckue 3 HEKTH, HEUTPOHHOE paduanonHoe ynpodderue u T.4. HINEG-1I —
MICTOYHHK HEHTPOHOB Ha OCHOBE ycKopHTens ¢ BeixoaoM 10%—10" n./c. On npenHasHadeH 1 MPUMEHEHHS B
Pa3IMYHBIX 1EJISIX, HApUMeEp, B HEUTPOHHO-3aXBaTHOW Teparuy, MPOU3BOJICTBE H30TONOB U T.1. [IpoexTrposa-
uue 1 HUOKP no xiroueBbiM TexHonorussMm HINEG-11 BegyTcs B moctosiaHOM peskume. HINEG-I11 nuznawansHO
3ayMbIBAJICSl KaK UCTOUHUK HEUTpOHOB Ha ocHOBe I'JIJI win yckoputess ¢ MHTEHCUBHOCTBIO 107—10" u./c.
Hemssmu HINEG-1II sBasiroTcst ipoBeieHNE WCIBITAHUHN SACPHBIX MAaTepUANOB, UCIBITAHHE KOMIIOHEHTOB H
cOOp AaHHBIX O HAaAEKHOCTH SIEPHBIX KOMIIOHEHTOB, UCIBITAHUE HA CXKUTAHUE SAEPHBIX OTXOAOB H T.A. Jo-
KJIaJ] TIPEICTABIISAET CO00M 0030p cepuu HenaBHUX paboT.

Karouessle ciioBa: ucrounuk HeiitponoB, HINEG, BbicOkast HHTEHCHBHOCTb.
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The Axisymmetric Linear Advanced Neutron source (ALIANCE) is a GDT based fusion neutron source,
aiming to produce 10'® of D—T-neutrons per second and to provide a large testing volume required for fusion
materials and components testing. A similar neutron source could also be valuable in the long run for medical
isotopes production and as a driver of sub-critical fission reactor. This presentation presents the high flux neu-
tron shielding design and extensive neutronics calculations of GDT based fusion neutron source ALIANCE.
Neutron distribution of ALIANCE is strongly inhomogeneous along the axis: significant portion of the neutron
flux is generated near the two mirrors, while the rest of it is spread over the remaining central volume of plasma.
The shielding design includes 40 cm stainless steel as the main shielding layer and an additional tungsten shiel-
ding layer at mirror plugs to protect superconducting coils from neutron damage and reduce nuclear heating.
The simulations have been carried out by using Monte-Carlo transport code Super MC with nuclear data library
FENDL 3.1. Results show that the nuclear heating on the mirror coils can be reduced by more than two thirds
with additional tungsten shield, and fast neutron fluence by 30%. The highest nuclear heating and the highest
fast neutron fluence zones are located at the mirror coils, and the values are about 300 W/m® and 9x10® n/cm?
respectively, which meets the threshold of ITER superconducting coils. The specific activities of shielding lay-
ers are on the order of 10" Bqg/kg. Ten years after shutdown, specific activities of structural materials will de-
crease by more than 98% to meet the safety requirements. The modeling and calculations reported in this paper
will be beneficial for the pre-conceptual engineering design of ALIANCE.

Key words: gas dynamic trap, fusion neutron source, shielding optimization, specific activity.
DOI: 10.21517/0202-3822-2021-44-2-164-166

PACYETHI U IPOEKT HEUTPOHHOM 3AILIMTHI UCTOYHUKA TEPMOSIJIEPHBIX HEUTPOHOB
ALIANCE HA OCHOBE I'A30/IUHAMUWYECKO! JIOBYIIIKA
(kpamrkoe coobwenue)
B. Ant?, 1]. [[39H1, Y. Youwt, Une. Yonn', 1]. Con', YUxc. Ban', 1]. IOLZl,,ZI. Sroeneé®, B. HpuxoObK03’4

Unemumym mexnonoauu 6ezonacnocmu sdeproti snepauu, Xagoiickue uncmumymst gusudeckux nayk, Kumatickas axademusi nayx,
Xoghaui, Anvxoit, 230031, Kumati
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SUncmumym adepnoii pusuxu um. I.A. Byoxepa Cubupckozo omdenenus Poccuiickoti akademuu nayk, Hoeocubupck, 630090, Poccus
4Hoeocubupckuii 2ocyoapcmeennviii ynueepcumen, Hoeocubupck, 630090, Poccus

OcecMMMETPHYHBIN JIMHEHHBIA YCOBEPIICHCTBOBAHHBINH NCTOYHUK HeWTpoHOB (ALIANCE) — 310 mpoekt
FICTOYHHKA TEPMOSIEPHBIX HEHTPOHOB HA OCHOBE Ta30MHAMHYECKOH JTOBYIIKH, mpoussosuiero 10 meiirpo-
HOB B CeKyHIy B peakuuu DT u o0magaromiero TecToBoi 30HOH 001bIIOr0 00bEMa, HEOOXOAMMOI /TS UCTIBITA-
HUI TEPMOSACPHBIX MATEPHAIIOB U KOMIIOHEHTOB. [10100HBIN HCTOYHUK HEHTPOHOB TAKKE MOXET OBIThH MOJie-
3€H B JIOJITOCPOYHON MEPCIEKTHBE JJIsi TPOU3BOCTBA MEUIIMHCKUX M30TOIMOB M B KAYECTBE «ipaiBepa» moj-
KPUTHYECKOTO peaKTopa JelicHus. B MOKiage MpeacTaBieHbl KOHCTPYKIMS CHUCTEMBI 3all[UThl OT MOTOKA
HEHUTPOHOB BHICOKOM WHTEHCHBHOCTH U TOJPOOHBIC Pe3yNbTaThl HEUTPOHHBIX pacuéros nctounnka ALIANCE
Ha OCHOBE Tra30/lMHAMIYECKO oBymkH. Pactipenenenne moroka HelitpoHoB B ALIANCE cunbHO HEogHOpPOA-
HO BJIOJIb OCH YCTAHOBKH: 3HAUUTENbHAS YacTh MOJHOTO MOTOKA HEMTPOHOB FeHEPUPYETCS BOMM3M MATHUTHBIX
npoOOK, a OCTaBIIasICs €ro 4YacTh pachpeesieHa MO IEHTPaJbHOMY 00BEMY muiasMmbl. HeifTponHas 3amura
BKJIIOUaeT B ceOs cioil HepikaBeronied cTanu Tonuuaoi 40 cM B Ka4eCTBe OCHOBHOTO SKPAHUPYIOIIETO CIIOS 1
JTIOTIOJTHUTENIBHBIN BOJB()PaMOBBIN SKPaHUPYIOMIHMKA CIOW B 00JaCTH MarHUTHBIX MPOOOK IS 3aIUTHI CBEPX-
MPOBOISIIUX KATYIICK OT MOBPEXKICHUS HEHTPOHAMHU M YMEHBIICHUS SIIEPHOTO HAarpeBa. MoieupoBaHue mpo-
BOJMJIOCH C MICTIOIB30BaHUEM TPaHCIOPTHOTO koma MonTte-Kapmo Super MC ¢ OnbGnmoTekoi smepHbIX JaHHBIX
FENDL 3.1. Pe3ymbTaThl MOKa3bIBAIOT, UTO SACPHBIN HATPEB MAarHUTHBIX MPOOOK MOXET OBITh YMEHBIIIEH 0oJice
YeM Ha JIBE TPETU MPU MOMOIIH JIOTIOJIHUTEIBHOTO BOJIb(PPAMOBOIO SKpaHa, a GIoeHe OBICTPHIX HEUTPOHOB Ha
30%. Hambonpmuii saepHBI HArpeB W 30HBI ¢ HAHOOJBIITNM (QIIFOCHCOM OBICTPHIX HEHTPOHOB HAXOIATCS B
MarHUTHBIX TIPOOKAX, M UX 3HA4YEHUs cocTapisioT okoso 300 Br/m® n 9x10% 1./cM? COOTBETCTBEHHO, UTO COOT-
BETCTBYET IOPOTY OOJIyUCHHsI CBEpXIIpoBomsnuX Karymek UTOP. YnenpHas akKTHBHOCTH CIIOEB HEUTPOHHOU
3amUTHl cocTaBnseT nopsaka 10 Bi/kr. Uepes mecaTh JeT Mocie NpeKpallieHns paboThl YCTAHOBKH yebHas
AKTUBHOCTb KOHCTPYKIIMOHHBIX MaTepualioB cHH3HUTCS Oojiee yeM Ha 98%, 4TO MO3BOJMUT yIOBIETBOPUTH Tpe-

BAHT. Cep. Tepmosinepnsiii cuntes, 2021, 1. 44, BbIim. 2 165



4™ International Conference on Fusion-Fission Subcritical Hybrid Systems

OoBaHMAM Oe3omacHOCTH. Mo/ienupoBaHye U pacyEThl, MIPEICTABICHHBIC B 3TON CTaThe, MOTYT OBITh HCIIOJIB30-
BaHBI [T MTOATOTOBKY KOHIIETITYaTbHOT'O U HHXKeHepHOTo rpoekTa ycraHoBku ALIANCE.

KualoueBble cioBa: Ta3ogmHaMpdecKas JIOBYIIKA, HCTOYHHK TEPMOSACPHBIX HEHTPOHOB, ONTHMH3ALUS
HEUTPOHHOM 3aIllIUTHI, yIeJIbHAasi aKTUBHOCTb.
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An international project named ALIANCE was jointly started by INEST CAS and BINP SB RAS [1]. The
project assumes design of three mirror devices with increasing power. Results of plasma parameters simulation
by DOL code [2] will be discussed in this talk. The first is a prototype of continuously operating beam-driven
device. It will have low power of injected beams and deep gas-dynamic regime of confinement. The second is
an intermediate step. Beam power will be increased by an order of magnitude reaching the transition between
gas-dynamic and kinetic confinement regimes. And the third is a full-scale neutron source. The key parameters
of these configuration are presented in Table.

Results of plasma simulations for ALIANCE project

Parameters ALIANCE-I ALIANCE-II ALIANCE-III

Isotope mix 100% D 100% D 50% D +50% T
Mirror-to-mirror length, m 4.4 7.7 20
Plasma radius at the central plane, m 0.3 0.3 0.3
Magnetic field in plugs/centre, T 12/0.2 13/0.3 25/0.8
Power of injected beams, MW 0.1 4 50
lon/electron temperatures, keV 0.04/0.03 0.5/0.4 1.2/2.6
Neutron yield rate, 1/s 4.10° 5.1013 1-1018

Key words: fusion neutron source, gas-dynamic trap.
DOI: 10.21517/0202-3822-2021-44-2-166-167

MOJAEJIUPOBAHUE ITAPAMETPOB IIVIA3MBbI JJI51 IPOEKTA ALIANCE
(xopomxoe coobwenue)
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SUncmumym mexnonozuu adeproti snepeemudeckoti bezonacnocmu, Kumaiickas axademus nayx, Xogot, Kumaii

Mesxaynapoansiii mpoekT «ALIANCE» 0bu1 Hauat coBmectHo INEST CAS u USI® CO PAH [1]. Ipo-
eKT IpeJrojaraeT pa3paboTKy TPEX OTKPBITHIX JIOBYIIEK C YBEIMYUBAIOIICHCS MOIIHOCTHIO Harpesa. Pe-
3yJIbTAaThl MOJICJTMPOBAHUS MMapaMeTpoOB IJIa3Mbl ¢ momolibio koga DOL [2] mpencTaBiieHbl B HACTOSIIEM
noknaze. [lepBas — 3TO MPOTOTUI HETPEPHIBHO pabOTAIOIICH JIOBYIIKMA C HAIPEBOM aTOMapHBIMH MydYKa-
MHU. MOIIHOCTh HHKEKTHPYEMBIX MyYKOB Oy/IET HEBBICOKOM, a PEXKUM yAepiKaHUs rIIy00KO Tra30aMHaMUe-
CKUM. BTOpasi — 3TO JIOBYIIKa C MPOMEKYTOUHBIMHU MapaMeTpaMu. MOIIHOCTh My4Kka OyJeT yBeanueHa Ha
MOPSIOK, & PEKUM yIepIKaHHs JOCTUTHET MEePEeXOMHONW 00JacTH MeXIy Ta30JMHAMUYECKHM M KHHETHYe-
CKUM. U TpeThss — 3TO MOJHOMACIITAOHBIH UCTOYHUK HEUTPOHOB. OCHOBHBIC MapaMeTphl 3TUX KOHDUTY-
paumii mpecTaBlIeHbl B TaOIHIIE.
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Pe3yabTaThl MoenpoBanus miasmMbl 1 npoexkta ALIANCE

[Tapamerp AJIBSHC-I AJIBSHC-II AJIBSHC-III

CMmech H30TOIOB 100% D 100% D 50% D +50% T
JnuHa ot 3epkaiia 10 3epkaia, M 4.4 7.7 20
Paauyc mia3Msl B IIEHTPAILHOM MIIOCKOCTH, M 0.3 0.3 0.3
MaruHuTHOE 1oJie B mrekepax/uenrpe, T 12/0.2 13/0.3 25/0.8
MOIIHOCTh HHKEKTUPYEMBIX Iy4KoB, MBT 0.1 4 50
Temneparypa HOHOB/3JIEKTPOHOB, KB 0.04/0.03 0.5/0.4 1.2/2.6
CKOpOCTb BBIX0O/a HETpoHOB, 1/¢ 4.10° 5.10% 1.10'8

KnarueBbie c10Ba: NCTOYHUK TCPMOAACPHBIX HeﬁTpOHOB, ra3oiMHaMU4€CKas JIOBYIIIKA.
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Currently, tungsten and tungsten coatings are the reference materials of the ITER divertor and DEMO reac-
tors and the possibility of using low-activated ferrite-martensitic, RAFM, steels not only as structural materials,
but also as the material of the first wall of the fusion reactor is considered. Also, these steels, together with a
new generation of RAFM steels with oxide dispersion strengthened by adding Y,O3 nanoparticles, the so-called
ODS steels, are considered as promising materials for fast neutron fuel cladding. Neutron damage results in deg-
radation of properties and activation of materials, and therefore affects performance and safety aspects. As a
power fusion neutron source does not exist yet, to simulate fusion neutron-induced damage in materials, fission
neutrons and charged particles are widely used. In this work, the size and density of radiation-induced defects in
bce metals (W, Mo and Fe) produced by high-energy self-ions, protons and neutrons with different spectrum
have been compared by well-established method of positron-annihilation lifetime-spectroscopy (PALS). We
found a formation of the larger size of the defects with lower density in the case of irradiation with high-energy
neutrons from the p (35 MeV) — Be source compared to fission neutron- and proton- irradiations. New experi-
mental data together with data available from the literature are compared with the dpa theory, including molecu-
lar dynamic simulations. Second, He/dpa ratios in different neutron facilities have been compared. We show that
He/dpa ratios in the facilities with the hard energy spectra (fusion like) p (35 MeV) — Be source and DEMO are
one-two orders larger than in the fission ones LVR-15, HFIR and BOR60. Methods to obtain the best approach
to model fusion neutron damage and to overcome the gap between theory prediction of primary defect formation
and long-term damage are discussed taking into account the uncertainties.

Key words: radiation-induced defects, bcc metals, high-energy neutrons and protons.
DOI: 10.21517/0202-3822-2021-44-2-167-168
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OBJYUYEHHBIX BBICOKOSHEPI'ETUYECKUMH ITIPOTOHAMM,
COBCTBEHHBIMUA NOHAMMU U HEUTPOHAMMU C PA3JIMYHBIMU CIIEKTPAMHU
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B Hactosiiee BpeMst Bosb(paM u BOIb(ppaMOBBIE MOKPBITUS SBISIOTCS STAJIOHHBIMA MaTepUallaMH JIUBEp-
TOPHBIX U JIEMOHCTPAMOHHBIX peakTopoB UTOP m paccmarpuBaeTcs BO3MOKHOCTh MCIIONB30BAHUSI HU3KOAK-
THBHUPOBAHHBIX (heppUT-MapTeHCUTHBIX, PADM-cTaseii He TOJNIBKO B KaueCTBE KOHCTPYKIIMOHHBIX MaTepHaJIoB,
HO U B Ka4ecTBe MaTepHalia MepBOi CTEHKH TEPMOsIIEPHOTO peakropa. KpoMe Toro, 3T cTany BMECTe ¢ HOBBIM
nokoJjicHueM PA®M-craneii ¢ OKCHAHON IUCIEpPCHEH, YIPOUYHEHHBIX J00aBiieHueM HaHowacTull Y203, Tak
HaseiBaeMbix CO/I-cranei, paccMaTpuBarOTCsl Kak MEPCIEKTUBHBIC MaTEpPUANbI IJIsl 000JI04EK TBIJIOB Ha ObICT-
pBIX HelTpoHax. HeHTpOoHHOE MOBpeXACHUE MPUBOAUT K YXYAIICHHIO CBOWCTB M aKTUBALIMM MAaTEpPUANIOB, a
ClIeIOBaTEIbHO, BIMSCT HA KCIUTyaTallHOHHbIE XapaKTEPUCTHKH U 0e30MacHOCTb. [10CKONBKY HCTOYHHKA Tep-
MOSJICPHBIX HEUTPOHOB €I He CYLIECTBYET, Ul MOJACITHUPOBAHUS TEPMOSIIEPHBIX HEHTPOHHBIX MTOBPEXICHUH B
MaTepHajax IUPOKO UCTIONB3YIOTCS HEUTPOHBI ACTICHUS U 3apsDKEHHbIE YacTUllbl. B nanHoi pabote mpoBeneHo
CpaBHEHHE pa3MepoB M INIOTHOCTH paTralliOHHO-UHAYypoBaHHbIX AedekToB B OLIK-merammtax (W, Mo u Fe),
MOJYYECHHBIX BBICOKOIHEPICTUYECKUMH COOCTBEHHBIMH HOHAMHM, MPOTOHAMH U HEUTPOHAMHU C Pa3IMYHBIM
CHEKTPOM, C MOMOIIBIO XOPOLIO 3apPEKOMEHA0BABILET0 ce0sl METOAa MO3UTPOHHO-aHHUTHIIIIUOHHOHN MPHKU3-
uHenHo# cnextpockoruu (PALS). ObnapysxeHo o6pa3oBanue 00JbIEro pazmepa 1e(eKTOB ¢ MEHBIIEH MI0THO-
CTBIO TIPH 00JIyYCHUH BBICOKOIHEPTeTHYECKUMU HEHTPOHAMH OT uctoynuka p (35 MaB) — Be mo cpaBHeHUIO ¢
HEHTpOHAMH JETeHUs] U MPOTOHHBIM 0OJyueHHeM. Bo-TiepBhIX, HOBBIE SKCIIEPUMEHTAIBHBIE TaHHBIE BMECTE C
JaHHBIMHU, UMEIOLIMUCS B JINTEpAType, CPABHUBAIOTCS C TEOPHEH CHA, BKIIIOYAsl MOJICKYJISIPHO-ANHAMHYECKOE
MozenupoBanue. Bo-BTOpEIX, OBUIO MPOBEIEHO CpaBHEHHE COOTHOIIeHHH He/dpa B pasmMyHBIX HEWTPOHHBIX
ycraHoBkax. [lokaszaHo, uto cooTHomeHnus He/dpa mis ucciaeayeMbIx MaTepraioB B yCTAaHOBKAX C TEPMOSIEp-
HBIMHU SHEPreTHUECKUMHU CIIEKTpaMH, Mony4eHHbIME U3 P (35 MaB) — Be-uctounuka u ajist peakropa DEMO
Ha OJWH-I[BA TIOpsaKa OoIbIle, 4eM s HeHTpoHOB AeneHus B peaktopax LVR-15, HFIR u BOR60. O6cyx-
JAIOTCS METOABI OTY4EHHs] HAWTYULIEro MOIX0/1a K MOJCIMPOBAHHIO TEPMOSIICPHBIX HEHTPOHHBIX TOBpEX/e-
HUH ¥ TIPEOJONEHUs Pa3pbiBa MEXIY TEOPETUYECKUM MPOTHO3UPOBAHHEM NIEPBUYHOTO AeheKkTo00pa3oBaHus U
JIOJITOBPEMEHHBIM MOBPEXICHNEM € YYETOM HEONPEACAEHHOCTEH.

KaroueBbie ciaoBa: panuanuoHHO-UHAyIUpoBaHHbe nedekThl, OLIK-meTamnpl, BBEICOKOIHEPreTUYECKUE
HEUTPOHBI U TTPOTOHBI.

olga@plasma.mephi.ru
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[Mamsatu FOpus ['puropeeBrya Kannauna

HAMATHU IOPUA I'PUT'OPBEBUYA KAJIMHUHA
05.11.1940—05.03.2021

Ymén u3 xu3Hu Onectammid y4EHBINA, NpeKpacHbId Ao0peiid yenosek HOpwuii I'puroppeBnu Kannnun —
TIOKTOp (PU3MKO-MaTeMaTHUECKUX HayK, HadanbHUK Otnena ncrouHnkoB manydenns KKATIOT HUL «Kypuaa-
TOBCKHM HHCTHTYT». [[eTcTBO m mkoasHBIe Tonbl FOpus ['puropreBnua nponum B Kuese. Bo Bpems yuéOn B
MOCKOBCKOM (PU3UKO-TEXHHYECKOM HHCTHUTYTE, KAK U MHOTHE CTYJICHTHI, HA BOJIHE POMAaHTHKH aKTUBHO ydacT-
BoBal B HOBOM JiBxkeHMH KBH, e3nun B reonornueckue skcneaunnu B SIkyTHio B kadecTBe paaucta. IlepBbrif
9K3aMEH TEOPETHYECKOT0 MUHUMYMa 1o (pusuke cnan nunaHo JIsBy JlaBunosuuy Jlangay. CBoto Hay4Hyt0 pabdo-
Ty Hauyan B cextope E.K. 3aBoiickoro MuctutyTa atomuoii sneprun um. 1U.B. KypuaroBa. Ero xannuaarckas
JuccepTalys Oblla OJHOM W3 TMEPBBIX, CBA3AHHBIX C OTKPHITHEM TYypOYyJICHTHOTO HarpeBa B Iuia3Mme. bombmias
4acTh €ro HAayYHBIX pa0OT MOCBAINIEHA MOIIHBIM HMITYJIbCHBIM TE€HEpaTOpaM PENSTUBUCTCKUX 3JIEKTPOHHBIX
MIy4YKOB U MHEPLUUATBHOMY MOAXOAY K YIpaBIsieMOMY TepMosiAepHOMY cuHTe3y. KpacHoil nuHHMel yepes ero
HCCIIeIOBaHUsl IPOXOIUT HcHoib30BaHue ¢ ¢ekTa Illtapka 1 BBIBIEHHS OCOOCHHOCTEH B MOBEIECHHH HM-
yJICHOM TuTa3MBl. [0/ €ro pyKOBOJCTBOM H C €T0 aKTHBHBIM y4acTHeM OBLIH NPOBEACHBI MMOHEPCKUE paOOTHI
Ha ycraHoBkax HIIP-2, «Mupax», «AHrapa-1», momyns «Anrapsr-5», PC-20, «Kambemap», B KOTOPHIX ObLTH
OMpoOOBaHBI HOBBIE SKCIIEPUMEHTAILHBIE CXEMBI: MHOT'OKPATHO YBEJIWYCHHBIN YHEPTrOBKIIA] B MHUIICHD 32 CUET
MarHUTHOTO CTONIHMHIA CHJILHOTOYHBIX 3JIEKTPOHHBIX IIYYKOB M OCTpas (OKyCHPOBKa ITyYKOB; CXeMa «Jai-
HEp—MHUIICHB», TO3BOJISIONIAas TPaHC(HOPMUPOBATh SHEPTHIO CXKUMAIOIICHCS HMWIHMHIPUYECKOW OOOJOYKH B
MOTOK TeIjla Ha MUILIEHb U YKOPOTUTH BPEMs 3HEPTOBKJIA/IA; ABYXO00O0JOUYEUHbIE JTalHEpHl, CTAaOMIU3UPYIOLIHIe
MIpPOLIECC CXKAaTHUA BEIIECTBAa MPOXOASIINM 110 HEMY TOKOM. bblila mpoeMoHCTpUpoBaHa BO3MOKHOCTh MPOITyC-
KaHUsl METraaMIIEpHBIX TOKOB IO JUHUSM C MarHUTHOM CaMOM30JIALMEH B MUHHUATIOPHBIX MHILIUMETPOBBIX
MacmTabax.

B BO3rnaBisieMoM MM OT/ENE HA YHHKAIbHOM 10 dHepreTuke ycraHoBke «CteHn-300» mpoBOIMINCE MHO-
TOYNCIIECHHBIE COBMECTHBIEC SKCIEPUMEHTHI ¢ KojuieramMu u3 ®pannuu, Yexun u Kuras.

10.I'. Kannuane — oAMH U3 BeIyIUX POCCUHCKUX CIIEUAIUCTOB B 00IaCTH (U3UKHU TIa3MBbl U TEPMOSIIEP-
HOrOo cHHTe3a, aBTop Ooinee yem 200 opuUTrHHANBHBIX HAYYHBIX pa0oOT u MoHOrpaduil. B mocnennee Bpems oH
BENT HECKOJBKO BAKHEHUINIUX MPOCKTOB B (DYHIAMEHTATHLHOW W MPUKIATHOW HAYYHOW TEMaTHKE, B TOM UHCIIE
CBSI3aHHBIX C MOAJIEP)KaHUEM 000POHOCITOCOOHOCTH Hatiel PouHBL

10.T". KanmuauH ObUT 4IEHOM JUATHOCTUYECKOW KOMHUCCHU MUHHCTEPCTBA CPEAHETO MANTUHOCTPOCHHUS, 3a-
MECTHTEJIeM TpeJCelaTells TUCCEPTAIMOHHOTO COBeTa MO (PU3MKE TUIa3Mbl, HKCIIEPTOM HECKOIBKUX HAYYHBIX
(hoHIIOB U TIpejicenaTeNieM KCIIEPTHOTO coBeTa o (usmke 1ia3mbl Poccuiickoro GoHma ¢pyHIaMeHTanbHBIX
UCCIIEI0BaHUN.

Opuii I'puropbeBry BoCIIUTAN LENYIO LISy MOJIOJIBIX HCCIeoBaTeNel, 3aHUMAasACh CO CTYJICHTaMHu, JIH-
wIoMHUKamMu 1 acnupantamu MI'Y, MOTHU, MUDU, MDU u npyrux cTOIUYHBIX BY30B. JlJIsi MHOTHX OH OBLI
He TPOCTO HAYYHBIM PYKOBOAMTENIEM U HAYaIbHUKOM, HO M HACTABHUKOM, YYUTENIEM U JPYTOM.

Hawm Oyner ouens He xBaTaTh IOpus I'puropresuya. ..

Konneeu
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ITamsitu I'eoprust IBanoBuua Jlonrauéna

MAMSATH TEOPTASI UBAHOBHUYA JOJTAYEBA
16.03.1938—21.02.2021

[Tocne TsoxEnol MPOAOIHKUTEIEHON O0JIE3HN OT HAC YIIEN 3aMeUaTeIbHBINA KCIIEPUMEHTATOP TOKTOp (-
3UKO-MaTeMaTuyeckux Hayk ['eopruil IBanoBuu [{onraués.

l'eoprmii MBanoBW4Y mocie cpodHoit ciyx0bl B CoBETCKOM ApMHHM OKOHYMJI MOCKOBCKHH (PHU3HUKO-
TEeXHUYECKUWA MHCTUTYT U nipuiién B MHctutyt aromHoi sneprun um. M.B. Kypuarosa B cexrop E.K. 3aBoii-
CKOTO, TJIe HadajJ padoTy 10 TEMaTHKE yIPaBISIEMOTO TEPMOSIEPHOTO CHHTE3a W BEICOKOTEMIIEpaTyPHOH T1a3-
MbI. B paboTe ero oTianyany NpUHIKIINAIBHOCTD U MPSAMOTA, CTPEMIIEHHE JOKONAThCA JI0 CaMOM CYTH SBJICHHUS.
OH sBJISICTCS COABTOPOM HECKOJIBKHMX JECSITKOB M300peTeHuit u Oonee yem 150 HaydHbIX TpyaOB. [J1aBHBIM J10-
CTHXXKCHUEM €0 HAYYHOI'0 TBOPYECTBA ObLIIO CO3JaHUEC HOBOT'O KJjIacCa MOIIHBIX 3JICKTPOMArnUTHBIX T'CHEPATO-
POB HAaHOCEKYHIHOTO JHAIla30Ha JIIUTEIBHOCTH, OCHOBAHHOTO HA pa3pa0OTaHHBIX MM IUTa3MEHHBIX pa3MbIKaTe-
X Toka. B IMOCJICAHUC TOABI OH AaKTMBHO IMOMOTraJl MOJIOJAbIM KOJIJIETaM B IOCTAHOBKEC W MHTCPIIPETAIIMN SKC-
MEPUMCHTOB, MTPOBOJUBIINXCA HA CUJIBHOTOYHOM I'€HEPATOPE PC-ZO, ACJIACh OTPOMHBIM OIIBITOM U 3HAHUSIMMU.

I'eopruit IBaHOBHY O4YeHB JIFOOWII IPUPOY, HA MPOTSIKEHUH BCEH CBOEH JKM3HM MOCTOSTHHO XOJWII B ITOXO-
JbI. Cam KOHCTPYHUPOBAJI U CTPOUJT AXTHI AJII BOAHBIX HYTemeCTBHﬁ. OceHnlo 110 IEPBOMY CHETY HCTIPEMCHHO
ye3kaJ Ha HECKOJIBKO JTHEU ¢ Ipy3bsSMH Ha cOOp KITIOKBHI B TBepcKkyto obmacts. OH yBIIEKaJCS IJIABAHUEM B
JICASTHOM BOJE, JbDKAMHM, JUIS KOTOPBIX, Oyayuu BepeH ceOe, MpUayMall HOBbIM BUJ KPEIJICHHA — TpooOpas
T€X, YTO B HACTOSIEE BPEMS UCTIOIB3YIOTCS IOBCEMECTHO.

Korna I'eopruit MBanoBuY 3amuimain CBOIO JOKTOPCKYIO JHCCEPTAIMIO, COBEPLIEHHO CIIPaBeIIMBO IpO-
3ByYalld CJIOBa OMIOHEeHTa: «KypuaTOBCKUI MHCTUTYT JOJDKEH TOPJIUTHCS TEM, YTO B HEM pabOTAarOT U TBOPSIT
TaKHe 3aMeUaTelIbHbIC CIeIUANUCThI, Kak ['eopruii MBanoBuy Jlonraués». [TamMsaTh 00 3TOM pEeKpacHOM YeIio-
BEKE, O €ro IeJICYCTPeMIEHHOCTH, IPYKEIO0UHN U KU3HEPAJIOCTHOCTH OYJIET )KUTh U BOOJAYIICBISTh BCEX, KTO
OBUT C HUM PSIIOM.

Konneeu
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ITamsatu Bnagumupa BacuinbeBuda ApceHrnHA

HAMATHU BJAAUMHUPA BACUJIIBEBUYA APCEHUHA
10.09.1938—23.03.2021

[Nangemus yHecna >xu3Hb Bragumupa BacunbpeBnua ApceHnHa, TNIaBHOTO HAydHOTO coTpyaHnka KypuaTos-
CKOT0 KOMILIEKCA SACPHBIX TPAHCHIOPTHBIX dHeprerudeckux TexHonoruit (KKATIT) HULL «KypuartoBckuii vH-
CTUTYT», IOKTOpa (PU3UKO-MaTEMAaTUIECKIX HAYK, BBIIAIOIIETOCS UCCIe0BaTeNs B 001acTh (PU3MKH ILIa3MBl.

Bnamgumup BacunseBuu Apcenus poauics B 1938 r. Ero mate Obuta yunTenem, oTel — W3BECTHBIM MaTe-
MaTHK, paboTa B KOJUIEKTUBE, PYKOBOAMMOM BhIgarommumcs MaremMatukoM A.H. TuxonoseiM. [locne okonua-
HUs wkonsl Bramgumup BacunbeBnu moctynmun B MU®U. Ero Hayunas cyap0a ckianeiBajack ynadxo. Ha
CTapUIMX Kypcax eMy MOCUaCTIMBUIIOCH MOMNAcTh B IPYIITY, HAXOANIYIOCS MO ONEKOM 3aMedaTeabHOro neaa-
rora B.W. Korana. B 1961 r. on cran pykoBogurenem Bnamumupa BacunweBuua B acnupantype MUOU. B
1965 r. B.B. ApceHuH 3amuTHI KaHAWAATCKYIO TUCCEPTALMIO, B KOTOPO# pa3zpaboTaHa Teopus KoieOaHUH U
YCTOWYMBOCTH CHIIBHO HEOJTHOPOAHOM IJIa3Mbl. 3a TOMBI y4eObl CIOKMINCh KOHTaKThl Biamgumupa BacuibeBu-
ya ¢ cotpyaHukamu otaena OI'PA MAD um. U.B. Kypuarosa, pykoBogumoro M.H. 'onoBuHbIM. DTOT KOJIIEK-
THUB HCCJIENOBaJl MEPCIEKTUBBI OTKPBITHIX MAarHUTHBIX JIOBYIIEK KaK TEPMOSAJEPHOro peakropa. CepbE3HBIM
NPESTCTBUEM JUIS 3TOTO SBJISIIACH KeJTOOKOBask HEYCTOWYMBOCTD Tu1a3Mbl. OMH U3 METOOB €€ cTabMIn3anuu
CBSI3aH C MCIOJb30BAaHMEM TaK Ha3bIBAEMbIX OOPATHBIX CBS3ed. DTOT METOA OB MPEIIOKEH paHee B a0CTPaKT-
Hoit popme. B.B. Apcernn u B.A. UysSHOB HaIllTi IPOCTYIO CXeMy, KOTOpast MMO3BOJIAJIA PEATN30BaTh UACK0 00-
PaTHBIX CBSA3EH B CYILECTBOBABIIMX OTKPBITHIX JIOBYLIKaX. DTH MHOHEPCKHE PaObOThl MHULMUPOBAIN HCCIIEN0-
BaHMs, B KOTOPHIX METOA OOpPATHBIX CBSA3EH HCIONB30BAICA M UL CTAaOMIM3alMU APYTHUX HEYCTOWYMBOCTEH.
JannbIit MeTo BOMEN B «30JI0TOH (hOHI» (U3UKHK IIa3Mbl. 3a paboThl 1o 3Toi TeMaTnke B.B. ApceHuny u
B.A. UysnoBy B 1972 r. Obiia npucyxzaeHa npecTwxHas npemust JlennHckoro xomcomona. B tom xe roxmy
Bnagumup BacunbeBud 3alUTHI JOKTOPCKYIO TUCCEPTALUIO.

BonpmmHCcTBO pador Bragnmupa BacunbeBuda mocBsIeHo BOIpocaM PaBHOBECUS U YCTOHYMBOCTH ILIA3-
MBI B OTKPBITBHIX JIOByIIKax. Korna Takue JOBYIIKH MPEKpaTHIIN CBOE CyliecTBOBaHUE B KypuaTOBCKOM MHCTH-
TyTe, Baanumup BacunbeBud ocTancs BEpeH TEPMOSIEPHOMY HAIPABICHUIO, MEPEKIIOYUBIINCE HA TOKAMaKH.
PaboTsr Bragumupa BacnipeBrnda OTIMYAIHCH SCHOCTBIO M MaTeMaTHIECKON cTporocThio. Ero aBTOpcTBO OBI-
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[Tamstu Bnagumupa BacunbeBuua ApcennHa

JI0 TapaHTHEH BBICOKOTO KauecTBa padoT, MOATOMY OHHM, KaK MPaBUIO, NPUHUMAINCH U IMyOnuKkanuu 0e3 ce-
PBE3HBIX 3aMEYaHUil.

B.B. ApcennH ObUT Hay9YHBIM PYKOBOAWTENIEM MM HAayYHBIM KOHCYJIHTAHTOM IISITH COMCKATeleH, 3alim-
TUBIIMX KaHAMJAaTcKkue auccepranuu. OH ObUI JlaypeaToM HHCTUTYTCKOIO KOHKypca Hay4HBIX paboT uM.
N.B. KypuartoBa. Binagumup BacunbeBud nMen nod€rHoe 3BaHue «BerepaH Tpyna» U HarpyaHbId 3HaK «Bere-
paH aTOMHOH DHEPTeTUKHU U MPOMBIIUICHHOCTH.

IIponyMaHHOCTB, CTpEMIIEHHE «IOKOMATHCS A0 MCTUHBD», KOTOPBIE ONPENEISUIN HAYYHYIO NEATENBHOCTD
Bnangumupa BacunbeBrda, IposiBUIINCH U B OTHOILEHUSX C Kojuleramu. Bmecre ¢ 100poskenaTenbHOCTbIO U He-
KEJJaHWEM KOHIIEHTPUPOBATHCS HA OTPULATEIBHBIX MOMEHTAX YEJIOBEYECKUX OTHOUICHUH, HEU30SKHBIX B JIIO-
OBIX KOJUICKTHBAX, 3TH KavyecTBa 3apaboTaiy BRICOKYIO pemyTaruio Brannvmupy BacunneBuuy. bmaromaps ei
Bnangumup BacuibeBud SBISUICS YIEHOM MHOXECTBAa KOMHCCHH, B TOM YMCIIE U pa30MpaBLINX 3TUYECKUE BO-
MIPOCHL.

Brnagumup BacuiaseBruu MHOTHE ToJIbI OBUT YJICHOM PEAKOJUIETHH KypHaia «PU3nKa IIa3MbI» U OJHOBpe-
MEHHO €€ Hay4YHBIM pelakTopoM. Ero cyxnueHus o paboTax B CHIy NMPOJYMAaHHOCTH W B3BEIIEHHOCTH WMENH
00JBIION Bec MpH OIEHKE 00CY)XIaeMbIX craTeil. B kauectBe HayuHoro pemakropa Braaumup BacunbeBuu
TIPOSIBIISUT MIPUCYIITHE €My JOOPOCOBECTHOCTh M aKKypaTHOCTh. OH HE TOJNBKO CTapalicsi MPUBECTH peaaKkTUpye-
MYIO0 pa0dOTy B COOTBETCTBHE C NPUHATHIMU CTaHJAPTaMU, HO U BHUKAI B e€ cyTh. HekoTopble U3 MPUHSTHIX K
myOnuKanuy padoT OTKIIOHSUTMCH B MPOIIECCE PEAAKTHPOBAHHUA.

Untepeckl Braanmupa BacunbeBuya He orpaHHuuBaUCH GU3UKOH. OH OBUT ONMBITHBIM TYPHCTOM, TTOJTY-
unt 3BaHue «Mactep ciopra CCCP» mo ciopruBHomy Typu3my (1977 r.). K cBOMM yBJI€YEHUSIM OH OTHOCHIICS
TaK JK€ OCHOBATEJIBHO, KaK U K MPO(PECCUOHATLHON JIeATeIbHOCTA. OCOOEHHO ETAIbHO UM OBLIM M3yUYeHBI TY-
pucTtryeckue MapuipyTsl 3anagHoro Kaskaza. O6 aToMm oH Hamucan KHHUTY «l OpHBIE MyTemiecTBHA Mo 3amaj-
Homy KaBkasy». WnTtepecoBana Bmagumupa BacunseBuua Takxke uctopus. OH nepkan B MamMsTH OTPOMHOE
yncio ¢akToB U3 uctopun Poccun n EBpomnbl. By m1060mbITHE TOAMEUYEHHBIE UM aHATIOTUU AaBHO MPOLIE.-
IMX COOBITHI C COBPEMEHHOCTBIO.

Hac nocturna tspkénas yrpata — yIIEN U3 )KA3HU 3aMEYaTelIbHBII YUEHBIM U YEJIOBEK.

Konneeu
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ITamatu Anexcannpa MBanoBuda PszanoBa

HNAMATHU AVIEKCAHJIPA UBAHOBHUYA PSA3AHOBA
12.03.1948—23.03.2021

Tpynosoii komutektuB HUL[ «KypuaTroBckuit HHCTUTYT» MOHEC TsDKENYIO yTpary. 23 mapra 2021 r. ckopo-
MOCTIKHO CKOHYAJICSA B pe3yjbTaTe 0OJNe3HH pykKoBomauTenb OTneneHus GU3UKU TBEPIOTO TeNa M PagralioH-
HOT'O MaTepuaioBeaeHus: KypuaToBcKoro siiepHO-(GU3NUECKOr0 KOMILIEKCa, JTOKTOpP (U3UKO-MATeMaTHIecKuX
Hayk, npodeccop Anekcanjp MiBaHoBuu PsizaHoB.

Anekcanap VBanosuu PszanoB poamsca 12 mapta 1948 r. [Tocne okonyanus B 1972 r. MOCKOBCKOTO WH-
KEHEPHO-(DM3NUECKOT0 HHCTUTYTA M0 ClielManbHOCTH «TeopeTnyeckas siaepHast pusnka» oH ObLT pacipenenéH
Ha pabdoty B UAD nm. U.B. KypuaToBa, ¢ KOTOpPBEIM Hepa3pbIBHO CBs3aHa BCS €r0 JallbHeWInas TpyaoBas OHo-
rpadust. Anekcanap MBanosuy Hayan paboTy WHKeHepoM-HccienoBateneM B OTaene paauaioHHOTO MaTepu-
asnoBeieHus1, KoTopbiM pykoBojwi II.A. ITnatonoB. CtaHoBnenue Anekcanzapa VBaHoBu4a kak y4€HOro mpo-
1o 1oj 6onbiuM BausHUEeM JI.A. MakcuMoBa, O] €ro PYKOBOACTBOM OH B 1979 r. 3amuTui KaHAUJATCKYIO
nuccepranuio. B 1979 r. Anexkcanap MBanosuy nepemén B OTaen HHKEHEPHO-(QU3NIECKUX HCCIIEAOBAaHUN IO
pykoBoacteom B.B. Opnosa B Otaenennn ¢usuku miazmsl nox pykoBoacteoMm b.b. Kagomnesa amst pemenus
MaTepHaJoOBeAYECKHX MpobiieM TepMosiaepHoro peakropa. [lo3anee mo npurnamenuto C.T. bensesa oH nepe-
mén B Otaenenne odmeit u saepHoit ¢pusuku B KypuaToBCKOM MHCTHTYTE M BO3IJIABWII TPYIINY PagldaniOHHBIX
HCCIIeIOBaHUN MaTepPHajoB, KOTOpas BBIpOCia BIOCIEACTBUH B JabopaTopuio, a 3areM u B OTaen paguaunoH-
HBIX HCCJIEIOBAaHUM MaTepuasoB. becCMEHHBIM PyKOBOIUTEIEM 3TOrO moxpasiesieHus AnexcaHnp VBaHoBUY
OCTaBaJICs HA MPOTSHKEHUH BCEH CBOCH JKMU3HMU.

B nmepuon ¢ 1973 mo 1982 r. A.M. Ps3anoB sBisincs moOeanuTeneM B KOHKYpCaxX MOJIOABIX HAYYHBIX CO-
TpyaHukoB B KypuaroBckom uacturyte. B 1998 r. Anexkcanap MBanoBuu Ps3aHoB 3aliMTHI JOKTOPCKYIO OMC-
cepramuio, a B 2000 r. emy ObUTO TPUCBOCHO YUEHOE 3BaHUE Mpodeccopa.

A.. Ps3aHoB ABIsUICS BEAyIIMM clienpanucToM B Poccun mo pagmanmoHHON (usuke TBEpHOro Tena, a
TaKXe 10 TEOPETHYECKUM U SKCIEPUMEHTAIBLHBIM HCCIEIOBAHUSIM B 00J1aCTH PaglalliOHHOIO MaTepHajIoBeae-
HUSL 17151 pa3BUTHS aTOMHOW SHEPTETHKH M CO3AaHUs TEPMOSACPHOM sHepreTuku. OH pa3paboTan HOBBIE Teope-
TUYECKUE MOJENU PAAMALMOHHOTO paclyXaHWs M paJuallMOHHOM MOJ3ydecTH B OOIydaeMbIX MaTepHaiax
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[Tamsatu Anexcannpa MBanoBuua PsizanoBa

aTOMHBIX peakTopoB. A.W. Ps3aHOB ObT HaydHBIM PYKOBOIUTENEM psna MpoekToB [ ockopmopamuu «Poc-
atom». M omyOnmkoBaHo cBbime 150 HaydHBIX cTaTedl B BEAYNIMX OTEYECTBEHHBIX U 3apyOEKHBIX HAYYHBIX
JKypHaJlaX, OH y4acTBOBaJ B MHOTOYHCIIEHHBIX POCCHMCKHIX M MEXIyHapOTHBIX KoH(pepeHusax. A.W. Psa3anos
AKTHBHO COTPYIHHMYAT C KOJUICKTUBAMH 3apyOeKHBIX YUEHBIX n3 3amanHoi EBponsr, CILIA u Anonww.

Jlns pa3zBuths padot B obnactu Oyaymed TepMosmepHoi 3HepreTuku A.M. Ps3aHoB mpoBOoawI OOJBIION
[UKJIT AKCTIEPUMEHTAFHBIX U TEOPETUIECKUX paboT M0 WCCIIEIOBAHNIO PAAMAINOHHON CTOWKOCTH HOBBIX MaTe-
pHasoB il OyIyIIUX TEPMOSICPHBIX PEAKTOPOB C HCIOIB30BAHUEM OOy4eHHUS OBICTPBHIMH YacTHUIIAMH Ha
rukioTpore B HULL «KypdaToBCkuii HHCTUTYT» W B3aUMOACHCTBHS IIa3MbI ¢ OOTYIEHHBIMA W HEOOTYUEHHBI-
MU MaTepHallaMH.

B nrepuon ¢ 2008 r. mo Hacrosmee Bpems AWM. Ps3anoB pykoBoami pabotamu 1o pa3paboTke TeopeTHde-
CKUX MOJIEJIEH M CO3JaHUI0 PACUETHO-TEOPETUUECKON METOIUKH OIIEHKHU PaJuallMOHHONW CTOMKOCTU 3JIEKTPOH-
HOH KOMITOHGHTHO# 0a3bl NPH BO3AeHCTBHM HOHM3UpYOmMux uanydeHuii B HUL[ «KypuatoBckuit HHCTUTYT» U
OI'VII «POSAL] — BHUNDD».

AﬂeKcaHz[p HNBanosuu PYKOBOJUJI MHOT'MMHU CTYACHTaAMHU U aCllMpaHTaMH, U3 KOTOPBIX OKOJIO ACCATH 4YECJIO0-
BCK CTaJIM KaHAWJAaTaMH HAayK U OAWH IOKTOPOM HayK. 3a YCIICHIHYIO HAYYHYIO OEATCIIBHOCTh U IMOATOTOBKY B
HUILI «KypuaroBckuii ”HCTUTYT» KaHAuAaToB Hayk A.U. Ps3anoBy pemiennem Briciieit arTecTalimoHHON KOMUC-
cuu Poccnu B 2000 r. npucysxaeHo yuéHoe 3Banue npodeccopa 1o crienuaibHOcTH «Du3rka TBEPIOTO TeNa.

B nepuon ¢ 2009 no 2015 r. A.U. Psi3aHoB BO3rIaBIsuT pabOTHI MO MCCIICAOBAHUIO PAIUAIIMOHHOW CTOWKO-
CTH MaTCpuaioB KOJIJIMMATOPOB M CBEPXIIPOBOAAIINUX MATCPUATIOB IJId MAarHuTOB Bonpmioro AAPOHHOT'O KOJI-
naiiiepa (BAK) B LIEPHe. A.U. Ps3aHoBBbIM pa3paboTaHa TeopeTHYecKas MOJe]b M CO3laHa mporpamMma Juis
YUCJICHHBIX pacdETOB 00pa30BaHMS M PACIIPOCTPAHCHISI YIAPHBIX BOJH B MaTepuaiax KoummmaTopoB bAK.

Komneru, npy3ps 1 yaeHuKH 3HaM Ajiekcanapa MBaHoBrYa Kak OOJBIIOTO YU4EHOTO, HACTOSIIETO HTY3U-
acta CBOETO JIeNla, OTKPBITOTO M OT3BIBUMBOIO yenoBeka. Ero Bcerma oTinuuanu BBICOKHE IpodeccroHammsMm,
KU3HETI00Me ¥ ONTUMHU3M, HCKPEHHUH U TTyOOKHI MHTEpeC K HAy4YHBIM 3aJadaM, OTKPBITHIO HOBOTO U HEH3Be-
JAHHOTO.

Anekcannp VMBaHOBUY Harpaxn€H maMaTHOW Menanbio «B mamare 850-1etuss MockBbl», 100MIeHHON Me-
naneto «70 et aromHol oTpacin Poccum», HarpyIHbIM 3HaKOM «BeTepaH aTOMHOW SHEPTETHKH M MPOMBIIL-
JICHHOCTH», OBLI JIaypeaToM UHCTUTYTCKOM npemun uM. 1.B. Kypuarosa.

VYién u3 KU3HU KPYNHBIA yUYEHBIH, TaJaHTIMBBIA (QH3MK, MpeJaHHbld Hayke. CBeTnas maMsaTh 00 AJek-
canape HBanoBuue HaBCeraa COXpaHUTCA B HAIIUX CCpLax.

Konneacu
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ITamsatu Anexcanapa AnekceeBrnda CKOBOPOIBI

HAMSATHU AVTIEKCAHAPA AJIEKCEEBUYA CKOBOPO/IbI
01.11.1949—07.03.2021

7 mapta 2021 r. ymén U3 KU3HU TIaBHBIA HAyYHBIA coTpymHuk Otaena teopun miazMbl KKTOullT HUL]
«KypuaToBckuii MHCTUTYT» OKTOp (pr3.-Mat. Hayk Anekcanp AsnexceeBud CKOBOpo/a.

Bo Bpemst yuéos! B actimpantype MI'Y um. M.B. JlomonocoBa Anekcanup AJiekceeBUY BIIEPBBIE OMPOOOBAIT Me-
TOJI U3MEPEHUS AIIEKTPOHHOI TeMIIepaTyphl O (popMe JIMHUU LUKJIOTPOHHOTO TIOTJIONIEHUS P MPOXOXKIESHUH dJIeK-
TPOMAarHUTHOH BOJIHBI Yepe3 MUHUMYM MAarHUTHOTO TTOJIS.

B 1977 1. A.A. CkoBopoaa noctynmn Ha padory B MUAD nm. N.B. Kypuarosa, B otnen OI'PA, pykoBoaumbIii
W.H. lN'onosuneM. [Tponomxkas aciupanTckyto TeMaTuky, A.A. CkoBopoia MPOBEN U3MEPEHHsI 3JIEKTPOHHOM Temie-
paTypbl «ropsiaei» Iia3Mebl, YAEpKHUBAaeMOW B OTKPBITOH JIOByIIKe. B skcriepumentax mo DLIP-HarpeBy rmma3msl B
3TOH cucTeMe ObLT OOHAPY>KEeH MPEeUMYIIECTBEHHBII BBIXO/ MIEKTPOHOB Yepe3 OHY U3 MPOOOK JIOBYLIKHA — 10 XOIY
ANIEKTPOMArHUTHOTO Jiy4ya. OH 0cO3Ha, 4TO ATOT 3P PEKT 00s13aH SIBICHUIO, KOTOPOE MOYKHO MCIIOJIB30BATH JJIsI MOJ-
JiepKaHUsI TOKA B 3aMKHYTBIX CUCTEMaXx, 4TO MPUBEJIO K IpeiokeHnto 00 D1[P-MeTone noanepskanus TOKa B pexKU-
Me aBTope3oHaHca. Jis oneHkH 3()(EeKTHBHOCTH MpeiaraeMoro MeTojia TpeOOBaIOCh CO3/1aTh COOTBETCTBYIOIIHMIA
YHCJICHHBIN KOJI. AJICKCaHp AJIEKCEEBUY OpPraHU30BaNl TPYIITY, KOTOpas peliwia 3Ty 3a1ady. beii pa3paboran ko
OGRAY, ycnemHo Ucroiab3yeMblid Il TEOPETHYECKOT0 00eCIieYeHHs SKCIIEPIMEHTOB, IMPOBOUMBIX HA TOKAMakKe
T-10 u mianupyembix Ha T-15MJ] u UTOP.

Ipn yuyactum Anexcanmpa AJiekceeBUYa ObLI CO3/1aH M YCIEIIHO ONMPOOOBaH IUIA3MEHHBIN HEHTpaIN3aTop —
MYJIBTUKACIIOBAs! JIOBYILKA JUIST HU3KOTEMIIEPAaTyPHOH Iu1a3Mbl. [10-BUANMOMY, IMEHHO Takoi croco0 mpeBpaiieHus
YCKOPEHHBIX OTPULATEIBHBIX HOHOB BOAOPO/A B IyUKU OBICTPBIX aTOMOB OyIET UCIIOJIB30BAH B MH)KEKTOpax JleMoH-
CTPAIMOHHOTO TepMosiepHoro peakropa (JIEMO).

Pe3ynmbTaThl MHOTOJIETHAX MCCIICIOBAHUM paBHOBECHS TUIA3MBI B MArHUTHBIX JIOBYIIKax A.A. CkoBopoma 0000-
i B MoHorpadun «MaruutHele stoByiiki» (@usmarmut, 2009). [Tpomomkast 3TH MCCIeNOBaHKS, OH TPHUILET K
HEOOXOIMMOCTH aHaJI3a OOIETeOMETPHIECKIX CBOMCTB MarHUTHBIX Tojiel. A.A. CkoBopoma Takxke BHEC BKIIAI B
aKTYyaJIbHYIO [IPOOJIEMy B3aMMOACHCTBUSI IJIa3Mbl CO CTCHKON. IM COBMECTHO C yueHHMKaMH ObLIM NPOBEICHBI YHH-
KaJIbHbIe DKCIIePHMEHTAJIbHBIE HCCIIEIOBAHUS MPOHUIIAEMOCTH TOJHKPUCTAIUTMYECKUX MEeMOpaH MpH TUIa3MEHHOM
00ITy4eHHH, OOHAPYKEHBI H 00BSICHEHBI 3(h(HEKThI CBEPXITPOHUIIAEMOCTH HHOOUEBHIX (DOJIBT.

BospIioli Hay4YHBIN aBTOPUTET, 3aBOEBAHHBIN Oilaroiapsi IMPOTE O3HAHUI M CAMOCTOSITETIEHOCTH MBIIIICHHUSI,
criocodcTBOBaI TOMY, uTo A.A. CKOBOpO/a aKTUBHO PabOoTasl B PAAE IKCIIEPTHHIX COBETOB U KOHKYPCHBIX KOMUCCHH.

Anexcanzpa AJekceeBrYa OTIIMYaIN IUPOKUI HAYUHBIN U KyJIBTYPHBIA KPYT030p, 100pOKeIaTeIbHOCTD U YyB-
CTBO IOMOpA, KOTOpBIE JeTai Oeceibl ¢ HUIM OHOBPEMEHHO MPUSTHBIMU U MOJIC3HBIMH IJISI BCEX, KOMY ITOCYACTIIN-
BUJIOCH C HUM OOIIATHCA.

CgeTtnas mamsth 00 Asekcanape AJiekceeBUYIe HABCET/1a COXPAHUTCS B HAIIMX Cepliax.

Konneau
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ITamsatu Auapes AnexceeBuda bopucosa

HHAMATHU AHAPES AJIEKCEEBUYA BOPUCOBA
09.11.1955—22.05.2021

Ha 66-M romy *H3HM CKOPOIOCTM)XKHO CKOHYAJICS HAIll KOJIJIETa, CTapIINil HAydHBIA coTpyaHuK OTmena
NTOP HULL «KypuaTtoBckuii ”HCTUTYT» AHIpel AnekceeBud bopucos.

Amnppeii Anexceesnd B 1979 r. 3akorunn MU®U no cnenuanbHOCTH «(DU3UKO-IHEPTETUUECKHE YCTAHOB-
Ku» ¥ ObUT IpUHAT Ha padoty B MAD nm. U.B. Kypuarosa (asrae HUL] «KypuaroBckuit nactuTyT»), B Jlabopa-
TOpUI0 HEUTPOHHO-PH3MUeckux uccienoBannii npodeccopa I'.E. IllatamoBa OtneneHus (QU3UKU IUIA3MBI
(ODII) Ha TOMKHOCTH UHXKEHEPA.

Byay4n mHHIIIATHBHBIM, KBATU(UITUPOBAHHBIM CIEIIHATUCTOM, OH OBICTPO MPOMIEN MMyTh OT WHXKEHEpa 110
CTapIiero Hay4YHOro coTpynHuka U B 1985 r. 3akoH4MI 3a09Hyr0 acnupaHTypy KypdaToBCKOro WHCTHTYTa IO
CHEMaIbHOCTH «TeopeTHdIecKasi 1 MaTeMaTndecKkas: Qu3uKa».

B o6macte HayuHBIX WHTEpecoB A.A. boprcoBa BXomuiaa ONTHMH3AIUSA HEHTPOHHO-(PU3NUECKUX CBOHCTB
OJIAaHKETOB JIJIS1 TIEPBOTO OTEUECTBEHHOTO THOpHIHOTr0 OMBITHOTO TepMOSIEpHOTO peakTopa Tokamaka OTP u
JIEMOHCTPAIMOHHOTO JSHEPTeTHYECKOT0 KBA3HCTAIlOHAPHOTO peakTopa-Tokamaka JJEMO-C, a Taxxe Tepmo-
SIEPHBIX PEAKTOPOB Ha OCHOBE OTKPHITOM noByItnku (TPOJI) n Z-nuaua. J{inst JJEMO-C oH BBIIOIHSIT PacyEThI
CKOPOCTH BBITOPAHUS JTUTHS B MIpOIlecce pabOTHI peakTopa B OPHIAMHTOBBIX IJIEMEHTaX Pa3HBIX THUIIOB, IPOBO-
JIAIT aHAITM3 TTAPaMETPOB PEAKTOPA C TEIMEBBIM H JIUTHEBBIM TEIIOHOCHTEIISIMH.

AHIpeil AllekceeBUY YyIaCTBOBAI B CO3[ITaHUH IPOTrpaMM 00pabOTKU OMOIMOTEK SIMEPHBIX JAHHBIX H IIPO-
TpaMM TOATOTOBKM TPYIIIOBBIX KOHCTAHT IS KOJOB IEpeHOca M3MyUYeHUs], Pa3IMYHBIX MHTEPPEHCHBIX Tpo-
rpaMM M TIporpamMm o0paboTKu pe3yabTaToB. OH TakKe 3aHUMAJICS aHATHU30M BO3MOXXHOCTH M 3((HEKTHBHOCTH
TPaHCMYTAIIMW aKTUHUIOB B OKICHOM U HUTPUIHOM TOTUIMBE B OJIaHKETE TEPMOSITICPHOTO PEaKTopa.

A.A. BopucoB cymen pa3paboTarh WHKEHEPHBIC MOJEIN UCHBITATEIBHBIX MOJAYJICH OJaHKETOB BHICO-
KOW reOMeTPUYECKON CIIO)KHOCTH M PAa3THYHBIX POCCUUCKUX AUATHOCTHUYECKUX CHUCTEM, BXOISIINX B COCTaB
MEXyHapOoJHOTO MPOEKTa MepBoro tepmosigepHoro peakropa MTOP. Mcnonb3ys 3TH MoAeNH, OH BBITIOJ-
Hu1 MetoaoM Monte-Kapno ckpynyn€3Hblii TpEXMEPHBIA aHalu3 HEUTPOHHBIX MOJIE€, MTHOBEHHOTO M
OCTaTOYHOI'0 TaMMa-H3JIy4YeHHUs, 0)KHIaeMOro Iocjieé OCTAHOBKH peakTopa B MeCTax pa3MeIleHHUs aHaIu3a-
TOpa aTOMOB, JMAarHOCTUKH TOMCOHOBCKOTO pacCesHHUs B TUBEPTOPE, CHUCTEMBI CIEKTPOCKONHH BOJOPOJ-
HBIX JIMHUH M TIpUMecel, TUBEepTOPHOTO MOHUTOPA HEUTPOHHOTO IMMOTOKA, 000CHOBAN 3P (HEKTHBHOCTH KOH-
CTPYKUUH PaANAIMOHHON 3aIIUTHI MOPTOB M TWAarHOCTHYECKHX cUcTeM. BmecTe ¢ xoieramMmu oH pa3pabdo-
Tall ¥ TPETOKII ST peanu3alud METOANKY KaluOpOBKH HEUTPOHHBIX MOHHUTOPOB MTHOBEHHOU TepMo-
sspepHoit MmotHocTtu UTOP.
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[Tamsatu Auapes AnexceeBnda bopucosa

AHppeit AnekceeBUY ONpeAenu HeHTPOHHO-(PU3NIEeCKHE U aKTHBAIIMOHHBIE XapaKTePUCTHKH Pa3IMIHBIX
KOMIIOHEHTOB M MaTE€pUaiOB IUAarHOCTUYECKUX CHUCTEM, OLCHUI UX PAAUALMOHHYIO CTOMKOCTH, MPEIIOKII U
BBIIIOJHUJ ONTUMHU3ALHUI0 3JIEMEHTOB PaJUallMOHHON 3alIUTHI, MOJOKEHHBIX B OCHOBY IPOEKTAa POCCUHCKOIO
JUArHOCTUYECKOTO MOJYJIsl, NOJYy4YHBILEro MpU3HaHUEe MexXIyHapOaJHOM OpraHu3aluy U IPHUHITOrO Il yCTa-
HOoBKM B UTOP.

B mocnennee Bpemst B CBsI3M C BO3OOHOBJICHHEM PadOT B MOANEPKKY CTPATETHH Pa3BUTHUS SACPHBIX dHEpTe-
TUYECKUX CUCTEM C pEaKTOpaMu CUHTe3a U AeiieHus A.A. BOpHCOB MOArOTOBUI F€OMETPUYECKUE MOAECIU T'H-
opumnoro TSP mamoit m GONBIION MOITHOCTH Kak 0a30BBIX WHCTPYMEHTOB JUIsI CHCTEMHOTO aHaln3a HX
HEUTPOHHO-(PU3NYECKUX XAPAKTEPUCTHUK U BBHITOIHII TECTOBBIE PAacU€Thl peakTopa C TOpUEM JJisi HapaOOTKH
U-233 kak TOITMBA PEaKTOPOB ACIICHU.

AHnpedt AnekceeBrUd boprCOB TTOTE30BAJICS 3aCTy’KEHHBIM aBTOPHUTETOM B KoyutekTuBe OTmena WHKEHEp-
HO-(hM3uUecKux uccieoBannii u OTaena TepMOsSIePHBIX PEaKTOPOB. YHaCcTBOBAI B MEXKIYHAPOIHOM COTPY-
audectBe co cuernuanucramu ['JIP u UCCP. Brinsurancs Ha Jlocky mouéra otaena u OtaencHust Gu3uku mias-
Mbl KypuaToBckoro nacTuTyTa. [IpuHIMan akTHBHOE y4acTHe B OOIIECTBEHHOMN KHU3HHU KOJUIEKTHBA. B TeueHue
psima net sSBIsUICS mpezceaatenaeM npodOopo oTaena, wieHOM Owpo ¢GyTOOoNbHON cekiun c/k «ManaxuT».
CBoit ombIT W 3HaHUS mepenaBan MonoabM Kojuteram B HUI[ «KypuaToBCKuit HHCTUTYT» U B POCCHICKOM
WUTOP-Llentpe, yyacTBYyIOIIEM B MPOBEIEHNH HEUTPOHHO-(U3NYecKuX pacuéToB 1ist npoekra UTOP. On aBTOp
u coastop Oonee 30 Hay4HBIX padoT.

Amnypeii AnekceeBrY OBLUT HE TOJBKO 3aMEUaTENbHBIM CIEIUAIMCTOM M KOJUIETOH, HO M OTJIUYHBIM U 3a-
OOTIMBBIM CEMBSIHUHOM, BBIPACTHI TPOUX JIeTel M 3a00TIMBO TTOMOTal BOCIIUTHIBATH MATEPHIX BHYKOB. O4eHb
ropawicst cBoeit Oonbmioil ceMbéii. CBetnasi maMsaTh 00 AHIpee AJICKCeeBHUYE HABCETNIa OCTAHETCS B HAIIUX

cepamax.
Konneeu
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