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Ha reHepatope F'NT-12 (4.7 MA, 1.7 MKC) npoBefeHbl UCCNeA0BaHWSA NIa3MEHHON0 UCTOYHMKA K-13nyyeHus B
BMAE MHOTOKaCcKafHOW rmOpuAHOIA Harpy3Ku, COCTOSLLENA U3 BHELLIHErO AENTEPMEBOrO ra3oBOro Kackaga c njiasmeH-
HOIi 060/104KOI M BHYTPEHHUM KackafjoM, COCTOALLMM U3 BELLeCTBa M3NyyaTens, pasMeLleHHbIM Ha OCY CUCTEMbI.
MapameTpbl AeiTepreBoid 1 BHELLHel Mna3MeHHOR 060104eK 06ecneumBan CTabuibHY0 UMMI03MIO B TEYEHME He-
CKO/IbKMX COTEH HaHOCEeKYHJ, MOJAaB/AsA pa3BUTUE HEYCTONUYMBOCTEN. B KayecTBe LIEHTPaIbHOrO Kackaja UCcnosb3o-
B&/IMCb HEOH M aproH, a TakoKe a/IlOMUHWIA 1 TUTaH. SP(eKTUBHOCTb MNa3MEHHOr0 NCTOUHMKA U3NYYeHNs onpeaens-
Nacb KakK OTHOLLEHWE 3KCNEPUMEHTANbHOIO BbIXOAa U3NYyYeHUs K TEOPETUYECKM OXUAAEMOMY A4S JaHHOTO YPOBHS
ToKa [1]. Pe3ynbTaTbl 3KCNEpUMEHTOB MOKas3anu, Y4To rmépuaHas Harpyska fBiseTcs 3((eKTUBHbIM NNa3MeHHbIM
ncTouHmkoM K-u3nyyeHus (aHeprus keaHTos 0.9 - 6.0 k3aB) [2-6]. INonyueHHble pe3ynbTaTbl CBUAETENLCTBYIOT, YTO
KOHCTPYKTVBHO 60/1€e NpocTble U fAeLleBble MUKPOCEKYH/HbIE FeHepaTOpbl TOKA MOTYT ObITb CMO/b30BaHbI AN re-
Hepauum K-n3nyyeHus ¢ Lienbto UCCNeA0BaHNA B3aMMOAENCTBUA N3TyHeHWSA C BELLECTBOM B HaYUHbIX 1 NPUKIaAHbIX
Lensix.

Kntouesble cnoea: Z-nvHY; niasmMeHHble UCTOYHKKN M3NyYeHna; n3nyyeHne B K-nnHusx; MVIKpOCEKyH,IJ,HbIVI pe-
XM UMMN03UN.

HYBRID GAS-PUFF AS A SOFT X-RAY PLASMA
RADIATION SOURCE

Rustam Cherdizov, Alexander Shishlov, Vladimir Kokshenev, Nikolay Kurmaev
Institute ofHigh Current Electronics, Siberian Branch, Russian Academy ofSciences
2/3 Akademichesky Ave., 634055 Tomsk, Russia,
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Studies of Z-pinch plasma as an X-ray source were carried out on the GIT-12 generator (4.7 MA, 1.7 ps) in the
IHCE SB RAS, Tomsk. The main purpose of the research was optimization of load parameters for efficient generation
of the K-shell radiation in the microsecond implosion regime. A new type of a Z-pinch load, a hybrid gas-puff with
an outer plasma shell, was tested. The hybrid gas-puff consists of several cascades. The inner cascade consists of the
emitter material, such as neon, argon (solid gasjet), aluminum and titanium (individual wires or wire-array). An outer
cascade (hollow deuterium shell) plays the role of an implosion stabilizer for the inner cascade. The third component
is the outer plasma shell, which provides the initial conductivity The combined use of the deuterium shell and the
outer plasma shell has proven its effectiveness in previous experiments, providing stable implosion at times on the
order of a microsecond. The efficiency of the plasma radiation source was determined as the ratio of the experimental
radiation yield to the theoretically expected radiation yield calculated using the two-level model [1]. For all emitter
materials studied, except titanium, the experimental K-shell radiation yield corresponded to or even exceeded
theoretical expectations. The experimental results showed that the hybrid gas-puff is an effective plasma radiation
source of K-shell X-rays [2-6], which allows it to be used for irradiating solid materials for scientific and applied
purposes.

Keywords: z-pinch; K-shell radiation; plasma radiation source; pulse power; microsecond implosion regime.

BeegeHune HUK n3nyyvyeHns B K-nMHMAX BelecTBa Nain-

Ha npoTsXXeHUn HECKONbKUX LECATUNETNIA Hepa. Takue WUCTOYHUKM CNOCOGHbLI 3amon-
nnasma Z-nuHya fBNSeTCA 06bEKTOM mUccne- HUTb CNEKTPaNbHbIA fMana3oH OT O4HOr0 A0
[l0BaHMA KaK MOLLHbIA NabopaTOPHbIi NCTOY- HECKO/MbKUX AECATKOB K3B.
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Mcnonb3oBaHMO B KavecTBe [paiBepa
KOHCTPYKTMBHO 60/iee MPOCTbIX W [eLleBblX
reHepaTopoB CO BpeMeHeM HapacTaHWs TOKa
nopsigka MUKPOCEKYH/bl MPEnATCTBYIOT He-
YCTOMYMBOCTU, KOTOPbIE Pa3BMBAOTCA B NPO-
Lecce MMMAO3MM NamMeHHOW 060/104KN C
60NbLLIOro HavyanbHoro paguyca. CnefcTemem
3TOr0 fABNAETCA Pe3Koe CHVDKEHMe Bbixoga U
MOLLLHOCTU U3/TyYeHUS.

WccnepoBaHus B 3TOM Harnpas/ieHUn, npo-
Bogumble B MICS CO PAH Ha reHepatope
FMT-12, npuBenn K co3haHUIO TUMOPUAHON
HarpysKku, COCTOSILLEN U3 AenTepneBoro raso-
BOro naiHepa C BHeLHel nna3MeHHON 060-
NOYKOI 1 paboyero BeliecTsa nanHepa (HEOH,
aproH, atoMUHWUIA, TUTaH), Pa3MeLLEHHOT0 Ha
OCM cucTembl. [MpUMeHeHMe 3TON Harpysku
Mo3BOSIMNIO NOAaBUTbL pasBUTUE HeyCcTonuu-
BOCTel. Llenbto aKcnepumeHTOB 6bif0 Nony-
YeHMe MaKCMManbHOro BbIX04a M3NyYeHUs B
K-nMHMAxX ana Kaxzoro Kackafga-usnyvarens.

JKcnepuMeHTanbHOe  060pyAoBaHue MU
AnarHocTmka
OKCNepUMEHTbI  ObINM  MPOBEAEHbl  Ha

CU/IbHOTOYHOM Mera>koy/sbHOM reHepaTope
FMT-12. Mpwn 3apagHom Hanps>keHun 50 kB
3anacaemas aHeprua reHeparopa cocTasfiseT
2.6 M)K. MakcumanbHbIli TOK cocTaBnseT
4.7 MA npu BpemeHu HapacTaHusa 1.7 MKC.

Ona (opMunpoBaHUsa rasoBbiX 0060/104eK
MCNONb30BaNcs ObICTPbIA  31eKTPOMArHUT-
Hbl KnanaH ¢ pasfefbHbIMUM 06beMamMu, 4TO
MO3BO/AET HaMOMHATL KacKajbl PasHbIMU ra-
3aMU M MEHATb UX MacCbl HE3aBUCUMMO APYT OT
Apyra.

BHewHMn Kackag npeactaBnsn coboit no-
NYI0 ra3oByt0 AeinTepneByo 060/104KY, KOTO-
pas MHXEKTUpOBanacb B MeX3NeKTPOAHbI
3a30p 4yepes conJ/io C BHEWHMM guametTpom 81
MM. MnasmeHHas 060/104Ka, COCTOABLUAA M3
MOHOB BOJOpOda W yrnepoga, (popmuposa-
nacb 48 nnasmMeHHbIMM MyLIKamu, pacroso-
XeHHbIMUK Ha gmameTpe 350 mm. B xopae akc-
NMepvMeHTOB napamMeTpbl 3TUX 060/104EK He
MEHANMNCb. TN 060/104KN ONpPeensatoT NUKO-
Bbli TOK ¥ BpeMA WUMNNO3MM  MKMHYA
(2.70£0.15 MA, 74050 Hc), a TakxXe obecne-
4yMBalT NOAABMEHNE HEYCTONUYNBOCTEN.

BHyTpeHHUWI Kackaj npeAcTaBnsan cobon
WNN CMJOWHYI0 rasoByl CTPYH AMameTpom
6 MM (aproH) n 10 MM (HEOH), UK Xe NPOoBO-
NOYHble KacKafbl U3 aflOMUHNA 1 TUTAHA.

Ana pernctpaymm nsnydeHns B K-nnHusx
MCNoNb30BaNCs LIMPOKUA Habop AMarHocTu-
4eckuii annapatypsl [2-6].

CxemaTM4yHO rnbpuaHas Harpyska Kn3o6-
paxeHa Ha puc. 1

LleHTpanbHbI KacKaa-usny4dartesb

\ [elitepneBas obonoyvka
BHeLLHASA nfiazaMeHHas 060/104Ka

Puc. 1 CxemaTu4yHOe M306paXKeHne rMbpuaHOro nai-
Hepa C BHELUHeW NnasmMeHHoN 060/104KON

Pe3synbTaTbl 3KCMePUMEHTOB

Bapbupys napameTpbl BHYTPEHHEro Kac-
Kaga, 6b11n onpefeneHbl MakCUManbHble Bbl-
Xo4 n3nyvyeHma B K-nuHMAX N addekTUs-
HOCTb NNa3MEHHOro WMCTOYHUKA WU3/TyUYeHUs
(MAW) pns Kaxaoro Kackaga-usnydatens.
A dekTnBHOCTL MNW onpegensnack Kak oT-
HOLWIEeHMEe 3KCMepUMEHTaNbHOr0 BbiIXO4a W3-
NYYEHUA K TEOPETUYECKN OXWMAAEMOMY [Ans
[laHHOT 0 YPOBHSA ToKa [1].

MonyyeHHble pe3ynbTaTbl A0S KaXoro
BellecTBa Kackaja-usfnyyatens nokasaHbl B
Tabnuue 1

Tabn. 1 SKcnepumMeHTasbHble AaHHble

N3ny-  OHeprud,  ToK, Yk-shell, 3.,
yaTenb K3aB MA Kx/cm  oTH.ef.
Ne 09-13 273 14.50 241
Al 16-20 267 5.10 116
Ar 31-40 277 2.15 0.99
Ti 48-60 267 0.22 0.29

Kak BUAHO 13 Tabnuubl 1, ¢ pOCTOM 3HEp-
reTUKM KBAHTOB BbIX0ofd K-usnyueHus un ag-
thekTmMBHOCTL MW napatoT. bonee HarnsgHo
1n306pasnM 3Ty 3aKOHOMEPHOCTb Ha pucC. 2.

B03MOXHO, MPUUYMHOW MOHMKEHHON 3(-
(heKTUBHOCTM NNA3MEHHOT0 UCTOYHUKA N3NY-
yeHus B K-nMHMAX TUTaHa ABNSETCA HeJocTa-
TOYHasA CKOPOCTb BBOAA 3HEPruuM B nnasmy
NMUHYa, KOTOpas He MOXET KOMMEHCUPOBATb
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Puc. 2. 3aBucuMOCTb addpekTuBHOCTM MU 0T aTtom-
HOro Homepa BeLLecTBa U3nydarens

BO3pacTawlue paguaLnoHHbie notepu B 60-
Nnee MACKOM CNEeKTpasibHOM fAuanasoHe npu
nepexofe K afieMeHTam ¢ 60/IbLINUM aTOMHbIM
HoMepoMm. lMeHepaunsa K-nsnyyeHus anemeH-
TaMy C OCTaTOYHO BbICOKUM aTOMHbLIM HOMeE-
POM SIBASIETCA CMOXHON 3afayeli, Aaxe npu
manbix (~ 100 HC) BpemeHax ummniosun [5].
BrnonHe BepoATHO, 4TO 3aBMCMMOCTb, MOKa-
3aHHaa Ha puc. 2, aBnfetca PpyHAaMeHTasb-
HOW 3aKOHOMEPHOCTbHO.

TeM He MeHee, TMOpUAHAs Harpyska, MMes
XOpOLWYH  BOCMPOU3BOAMMOCTb, MOKasasna
cebs Kak MHOroob6eljatoLWmii U NepcrneKTUBs-
HbI NNa3MEHHbIA UCTOYHUK U3NYYEHNUS.

3akK/iroueHmne

lMony4yeHHble  pe3ynbTaTbl  CBUAETENb-
CTBYIOT, UTO KOHCTPYKTUBHO 60/1ee NpocThble
N [eweBble MWKPOCEKYHAHble TeHepaTopsl
TOKa MOTYT ObITb MCNO/b30BaHbI 4718 FreHepa-
uum K-u3fyyeHus c LUenblo uUccnegoBaHuns
B3aMMO/ENCTBUSA N3NYyUYeHUS C BELLECTBOM B
HaYUHbIX WU NPUKNASHbIX Lensx.

BnarogapHocTun

PaboTa BbINMONHEHa B paMKax rocygap-
CTBEHHOrO0 3afiaHns MUHUCTEPCTBa HayKu u
BbiCLLEr0 06pa3oBaHuMsa Poccuiickoii depepa-

umn (tema Ne FWRM-2021-0001), nccnepgo-
BaHWS TM6PMAHOr0 aproHOBOro naliHepa Npo-
BOAMAUCL B pamkax rpaHta Poccuiickoro
Hay4yHoro ¢oHga Ne 22-29-01554 [2, 3].
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