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N. N. Shamaeva, K. V. Safronov, V. A. Flegentov, S. A. Gorokhov, D. S. Gavrilov, E. S. Borisov, A. V. Potapov
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IKCIHHEPUMEHTAJIBHBIE UCCJIEJOBAHUA
CKOPOCTMU PA3JIETA BEIIIECTBA
MPU U30XOPUYECKOM HATPEBE IIJIOCKUX MUIIEHEA
YIBTPAKOPOTKHUM JTASEPHBIM UMIIYJIBCOM

E. C. bopucos, /I. C. I'aspunos, H. FO. Tumapenko

OI'VII «Poccuiickuit Denepanpaniii Anepusiii Lleatp — Beepocceniickuit HUU Texandeckoi Gpusukm
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

Ha nukocexynaHo 1a3epHoi yctaHOBKe « Cokon-I1» mpoBeneHa cepusi 3KCIEPUMEHTOB 110 ONITHYECKOMY
30HINPOBAHUIO H30XOPUUYECKH HATPETHIX JIA3ePHBIX MUILIEHEH U3 MEAHBIX (DOJIBT.

Jns n3yueHust ABM>KEHUS TOBEPXHOCTH KPUTHUECKOM TNTOTHOCTH JIa3€pHOM IJIa3Mbl HCTIOJIB30BAJICS METON
CHEKTpaIbHON MHTEPHEPOMETPUN YUPIHUPOBAHHBIM UMITYIIECOM. ONTHYECKOE 30HIUPOBaHUE TOBEPXHOCTH
Ja3epHONl MUIIEHH OCYIIECTBISUIOCh IBYMS KOJJIMHEAPHO PACHpPOCTPAHSIOMMMUCS YUPIHUPOBAHHBIMU
MMIYNbCAMU C LEHTPANbHBIMHU JUIMHaMU BOJH u3inydeHus 1054 m 527 HM ¢ anutensHocThio ~110 mc.
B skcnepuMmeHTax MHTEHCHBHOCTH TPEIOLIETO YIBTPAKOPOTKOIO JIa3€pHOIO HMMITyJIbCa Ha MOBEPXHOCTH
mumeHn cocrasisia 10 2 - 10" Br/em?. Jiis MuIIeHeH ¢ HeCKOIBKIMU PA3IHYHBIMK TONIHHAMA (QOIBIH
ObUIM 3aperuCTPUpPOBAaHBl OMOPHBIE M CUTHaNbHBIE HHTepdeporpamMmel. Ilo pesymbraram o6paboTku
uHTEp(EeporpamMmM BEIYUCIICHBI BpEMEHHBIE 3aBHCUMOCTH MOJIOKEHUSI TIOBEPXHOCTH KPUTHYECKOH IIIOTHOCTH
JUISL IBYX JITMH BOJTH, CKOPOCTHU UX ABMKEHUS U KOA(PPHULINEHT OTpakeHHsI M3TyueHH 1a3mMoil. Beimonnena
OlLICHKa BJIMSHUS Ha TOMy4YEHHBIE pe3ynbTaThl Halera (pa3bl 30HIUPYIOLIETO M3JIyYeHHS B CJIOE€ IIa3Mbl
C TOKPUTHYECKOHN TNIOTHOCTBIO.

EXPERIMENTAL STUDIES OF MATTER EXPANSION RATE
UNDER ISOCHORIC HEATING OF FLAT TARGETS
BY ULTRASHORT LASER PULSES

E. S. Borisov, D. S. Gavrilov, N. Y. Titarenko

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

A series of pump-probe experimental studies of isochoric heating of copper foil targets was performed
on the “Sokol-P” picosecond laser facility.

The chirped pulse spectral interferometry was used to explore the critical density surface motion. The
target surface was probed with two collinearly propagating chirped pulses with 1054 and 527 nm central
wavelengths ~110 picosecond pulse duration. The intensity of pump ultrashort pulse on the target surface
was about 2 - 10" W/cm?, Signal and reference spectral interferometric images for several different foil
thickness targets were registered. This interferograms allowed us to calculate temporal behavior of critical
density surfaces for both wavelengths of probe beams, their motion velocity, as well as the plasma reflec-
tion coefficients. The influence of probe beam phase progression in undercritical density plasma layer on the
obtained results was also estimated.
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OTEYECTBEHHBIE MHOT'OKA/IPOBBIE
BbICTPOJAENUCTBYIOIIUE KMOII ®OTONPUEMHUKHA

/. B. bopooun, IO. B. Ocunos, FO. A. bapcykos, C. IO. Bonxosa

00O «PTK Hunexc», Meitunm, Poccus
E-mail: rtcinpex@mail.ru

Jns manpHeHIIero mporpecca B CO3NAaHHHM CHUCTEM PETrHCTpally OBICTPOIPOTEKAIOIIMX IMPOLECCOB
HEOOXOIMMO CO3/IaHHE OTEYECTBEHHOH CIEIMaIM3UPOBAHHON AJIEKTPOHHOM KOMIIOHEHTOW 0a3bl, B 4act-
HOCTH MaTPUYHBIX U JIMHEWYaTBIX MHOTOKaIpoBbIX ObicTpopericTByromux KMOII ¢oTonprueMHUKOB, MO3-
BOJISIIOIMX PETHCTPUPOBATh OPAaHMYEHHOE KOJMYECTBO KaApOB C CYOMHUKPOCEKYHIHBIMH WHTEpBajlaMU
1 3KCTIO3ULUSIMHU.

Panee namu O6butn cozgansl KMOII goTtonpuemuuku ¢ 8 u 4 ObicTpbiMu Kaapamu ¢opmaroB 128x64
1 300x300 srueex, mpuMeHEHHE KOTOPBIX MTO3BOJIMIIO NOIYYUTh HOBBIE (DU3NYECKHE PE3yIbTaThl 0 IWHAMU-
Ke MJIa3MBbl, JTOKAIBHBIM 3JIEKTPHYECKUM MIPOOOSIM B YIapHO-HArPY>KEHHBIX TUAJIEKTPUKax U Ap. B nanpHel-
nreM Oblia pa3padorana 16-tu kagposas poTomarpuiia popmara 256x128 saeek [1].

1. B Hactosimee Bpemst pa3paboTaHa 1 U3rOTOBIIEHa Ha OTedecTBeHHOM KpuctaibHoM KMOII mpounsBoa-
ctBe Gotomarpunia «FR16P» dopmara 300x300 siueek, mo3BonsroNIas perucTpupoBarh 16 kaapoB n3obdpa-
KEHUS ¢ CyOMUKPOCEKYHIHBIMH SKCIIO3ULUAMHI U HHTEPBATaMHU MEXy KaJApamH.

OCHOBHBIM PEXHMOM (OTOMATPHULIBI ABISETCS LMKIMYECKas 3allMCh KaIpOB C OCTaHOBKOW Mpolecca
3aIMCH 10 BHEIIHEMY CUTHAy OKOHYaHUsI PETUCTPUPYEMOTO Ipoliecca. Bo3MokeH Tak e KAy pexuM
3aIrycKa 3alKcy IO BHEIIHEMY CUTHaJly Hadaja perucrpupyemoro mpouecca. [locne 3aBepiieHus 3anucu
(peructpanuu npouecca) BHITOIHIETCS BHIBOA BUACOMH(DOPMALIUH.

Texnnueckue napameTpbl poromarpuusl FR16P:

* Pasmep nukcenst MaTpuLpl — 29x29 MKM.

» Ounn-gaxrop — 29%.

* 3apaa0Basi eMKOCTh MUKCENs MaTpuLbl — 6osiee ~200 THICSY AIIEKTPOHOB.

* CniekTpanpHBI{ AMANa30H YyBCTBUTENBHOCTH — 460...560 HM.

* MHTepBaibl MeXIy KapaMH U JUIMTETbHOCTH SKCIIO3UIHMN (HE3aBUCHMO) — B AMATIa30HE OT MEHEE YeM
100 aC 10 200 MKC HE3aBUCHUMO JJISl KaXKIO0ro Kaapa.

* MoMEHTHI Ha4yajla 1 OKOHYaHHUS IKCIIO3ULUHI Ka)KI0TO KaJpa ONpPeaeIsoTCA BHEIIHUMU CUTHATAMH.

2. Ha ocHoBe ¢otomarpunsl FR16P coznana kamepa RTC-300-16 kak QyHKIMOHANBHO NOCTATOYHBIH
010k, csazansblii ¢ [IK mo USB mune. B kamepe peann3oBaH OCHOBHOH pEXUM pabOTHI (POTOMATPHULIBI
(uMKIMYEeCKas 3aKCch) ¢ BOBMOXKHOCTBIO BEIOOpA OIHOTO M3 YETHIPEX BAPUAHTOB OIMHAKOBBIX WHTEPBAJIOB
MEKIY IKCIO3HLUSIMH U BpEMEH DKCIIO3MIMH. BapraHThl 9KCIIO3ULIUI TPHUBEACHBI B TAOIHIIE.

Ne BapuanTta F2 F3 Bpems zanucu [lepuon 3anucu Bpewmst sxcniozunumn
Bcex 16-Tu Kagpos Ka)KI0ro KaJapa, MKC Kakporo kazapa (1/2 nepuona), MKc
1 1 1 6,6 MC 412 206
2 0 1 102 mMxc 6,4 3,2
3 1 0 12,8 MKc 0,8 0,4
4 0 0 3,2 MKc 0,2 0,1

Kamepa nepenana nist anpobaumu 8 @I'YIT «k BHUNAY.

3. KMOII ¢orouyBctBuTenbHas nuHeiika «FL 10» cocrout u3z 512 kaHanoB, B Ka)J0OM U3 KOTOPBIX Ha-
xoautcst poroauon 1 1000 y31m0B BEIOOPKH U XpaHEeHUs. MUKpOCXeMa BBIMOMHSIET: OJHOBPEMEHHOE HAKOII-
nenue (orozapsaa Bo Bcex KaHajax; mociaenoBareabHo mpoBoauT 1000 BEIOOPOK ¢ MUHUMaIBHBIM HHTEP-
BasioM ~10 HaHOCeKyH[ (CO COPOCOM HAKOIUIEHHUS] MEXKy BEIOOPKaMH); MOCIENY IO OCIe]0BATEIbHBIN
BBIBOJ BueonH(popManuu ¢ BeIOOpok (512 000 31eMeHTOB) Ha OOWH aHAJIOTOBBIM BBIXOA. MUKpocxema
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(hyHKIIMOHANBEHO aHaornyHa kamepe S3C-1 [2], omHako uMeeT Oosee yeM B 12 pa3 Gosbliiee pa3perieHue
(512 xananos x 1000 Beibopok mpotus 200 kananoB x 200 BEIOOPOK).

TexHuueckue napameTpsbl:

* Pasmepsl hoTooOnacTu kaHana BAOIb GOTONMMHEHKN — 9,6 MKM.

 Pasmepsl hoToobnacTu kaHana nonepek GporoauHenku — 150 MM,

o lllar xananoB B 1uHeWKe — 10 MKM.

» Oun-gaxrop — 0,91.

* OOnacTp ciekTpaabHON yyBcTBUTEIbHOCTH 460—560 HM.

* 3apsioBasi eMKOCTh B stueiike — ~1000 ThIC. 3JEKTPOHOB.

* Bpems Hakomenust gpotozapana (MHTepBan BbI00pok) <~10 He — 100 MKc.

* Bennunna xpatHocTH anTHOIIOMUHTa O011ee 300.

e YacToTa BBEIBOJA BUAeocurnaiga — 5—10 MI'm.

C ¢pontom BHeniHero umiyinbca START, omHOBpeMEHHO BO BCEX KaHalaX, HAUMHAIOT MPOBOJUTCS BhI-
OOpKHU C sTYCCK HAKOIUICHUS Ha sTYeiiku XxpaHeHus, ¢ 1-i mo 1000-i BeiOopku. Bpems HakoruieHus ¢oro3apsi-
Jla K&KI0W BRIOOPKU 3aaaercs BHelrHeH yacTtoTol «F100» (~100 MTI'1r). Mexay BBIOOpKaMU STUSHKU HAKOTI-
JIeHHsI COPaChIBAIOTCS B UICXOIHOE COCTOSTHUE. Mex Ty OnmkaiiinMu BEIOOPKaMU MPelyCMOTPEHA 3a/ISPIKKa,
JUTUTEIBHOCTH KOTOPO# BeIOMpaeTcs oT 1 He 10 4 HC.

Cnan ummnynsca START BrirouaeT peskuM BbIBoza HH(OpMAIUK (YTEHUS BEIOOPOK), KOTOPBIH BBITIOIHSI-
ercs 3a 514 000 TakTOB YaCTOTHI BEIBOJIa BUJICOCUTHAIA.

B nacrosmee Bpems mukpocxema FL 10 pa3zpaboraHa u moAroToBieHa Jyist epeady Ha H3rOTOBICHUE B
KpUCTaIbHOE MPOU3BOICTBO.
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RUSSIAN MULTIFRAME QUICK-RESPONSE CMOS
PHOTODETECTORS

D. V. Borodin, Yu. V. Osipov, Yu. A. Barsukov, S. Yu. Volkova
RTC Inpex Ltd, Mytishchi, Russia

E-mail: rtcinpex@mail.ru

For further progress in creating registration systems for fast-proceding processes, it is necessary to create
a domestic specialized electronic component base, particularly matrix and linear multi-frame quick-response
CMOS photodetectors, allowing to register a limited number of frames with submicrosecond intervals and
exposures.

Earlier CMOS photodetectors with 8 and 4 quick frames of 128x64 and 300x300 cell formats were cre-
ated, which allowed to obtain new physical results in the plasma dynamics, as well as local electrical break-
down in impact-loaded dielectrics, etc. Later, a 16-frame photomatrix of 256x128 cell format was developed
[1].

1. At present, a 300x300-cell “FR16P” photomatrix, allowing to register 16 image frames with submi-
crosecond exposures and inter-frame intervals, has been developed and manufactured at the domestic crystal
CMOS production line.

The photomatrix operating mode is a cyclic recording of the current frames with the recording process
stopped by an external signal of the end of the recorded process. A standby recording mode is also possible,
started by an external signal of the beginning of the recorded process. When the recording processis com-
pleted, the video output information is represented.
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The FR16P photo matrix technical parameters:

* Pixel size — 29x29 microns.

* Fill-factor — 29%.

» The matrix pixel charge capacity — more than ~200 thousand electrons.

* Spectral range of sensitivity — 460...560 nm.

* Intervals between frames and exposure durations (independently) — in the range of less than 100 ns to
200 ps independently for each frame.

* The moments of start and end exposures of each frame are determined by external signals.

2. Based on the FR16P photomatrix, the RTC-300-16 camera was created as a functionally sufficient
module, connected to the PC via USB bus. The camera implements the basic operation mode of the photo-
matrix (cyclic recording) with four variants of the same exposure intervals and exposure times. The exposure
variants are given in the table.

No. Option m R Recordin%g time of all 16 Recording period of Exposure time'of each frame (1/2
rames each frame, ps period), us
1 1 1 6.6 ms 412 206
2 0 1 102 ps 6.4 3.2
3 1 0 12.8 ps 0.8 0.4
4 0 0 3.2 us 0.2 0.1

3. The “FL 10” CMOS photosensitive circuit consists of 512 channels, each containing a photodiode
and 1000 sampling and holding nodes. The circuit performs: simultaneous photo charge accumulation in all
channels; sequential execute of 1000 samplings with minimum interval ~10 nanoseconds (with reset of ac-
cumulation between samples); subsequent output of video information from samples (512 000 elements) to
one analog output. IC is functionally similar S3C-1 [2], but has more than 12 times higher resolution (512
channels x 1000 samplings versus 200 channels x 200 samplings).

Technical parameters:

* Dimensions of the channel photospace along the photoline — 9.6 pm.

* Dimensions of the channel photospace across the photoline — 150 pm.

* Channel pitch in the photoline — 10 pm.

* Fill-factor — 0.91.

* Spectral sensitivity range is 460—560 nm.

* The cell charge capacity — ~1000 thousand electrons.

* Photocharge accumulation time (sample interval) from <~10 ns to 100 ps.

* Antiblumming — more than 300.

* Frequency of video signal output — 5-10 MHz.

After the rising edge of the external START pulse, simultaneously in all channels, begins the process
of the sampling from the accumulation cells to the storage cells, from the 1st sampling up to the 1000th
sampling. Accumulation time of each sampling is set by the external frequency “F100” (~100 MHz). The
accumulation cells are reset to their initial state between samplings. There is a delay between next samplings
with the duration, selected from 1 to 4 ns.

After the back edge of the START pulse enables the mode of information output (sampling reading),
which is performed in 514000 cycles of the video signal output frequency.

At present the FL10 chip is developed and prepared to be submitted to the chip production.
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JINUATHOCTHUKA CBEPXUHTEHCHUBHOTI' O JIASEPHOI'O CBETA
O. E. Baiic"?, H. I Byxapcxuﬁz’ 3 B. IO. Boiuenxos"?, @. A. KopHeeez’ 3

chepOCCHﬁCKHﬁ Hay4HO-UCCIEN0BaTeIbCKUui MHCTUTYT aBToMatuku uM. H. JI. IyxoBa, Mockga, Poccus
2 Ousnueckuii unctutyT uM. [1. H. Jlebenera PAH, Mockga, Poccus

3HauH0HaJH>HbH71 HCCIIEN0BaTENbCKUM SAepHbld yHUBEpcUTET «MUDN», Mocksa, Poccus

CoBpeMEeHHBIH ypOBEHb Pa3BUTHUS JIa3€PHBIX CHCTEM IO3BOJISET CO3/1aBaTh JIa3€PHBIE YCTAHOBKU MOII-
HOCTBIO BIIJIOTh IO MYJIBTHIIETABaTTHOTO YPOBHS, YTO OTKPHIBAET BOSMOXKHOCTH JAJISl UX NPUMEHEHUS B 3a-
Jayax ja3ep-IUIa3MEHHOTO B3aMMOJAEHCTBUS M YCKOPEHMSI 3apsyKEHHBIX YacTHI, a TaKKe 3aJayax KBaHTO-
BOM AIIEKTPOJMHAMHUKH, YTO, OJHAKO, TPeOyeT KOPPEKTHON AUArHOCTUKU MapaMeTpoB JIA3EPHOTO UMITYJIbCa
B 00J1aCTH B3aUMOJAEHCTBHUS IpH €T0 OcTpoil pokycupoBke. B HacTosIee BpeMs npeniaratoTcs: pa3inyHble
HOBBIE METOJIbl JUATHOCTHKH JIa3€PHBIX UMIYIBCOB, B TOM YHCIJIE HCIONB3YIOIINE MHOTOQOTOHHYIO HOHU-
3anuio [1], oOpa3zoBaHue NEKTPOH-TIO3UTPOHHBIX Map [2], pacipeaeneHnss BTOPUYHOTO H3TyUYeHHUs], TeHEPH-
PYEMOro B IIPOIIeCCEe HETMHEHHOTO TOMCOHOBCKOTO/KOMITOHOBCKOTO paccesiHus [3—5] u ap.

B pabote npeanaraercst oAX0A K U3MEPEHHIO KITIOUEBBIX ITAPAMETPOB MYJIBTUIIETABATTHOTO MyYKa, TAKUX
Kak ero pa3Mep B KayCTHKE M ITMKOBasg MHTEHCUBHOCTS Jlazepa. IIpenaraeMplil METO OCHOBAH Ha UCIIOJIb30BA-
HHH [TPOLIECCa BAKYYMHOTO YCKOPEHHUS 3apsHKEHHBIX YaCTHUIL, SJIEKTPOHOB U MPOTOHOB, 13 (POKAIBHOTO 00beMa.
Tak cBsI3b MUKOBOW MHTEHCUBHOCTH JIa3€pHOT0 UMITYJIbCA, & TAK)KE IPYTUX €T0 MPOCTPAHCTBEHHO-BPEMEHHBIX
napaMeTpoB (auamerpa (HOKaJIbHOTO MSTHA, JUIMTEIBHOCTH JIA3€PHOTO MMIIYJbCa M €r0 MPOCTPaHCTBEHHO-
BPEMEHHOTO MPOQMIIs), C XapaKTePUCTUKAMU paclpeeleHnil 3JIeKTPOHOB M MIPOTOHOB YK€ Oblia OIpoOHO
UCCIIe0BaHa B TEOPETUUECKUX paboTax [6—8]. B To e BpeMs CBsI3b XapaKTEepUCTHK paccMaTpuBaeMbIX pac-
npeneNeHni OKa3bIBAETCS JOCTATOYHO CIIOKHOHN, YTO HE MO3BOJISIET MCIONb30BaTh aHATUTHYECKHE (POPMYITBI
WM HEOOMbIIME HA0OPH! BEIYHUCICHUH IS PEIeHNUS 3a1a4K BOCCTaHOBIECHHS NPOdUIIS Ta3epHOTO UMITYIIBCA.
Onnako nonoOHas 3a1a4a MOKET OBITh PEeIlieHa C UCIIOIb30BaHUEM COBPEMEHHBIX TIOIXO0I0B, OCHOBaHHBIX Ha
METOAaX MAIIMHHOTO 00y4YeHHs, YeMy B TOM YHCIIE MOCBAIIEHa IIpeCTaBIeHHAs padoTa.

O. E. Baiic Bripaxkaer OnarogapHocts @oHIy pa3BuTHsA TeopeTnueckoi (pusuku n marematuku «bA-
3UC» 3a punancoByto mogaepxkky (rpant Ne 22-1-3-28-1).
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DIAGNOSIS OF ULTRA-HIGH INTENSITY LASER RADIATION
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The current level of laser system development makes it possible to generate laser pulses with a power up
to a multipetawatt level, which opens up opportunities for laser applications to study laser-plasma interaction
and acceleration of charged particles, as well as problems of quantum electrodynamics. However, it requires
correct diagnostics of laser pulse parameters in the interaction region under its tight focusing. Currently, vari-
ous new methods for diagnosing laser pulses are proposed, including those based on multiphoton ionization
[1], the formation of electron-positron pairs [2], distributions of secondary radiation generated in the process
of nonlinear Thomson/Compton scattering [3—5], etc.

Here we propose an approach to measuring the key parameters of a multipetawatt beam, such as its fo-
cal spot size and the peak laser intensity. This method is based on the analysis of distributions of charged
particles, electrons and protons, accelerated from the focal volume. Thus, the relationship between the peak
intensity of a laser pulse, as well as its other spatiotemporal parameters (focal spot diameter, laser pulse dura-
tion, and its spatiotemporal profile), with the characteristics of electron and proton distributions has already
been studied in detail in our theoretical works [6—8]. At the same time, the relationship between the charac-
teristics of the considered distributions turns out to be quite complex, which does not allow using analytical
formulas or small sets of calculations to solve the problem of reconstructing the laser pulse profile. However,
such a problem can be solved using modern approaches based on machine learning methods, which, among
other things, is the subject of the presented work.

O. E. Vais acknowledges the Foundation for the Advancement of Theoretical Physics and Mathematics
(“BASIS”) for financial support (Grant No. 22-1-3-28-1).
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MNPOTPAMMHBIN KOMIIJIEKC THERMOS: PACUET
PAINAIIMOHHBIX U TEPMOANHAMUNYECKUX XAPAKTEPUCTHUK
BEIMECTBA U ITPUMEHEHUWE UX B PT A MOIAEJIUPOBAHHUUA

. FO. Buueg', JT. A. Kum"?, A. . Conomannas', A. C. Ipywun’

1I/IH(:TI/ITyT npukiagHord matemaruku uMm. M. B. Kennpiia PAH, Mocksa, Poccust
HUSTY MU®U, Mocksa, Pocens

Pemenue 3ama4 MoAenupoBaHUS JUHAMUKHM U3IY4arOLIEd IIa3Mbl METOJAMU PaJUallMOHHON ra30BOM
JUHAMHUKH TpeOyeT 3HaHUS paJualiOHHBIX U TEPMOANHAMHYECKUX XapaKTePUCTUK BELIECTB B LIMPOKOH 00-
JacTH TeMIeparyp M IIoTHOCTe!. BeruncnurensHblil komiieke nporpamm THERMOS, paspabarsiBaemblit
B UIIM um. M. B. Kengsiima PAH, no3BosisieT paccunTeiBaTh TpeOyeMble JaHHBIE ¢ XOPOILIEH TOYHOCTEIO.
Kommutexc nmporpamm BKiIo4aeT B ceOsl peann3aluyl pa3iInyHbIX MOJIEJel, OCHOBAHHBIX Ha MPHOIMKESHHUAX
CPEIHEro aroMa 1 30JMPOBaHHOTO HOHA C YUETOM INIOTHOCTHBIX 3 dekToB. s pacuera CBOKWCTB BEIIECTB
B YCIIOBUSIX JIOKAJIBHOTO TEPMOJAMHAMHUYECKOIO PABHOBECUS HCIIONB3YOTCS Monenu Tomaca—®epmu, Xapr-
pru—@oka—Cr3Tepa U KBa3U30HHAs, OCHOBaHHBIC Ha MPUONMKeHUH cpenHero atoma [1], a Taxke Caxa—bo-
JbIIMaHa — HA OCHOBE HM30JINPOBAHHOTO MOHA. CTONKHOBUTENBHO-U3TyUYaTeabHasi MOJENb, OCHOBaHHAs Ha
NpUOIIKEHNH N30JIMPOBaHHOTO HOHA, HCTIONB3YETCs IS pacdeTa CBOMCTB IIa3Mbl C IPOU3BOJIBHBIM MOJIEM
nznyuenus [2]. [Ipu pacdyere cBoiicTB HepaBHOBECHOH MJIa3Mbl peain30BaHa BOBMOKHOCTbD yueTa OBICTPBIX
3NIEKTPOHOB 1 3P PEKTOB HEMPO3PaYHOCTH NPU KOHEUHBIX pa3Mepax B OJHOMEPHOH reomerpuu [3] 1 HecTa-
LAOHAPHBIX HACEJIIEHHOCTEN COCTOSIHUI HOHA.

B nanHoii paboTe IpUBOANTCS OMUCAHUE BO3MOXXHOCTEH KOMIUIEKCA M BapHaHTHl NpUMeHeHus [4, 5, 6],
a TaKk)Ke BO3MOXKHBIE CTIOCOOBI HCIIONB30BaHMs B KOJlaX paAHalliOHHON ra30Boi AMHAMHKH [7].

Brruucnenus mpoBeneHsl ¢ IOMOLIBI0 ruOpuaHoro cynepkommbiotepa K-100, ycranoBiaenHoro B LleHT-
pe xomutektuBHOTO nonb3oBanus UTIM um. M. B. Kenneriima PAH u MBC-1011 (MCL] PAH).
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THE THERMOS TOOLKIT: CALCULATION OF SPECTRAL
AND THERMODYNAMIC PROPERTIES OF PLASMA
FOR RHD SIMULATIONS

I Yu. Vichev', D. A. Kim"? A. D. Solomyannaya', A. S. Grushin'

1Keldysh Institute of Applied Mathematics, Moscow, Russia
National Research Nuclear University MEPhI, Moscow, Russia

Modeling the radiating plasma dynamics depends on its opacity and thermodynamic properties. The
THERMOS toolkit developed at Keldysh Institute of Applied Mathematics (RAS) is capable of calculating
the aforementioned plasma properties over wide range of temperatures and densities using various approach-
es. The code implements the Hartree-Fock-Slater model in average atom approximation [1] for LTE condi-
tions and the CR model [2] for Non-LTE applications. The latter includes accounting for non-Maxwellian
electron distribution and pressure ionization (IPD), both in stationary and non-stationary approaches.

Besides the capability of calculating the tabulated spectral and thermodynamic data for arbitrary sub-
stances and mixtures, the THERMOS toolkit has some other practical extensions:

* the consistent radiation transfer model that takes into account radiation field nonequilibrium for 1D
plasma formations (a ball or infinite cylinder and flat layer) [3];

» methods of approximate accounting for NLTE in RHD codes [4].

In the presented work we demonstrate the basic structure of the THERMOS toolkit and some of its ap-
plications [5, 6, 7].

The calculations have been performed on the hybrid supercomputer K-100 installed in the Supercomputer
Centre of Collective Usage of KIAM RAS and MVS-10P JSCC RAS.
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BAKYYMHASA UCKPA C JTASEPHBIM UHUIIUNUPOBAHHUEM.
JAUATHOCTHUKA U ITIPUMEHEHUA

E. JI. Boguenxo, U. A. I'epacumos, A. I1. Menexos, P. I1l. Pamaxkomu, K. 1. Kosnoeckuii,
A. C. Casenos, A. E. lluxanos, 3. A. Illxonvnukos

Hannonansasnii UccnenoBarenbekuit SAneprstii Yausepcuret («MUDU»), Mocksa, Poccus

M3BecTHO, 4TO B MOIIIHOM HCKPOBOM paspsje Tumna Z-nuH4 rnpu Toke / > 100 kA u Hanpspkenuu U > 10
kB riry0okoe c:xaTre ria3Mbl IPUBOIUT K 00pa30BaHUIO «TOPSUYCH TOUKMY) — CBEPXIIOTHOTO BBICOKOTEMIIC-
paTypHOTO T1a3MO00pa30BaHUsl MUKPOHHBIX Pa3MEPOB, MPEICTABISIONIee COO0H MHTEHCHUBHBIN MCTOYHHUK
XR, EUV, UV uznydenus u MOTOKOB 3apsbKEHHBIX yacTull [1, 2]. OnHako 4yig psiia MPUKIATHBIX UCCIEH0-
BaHUH OoJiee yI00CH UCTOUYHUK Ha OCHOBE MEHEE MOIIHOIO JIA3ePHO-UHIYIIMPYEMOTO UCKPOBOTO paspsiaa
¢ TokoM [/ < 10 KA, omHUM U3 HauboJIee BAXKHBIX KaY€CTBEHHBIX CBOWCTB KOTOPOTO, KPOME YMEHBIIICHUS
SHEPTeTUKH, SBISECTCA BOBMOXXHOCTD JKECTKOM CUHXPOHHU3AINHU U3ITYYEHHUS U SMHUCCUH HUOHOB C HCCIEHye-
MEBIM TIporeccom [3—5].

B naHHOM n0KIa/Ie paCCMOTPEH BapUAHT MOJA0OHOTO UCKPOBOTO pa3psia, OTIUYAIONIUICS TPUMEHEHHEM
JIA3epHOr0 MHULIMUPOBAHUS HA aHOE, ¥ PUBECHBI PE3YABTATHI €T0 UCCIEIOBAHUS C TOMOIIBIO PEHTIC€HOB-
CKUX, KOPIYCKYJISIPHBIX U JIA3€PHO-ONTUYCCKUX TUArHOCTHK. O0Inas cxeMa SKCIEPUMEHTAIBHON yCTaHOB-
KU MpeACTaBIeHa Ha puc. 1.
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L=45m
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(Fe)

i
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Puc. 1. Cxema BakyyMHOTO HCKPOBOTO pa3psifia ¢ JIa3epHbBIM HHHIIMHPOBAHUEM

i1 *HUIMUPOBaHUS UCKPOBOTO paspsiaa mpuMeHeH ummyabcHbld Nd:YAG nazep B pexume MOIYH-
poBanHoit moopotHocTH (E < 30 M/Ix, T ~ 15 He). Paspsmubie anekrpoast umenu ¢popmy koHyca. OHu moj-
KIIIOYaJIMCh Tapajlle]IbHO HAKOMUTENBFHON Oatapeu ¢ pabounM HampsbkeHueM 10 15 kB. Emxocts Garapen
B iepeoM pexnme C; = 0,22 Mmx® (W = 20 [Ix, I =10 kA), Bropom — C, = 0,01 Mmx® (W~ 1 Ik, I = 1 kA).
IIoTOKM MOHOB aHATU3UPOBAIKUCH C IIOMOIIBIO BPEMSIIPOJIETHOIO MACC-CIIEKTPOMETPA C CEKTOPHBIM MAarHu-
TOM U TpyOol anuHOM 3,5 MeTpa.

OO6nacTi TpUMEHEHH JIa3ePHO-UHIYLIUPYyeMOoro nuckpoBoro ucrounuka: MPU (v = 1-10 k3B) mis 06-
Jy4eHUs] TOITyNPOBOJHUKOB C LIENBbI0 MOAM(HUKALUK MX TOBEPXHOCTH, UCTOYHUK MHOTO3apSITHBIX HOHOB
¢ sHeprue 1o 130 k3B u 3apsaHocThiO F e, nerouHnk JIEUTPOHOB ISl TEHEPALIMA HEUTPOHOB B YCKOPH-
TEJIHHOM JIMOJIC C MarHUTHOW m3oisiiuei, anementHold LIBS ananmu3 matepuanos TAP ¢ Bo30yxaeHuem
IJ1a3Mbl JIA3EPHO-UHIYIUPOBAHHOI'O UCKPOBOIO PA3psAa.
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VACUUM SPARK WITH LASER INITIATION.
DIAGNOSIS AND APPLICATIONS

E. D. Vovchenko, 1. A. Gerasimov, A. P. Melekhov, R. Sh. Ramakoti, K. 1. Kozlovskii, A. S. Savjolov,
A. E. Shikanov, E. Ya. Shkolnikov

National Research Nuclear University “MEPhI”, Moscow, Russia

It is known that in a powerful spark discharge of the Z-pinch type at a current / > 100 kA and a voltage
U = 10 kV, deep plasma compression leads to the formation of a “hot spot” — superdense high-temperature
plasma formation of micron sizes, which is an intense source of XR, EUV, UV radiation and fluxes of
charged particles [1, 2]. However, for a number of applied studies, a source based on a less powerful laser-
induced spark discharge with a current / < 10 kA is more convenient, one of the most important qualitative
properties of which, in addition to reducing the energy, is the possibility of tight synchronization of radiation
and ion emission with the process under study [3—5].

This report considers a variant of such a spark discharge, which is distinguished by the use of laser initiation
at the anode, and presents the results of its study using X-ray, corpuscular, and laser-optical diagnostics. The
general scheme of the experimental setup is shown in fig. 1.
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Fig. 1. Scheme of a vacuum spark discharge with laser initiation
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A pulsed Q-switched Nd:YAG laser (£ < 30 mJ, t = 15 ns) was used to initiate a spark discharge. The
discharge electrodes had the shape of a cone. They were connected in parallel with a storage battery with an
operating voltage of up to 15 kV. Battery capacity in the first mode C,; = 0.22 uF (W= 20 J, I = 10 kA), the
second — C, = 0.01 pF (W= 1], I~ 1kA). The ion fluxes were analyzed using a time-of-flight mass spec-
trometer with a sector magnet and a tube 3.5 meters long.

Fields of application of a laser-induced spark source: SXR (hv = 1-10 keV) for irradiating semiconduc-
tors in order to modify their surface; a source of multiply charged ions with an energy of up to 130 keV
and a charge of F e*?%; a source of deuterons for generating neutrons in accelerating diode with magnetic
insulation; elemental LIBS analysis of thermonuclear materials with laser-induced spark discharge plasma
excitation.
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TPAHCIIOPTHBIE U OITUYECKHUE CBOMCTBA KEJE3A
B PACHIMPEHHOM U CKATOM COCTOAHUAX
IIPU BBICOKUX IIVIOTHOCTAX 9HEPI'UA

H. Bb. Bonkos, A. U. Jlunuax
OI'BYH «HuCcTHTYT Znektpodmsuxu YpO PAH», ExarepunOypr, Poccus

Lenp Hamielt paboThl — MOCTPOEHHE U MCCICAOBAaHNE TPAHCIIOPTHBIX M ONTHYECKUX CBOMCTB METAILIOB
MPY BBICOKUX TNIOTHOCTSX SHEPIHHU B PACIIMPEHHBIX M CXKAThIX COCTOAHUAX. B maHHOM cooOmieHun HamMu
MIPOBOJATCS pacdeThl Ul XeJe3a, MOCKOJIbKY OHO HCIOJB3YeTCs B KaueCTBE MOAEIBHOIO Marepuasna pas-
pAIHUKA aHOJa, YNPABISIEMOTO M3Iy4YeHHEeM TBepAoTedbHOro jJazepa [1, 2]. Temnodusndeckue cBolicTa
JKeJie3a TPU BBICOKHMX IUIOTHOCTSIX HEPTMH HaMU MOAPOOHO paccCMOTpeHbI B paboTe [3], rie mpuBeneHo
TaKkKe 000CHOBaHHE Ba)KHOCTH M3Y4YEeHHUS (PU3MYECKHX CBOWCTB PACIIMPEHHOTO COCTOSHUS ISl MMOHHMa-
HUS QU3NYECKUX MPOLECCOB, MPOUCXOIAIINX B YIPaBIsAEMbIX COKYCHPOBAHHBIM Ha MOBEPXHOCTH aHOAA
JIa3€pHBIM M3JIy4€HUEM BBICOKOBOJBTHBIX Pa3psIHHKaX BBICOKOIO AaBlieHUs. B Hameil Monenu JoKaabHO
PaBHOBECHBIM HEUTpPaIbHBIA METAJUT MPENCTaBIseT co00i MIa3MOnon00HYI0 Cpey, COCTOSIIYIO U3 HOHOB
1 BIIEKTPOHOB. [IprueM MOHBI U HEHTpallbHBIE aTOMBI HE Pa3lInvaloTcs. 3aps] MOHOB JKelle3a B MpHOImKe-
HUU CpeJHero noHa (atoma) — uaMensiercs ot 0 1o Z = 26 (cMm. aeranu B [3]). [Ipu paccessHuM 3IIEKTPOHOB
MPOBOANMOCTH Ha (PIyKTyauusx IUIOTHOCTH MCIONB3YeTCs MOAXOM, MPEIJIOKEHHBIA B padoTax OIHOTO U3
Hac (HBB) [4, 5], cormacHo xotopomy: (1) 3¢ heKTHBHBIN MOTSHIIMAT OTACILHOTO HOHA YYUTHIBACT BKIIA]T
B paccesiHre, Kak CBOOOAHBIX, TaK M CBS3aHHBIX (BHYTPEHHUX) JIEKTPOHOB; (2) B 001aCTH MHTEHCUBHBIX
GbnyKTyanuii miI0THOCTH, Iie AAKMHA CBOOOAHOrO 1podera, /,;, MOXKET CTaTh MEHbIIE MEKUOHHOTO PAaCCTOs-
HUS, 1y = (3/471',)1/ 3, HPOBOJUTCS €€ peryaspusauus: /,; = r, (cM. fetanu B [4, 5]). YUnuTbIBasi KOT€PEHTHOCTh
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JIa3epHOTO U3IYyYEHHsI, BHIPAKEHUsI AJIsI ONTHYECKUX XapaKTEPUCTHK METajula MOJIy4YeHBbl HaMH AJsl (QHK-
CHpPOBaHHOHM 4acTOTHI (JUTMHBI BONHBI). C yueToM BBIIIE CKA3aHHOTO HAMH TOIy4YeHBI (POPMYIBI IJIs 3J1eK-
TPOIPOBOIHOCTH, TEIJIOMPOBOAHOCTH, TEPMOJJC, OUINEKTPUUECKOM MPOHHUIAEMOCTH M Ko3(h(uIMeHTa
noromeHus. C UX MOMOIIBIO PACCUUTAHBI TaOMMIBI YKa3aHHBIX XapaKTEPHCTUK JKejie3a B LIMPOKOH 00-
JIACTH IJIOTHOCTEN 1 TemiiepaTyp. C MOMOLIBIO PACCUNTAHHBIX TAOIHI MPOBEACHO MOACIUPOBAHHE pa3jieTa
AQHOZIHOM MJIa3Mbl O3 BHEIIHETO M C BHELIHUM SJIEKTPUYECKHM II0JIEM B JABYMEPHOW T€OMETpPHUH, ONH3KON
K TEOMETPUH pa3psaHKKa, HCIonb3yeMoro B [1, 2]. [IpoBeneHo cpaBHEHHE € IKCIIEPUMEHTOM.

PaGota BrimonHeHa mpu ¢uHAHCOBOW monuepkke Poccuiickoro HayuHoro ¢onma u IIpaButenbcTBa
CaepayioBckoii obnact, mpoekt Ne 22-29-20058.
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TRANSPORT AND OPTICAL PROPERTIES OF IRON
IN THE EXPANDED AND COMPRESSED STATES AT HIGH ENERGY
DENSITIES

N. B. Volkov, A. I. Lipchak

Institute of Electrophysics, Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia

The purpose of our work is the studying the transport and optical properties of metals at high energy den-
sities in expanded and compressed states. In this communication, we performed calculations for iron, since it
is used as a model material for an anode of gas gap controlled by solid-state laser radiation [1, 2]. The ther-
mophysical properties of iron at high energy densities are considered in detail in [3]. Also, we proved the im-
portance of studying the physical properties of the expanded state for understanding the physical processes
occurring in high-voltage high-pressure gas gaps controlled by laser radiation focused on an anode. In our
model, a local equilibrium neutral metal is a plasma-like medium consisting of ions and electrons. Moreover,
ions and neutral atoms do not differ. The charge of iron ions in the average ion (atom) approximation varies
from 0 to Z =26 (see details in [3]). We used the approach proposed in the works of one of us (NBV) [4, 5] for
scattering conduction of electrons on density fluctuations. According to this approach, the effective potential
of an individual ion takes into account the contribution to scattering, both free and bound (internal) electrons
and in the region of intense density fluctuations, where the mean free path /,;, can become less than the in-
terionic distance, 7 = (3/4TE)1/3. The mean free path is regularized as follows: /,; = r, (see details in [4, 5]).
Taking into account the coherence of laser radiation, we obtained expressions for the optical characteristics
of the metal for a fixed frequency (wavelength). Taking into account the above, we have obtained formulas
for electrical conductivity, thermal conductivity, thermoelectric power, dielectric permittivity, and absorp-
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tion coefficient. With their help, tables of the indicated characteristics of iron were calculated in a wide range
of densities and temperatures. We used these pre-calculated tables to simulate the expansion of the anode
plasma without and with an external electric field in a two-dimensional geometry close to the geometry of
the gas gap used in [1, 2]. A comparison with the experiment was carried out.

This work was financially supported by the Russian Science Foundation and the Government of the
Sverdlovsk Region, project no. 22-29-20058.
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HUCCJEJTOBAHUS KODPPUIIMEHTA YCUJIIEHUSA
U IIPOCTPAHCTBEHHBIX XAPAKTEPUCTHUK ITYUKA
B MHOTOITPOXOJHOM YCHWJIHUTEJIE
JIABEPHOUM YCTAHOBKHU «COKOJI-3»

. C. Iagpunos, E. C. Bopucos, /]. A. Imumpos, A. I Kaxwun, E. A. Jlobooa

OI'VII «Poccwuiicknii @enepansubiii Anepusriii Leatp — Beepoccniickunit HUU texamueckort hpuznku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHcK, Poccus

Ha nazepnoii ycranoBke «Cokoin-3» B 4-IIPOXOJHOM PEKUME UccIeJ0BaHbl KOAP(UIUEHT YCUIIEHHS MO-
IyJisi, MOCTPOEHHOTO Ha JMCKOBBIX aKTUBHBIX dJIeMEHTax 3 (hocgaTHOro HEOANMOBOTO CTEKJIa Pa3MEpoOM
30x60x4 cM”, a TaKKe POCTPAHCTBEHHO-BPEMCHHbIEC XaPAKTEPHCTHKH W3ITyYCHHs Ha BHIXOE YCHIUTEIIS.

WsmepeHne ycuiieHHs BBIOJIHEHBI MPH AJUTENbHOCTH uMmmynsca 0,7 HC M ameprype mydka 25 cMm.
WHTerpanbHbIid 0 CEYEHUIO MyYKa KO3(GUIHEHT YCHUICHHS MO «CIaboMy» CUTHAIY, MOJYyYSHHBIN 33 CUET
ONTUMH3ALUU KOHCTPYKLIMU OCBETUTENS U apaMETPOB UMITYJIbCA TOKA B CHCTEME JIAMIIOBOM HaKa4KH, CO-
crasisier 0,063 cM ™. D10 3HaUCHHE MPEBOCXOIUT KOI(D(PUIMEHT YCUIICHUS, TOCTUTHYTHIM Ha CXOXKHX Jia-
3€pHBIX YCTaHOBKaX.

Ontrueckass cxema 4-IPOXOJHOTO YCHIINTENS ycTaHOBKH «COKON-3» BKIIOYAET MPOCTPAaHCTBEHHBIH
(GuIIBTp ¢ peBepcopoM, KOTOPBIi OCYLIECTBIIET HOBOPOT My4ka Ha 90° ¢ coxpaHeHHEM MII0CKOCTH TOJISIPH-
3alUH U3Ty4YeHHUs. ITO MO3BOJISIET B CYIIECTBEHHON Mepe KOMIIEHCHPOBATh aCTUTMATH3M, BHOCHMBII aKTHB-
HBIMH DJIEMEHTaMH, a TaK)Ke YMEHBLINThH BIUSIHHE MEJIKOMACIITAOHBIX MCKaKEHHH BOJHOBOTO ()pOHTA HA
pacripeiefieHre SHEPTHH JIA3EPHOTO My4Ka B OMKHEH U JabHel 30HaX.
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GAIN AND LASER BEAM SPATIAL FEATURES INVESTIGATION
IN MULTIPASS AMPLIFIER OF THE “SOKOL-3” LASER FACILITY

D. S. Gavrilov, E. S. Borisov, D. A. Dmitrov, A. G. Kakshin, E. A. Loboda

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The gain of 4-pass amplifier module based on Nd:phosphate glass 30x60x4 cm® slabs as well as spatio-
temporal features of the laser beam at the amplifier output were measured at the “Sokol-3” laser facility.

The amplification factor was measured for 0.7 ns pulse duration and 25 cm beam diameter. The “small-
signal” gain value of 0.063 cm™! was obtained due to amplifiers optical pump illuminator design optimiza-
tion as well as the electric current pulse parameters optimization for flash-lamp pumping system. This value
is higher than that for the other similar laser facilities.

The “Sokol-3” facility’s 4-pass amplifier optical scheme includes the spatial filter with the reversor which
provides 90-degree beam aperture rotation with polarization plain retention. This allows at a high extent to
compensate the active media slabs astigmatism, and to reduce the effect of small-scale wavefront distortions
on the near- and far-field laser beam energy distribution.
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HOBBIINEHUE 2OPEKTUBHOCTH
JIABEPHOI'O YCKOPEHUSA TPOTOHOB
N ITEHEPALIIUU TAMMA-U3JIYYEHUSA 3A CHET NPEAIIJTA3ZMbBI
HA MMOBEPXHOCTH TBEPJOTEJbHBIX MUIIIEHE

K. B. Caghponos, B. A. @necenmos, H. H. Illamaesa, /]. O. 3amypaes, C. A. [opoxos,
A. C. Tuwenxo, H. A. @éoopos, C. . Kosanesa, A. JI. lllampaes, A. B. [lomanos, O. H. I'unés

OI'YII «Poccuiickuii Denepansusiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenHu akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

[Ina3ma, oOpazyemas mpu 00y4YeHUH TBEPAOTENBHBIX MUILICHEH BHICOKOWHTEHCUBHBIMH JIa3€PHBIMH UM-
MylTbCAMH, PACCMaTPUBAETCS B Kaue€CTBE MEPCIEKTUBHOIO HCTOYHHMKA PEHTTEHOBCKOTO M3ITy4YEHHs, JJIEKT-
POHOB, IPOTOHOB ISl Pa3IMYHBIX MPUMEHEHU: paarorpadusi, AMHPaKTOMETPHS, PaAUOTEPATIHI PAKOBBIX
OITyXO0JIeH, «OBICTPBIN MOAXKHUIY TEPMOSIEPHBIX MUIICHEH U T. . YCHIIUS MHOTHX HCCIIEAOBaTENeH HampaB-
JICHbI Ha MOBBIILIEHHE d(PPEKTUBHOCTH JIa3ep-TIa3MEeHHBIX UCTOYHUKOB (MIOBBIIICHUE DHEPTUil YacTULl, yBe-
JIMYEHUE KOJINYECTBA, CHIYKEHUE YIIIOBOW PACXOJUMOCTHU IIyUYKOB).

3HauMTENbHAS YacTh MCCIENOBAaHUN MOCBALIEHB IPUMEHEHHIO ONTUMU3HPOBAHHBIX MUILEHEH: HU3KO-
TUTOTHBIE [TEHBI, MUILIEHH C MUKPOCTPYKTYPaMHU Ha IOBEPXHOCTH, CBEPXTOHKHE MUIIIEHU, MULIIEHH C OTPaHHU-
4YeHHOU Maccoii u ip. OHAKO U3TOTOBIEHHE TAKUX 00Pa3I0B ABJSIETCS TPYAOEMKOM 3a1a4ei, U ModyvyaeMble
MUILEHH HE MOTYT OBITh IPUMEHEHBI JUIS 3a]a4, I1e TpeOyeTcsl BRICOKas YacTOTa MOBTOPEHUSI UMITYJIbCOB.
Bonee npoctoii ctoco6 noBkimeHns: 3PPEKTUBHOCTH TeHEPALH H3IyYeHUH COCTOUT B MOAU(HUKAINN 00-
JIACTH B3aMMOJEHCTBUS 3a cueT 00yueHHsI CTAHAAPTHBIX IUIOCKUX MHUILIEHEH MPeabIMITYIbCaMH Pa3THYHON
JUTUTEILHOCTH U UHTeHCUBHOCTH [1-3], [4-7].

MBI nipescTaBisieM MPOCTON METOA MOBHILIEHUS SPPEKTUBHOCTH Jia3ep-TIa3MEHHBIX HCTOYHUKOB HOHH-
3UPYIOLIUX M3IY4YEHUH 3a CUET CMEIEeHUsI MUIIEHH BIOJIb OCH NMAJarollero Ja3epHOro UMIIyJIbCa TaK, 4To-
Ob1 POKyC JTa3epHOTOo MyYKa HAXOAMWJICS BHYTPH IIPENIUIa3MbDy, 00pa3yeMoil IpeAbIMITYIbCOM YCHUIEHHOTO
cnonTanHoro uznyuenus (YCH). B skcnepumenTax Ha Ti:Sa ¢peMTOCEKyHIHOM Ja3epe Npu HHTEHCUBHOCTH
B (hoKyce ummyibca 10 4 - 10%° Br/em? (xoHTpacT No 5 He npeapMmyabscy Y CHU cocrapisier ~1010) MaKCH-
MaJibHast 3 (EKTUBHOCTD JOCTUTAEeTCs IPU CMEIIEHUH MUIIeH! Ha 40 MKM OTHOCHUTENIFHO MOJOKEHHUS OCT-
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poro ¢okyca. IIpu o0myueHnn 6 MKM alFOMHHUEBBIX (OJIBT MOTYYEHO ABYKPaTHOE YBEINYEHUE MaKCUMAIIb-
HOU SHepruu NpoToHOB (10 9 MaB), yckopennsix o mexanuzmy TNSA. [Ipu o6nydenun 0,5 MM TUIacCTHH U3
BOJIb(ppamMa 3aperiucTPUPOBAHO 4-KpaTHOE yBETUUEHHE BBIXOa raMMa-KBaHTOB (¢ sHepruei oonee 1 MaB).
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ENHANCEMENT OF LASER-DRIVEN PROTON ACCELERATION
AND GAMMA-RAY PRODUCTION DUE TO PREPLASMA
ON THE SURFACE OF SOLID TARGETS

K. V. Safronov, V. A. Flegentov, N. N. Shamaeva, D. O. Zamuraev, S. A. Gorokhov, A. S. Tischenko,
N. A. Fedorov, S. F. Kovaleva, A. V. Potapov, O. N. Gilyov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

No vk W

Plasma created at irradiation of solid targets by ultra-intense laser pulses is considered as a perspective
source of X-rays, relativistic electrons, protons for different applications like radiography, diffractometry,
cancer therapy and others. Efforts of scientific community are aimed at enhancement of laser-plasma sources
(LPS) efficiency (increasing of particle energies and their number, divergence reduction).

Extensive research is dedicated to optimization of laser targets: low density foams, targets with micro-
structures on the surface, ultra-thin targets, reduced-mass targets etc. But usually, production of such sophis-
ticated specimens is a highly labor-consuming task. So these targets can’t be used for applications where
operation at repetition rate is required.

More convenient way to enhance LPS efficiency is modification of interaction region by prepulses of
different duration and intensity [1-3], [4—7]. Here we present a simple method based on positioning of the
target so that laser focus is inside the preplasma from ASE prepulse. On Ti:Sa femtosecond laser at focused
intensities of up to 4 - 10*° W/ecm? (5 ns ASE prepulse contrast is 10'%), the highest LPS efficiency is reached
after we placed target at 40 um from tight focus. Using this method in experiments on laser-driven proton
acceleration with 6 um Al foils, there was obtained 2-fold cut-off energy increase (up to 9 MeV). In experi-
ments with 0.5 mm tungsten targets there was detected 4-fold increase of gamma-rays yield.
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PACYETBI C’KATUA U BAXKUTAHUA MULHEHU TPAMOTI'O
OBJYYEHUSA C YYETOM I'EHEPALIUU IT'OPAYUX DJIEKTPOHOB

C Ui JlClelpqu’ 2 A B. BpaHmoel’z, M. A. Paxumund®,
K. E. T'opoonuues"?, B. IO. Bviuenxog™ '

1 N .
OI'VII «Bceepoccuiickuil HayuHo-HccaeaoBaTenbekuil ”HCTUTYT uM. H. JI. [TyxoBa», Mocksa, Poccust

2Dusnueckuit nactutyT uM. I1. H. Jle6enesa Poccuiickoit akamemun Hayk, Mocksa, Poccust

Jist 3¢ GeKTUBHOTO THAPOINHAMUYECKOTO CKATHSI MUILEHH JIa3€PHOTO TEPMOSAEPHOTO CHHTE3A C LIENbI0
JOCTIDKEHHS YCIIOBHH €€ 3a)KUTaHus TpeOyeTcs MmogAepKaHue TMHAMUKU CKaTusl ¢ HU3KoW aguabaroi. B
3TOM Cilydyae JroOble AOTOJHUTEIbHbIE HCTOYHUKH Pa30rpeBa IEHTPaIbHOM YaCTH MUILEHH SIBISIOTCS He-
xKenarenbHbIMU. [lapaMeTpruueckue nasep-Iuia3MeHHble HEYCTOWYMBOCTH MOTYT HMPUBOIUTH K TE€HEpaIlu
3aMETHOTO KOJIMUECTBA TOPSYMX AIIEKTPOHOB C SHEPTUSIMH B AECATKU-COTHU K3B, KOTOphIe CITOCOOHBI MPO-
HUKaTh B LCHTPAJbHYIO YacTh MHUIIECHH JI0 MPHUXOJa FOJIOBHOHM ymapHoi BoiHbBL. B pabore mpencrasneHa
COTJIaCOBaHHas ¢ FMAPOAMHAMUKON MOJENb MOSABIEHNUS U PacIpOCTPaHEHUs TaKUX AeKTpoHOB. IlokasaHo,
YTO B TOpSYME MIEKTPOHBI ¢ TemmnepaTrypoil nopsaka 100 k3B, nmosBuBImIMXCS BCIEACTBUE pa3BUTHA HEycC-
TOMYMBOCTH ABYXIIJIa3MOHHOTO Pacnaaa, MOKeT YXOIUTh 10 ~2% 3HEepruu Ja3zepHoro ummyinsca. [Ipu atom,
HECMOTpPsI Ha OTHOCHUTEIHHO MAJIYIO JOJIIO MOMIOMEHHS 3TUX JIEKTPOHOB LIEHTPAIbHOW 4acThlO MUIIEHU
(BemMUYMHA 3aBHCUT OT IUArpaMMbl HANPaBICHHOCTU POXKACHHBIX SIEKTPOHOB U BapbUPYETCs B IUAMa30HE
3-15%), 31O MPUBOAUT K 3aMETHOMY MaJEHHIO HEMTPOHHOrO BhIXOAa. B cuTyarum, korna ycioBusl B MH-
IIEHU HAXOAATCS Ha TOpOTre 3aKUraHus dQQeKThl, CBI3aHHBIE C TeHEpalMell TOPSYMX IEKTPOHOB, MOTYT
MIPUBECTH K HAPYIIECHUIO YCIOBUN 3aXKUTAHUS.

DIRECT DRIVE TARGETS COMPRESSION AND IGNITION
SIMULATIONS WITH ACCOUNT FOR HOT ELECTRONS
GENERATION

S. I. Glazyrin"?% A. V. Brantov"? M. A. Rakitina®, K. E. Gorodnichev"?, V. Yu. Bychenkov*'

'Dukhov Research Institute of Automatics, Moscow, Russia
?Lebedev Physics Institute, Russian Academy of Sciences, Moscow, Russia

Low adiabat compression dynamics is required for efficient hydrodynamic compression and ignition
of laser inertial confinement fusion targets. Therefore, any additional sources of targets interior heating
are undesirable. Parametric laser-plasma instabilities produce an appreciable amount of hot electrons with
energies of tens to hundreds of keV, which may penetrate into the central part of the target before the front
shock arrives. The paper presents a hydrodynamics consistent model for generation and propagation of such
electrons. Up to ~2% of the laser pulse energy can go into hot electrons with a temperature of about 100 keV,
which appear due to the development of the two-plasmon decay instability. In this case, despite the relatively
small absorption fraction of these electrons by the central part of the target (the value depends on the angular
distribution of the electrons and varies in the range of 3—15%), this leads to a noticeable decrease in the neu-
tron yield. In case when the plasma conditions in the target are close to the ignition threshold, any additional
source of hot electrons can lead to the violation of the ignition conditions.
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IKCHEPUMEHTAJIBHBIE IOCTAHOBKMH 11O UCCJIEJOBAHUIO
BJAUAHUSA PAIUALIMOHHOI'O HIEPEHOCA
HA PABBUTUE THJPOJUHAMUYECKUX HEYCTOUUYUBOCTEM

C. U. I'asvipun™%, E. M. Ypeaues', C. U. Brunnuxos™"

lorvi «Bcepoccuiickuii HaydHo-uccienoBarenbekuil uHCTUTYT uM. H. JI. TyxoBa», Mocksa, Poccus
2Dusnueckuii nactutyT uM. I1. H. JleGeneBa Poccuiickoii akamemun Hayk, Mocksa, Poccus

3 HUII Kypuarosckuii nHCTUTYT, MockBa, Poccus

YpaBHEHUS T'UAPOAMHAMUKY JOIYCKAOT HEYCTOMYUBBIE PELIEHUs, KOTOPbIE U3-3a HEJIMHEWHOCTU CUCTE-
MBI JI0 CHX TIOp MPEACTABIIIOT OONbIIONH HHTEpeC s MccieqoBaHus. Takue HeyCTOHYMBOCTH KPUTHUECKU
B)XHBI BO MHOTUX MPHUKJIAAHBIX U (QyHIaMEHTANbHBIX 3a4adaX. Tak, B MHEPIUAILHOM TEPMOSICPHOM CHH-
Te3e UX Pa3BUTHE 3HAYUTEIHHO OrpaHMYUBAET pabOTOCIOCOOHOCTH MulIeHH. B acTpodusuke cuuraercs,
YTO UX PA3BUTUE NPUBOAUT K YCKOPEHUIO TOPEHUSI B HEKOTOPBIX THUIIAX CBEPXHOBBIX, K IPOPBIBY YAAPHOMI
BOJIHBI B KOJUIAIICUPYIOIIMX CBEPXHOBBIX, YTO SIBJISIETCA BAKHBIMHU COCTABJIAIOIIMMY MEXaHU3MOB B3DbIBA.
JuHamuKa 1mia3mbl, IOMUMO COOCTBEHHO TMAPOAWHAMUKH, OTIPEEISETCS NOMOTHUTEIbHBIMU (haKTOPaMH:
KPYITHOMACIITaOHBIMHU 3JIEKTPHYECKUMH U MATHUTHBIMH TIOJISIMH, TETJIONPOBOAHOCTHIO, U3TYYCHUEM U T. [I.
[IpucyTtcTBHE 3TO HOMOMTHUTENBHON (HU3UKH YCIOKHAET U aHAIN3 HEycTOWYMBOCTEH B rasme. Hampumep,
BIIMSIHUE PAAHALIIOHHOTO IIEPEHOCA CBSI3aHO C HECKOMBKUMHU (aktopamu. C OHON CTOPOHBI paIuaniOHHBIN
MPEANPOrpeB CHIKACT IPaJUeHThl JaBIeHHs, YTO ocnabnseT HeycroiunBocTy Truma Panes—Teiinopa. C apy-
roil CTOpPOHBI, palualloOHHOE JaBieHue, TM00 pagualliOHHbIE TIOTEPH MOTYT MPUBOAUTH K JOMOTHUTEIb-
HOMY YCKOPEHHUIO BHYTPEHHHX CJIOEB, YK€ YCHIIMBas TON00HbIE HEeyCToiunBOCTH. B mokmnane oOcyxmaercs
BO3MOJKHOCTB SKCIIEPUMEHTAIILHOTO UCCAC0BAHHS BIMSHHUS PaAHAOHHBIX () (EKTOB HA HEYCTOMYMBOCTh
TPAHMIIBI BELECTB, YCKOPAEMBIX B Ja3€pHOM J3KcliepuMeHTe. IIpencraBieHsl NOCTAHOBKY, IO3BOJIIOIINE
B OJIHOM IOAXOJE UCCIIEAO0BATh JUHAMUKY KaK B IPUCYTCTBHUH, TAK U B OTCYTCTBHE U3JIy4CHUSL.

EXPERIMENTAL SETUP TO STUDY THE EFFECT OF RADIATION
TRANSFER ON THE DEVELOPMENT OF HYDRODYNAMIC
INSTABILITIES

S. I. Glazyrin"? E. M. Urvachev"?, S. I. Blinnikov*'

"Dukhov Research Institute of Automatics, Moscow, Russia
2Lebedev Physics Institute, Russian Academy of Sciences, Moscow, Russia
3NRC Kurchatov Institute, Moscow, Russia

The equations of hydrodynamics admit unstable solutions, which, due to the nonlinearity of the system, are
still of great interest for research. Such instabilities are critically important in many applied and fundamental
problems. For example, in inertial thermonuclear fusion, instabilities development significantly limits the per-
formance of the target. In astrophysics, instabilities are supposed to accelerate combustion in some types of
supernovae, induce breakthrough of a shock collapsing supernovae. These effects are crucial components of the
explosion mechanisms. The plasma dynamics is determined by additional factors apart from hydrodynamics:
large-scale electric and magnetic fields, thermal conductivity, radiation, and so on. The presence of this addi-
tional physics also complicates the analysis of plasma instabilities. For example, the effect of radiative transport
is related to several factors. On the one hand, preheat by radiation reduces pressure gradients, which weakens
Rayleigh—Taylor type instabilities. On the other hand, radiation pressure or radiation losses can lead to additional
acceleration of the inner layers, enhancing such instabilities. The paper discusses the possibility to study the ef-
fect of radiation on instabilities development on an interface, accelerated in a laser experiment. The setup that
allows in one approach explore the dynamics in the presence or in the absence of radiation is presented.
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TEPMOJUHAMMYECKUE CBOUCTBA YIAPHO-CIKATOI'O A30TA
B IINPOKOM JJUAMIA3OHE JIABJIEHUM

B. K. I paznos, U. JI. Hocuneeckuii, A. B. [Llymosg

denepanbHBIA UCCICIOBATEIBCKII IIEHTP POOIIeM XUMUIEeCKONW (DU3UKN U MeAUIIMHCKON Xumun PAH,
Yepnoroinoska, Poccus

E-mail: grvk@ficp.ac.ru

[IpencraBneHsl pe3yasTaTsl pacyeTa TEPMOANHAMUYECKUX CBOMCTB IJIa3MBbl, TOJyUYE€HHON MPU YIapHOM
C)KaTHU MCXOAHO XHMIKOTO M Ta3000pa3HOro (IpeABapUTeNIbHO CKAaToro) a3oTa [0 NaBJIeHHH MerabapHOro
JMana3oHa, COOTBETCTBYIOIIMX BBICOKO HOHU30BaHHBIM COCTOSHUSAM a30THOM Mmia3Msbl. Pe3ynsraTsl momyye-
HBI B paMKax pa3paboTaHHOI Ha OCHOBE KBa3MXMMHUYECKOTO IpenactaBieHus moaenu SAHA-N, B koTopoit
TUIa3Ma a30Ta COCTOMT U3 B3aUMOACHCTBYIOIIUX MEXIY COOOH 3IIEKTPOHOB, HOHOB, aTOMOB M MoJeky:. [lox-
XOJI TO3BOJISIET HAPSIAY C PABHOBECHBIM COCTABOM IOIYYHMTh YPAaBHEHUE COCTOSHUS U TEPMOJUHAMUYECKHE
(YHKIMH TUIa3MBL, 2 TAKKE IPOaHAIN3UPOBATh BIMSHHUE IIA3MEHHBIX 3 (EKTOB, BKIIOYAIOIIUX Pa3IHYHbIe
BUBl MEXYaCTUYHOTO B3aUMOACHCTBHS, BBIPOXKICHUE DJCKTPOHOB U 3PQPEKTHl M3Ty4YECHHUS, CYIIECTBEH-
HBIE TIPH BBICOKHX TEMIIEpPaTypax yaapHO-ckarod ruiazmbl. OTMeUueHbI BhIpakeHHbIE 3()(EKThI, COOTBETC-
TBYIOLIME Pa3InYHBIM 00MacTsIM Pa3oBOl JUarpaMMbl OT OTHOCHUTENFHO MOJIOTOro (MPU HU3KUX NABICHUS
YAApHOTO CKaTHsl) 10 TOYTH BEPTHKAILHOTO X0O/a YAAPHOU annabaThl Ipy BBICOKUX JaBieHHsAX. [lomyueH-
HBIE PE3YJbTAThl CONMOCTABIAIOTCA C paHee MPOBEACHHBIMM M HOBBIMH IKCIIEPUMEHTAIBHBIMU JaHHBIMU
BHUUND®, a Takxke ¢ MOCIEAHUMU aMEPUKaHCKUMHU AKCIIEPUMEHTAIBHBIMU TAHHBIMU Ha aJIMa3HBIX HAKO-
BajbHAX. KpoMe Toro, mpencraBieHO CpaBHEHHE PE3YNIBTaTOB pacdyeTa C JaHHBIMU XapaKTEpPUCTUK Yaap-
HOTO Cckarus, monyyeHHbIMU B pamkax YPC SESAME u nanneiMu nepBonpuniuntoro noaxona (FPEOS).
[IpoBeneHHoOe cpaBHEHHE MOKA3aJl0 YIOBJIETBOPUTENBHOE COINIACHE HAIIWX PE3yJAbTAaTOB C JAHHBIMHU IeEp-
BOMIPUHLUITHOTO pacueTa B 00JacTH MpeaebHO BBICOKUX TEMIIEPaTyp W JaBICHHN YIApHOTO CXKaTus, TAe
TUIa3Ma a30Ta MOJHOCTHIO MOHM30BaHa, COXPaHss pacxXoKAEHUE B HIDKHEW 4acTH yJapHOW aanabaTel, Tae
3a()UKCUPOBAHO pa3linure B Pe3yJbTarax 3KCIEPUMEHTOB, UCTIONB3YOIINX PAa3INYHbIe METObI TeHEepaLlN
yAApHBIX BOJH.

THERMODYNAMIC PROPERTIES OF SHOCK-COMPRESSED
NITROGEN IN A WIDE PRESSURE RANGE

V. K. Gryaznov, 1. L. losilevsky, A. V. Shutov

Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka,
Russia

E-mail: grvk@ficp.ac.ru

The results of calculating the thermodynamic properties of plasma obtained by shock compression
of initially liquid and gaseous (preliminarily compressed) nitrogen to pressures in the megabar range
corresponding to highly ionized states of nitrogen plasma are presented. The results were obtained within the
framework of the SAHA-N model developed on the basis of a quasi-chemical representation, in which the
nitrogen plasma consists of electrons, ions, atoms, and molecules interacting with each other. The approach
allows, along with the equilibrium composition, to obtain the equation of state and thermodynamic functions
of the plasma, as well as to analyze the influence of plasma effects, including various types of interparticle
interaction, electron degeneracy, and radiation effects, which are significant at high temperatures of shock-
compressed plasma. Pronounced effects are noted corresponding to different regions of the phase diagram
from a relatively flat (at low shock compression pressures) to an almost vertical course of the shock adiabat
at high pressures. The results obtained are compared with previous and new experimental data from VNIIEF,
as well as with the latest American experimental data on diamond anvils. In addition, a comparison of the
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results of the calculation with the data of the shock compression characteristics obtained in the framework
of the SESAME EOS and the data of the first principles approach (FPEOS) is presented. The comparison
showed a satisfactory agreement between our results and the data of first-principles calculations in the region
of extremely high temperatures and pressures of shock compression, where the nitrogen plasma is completely
ionized, retaining a divergence in the lower part of the shock adiabat, where a difference was recorded in the
results of experiments using different methods of generating shock waves.
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JTIAMHAMO ®APAJIESI U IUHAMO BEUBEJISI BKUHETHUKE PA3JIETA
T'OPSIYEUN BECCTOJKHOBUTEJBHOM ITJIA3ZMBI

B. M. I'y6uenxo

WuctutyT npuknanuoii ¢pusuku PAH, Hrmxanit HoBropon, Poccust

E-mail: ua3thw@appl.sci-nnov.ru

Uccnenyercs cnienuduka «MarHUTHOTO JMHAMO» B pa3neTax, paCIIUpeHHsX, IOTOKaxX ropsayei deccron-
KHOBHTEJBHOM MJIa3Mbl, T. €. BBIHYKJICHHOE BO30YKICHUE CTALIMOHAPHBIX KPYITHOMACIITAOHBIX ciiabo3amar-
HUYEHHBIX TOKOBBIX CTPYKTYp (TC) ®yko MHAYKUMOHHON MOZIBI BOJIHM3H 3alaHHOM M MPOHUIIAEMOI YacTu-
LaMH WU OTpasKarolleil YacTUIbI TpaHuLbL. [ paHulia pa3aenseT moynpoCcTPaHCTBa MOBEPXHOCTHIO CeEpHI,
LUIUHAPA, IVIOCKOCTH, HAXOJAIIMECS B PEKUMAX «TUIIEP» BBICOKUX 3HAUYEHUU 3IEKTPOHHOTO IIJIa3MEHHOTO
OeTta y OKpykarouiel ropsyeil 6€CCTOIKHOBUTENBHOH Ma3Mbl B «MaKpo»-KOCMHUYECKOM HITH «UHKPOY Jia-
3epHOM TIpENCTAaBICHUAX 3a7aud. Ha rpaHulie pacmpeneneHo «IsITHO-amepTypa», Ha KOTOpOM/Oi 3alaHo
BHelHee MarauTHoe (BM) mose oT ucTouHMKa HAMAarHH4eHHOCTH, c(QOPMUPOBAHHOTO OT CTOPOHHETO BO3-
JeWCTBUS MarHUTOJUIIONBEHOTO WIIM TOPOUAATBLHOTO BUAOB. B riccienyemMom ciabo3zaMarHiueHHOM pexXuMe
3JIEKTPOMArHUTHOE I0JIE Y TPAHULBl OIPENEIEHO IMAKETOM T'APMOHMK TOJIbKO MHIYKIMOHHOW MOABI IIIa3-
MBI («IHTPOMHIHAS BOJHAY) C ONpEAETICHHBIMHI aMILITUTYyAaMHu U (azamu. B ycnoBusix 6eccTONTKHOBUTEINB-
HOU Topsiuell miaa3Mbl, KOTOpasi XapaKTepu3yeTcs AIEKTPOHHOM (yHKuuel pacnpeaenenus yactuy (OPY)
C TIPOM3BOJILHOTO BHJA GopMamu B (ha30BOM MPOCTPAHCTBE CKOPOCTEH, OTAMYHBIMH OT MaKCBEJUIOBCKHX,
U KoTopasi HaxonuTcsa B He MI'J] onucanuii pa3neToB, paclIMpeHn, TOTOKOB BO3HUKAeT mpobiema onpezne-
JICHUSI MeCTa U CieUQHKH B KHHEeTHKe Kiaccuueckoro MIJl munamo s dexra. OO6cyxaeHne orpaHuueHO
¢dopmamu OPY ¢ acummMeTpueil u anuzoTponueii B (a30BOM MPOCTPAHCTBE, OMPEAEIeMbIX BHEIIHIMH yC-
JIOBMSIMU CO3/1aHUs Pa3NieToB ¢ rpaHullsl. Beenenne acummerpun ®PY (ckopoctu pasnera) NpuBOAUT K IO-
SBJICHUIO OECCTOIKHOBUTEILHOM POBOIMMOCTH IIa3Mbl, (POPMHUPYEMOI! U3-32 YCKOPEHUS TPYIIIBI pE30HAH-
CHBIX 31eKTpoHOB PPY, paccMaTpuBaeMoro Takxe Kak paccesHbs B nonepedysoM BM mone, 4To npuBoguT
K KHHETHYeCKOMY 3¢ dexTy «anHamo Dapanes» — Bo3OYyKICHUIO pa3IeTOM PE3UCTHBHOM YacTH B MHAYK-
uuoHHbIX TC. BBeneHne aHU30TPONHMU MIPUBOIUT K BBHIHYKICHHOMY BO30Y)KICHUIO HEPE30HAHCHBIMH Yac-
tunamu ©PY nuaMarauTHOM/MapaMarHuTHOM/ anTH(eppoMarHuTHOM Yactd B TC WHAYKIIMOHHOTO Hamar-
HUYMBaHUS — «JUHaMo Beiibens», He paccMarpuBaeMoro B MIJl u B anekrpoTexuuke. O6a quHamo s dexra
aJAUTHBHO IIPEJCTABICHBI B BBIPAXKECHUU ITONEPEYHOM KOMIIOHEHThI TEH30Pa JUAIEKTPUYECKOU IIPOHULIAE-
MOCTH JIByMSI CKMHOBBIMH MaclITa0amHM, BBIpaKEHHBIMH depe3 Oe3pa3MepHble ImapameTpbl aCHMMETPHU
W aHU30TPONUH, POPMUPYs THOPHIAHBIN MacmiTad it onucanus cTpykTyp TC B 3aBUCHIMOCTH OT paccTosi-
HMI 110 anepTypbl. OTHOLIEHHE ABYX «IUHAMO» 3] dekToB napamerp G — 31eKTpOMarHuTHas J0OPOTHOCTD
I1a3MBbl pasiieTa, ynpasisiomuii Tonoioruen ctpykryp TC.

Pabora monnep:xana MUHUCTEPCTBOM HayKH U Bbiciiero oopasoBanus PO (mpoextst Ne 0030-2021-0015
u Ne 0030-2021-0002).
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FARADEY AND WEIBEL DYNAMO IN KINETICS
OF HOT COLLISIONLESS PLASMA EXPANSION

V. M. Gubchenko
Institute of Applied Physics RAS, Nizhny Novgorod, Russia

E-mail: ua3thw@appl.sci-nnov.ru

The specifics of the “magnetic dynamo” in expansions, dispersion, flows of hot collisionless plasma is
studied. It considers the forced excitation of large-scale weakly magnetized current stationary structures
(CS) of the Foucault induction mode near a given boundary that is permeable or reflecting particles. The
boundary separates the half-spaces by the surface of a sphere, cylinder, plane, which are in the regimes of
“hyper” high values of the electron plasma beta of the surrounding hot collisionless plasma in the “Macro”
Space or “picro” laser representations of the problem. A “spot-aperture” is located on the boundary, on which
an external magnetic (EM) field is set from a magnetization source formed from an external influence of a
magnetic dipole or toroidal type. Under study of the weakly magnetized regime, the electromagnetic field
near the boundary is determined by a package of harmonics of only the plasma induction mode (“entropy
wave”) with certain amplitudes and phases. A problem of determining the place and specificity in the kinet-
ics of classical MHD dynamo effect arises due to the collisionless hot plasma, which is characterized by an
electron distribution function of particles (PDF) with an arbitrary form in the phase space of velocities dif-
ferent from Maxwellian ones, and which is in the non-MHD dynamics of expansions, dispersion, flows. The
discussion is limited to the forms of PDFs with asymmetry and anisotropy in the phase space, determined by
the external conditions for creating dispersion from the boundary. The introduction of the asymmetry of the
PDF (expansion velocity) leads to the appearance of a collisionless plasma conductivity, which is formed
due to the acceleration of a group of resonant electrons of the PDF and that can be also reconsidered as scat-
tering in a transverse magnetic field. Thus, it can lead to the kinetic effect of the “Faraday dynamo” — excita-
tion of the resistive part in induction CS by the expansion. The introduction of anisotropy leads to the forced
excitation of the diamagnetic/paramagnetic/antiferromagnetic parts by nonresonant particles of the PDF in
the CS of inductive magnetization — the “Weibel dynamo”, which is not considered in MHD and in electrical
engineering. Both dynamo effects are additively represented in the expression for the transverse permittiv-
ity tensor component by two skin scales expressed in terms of dimensionless parameters of asymmetry and
anisotropy, forming a hybrid scale for describing CS structures as a function of aperture distances. The ratio
of the two “dynamo” effects is the electromagnetic quality factor G, of the expansion plasma, which controls
the topology of the CS structures.

The work is supported by the Russian Federation State Assignment # 0030-2021-0002 and # 0030-2021-
0015
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YCPEJHEHHBIHA IO YIJIAM NOTEHIIUAJI DBAJIBJIA
JJSI PACUETA TEPMOIUMHAMMYECKHUX CBOMCTB
OJJHOKOMIIOHEHTHOM IJIA3MBI B HIUPOKOM JIUAIIA3OHE
IHAPAMETPA HEUJEAJIBHOCTH

I’ C. Hemwsnos"?, II. P. Jlesawos": >

06beaunenHbIi MHCTUTYT BbIcOKUX Temmneparyp PAH, Mocksa, Poccus

*MocKoBCKHii (hM3UKO-TeXHUYECKUI MHCTUTYT (HAIMOHAJIBHBIN FCCIIeIOBATENbCKII YHIBEPCUTET),
Honronpynneriii, Poccus

OnnoxomnonenTtHas mia3Ma (OKII) — 3To mpocTas Mozenb BEIECTBa B IKCTPEMAIBHBIX YCIOBHUX, €CIH
WOHBI MOJKHO CYHTATh KJIACCHUYECKUMHU, a JIEKTPOHBI CHIILHO BBIPOXKIEHHBIMUA. OOBIYHO AJISI MOAETIHPOBa-
HUS JabHOJEMCTBYIONMIEH HEYNOPSA0UEHHOW KyJOHOBCKOM IUTa3Mbl MCIIOJIB3YETCS METOJ] CYMMHPOBAHHUSA
OBanpaa. OfHAKO UCIIOIB30BaHIE aHM30TPOIHOTO NOTEHIMANIA DBallbAa JJIsl 3TOW LE MOXKET OBITh H30bI-
TOYHBIM U TpeOOBaTh 3HAUUTEIHHBIX BHIYUCIUTEILHBIX PECYPCOB.

B 2003 roxy 2. Axy6 u K. Ponun npencraBuny ycpeqHeHHBIH Mo yrity noteHuuan OBansaa (Y YIID) nns
nByxxkomnoHneHTHOU ma3mbl (JKII) [1], koTopeiid MoxkeT ObITH 3(p(hEeKTHBHO HCHONB30BaH IPH MOAEIHPO-
BaHUU JIByXKOMIIOHEHTHBIX KYJIOHOBCKHUX cucTeM [2]. Ananornunsiii notenuuan aias OKII e coBmanmaet
¢ notenuunanom st JAKII, u Beipaxkenue nms sHeprun OKII B nansHeiimeli padore Sky6a u Ponuu [3] sB-
JSI€TCSl HEKOPPEKTHBIM.

B nameii pabote [4] Mbl npeacrasisieMm crporuid BeiBog Y YIID mns OKII, a Takke mpaBuiibHOE BBIpa-
JKeHMe A dHepruu. Ham BeIBox HaumHaeTcs ¢ BeIpaykeHHs noreHuana Oanpaa st OKII, npusenenHoro
B [5]. Mcnone3ys mpaBuiIbHBIA NoTeHIMa, Mbl poBenn MonTte-Kapno monenuposanue OKII B nuamnaso-
He mapameTpa HeuzaeandbHocTy oT 0,1 no 100; B HammMXx pacdyerax MCIOIb30BaNOCh A0 MHJIIMOHA YACTHIL.
Mp1 0OHApYKHIH, YTO MPEACTaBICHHBIA METOJ MOAEIHPOBaHHU ropasno Oonee 3((eKTHBEH MO CpaBHE-
HUIO C IPyTUMH W3BECTHBIMH METOAaMH, 00ecrieunBasi OueHb TOUHBIA pacdeT TePMOJUHAMUYECKUX (YHK-
uuii [6, 7]. Hamm pe3ynsraTsl MOTYT OBITH MOJIE3HBI I MOJAENUpOBaHus MerogoM Monte-Kapno monenu
«©KeNe», KoTopas ABIsIeTcd KBaHTOBoMeXxaHnueckuM aHanorom OKII.
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ANGULAR-AVERAGED EWALD POTENTIAL FOR CALCULATING
THERMODYNAMIC PROPERTIES OF A ONE-COMPONENT PLASMA
IN A WIDE RANGE OF COUPLING PARAMETER

G. S. Demyanov"?, P. R. Levashov"?

!Joint Institute for High Temperatures, Moscow, Russia

Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia

A one-component plasma (OCP) is a simple model of a substance under an extreme conditions if the ions
can be considered classical and the electrons are highly degenerated. It is common to use the Ewald sum-
mation technique to model longrange disordered Coulomb plasma. However, using an anisotropic Ewald
potential for this purpose can be redundant and computationally expensive.

In 2003, E. Yakub and C. Ronchi introduced an angular-averaged Ewald potential (AAEP) for a two-
component plasma (TCP) [1], which can be effectively used in simulating twocomponent Coulomb systems
[2]. Such a potential for an OCP is not the same as that of a TCP, and the expression for the OCP energy in
the next paper of Yakub and Ronchi [3] is incorrect.

In our work [4], we present a rigorous derivation of the AAEP for OCP as well as the correct expression
for the energy. Our derivation starts from the expression for the OCP Ewald potential given in [5]. Using the
correct potential, we have performed Monte Carlo simulations of OCP in the range of coupling parameter
from 0.1 to 100; up to a million particles were used in our calculations. We found the simulation method to be
much more efficient compared to other known methods, providing very accurate thermodynamic functions
[6, 7]. Our results can be useful for Monte Carlo simulations of the “jellium” model, which is a quantum
mechanical analog of an OCP.
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UCTOUYHUK TOPMO3HOI'O U3JIYUEHUSA HA BA3E JIMHEHHOTO
NHAYKOUOHHOI'O YCKOPUTEJA
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IT. A. Konecnuxog®, IT. B. Jlozcaues', O. A. Huxumun®, J{. A. Huxugpopos', 1. B. ITensun?,
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s monxydeHus HEOOXOMUMOW M MaKCUMAaJbHO TONMHON MH(pOpMAIu 00 HCCIeTyeMOM OOBEKTE MpH
nposeaeann [JIM HeoOXoauM BBICOKOKAUECTBEHHBIH MCTOYHUK TOPMO3HOTO M3ITyYeHUS, HAIICJICHHBIN Ha
MOJTyYeHHE MyYKa ¢ CYOMUILTUMETPOBBIM (DOKYCHBIM Pa3MepOM Ha MUIIIECHH.

B nacrosimiee Bpemst B POSAL] — BHUUT® cosmectHo ¢ USID CO PAH BemyTcs paboThl 1o pa3paboTke
W HaCTPOMKE MOILHOIO JUHENHOIO YCKOPUTEIIA AIEKTPOHOB C YHEPTUEN B HECKOJIBKO M3B 1 TokOM 10 IBYX
KUJI0aMIED.

B mpencraBneHHOM JOKJIa/le OMUCaHBl pabOThI IOITATHOTO MOHTaXKa M HACTPOUKU yckoputens. [Ipen-
CTaBJICHbI PEHTTEHOTPAMMBI TECT-00BEKTOB, BHIMOJIIHEHHBIE C MOCTEIICHHBIM YBEIIMYCHHEM ITapaMeTPOB TOKa
Y 3Hepruu yckoputens. Onucanbl MEPONPUSTUS HAIIPABICHHBIX Ha MOIYYEHHE MPOEKTHBIX XapaKTePUCTUK
YCKOPUTEJS U BBIBOAY HAa MUILIEHb CUJIbHOTOYHOTO BBICOKOHEPTHYHOIO 3JIEKTPOHHOIO Iy4YKa C MUHUMAaJIb-
HBIM TOIIEPEYHBIM Pa3MEPOM.

B xonme mpoBeneHus 3THX paOOT OBUIM BBIMOJNHEHBI PEHTIEHOTPa(pUUECKUE CHUMKH TECT-OOBEKTOB.
[IpencraBieHs! pe3ynbTaTbl OTPAOOTKU PA3IUYHBIX PEKUMOB YCKOPHUTEISL.

BREMSSTRAHLUNG SOURCE BASED ON LINEAR INDUCTION
ACCELERATOR

A. R. AkhmetoV?, P. A. Bak', A. M. Batrakov', K. I. Zhivankov', I. A. Zhuraviev?, P. A. KolesnikoV?,
PV Logachevl, O. A. Nikitin®, D. A. Nikiforovl, 1. V. Penzin?, R. V. Protas®, A. L. Senchenko",
D. I. Skovorodin', D. V. Siskov?, C. D. Khrenkov?, V. U. Evert*

"Budker Institute of Nuclear Physics, Siberian Branch of the Russian Academy of Sciences, Novosibirsk,
Russia

’FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

In order to obtain the necessary and most complete information about the object under experimental dur-
ing gas-dynamic researches, a fundamentally new source of bremsstrahlung is needed, aimed at obtaining a
beam with a submillimeter focal size on the target.

Now RFNC — VNIITF together with the INP SB RAS, is working on the development and tuning of a
powerful linear electron accelerator with an energy of several tens of MeV and a current of up to two kilo-
amperes.

This report describes the work of phased installation and settings of the accelerator. X-ray diffraction pat-
terns of test objects are presented, made with a gradual increase in the current and energy parameters of the
accelerator. The measures aimed at obtaining the design characteristics of the accelerator and the output of
a high-current high-energy electron beam with a minimum transverse dimension to the target are described.

In the course of these works, radiographic images of test objects were taken. The results of testing various
modes of the accelerator are presented.
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AHOMAJIBHAA TEPMOANHAMMUKA
SHTPONMUHUHBIX ®A30BBIX IEPEXO/JIOB B BEIIIECTBE
IKCTPEMAJIBHBIX TAPAMETPOB

. JI. Hocunescxuii%, B. K. Ipasnoe’, J. H. Hukonaes®, A. B. Illymos’
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Ha npumepe mioTHOTro M ropsidero ¢uronaa (1a3Mel) Bogopoaa (IedTepusi) U a30Ta 00CyKAaeTCs B3au-
MOCBSI3b aHOMAJIMI B SKCIIEPUMEHTAX MO AUHAMUYECKOMY CKATHIO C TEPMO- U THUAPOIUHAMUYECKUMHU OCO-
OEHHOCTSIMHU c1a00 M3yUYEHHOH CBI3KU JBYX CONPSDKEHHBIX OOBEKTOB — T. HA3. «IHTPONMUHHOTO» (ha30BOro
nepexona (S-PT) (cm. nanp. [Mocunesckuit — 3HU-2014]) u conmyTCTByIOIICH €My «30HBI aHOMAILHOU TEP-
moaguHamukm» (ATR) [1, 2]. DuTponuiinble nepexoan! GIonA-(IONA CyLIIECTBEHHO CIOXKHEE M0 CBOMM
CBOHCTBaM M CTPYKType (pa3oBBIX TpaHHI, HEKENIM NMPUBBIYHBIC, «IHTAIbIHUIHBIEY (BaH-Aep-BaaabcoBbl)
¢azoBble nepexonsl. B noknane obcyxxaaercs Hannuue B S-PT TpeTbeil 30HBI MeTacTaOMIIBHOTO COCTOSHHUS
(moMHMO OOBIYHBIX 30H MEPErpeTol MIOTHON U MEPEeoXJIaKICHHOW pa3peskeHHBIX (a3) ¢ IByMs JOMOIHHU-
TEJIbHBIMHU CIIMHOAASAMHU M 3aMBIKAIOIIEH X CHHTYJISPHON («KOHIIEBOW») TOUKOM HYJIEBON CUMAEMOCTH.
OO0cyx)maloTcsl CIEACTBUS MOTEHIHMAIFHO BO3MOXXHOTO TONAJaHHUA B STy 30HY BEIIECTBa, UCCIEILyEeMOTO
B IIPOLIECCE KBA3UU3IHTPONMUECKOTO CkaTus B akcniepuMenTax UITXD PAH, BHUMO® u ap.

3ona ATR siBnsieTcst 30HOH OAHOBPEMEHHOW (aHOMANbHOW) OTPULIATENBLHOCTH TPYIIBI (HOPMAaIbHO IO-
JIOXKUTEIBHBIX) BTOPBIX MEPEKPECTHBIX MPOU3BOAHBIX TEPMOJMHAMHYECKOTO MOTEHIIMANa, TaKUX Kak Ia-
pametrp I'proHaiizeHa, KOAPPHUINEHT TEPMHUUYECKOTO PACLIMPEHUS U JIp, YTO IMPOSBISETCA, B YaCTHOCTH,
B HapyLIEHHUAX MOpsSAKa ¥ MHOTOUMCIIEHHBIX B3aMMOIEPECEUCHUAX Psifia M30JIMHUI UCCIEAyeMOro Bellle-
ctBa. @opmanbHo Bce anoManuu cBs3ku (S-PT)+(ATR) moryT TpakToBathCs, Kak nposiBienue B 30He ATR
o01Ieli aHOMaJTi — MHOTOCIIOMHOCTH psiia TEpMOAMHAMHUYECKUX noBepxHocteit — T(P, V), U(P, V), S(P, V))
u 1p. Kak npumep ynoMsHyTHIX aHOManuil oOcyxaaercs 3QeKT T.Ha3. «yJapHOTO OXJKICHUSI» B a30Te,
SKCTIEpUMEHTaIbHO 3adukcupoBanHblii B. Hemncom eme B 1980-x mpu merabapHoM cxkatuu azota. [losxke
9TOT 3(hhekT ObLT TeOpETHUECKH OOBSCHEH, KaK cliencTBre monumepusannu azora (E. Sky6, 1993). B nacro-
smeM JokJane 3Q(exT «yIapHOro OXJIaKICHUS» PACCUUTHIBAETCS C UCIIONBb30BaHUEM PE3YNIbTaTOB «IIEPBO-
npuHIMIHBIX» pacdeToB YPC azora b. Munuuepa u ap. [3]. Kak cnencrsue, 3T0T 3 ekt MoKeT okazaTbes
JOCTHXHUMBIM B IJIAHUPYEMBIX SKCIEPUMEHTaX M0 KBa3MHU33HTpOIMYeckoMy cxaruto azota B MIIXD PAH
u BHUUD®. bonee Toro, ecTb 0CHOBaHHS OKUAATH MPOSIBICHUS dPPEKTa «yIapHOTO OXJIAXKICHUD) B IKC-
MEPUMEHTAaX C KBa3UM3DHTPOIMYECKUM CKATHEM B BOAOPOAE (AeHTeprH) U APYTHX TUIaHETapHBIX (rirongax.
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ANOMALOUS THERMODYNAMICS
OF ENTROPIC PHASE TRANSITIONS IN MATTER
OF EXTREME STATE
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3Institute of Problems of Chemical Physics RAS, Chernogolovka, Russia

The main subject of present contribution is interrelation of well-known anomalies in dynamic compression
experiments on hydrogen (deuterium) and nitrogen with thermo- and hydrodynamic features of poorly rec-
ognized combination of two tightly connected objects — so called “Entropic phase transition” (S-PT) (see
e. g. — losilevskiy, Zababakhin’s Readings, 2014) and accompanying “Anomalous Thermodynamics Region”
(ATR) [1]]2]. The main point is that fluid-fluid entropic phase transitions are much more complicated then
well-known “ordinary” (van-der-Waals-like) phase transitions in their structure and physical properties. As
example we discuss presence in S-PT of nonstandard additional metastable region with two boundaries and
one more singular end-point (SEP) — the both latter being of zero-compressibility objects. It is important in
view of the possibility to reach this new metastable region for dynamically compressed materials in planning
shock or quasi-isentropic compression experiments.

Main feature of the ATR is simultaneous negativity of great number (usually positive) second cross
derivatives of thermodynamic potential, e. g. Gruneisen parameter, thermal expansion coefficient etc. The
main consequence of this negativity is violated order and mutual crossing of great number of isolines e.g.
isotherms, isentropes, Hugoniots etc. Formally all mentioned above anomalies of discussed combination
{(S-PT)+(ATR)} could be explained as direct result of remarkable feature of this double object — multilay-
ered structure for number of thermodynamic surfaces e. g. 7(P, V), U(P, V), S(P, V) etc. within the discussed
region (S-PT)+(ATR). Effect of so-called “shock cooling” is discussed as example of mentioned above
anomalies. This effect was discovered experimentally by W.Nellis (1986) and explained later by E.Yakub
(1993) as a consequence of polymerization in shock compressed nitrogen. Presently we predict possibility
of such “shock cooling” effect in dynamically compressed nitrogen in planning experiments in [PCP RAS
(Chernogolovka) and VNIIEF (Sarov) on the base of our calculations with the use of First-Principle Equation
of State (FPEOS) of Driver & Militzer [3]. And more, there is enough reason to expect appearance of similar
“shock cooling” effect in ATR region, which could be achieved in quasi-isentropic compression experiments
on dense hydrogen, hydrogen-helium mixture and some other important fluid planetary substances.
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PE3YJIbTATHI HCCJEJOBAHUM
HO AMATHOCTHUKE ®OKYCHOI'O ITATHA
JUHEHHOI'O UHAYKIIMOHHOI'O YCKOPUTEJIA
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2I/IHCTI/ITyT sineproit usuku CO PAH nm. akanemuka I. U. bynkepa, HoBocubupck, Poccus

B POALL - BHUUMT® BBeneHa B 3KCILTyaTallMi0 yCTaHOBKA Ha 0a3e TMHEHHOTO HHAYKIMOHHOTO yCKOPH-
tenst (JIMY) nns uccnenoBanusi JUHAMUYECKH Pa3BUBAIOIINXCS 00BEKTOB 3a CYET B3PHIBHOTO HATPY)KEHHS
M0 METOAY UMIYIbCHOHM peHTreHorpaduu. OZHUM U3 OCHOBHBIX npeumyiuectB JINY sBnsercs BBICOKOKa-
YeCTBEHHBIH ANIEKTPOHHBIN ITYYOK ¥ MaJIblid pa3Mep (okycHoro nsaTHa. [y HacTpoiiku yCKopuTems Heo0xo-
MO CO3JIaHHe KOMILIEKca ObICTPOACHCTBYIONMX U 3PPEKTUBHBIX JHATHOCTHK.

Pazpaborana cuctema auarnoctuku JINY, kouTponupytomias pazmep GOKyCHOTO IMSATHA B 0OpaTHOM Ha-
MIPaBJIEHUM ABM)KEHUIO 1eKTPOHOB [1]. IIpn 3TOM KOHTpOJIB OCyIIECTBIsIETCS B KaKIOM ITyCKE HE3aBHCH-
MO OT HaJIM4us TeCT-00bEKTOB Ha OCH peHTreHorpadupoBanus. Cucrema AUArHOCTUKU (POKYCHOTO MSATHA
IpeacTaBieHa Ha puc. 1.

Puc. 1. Cucrema muarHocTuku pOKyCHOTO IIsITHA B 0OpaTHOM HalpaBieHUH

1 — «Komnmumarop» U3 CerMeHTOB IMITHMHIPA; 2, 3 — OJIOKH 3AIIUTHI; 4 — CHUHTHILIATOP; 5 — 3epKalio; 6 — Bujeokamepa; 7 — 001acTh
B3aMMOAEHCTBHUS IIy4Ka IEKTPOHOB C MHUIIECHBIO; 8 — TpaHCIIOPTHBIN KaHan JINY

B AOKJIaJAC MpeACTaBJICHA pa3pa60TaHHa;1 CUCTEMA THUArHOCTUKHU (bOKYCHOl" O IIsITHA B 06paTHOM HalpaB-
JICHUU, IPUHIIUII €€ pa60TLI. HpeﬂCTaBHeHLI PE3YIbTAThl PACUCTHBIX U SKCIICPUMCHTAJIBHBIX HUCCIIeIOBaHUMI
10 OoNpeCACIICHUIO (bOKYCHOI‘O matHa JINY ¢ ucnonb30BaHUEM CHCTEMBI JAUArHOCTUKU METOAOM «IIOJTYTCHU
OT PE3KOIo Kpas».
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FINDINGS ON DIAGNOSING THE SIZE OF FOCAL SPOT
OF LINEAR-INDUCTION ACCELERATOR

P. A. Kolesnikov', V. Yu. Politov', S. A. Kolesnikov', A. R. Akhmetov', I. A. Zhuraviev',
I V. Penzin', V. Yu. Evert', A. O. Chernitsa', O. A. Nikitin', Yu. A. Trunev?, D. I. Skovorodin?,
M. G. Atlukhanov?, A. V. Burdakov?, V. V. Danilov?, V. V. Kurkuchekov?,
S. S. Popov*, K. I. Zhivankov*

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

ZBINP, the SB of the RAS, Novosibirsk, Russia

RFNC — VNIITF has put into operation a facility based on linear-induction accelerator (LIA) to study
dynamically evolving objects through explosive loading using flash radiography technique. One of the main
LIA advantages is a high-quality electron beam and a small-sized focal spot. A variety of responsive and ef-
ficient diagnostic tools is required to adjust the accelerator.

A system to diagnose the LIA is developed which allows sizing the focal spot size in the backward direc-
tion as to the direction of electron motion [1]. At that, this is done in each run regardless the presence of test
objects on the X-ray radiography axis. The system of focal spot diagnostics is presented in fig. 1.

Fig. 1. System of focal spot diagnostics by roll bar method in backward direction

1 — «Collimator» by rolbars; 2, 3 — X-ray defense; 4 — scintillator; 5 — mirror; 6 — digital CCD-camera; 7 — aria, where the LIA
electrons heating the target; 8 — LIA transport channel

The system developed to diagnose the focal spot in the backward direction is depicted, and its operation
principle is described. The computational and experimental results are presented on determining the LIA fo-
cal spot through “half-shadow from sharp edge” diagnostic technique.
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NCCIEJOBAHUE HNPOLHECCA 'EHEPALIUU
OPTOTOHAJIBHO MOJSPU30BAHHOM BOJIHBI
JJISA ITOBBIINEHUA BPEMEHHOTI'O KOHTPACTA

YIABTPAKOPOTKUX JIASEPHBIX UMIIYJIbCOB

M. C. Kopuees, /. O. 3amypaes

OI'VII «Poccwuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckon pu3uku
nMmenHu akagemuka E. M. 3a0a0axunay, CHexxuack, Poccust

B skcnepuMenTax mo B3aMMOAEHCTBUIO BHICOKOMHTEHCHUBHOIO JIa3€pPHOTO U3ITyUEHUs C BEIIECTBOM Bpe-
MEHHON KOHTpAacT Ja3epHOT0 UMITyJbca SIBISETCS OOHUM W3 BaKHEHInX mapamerpoB. Huskuil BpeMeHHOM
KOHTPACT MOXKET MPUBECTH K BOZHUKHOBEHHIO MPEAIIa3Mbl BOJIM3H MOBEPXHOCTH MULICHHU, U3MEHSIOLICH
MEXaHU3M B3aUMOJEHCTBHSA MUIIIEHN C OCHOBHBIM JIa3€pHBIM UMITYJIECOM.

[Ipu BBICOKMX MHTEHCUBHOCTSAX B3aUMOIECHCTBUS U HU3KOM KOHTPACTE COCTOSHUE MHUILEHU U3MEHIETCS
BCJICICTBUE HATPEBa M HOHU3ALIUH 10 IPUX0Ja OCHOBHOTO paboyero ummysbca. MloHu3anus 3aBUCHT OT HH-
TEHCHBHOCTH M3ITyYECHUS M TIOPOT HOHHU3ALMH I METAIJIOB COCTABISIET BEIMUNHY, OTU3KYIO K 10" Br/em?®.
Ecny nHTEHCUBHOCTD U3Ty4EeHHUS, IPEIIIECTBYIOIEr0 OCHOBHOMY UMITYJIbCY, IPEBBILIAET TIOPOT HOHU3ALUH,
TO OCHOBHOW MMITYJIbC OyIeT B3aUMOJEHCTBOBATH HE C MOBEPXHOCTHIO MUIICHH, @ C IUIa3MOM, YTO CylIec-
TBEHHO MOIU(QHLUPYET MEXaHU3M B3aWMOACUCTBHS MHUILEHH C OCHOBHBIM JIa3epHBIM HMITynbcoM. Cremno-
BaTeJIbHO, HEAOCTAaTOUHBIH BPEMEHHOM KOHTpAcT JIa3€pPHOTO0 HMMITYJbCAa MOXET NMPHUBECTH K IMOTYyUEHHUIO
HEJIOCTOBEPHBIX PE3yJBTaTOB MIPH MPOBEACHUN IKCIIEPUMEHTOB B 00JIACTH (PM3MKH BBICOKHX IJIOTHOCTEH
SHEPIUH.

B nanHoli pabote mccienoBaics NpoLecce reHepaiu KPoCCc-MOIspU30BaHHON BOJHBI AJIS1 YBETUUEHUS
KOHTPACTa, 3aKJII0YAIOIINKCS B HelTMHEeHHOM dddekre 3 nopsiaka. JaHHbIH 3pPeKT paccMaTpuBaiIcs Ha MpuU-
Mepe ONTHYECKOT0 YCTPOHCTBA, UCTIONB3YIOIIET0 HeJIMHEHHBIH 3 deKT reHepaur OpTOroHaIBHO MOJISPHU-
30BaHHOM BonHBI (XPW) B kpucraie BaF,.

I'enepauust kpocc-nonsipu3oBaHHbIX BOJMH (XPW) — 3TO HemMHEHHO-ONTHYECKUN MPOIECC, KOTOPHI
MOKHO OTHECTH K T'PYIIIEe IPOLECCOB C BBIPOXKICHUEM YacTOTHI (UE€THIPEXBOTHOBOE CMEIIUBAHUE). ITO MO-
KET UMETh MECTO TOJIBKO B CPEAaxX ¢ aHU30TPOIUE HENMMHEHHOCTH TPEThero nopsaka. B pesynprare Takoro
HEJIMHEHHO-ONTUYECKOT0 B3aMMOJICHCTBHS Ha BBIXOJE HEJNMHEIHOTO KpUCTaylja TeHEepUpYyeTCcsl HOBasl JIH-
HEIHO NOoJIsIpU30BaHHAas BOJIHA HA TOM )K€ YacToTe, HO C MOsApU3alel, OpueHTUPOBAHHON NEepIEHANKYISP-
HO TIOJISIPU3alMK BXOAHOH BOMHBI. Clle1oBaTeNbHO, BEIMYMHA KOHTPACTa OrpaHnieHa TOJIbKO K03 duimen-
TOM MPOIYCKaHUsA ABYX CKPEIEHHBIX MOJIPU3aTOpOB U paBHa 2,6 - 10°.
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Teopust mpeackaspiBaeT MakCUMaIbHYIO 3((eKTHBHOCTD peodpazoBanust XPW B 35%.
B nmannoii paboTte Oblla momydeHa 3aBUCHMOCTH 3((eKTHBHOCTH reHepaunud XPW oT paccrosHuA,
a cle/10BaTeIbHO, U MHTEHCUBHOCTHU Ha Kpucrtame BaF, (puc 2).

Puc. 2. I'paduk 3aBucuMocTH 3¢ dexTHBHOCTH reHepanni XPW 0T HHTEHCUBHOCTH H3ITyYSHHS
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INVESTIGATION OF THE CROSS-POLARIZED WAVE GENERATION
PROCESS FOR INCREASING THE TEMPORAL CONTRAST
OF ULTRASHORT LASER PULSES

M. S. Korneev, D. O. Zamuraev

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

In experiments on the interaction of high-intensity laser radiation with matter, the time contrast of the
laser pulse is one of the most important parameters. Low temporal contrast can lead to the appearance of
preplasma near the target surface, which changes the mechanism of interaction of the target with the main
laser pulse.

At high interaction intensities and low contrast, the target state changes due to heating and ionization
before the main operating pulse arrives. lonization depends on the radiation intensity and the ionization
threshold for metals is close to10'> W/em?. If the intensity of radiation preceding the main pulse exceeds the
ionization threshold, the main pulse will interact with theplasmarather than with the target surface, which
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significantly modifies the mechanism of interaction between the target and the main laser pulse. Conse-
quently, insufficient temporal contrast of the laser pulse can lead to unreliable results when conducting ex-
periments in the field of high energy density physics.

In this paper, we investigate the process of generating a cross-polarized wave to increase contrast, which
consists of a 3-order nonlinear effect. This effect was considered on the example of an optical device that
uses the nonlinear effect of generating an orthogonally polarized wave (XPW) in a BaF, crystal.

Cross-polarized wave generation (XPW) is a nonlinear optical process that can be attributed to a group
of processes with frequency degeneracy (four-wave mixing). This can only occur in media with third-order
anisotropy of nonlinearity. As a result of this nonlinear-optical interaction, a new linearly polarized wave
is generated at the output of the nonlinear crystal at the same frequency, but with the polarization oriented
perpendicular to the polarization of the input wave. Therefore, the contrast value is limited only by the trans-
mittance of two crossed polarizers and is equal to ~2.6 - 10°.
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Fig. 1. The principle of operation of the XPW
The theory predicts a maximum conversion efficiency XPW of 35% for XPW.

In this paper, the dependence of the efficiency of XPW generation on the distance and, consequently, the
intensity on the BaF, crystal was obtained (fig. 2)

Fig. 2. Graph of the dependence of the efficiency of XPW generation on the radiation intensity
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NCCIEJOBAHUA BEIIECTBA B YCJIOBUAX UHTEHCHUBHBIX
JUHAMUWYECKHUX HATPY30K IIPU BO3JEVMCTBUU MOIIHOI'O
JIABEPHOTI'O U3JIYYEHUA UHTEPO®EPOMETPUYECKUMUAU
METOAJAMMHU C TIPOCTPAHCTBEHHBIM PASPEIIEHUEM

A. IT. Kysueyog', K. JI. Iy6ckuii', A. B. Muxaiimox', B. H. Jlepkay?, I1. . Konosanos®
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Hauunonansnsiit UccnenoBarenbckuil Anepueiit Yausepcurer MU®U, Mocksa, Poccus

2PI'VII «Poccuiickuii ®enepanbublil Anepubiit lentp — Beepoccuiickuit HUU skenieprumeHTanbHON
(dhm3ukn», Capos, Poccus

3Bcepocc1/117101<1/n71 Hay4HO-UCCIEA0BaTeIbCKUii MHCTUTYT aBroMaTuku um. H. JI. JlyxoBa», Mocksa, Poccust

HccnenoBanue HeCTalIMOHAPHBIX (PU3MUYECKUX MPOLIECCOB U IKCTPEMAIBHBIX COCTOSHUM BEIIECTBa, OA-
BEP)KECHHOTO WHTEHCHUBHOMY UMITYJLCHOMY BO3IEHCTBUIO, SBIACTCS OAHOM M3 Hanbojee akTyalbHBIX (yH-
JaMEHTaIBHBIX 3a[a4 (PU3UKH BHICOKUX IUIOTHOCTEH Hepruu. BaxxHoil Hay4uHO mpobieMoii B 3Toi obnac-
TH, UMEIOIIEH OOJNbIIOE MPAKTUIECKOE 3HAYCHHUE, SIBISIETCS UCCeNoBaHNE (PU3NYECKHX H MEXaHHMYECKHX
CBOMCTB MaTepHaJIOB, MOJBEPTHYTHIX BO3AEHCTBUIO MHTEHCUBHBIX AMHAMUYECKUX Harpy3ok. AHalu3 JaB-
JIEHUSI M CKOPOCTH IIPH YIapHO-BOJIHOBOM Harpy>K€HUH 1a€T OCHOBY JJIs ONpEAETIeHN KHHETHKH IPOIIECCOB
YIOPYTomIacTH4ecKoro AeopMupoBaHus, pa3pyleHHs, XUMUYECKUX U (ha30BbIX MPEBPALICHUH, N3yYeHUS
JUHAMHWYECKON POYHOCTH U pa3pylLIeHHUs MaTepHalIOB.

OnHUM U3 HEMHOTHX MapaMeTPOB BELECTBA, JOCTYIMHBIX I H3MEPEHUs B MOJOOHBIX SKCIIEPUMEHTAX,
ABJISIETCSl CKOPOCTh IBM)KEHHS MMOBEPXHOCTH (U HEMPO3PAyHBIX CPel) WM CKOPOCTH YAapHOTO (ppoHTa
B BEIECTBE (I Npo3payHbIX cpen). MHdopmanus o BpeMeHHOW AWHAMHKE M TPOCTPAHCTBEHHBIX BapHa-
LUSAX JAaHHOTO MapameTpa MO3BOJSeT HCCIeAoBaTh (yHIaMEHTalbHbBIE SIBICHHUS U MPOLECCHI, TPOXOISIINE
B BEIIECTBE MIPH IKCTPEMAJIbHBIX JABICHUSAX U TeMIIepaTypax.

[IpencraBnensl pe3yabrarbl pa3paOOTKH M MPUMEHEHHUS JTa3ePHOTO W3MEPUTENsl CKOPOCTH, MpeaHa3Ha-
YEHHOTI'0 JUIsl MHTETPallMM Ha JIa3epHBIX YCTAaHOBKAX KHJIOJKOYJIBHOIO YpOBHA sHepruu. Cructema oCHOBa-
Ha Ha Ja3epHOM HEPaBHOIUIEYHOM HMHTepdepomeTpe ¢ Busyanuzanmed nons (line-imaging VISAR). Cuc-
TeMa I03BOJISIET MPOBOAWTH OECKOHTAKTHBIE M3MEPEHHUS! MPOCTPAHCTBEHHOTO paclpelesieHHs CKOPOCTH
B auana3oHe 5—100 KkM/c ¢ IpOCTPaHCTBEHHBIM Pa3pelIeHHEM ~5 MKM U BpEMEHHBIM paspeuieHueM ~10 mc.
Pa3paboraHHas quarHoCTHYECKasi CHCTEMa MOXET OBITh HCIIOIb30BaHa JUIS IIUPOKOTO CHEeKTpa QpyHIaMeH-
TaJbHBIX U MPUKJIAJHBIX HAYYHBIX MPOOJIEM, CBSI3aHHBIX C B3aUMOACHCTBHEM YIAPHBIX BOJIH C KOHJEHCUPO-
BaHHBIM BEIIIECTBOM.
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STUDIES OF MATTER UNDER CONDITIONS OF INTENSE
DYNAMIC LOADS UNDER THE INFLUENCE OF HIGH-POWER
LASER RADIATION BY INTERFEROMETRIC METHODS
WITH SPATIAL RESOLUTION

A. P Kuznetsov', K. L. Gubskii', A. V. Mikhaylyuk', V. N. Derkach®, P. I. Konovalov®

'National Research Nuclear University MEPhI, Moscow, Russia

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

3Dukhov Automatics Research Institute, Moscow, Russia

Study of unsteady physical processes and extreme states of matter under intense pulsed action is one of
the most fundamental problems in high energy physics. The important scientific problem in this area, which
is of great practical importance, is to study the physical and mechanical properties of materials exposed to
intensive shocks. Analysis of pressure and velocity at the shock-wave experiments provides the basis for
determining the kinetics of elastic-plastic deformation processes, destruction, chemical and phase transfor-
mations, study dynamic strength and fracture of materials.

One of few material parameters available for measuring in the course of these experiments is the surface
velocity (for opaque target) or shock wave velocity in the matter (for transparent target). Information about
the temporal dynamics and spatial variations of this parameter allows exploring the fundamental phenomena
and processes occurring in the material under extreme pressures and temperatures.

We present the laser velocimeter, designed for integration into the kJ-class laser facilities. The system is
based on a line-imaging VISAR (Velocity Interferometer System for Any Reflector). It allows for remote
non-contact measurements of the shock wave velocity in the range of 5-100 km/s with spatial resolution
of about 5 microns and time resolution of about 10 ps. The developed diagnostic system can be used for a
wide range of basic and applied scientific problems related to the interaction of shock waves with condensed
matter.
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AKNAKHUE METAJIJbBI
KAK CUJIBHOHENJAEAJIBHASA BBIPOXIEHHASA ITJIASMA:
TENJTO®U3NYECKUE CBOUCTBA U KPUTHUYECKAS TOUKA

11. P. Jlesawos, /]. B. Munaxos, M. A. Ilapamonos
OObenrHeHHBIH HHCTUTYT BeICOKUX Temneparyp PAH, Mockga, Poccus

B nmanHO#i paboTe XHMIOKME METajulbl PAcCMaTPUBAIOTCSA KaK CHIBHOHEHJeallbHasl IUla3Ma C BBIPOXK-
JCHHOW 3JIEKTPOHHOHN moncucteMoi. [1noTHas Metannnyeckas mia3Ma siBISIETCS CIIOKHBIM 00BEKTOM Kak
JUI TEOPETUUYECKOTO, TaK M JUIsl SKCIIEPUMEHTANbHOTO U3y4eHus. 13-3a 04eHb CHMIIBHOTO MEXYacTHYHOTO
B3aMMOJCHCTBHS M KBAHTOBBIX 3((PEKTOB TPaAULMOHHBIE MOAXO/bI, TAKUE KaK XMMUYecKas MOJENb U TEO-
pus BO3MYLIEHHH, UCTIBITHIBAIOT CEPHE3HBIE CIOXKHOCTU JJIs OMMCAHUA Takod Iuta3Mbl. CHIIbHAsA MeXdac-
TUYHAs KOppesius 3aTpyAHAET UCTIONb30BaHUE MOJIeNieli cpenHero atoma. B paboTe ucmonb3yeTcs MeTon
KBaHTOBOH MOJIEKYJSPHOW JMHAMHKH JIJsl TEOPETHUUYECKOM MHTEPHpPETaluy 3KCIIEPUMEHTOB MO anuadaru-
YeCKOMY M n300apH4ecKoMy paclIMpeHuIo Uil psiaa METauIoB: Boibdpama [1], Mmonubaena [2], unpkoHus,
CBUHIIA, XeJie3a U ypaHa. MeToll He HCI0Ib3YeT KCIIEPUMEHTANbHY0 HHPOpMAILHIO, 38 UCKIIIOYEHHEM (yH-
JaMEHTaIbHBIX (PU3NUECKUX KOHCTAHT. TaKkke aHANM3UPYIOTCA TPaAULUOHHBIE TEIIOPHU3UIECKIE IKCTIEPHU-
MEHTHI 110 TEIUIOBOMY pacUIMpeHuto. J{Jsl mepeyrciIeHHbIX BbIIe METaJUIOB IPOM3BEACHA OLleHKa (a3oBoi
TPaHUIBl KHUIKOCTb-Ta3 U MOJIOKEHNE KPUTHUECKOH TOUKU. Pe3ynsraTsl MOAETUpPOBaHUS HAXOAATCSA B OT-
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JIMYHOM COI1aCuM C yaAapHO-BOJITHOBBIMH 3KCIICPUMCHTAMMU. OtmeuaeTrcs CYI.LICCTBGHHHﬁ BKJIaJ 3JICKTPOHOB
B TCINIOEMKOCTD XHUIAKHX MCTAJIJIOB, 0CO0EHHO BOIH3U KpI/ITH‘leCKOﬁ TOYKH.
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LIQUID METALS AS A STRONGLY
COUPLED DEGENERATE PLASMA:
THERMOPHYSICAL PROPERTIES AND THE CRITICAL POINT

P R. Levashov, D. V. Minakov, M. A. Paramonov
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In this work we consider liquid metals as a strongly coupled plasma with degenerate electronic sub-
system. Dense metallic plasma is a complicated object for both theoretical and experimental study. Due
to very strong interparticle interaction and quantum effects traditional chemical picture and perturbation
approaches are of questionable applicability for such plasma. Strong correlation phenomena hamper the
usage of average atom models. We use quantum molecular dynamics method to theoretically interpret ex-
periments on adiabatic and isobaric expansion of a number of liquid metals: tungsten [1], molybdenum [2],
zirconium, lead, iron and uranium. The method does not depend on any experimental parameters except
for fundamental physical constants. Traditional thermophysical experiments on thermal expansion are
also considered. We estimate the liquid-gas phase transition boundary and critical point for the mentioned
above metals. We demonstrate excellent agreement of our calculations with shock-wave experiments and
reveal a significant contribution of electrons to the heat capacity of liquid metals, especially near the criti-
cal point.
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B cerax snexrponutanus HanpspkeHueM 0,4-10 kB MoryT BO3HHMKaTh MMITYJIbCHBIE NEpEHANPSKEHUS
OOJIBIION SHEPrUU BCIIEACTBUE MEPEXOAHBIX MPOLECCOB KaK KOMMYTAIMOHHOTO, TPO30BOTO, TaK U TEXHO-
TEHHOTO XapakTepa (BBICOTHBIN siIepHBIN B3phIB — BB, KOHTaKTHBIN Ha3eMHBIH siAepHbIi B3pbIB — KSB).
B cBia3u ¢ obocTpeHrneM MEXIyHapOAHOH OOCTaHOBKHM 3HAYMTENBHO BO3pOCTAa BEPOATHOCTH MpPHUMEHE-
HUS sipepHOro opyxus [1]. OCHOBHBIM MOpakaromuM (aKTOPOM BBICOTHOTO SIIIEPHOTO B3PbIBA SBISETCS
ANIEKTPOMArHuTHBIA uMiynsc (OMU) 6onbinoit sHeprun. SMU BSB criocoben BeIBOAUTE U3 CTPos (B pa-
Juyce oT 3nuueHTpa B3pbiBa A0 1000 xmiomeTpoB [2]) OrpoMHOE YHCIO BHJOB U THIIOB COBPEMEHHOIO
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ANEKTPOTEXHUUECKOTO 000pYIOBaHUS KaK B CTPYKType 0OBEKTOB BOCHHOTO Ha3HAYEHUsI, TaK U B CTPYKTYype
00BEKTOB TPaKAAHCKOTO Ha3Ha4eHUs, B ToM 4ncie B cTpykrype ADC nu3zaiitna I'K «Pocaromy».

JJ1st 3a1IUTHI 3JIEKTPOTEXHUIECKOTO 000pynoBaHus OT feiicTBus DM O0bIIoi SHEPriH UCIIOTIB3YIOTCS
YCTPOMCTBA 3alIUTHI OT UMITYIbCHBIX nepeHanpsykeHuid (Y3UII) paznuvHbix KOHCTPYKLIWH, KOTOpPBIE MPEA-
Ha3Ha4YeHBI JJIS1 OTPAaHUYEHUS IEPEXOHBIX TEPEHANPSHKEHUN U 0TBOZIA HMITYJIECOB TOKa OOJBILION YHEPTUH.

Hayunble uccnenoBanus B 00JacTH COBPEMEHHOW (DPU3UKU MOJTHHU U TEOPHH MOJHUE3AIIUTHI, pa3padoT-
KM CPEZCTB M yCTPOWCTB MOJIHUE3AIUTHI, METOAOB UX UCIIBITAHUH Ha HaJIe)KHOCTh U YCTOMYHMBOCTh K TOKaM
MOJIHUH, Pa3pabOTKH CPEACTB U YCTPONCTB 3aIIUTHI COBPEMEHHOTO IIEKTPOTEXHUUECKOTO 000PYAOBaHHUS OT
OMMU 4B TpebyroT HaIM4Ks CHeHHANIBHBIX HCIBITATENbHBIX YCTAaHOBOK. TakuM o0pazom, mpoOiema paspa-
OOTKH ¥ M3TOTOBJIEHHUS T€HEPATOPa UMITYJILCOB TOKOB M HAIIPSKEHUH 1Sl HCIIBITAHUHN AIIEKTPOTEXHUUECKOTO
000pYIOBaHUS U 3AIIUTHBIX YCTPOUCTB SBISETCS aKTyaJIbHOM.

B noapaznenenun POAL] — BHUUT® — BricokOBONBTHOM Hay4yHO-UCcaen0BaTenbekoM 1enTpe (BHUL]
900) 1. Uctpa, B cocTaB « YHUKAJILHON HAy9HOU YCTaHOBKH «KOMIUIEKCHBII BEICOKOBONBTHEIH cTeHa» (YHY
KBC), Bxopsieii B cocTaB HCCIeA0BaTeNbCKON HHPpacTpyKTypsl Poccutickoit @enepanmu (http://ckp-rf.ru/
usu/73578/) HaxoAMTCS B DKCITyaTallii TeHepaTtop uMIyascoB Toka tina [ UT-50/5-M ¢ cepruduuuposan-
HBIMH CPEJCTBAMH U3MEPEHHI, KOTOPBIX MOAPOOHO onucaH B [3].

Ha 6a3e TU'T-50/5-M paspabaTbiBaeTcsi reHepaTop UMITYIbcoB TOKOB 1 Hanpsokenuid [T 1000/200 mpu
oOelt 3amacaeMoii sHeprun He MeHee 2,5 M/Dk ¢ aMIUIMTyq0H UMIYJIbCHOTO TokKa, opmoit 10/350 mkc,
10 200 KA ¥ MakcHMalbHOTO (OJHOKPATHOTO) paspsaHoro toka OMU OombLIoi SHEpruu amIuIMTYIOU
1o 75 kA, ¢ uaTenbHOCTHIO ppoHTa ot 500 HC.

I'eneparop 'UT 1000/200 MOkeT BOCIIPOM3BOAUTH TOKOBBIE MEPErPy3KH HA KOHTAKTaX OOBEKTOB UCIIBI-
TaHW (aHTEHH, Pa3psIIHUKOB, YCTPOMCTB 3alIUThI) MIPU BO3ACHCTBHU CaMOI0 MIMPOKOTO CIIEKTpa CTaHAap-
TU3UPOBAHHBIX UMIYJIBCOB OMMU 1 TOKOB MOJTHHH, ONPEACIIeMBIX Kak TpeOoBaHUAMU TY Ha UCTIBITyeMble
00BEKTHI, TAK U METOAWKAMH U IPOTPaMMaMH HX UCIIBITAaHUH.

Co3naHue reHeparopa UMITYJbCOB TOKa C MOBBIIIEHHBIMU BBIXOAHBIMY MapaMeTpaMH MO3BOJIUT PELLIUTD,
Kak cOOCTBEHHBIE 3aa4ul Tpu npousBoacTse Bo BHUILI cepuiiHoii mpoayKuu, Tak U 00ecneyuTs moTpeod-
HOCTH BHEIIIHUX OpraHU3aIuiil.
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CURRENT AND VOLTAGE PULSE GENERATOR FOR TESTING
ELECTRICAL EQUIPMENT AND PROTECTIVE DEVICES

N. N. Shvets', N. M. Lepekhin', V. P. Miroshnichenko', A. I. Orlov', V. S. Sysoev', I. V. Dubov',
E. V. BasoV?, Yu. A. Kuznetsov*
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VNIITF), Istra, Russia
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In power supply networks with a voltage of 0.4—10 kV, pulsed overvoltages of high energy can occur due
to transients of both switching, thunderstorm, and man—made nature (high-altitude nuclear explosion — VY,
contact ground nuclear explosion — KY). Due to the aggravation of the international situation, the probability
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of the use of nuclear weapons has significantly increased [1]. The main damaging factor of a high-altitude
nuclear explosion is an electromagnetic pulse (EMP) of high energy. EMI VAV is capable of disabling
(within a radius of up to 1000 kilometers from the epicenter of the explosion [2]) a huge number of types and
types of modern electrical equipment both in the structure of military facilities and in the structure of civilian
facilities, including in the structure of nuclear power plants designed by GC Rosatom.

To protect electrical equipment from the action of high-energy EMR, pulse overvoltage protection de-
vices (USIPS) of various designs are used, which are designed to limit transient overvoltages and divert
high-energy current pulses.

Scientific research in the field of modern lightning physics and lightning protection theory, the develop-
ment of lightning protection means and devices, methods of testing them for reliability and resistance to
lightning currents, the development of means and devices for protecting modern electrical equipment from
EMI YAV require special testing facilities. Thus, the problem of developing and manufacturing a current and
voltage pulse generator for testing electrical equipment and protective devices is relevant.

In the RFNC — VNIITF subdivision — the High-Voltage Research Center (VNITS 900) of Istra, as part
of the “Unique scientific installation “Complex High-voltage Stand” (UNU KVS), which is part of the re-
search infrastructure of the Russian Federation (http://ckp-rf.ru/usu/73578/) a current pulse generator of the
GIT-50/5-M type with certified means is in operation measurements, which is described in detail in [3].

Based on GIT-50/5-M, a GIT 1000/200 current and voltage pulse generator is being developed with a
pulse current amplitude, shape 10/350 ps, up to 200 kA and a maximum (single) high-energy EMR discharge
current with an amplitude of up to 75 kA, with a duration front from 500ns.

The GIT 1000/200 generator can reproduce current overloads at the contacts of test objects (antennas,
arresters, protection devices) when exposed to a wide range of standardized EMP pulses and lightning cur-
rents determined by both the requirements of technical specifications for the test objects and the methods
and programs of their tests.

The creation of a current pulse generator with increased output parameters will allow us to solve both
our own tasks in the production of mass-produced products, and to meet the needs of external organizations.
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MOHOB B IUIOTHOH 11a3Me. CyIecTByeT HECKOJIBKO TEOPETUUECKUX MOAEIEH, MO3BONIAIOMNX OLEHUTH BIIH-
SIHAE TETJIOBOTO IBM)KEHHS HOHOB Ha (DOpMY CIIEKTpaNbHBIX TUHUH B Tuiasme (cM. [1]). Tem He MeHee, 10
CHX TIOP HET NOCJIe0BaTENbHON TEOPHH, OMUCHIBAIONICH NMPO(MIN CHEKTPaTbHBIX JTMHUHN C y4eToM dddek-
toB M/I. B manHO# paboTe MONy4yeHO aHATUTUYECKOE BBIPAKEHUE ISl YACTOTHI CKaYKOB aMILIUTYIBI pe-
3YABTUPYIONIETO MOHHOTO MUKPOMOJS COTNIacHO ofHOM mu3 Takux moneneid — FFM (Frequency-Fluctuation
Model) [2], koTOpoe y4uTBIBaeT HEUACAIbHOCTD Ia3Mbl. [Ipeanoxkena Moaemnb, O3BOMSIOMIAS PACCUHUTHI-
BaTh (OPMY CIIEKTpajJbHBIX JIMHUNA ¢ yueToM 3ddektoB NJ. Pesynsrarsl, npeacTaBieHHbIE B HACTOALICH
pabote, omy4deHs! U151 IUIOTHOM JIa3€PHOM MJIa3Mbl, OHAKO JaHHAs MOAEb UMEET OoJiee MUPOKYI0 00IacTh
NPUMEHUMOCTHU U MOKET OBITh HCIIOIB30BaHa JIJIsl OTMCAHUS HOHHBIX CIIEKTPOB B YCTAHOBKAX C MAarHUTHBIM
yAepkaHHeM WK B acTpoduznyeckoil mnazme. Paspaboran mporpaMMHBIH MOIYIb, MO3BOJISIIOLIMN TTPOBO-
JUTh MOJEIUPOBAHUE CIIEKTPOB B paMKax IPEI0KEHHONU MOJENH.

[Ipu pa3paboTke BEIYMCIUTENBHOW METOIUKH 32 OCHOBY Obla B3siTa Mofens LINE DM [3]. Ins onuca-
HUs 3pekToB MOHHOM AMHAMUKHK Hcnonb3oBana Mmoaens FFM. IlpoBenena mogudukanus npouenypst FFM
C IOMOUIBIO aJAITUPOBAHHBIX JUIS 3JIEKTPUYECKOIO IOJI PE3YJbTaTOB CTOXAaCTUUYECKOM TEOPUU 3BE3HOU
JIMHAMUKH, TIPEICTaBICHHBIX B padote [4]. B crarbe [5] Obula mokasaHa SKBHBAJIEHTHOCTh METOJOB KHHE-
TUYECKOTO YPaBHEHUS U aBTOKOPPESIIMOHHONW (QYHKIMK C MHTErPAJIOM CHJIIBHBIX CTOJIKHOBEHHH M TPO-
uenypsl FFM, uto no3BosnsieT yuutsiBath 3¢ ¢dexts! /] nocratouHo npocteiM 00pazoM. JlaHHBIH pe3yasTar
OBLT HCIIOB30BaH B paccMaTpuBaeMoil Moaenu. B pamkax metoanku LINE DM MoxHO mOITy4uTh IPOGHIL
CHEKTpaJbHON JIMHUM, YUUTHIBAIOIIMI Cpa3y Bce MEXaHU3MbI yIIHUpeHHs. {1 TOro, 4ToObl BBIAETUTD HOH-
HBIA IPOQMIL Pelasoch UHTETPaJbHOE YPaBHEHHE ISl aBTOKOPPEIALMOHHON (DYHKLINHU, COOTBETCTBYIO-
1Iel KBa3UCTaTHYECKOMY HOHHOMY MPOQHIII0, METOIOM NpeodpazoBaHus Dypbe.

[IpoBenens! pacuersl npoduneii cnekTpanbHbIX TMHUN H-, He-nmomoOHBIX HOHOB nmpuMmecH Ar B aelTe-
puH, U IPEICTaBIEH aHAIU3 3aBUCUMOCTH IUIOLIANN IIPOBaja B LEHTPE CIEKTPaIbHOU JIMHUM OT TEMIIEpa-
TYpPBI ¥ IUIOTHOCTH TUIA3MBl. Pe3ynbraTbl MOOETUpOBaHUs CIIEKTPOB C MOMOLIBIO pa3padOTaHHONW METOIUKH
MOTYT OBITh HCIIOJIB30BaHbI AJIS AKCIIEPUMEHTAIBHOTO UCCIIEIOBaHUS TIEpEMELINBAHMSI PA3IMYHBIX BEIIECTB.
IIpennaraeTcst UCIOIB30BaTh MAIYIO IPUMECH JTUAarHOCTUYECKOTO BEUIECTBA U IIPOBOAUTH JUATHOCTHKY HC-
CJIElyeMOM TLTa3MBbl, COCTOSILEH U3 MepeMEIIaHHbIX CIOEB Pa3HbIX BEIIECTB, [0 U3MEHEHUIO ()OPMBI U TIIO-
Hiaay IpoBaJIa B LEHTPE CHEKTPAIBHBIX JIMHUN IIPUMECH.
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The influence of ion dynamics (ID) effects on multielectron ions spectra is under consideration. There
are several theoretical models, which makes it possible to estimate the thermal motion effect on spectral line
shapes in plasma (see [1]). Nevertheless, there is still no consistent theory, which describes spectral line
profiles taking into account effects of ID. In the present work, the analytical expression for fluctuation rate of
amplitude of result ion microfield is presented according to one of similar models — FFM (Frequency-Fluctu-
ation Model) [2]. Obtained formula takes into account plasma nonideality. Model, which makes it possible to
calculate spectral line shape taking into account effects of ID, is suggested. In this work, hot dense plasma is
under consideration. However, the applicability area of the present model covers low-density area, so it can
be used for description of ion spectra in magnetic confinement setups or astrophysical plasma. Program code,
which makes it possible to simulate spectrum within the framework of proposed model, is created.

The present theory is based on the LINE DM model [2]. The FFM [3] with modification is used to de-
scribe ID effects. The modification is based on adaptation of the stochastic stellar dynamics results taken
from [4] to electric microfield distribution. The article [5] shows the equivalence of the kinetic equation
method and the FFM, which lets one take into account effects of ID using a sufficiently simple algorithm.
The obtained result is used within the considered model. Spectral line profile, which considers all broaden-
ing mechanisms, can be obtained within the framework of proposed theory. In order that ion profile is found,
integral equation for autocorrelation function, which corresponds with quasistatic ion profile, is solved using
Fourier transform method.

Calculation of spectral line profiles of H- and He-like Ar ions, which represent dopant in deuterium, is
carried out. The analysis of dependence of a spectral dip area in the center of spectral line on plasma tem-
perature and density is presented. The results of spectral modeling using present theory are applicable for
experimental investigation of different substances mixing. The spectroscopic dopant may be placed in one of
test media. In this case, diagnostics of research plasma, which consist of mixed layers of different substances,
is made according to variation of shape and spectral dip area in the center of dopant spectral lines.
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BEICOKOBOIBTHBIE KOMMYTATOpPbl IIUPOKO HUCTIOJIB3YIOTCA B COBPEMCHHOM 060py,I[OBaHI/II/I. KOMMyTaTO—
PBI C JIa3€pHBIM YIIPAaBJICHUEM UMCIOT NPCUMYIICCTBO U3-3a raJibBaHUYECKOMI Ppa3BA3KU nenei yHOpaBJICHUA
U KOMMYTUPYEMBIX nemneit. Takue YCTPOﬁCTBa SIBJIISIFOTCS. BAKHOM YaCTBIO DJIEMEHTHOHN 0a3bl MOIITHBIX
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UMITYJIBCHBIX 3JEKTPOPUINICCKUX YCTaHOBOK. [loATBEpKICHIEM TOMY SBISICTCS aKTyalbHAsI TATCHTHAS aK-
TUBHOCTH B 3TOM HarpaBiieHud [1, 2]. Llenbto 3Tux paboT SIBISIETCS CHUKECHUE HECTAOMIEHOCTH U TTOTEPh
P BKJIIIOYEHUH TAKUX KOMMYTaTOPOB.

XapaKkTepUCTUKU KOMMYTATOPOB 3TOTO THUIMA BO MHOTOM OIPENENSIOTCS IpoleccaMu (pOpMUPOBAHHS
U Pa3BUTHUS UHIYLUPOBAHHOMN Ja3€pOM ILIa3Mbl, KOTOpAs HAXOMUTCS B CHJIBHO HEOAHOPOAHOM JJIEKTpHUE-
ckoM mone. [Ipu reHepanuu Takou Iia3Mel, Jaxe 0e3 BHEIHETO 3JICKTPUYECKOTO TOJIs, B PAJIC CydacB Ha-
Oronanoch MosiBIeHUe HectabmibHOCTH ee ¢poHTa [3]. [IpenBapuTenbHble ONEHKU MOKA3bIBAIOT, YTO MO-
JIeITb, TIPEJIOKECHHAs B paboTe [4], He OMHUChIBaeT ATH (UIYKTyalluH, a TaK:Ke HAOIIOaBIIUECS HAMH HECTa-
OMIBHOCTh B HAHO- U CYOHAaHOCEKYHIHOM Jauana3oHe [5]. OqHako ObUTO MOKa3aHo [6], 4TO B 3TOM CllyyaeMm
MOTYT Pean30BbIBATHCS YCIOBHS, TIPU KOTOPBIX BEIICCTBO HAXOIUTHCS OKOJIO M JJAXKE 3aKPUTHIECKON 00Jac-
TH (00aCTH TaKk Ha3bIBAEMOTO CBEPX KPUTUYECKOTO (uItonja). ITO COCTOSHHE XapaKTePH3yeTCs TOHUKEH-
HOW YCTOWYHMBOCTBIO BEIICCTBA U CHJIBHBIMH (UIYKTYalUsSIMHU TUIOTHOCTH, KOTOPBIC BIUSIOT HA ONTHYECKUE
CBOIICTBA BEIECTBA, B TOM YUCIIC, KOAPPUIIMEHT MOTIIONIECHHS HUHUIIMUPYIOIIETO JIA3ePHOT0 H3TydeHHs. DTO
MOXET IPUBOJUTH K HEKEJIATSIbHOMY YBEIHUCHHIO HECTAOMIBHOCTH PA0OThI TAKOTO POJIa KOMMYTATOPOB.

B nanHoii pabote OymyT mpencTaBieHa SKCIIEpUMEHTANIbHAS YCTAHOBKA U PE3YJIbTaThl SKCIIEPUMEHTAIIb-
HOTO HMCCIIEOBaHMs CTAaOMIBHOCTH Pa0OThI BHICOKOBOJBTHOTO Pa3psSIHUKA C ONTUYSCKUM YIpPaBICHHEM
B 3aBUCUMOCTH OT IIapaMeTpPOB MpOoIecca KOMMYTALIUU.

Pabora BeimonHena mpu (uHaHCOBOHM mojyepkke Poccuiickoro nayunoro ¢onmga u I[IpaButenncTa
CaepayioBckoii obnact, mpoekt Ne 22-29-20058.
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INVESTIGATION OF THE OPERATION STABILITY
OF A HIGH-VOLTAGE SWITCH WITH OPTICAL CONTROL

N. B. Volkov, A. I. Lipchak, 1. S. Turmyshev, E. A. Chingina

Institute of Electrophysics, Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia

High-voltage switches are widely used in modern equipment. Switches with laser control have an advan-
tage due to the galvanic isolation of control circuits and switched circuits. Such devices are an important part
of the element base of powerful pulsed electrophysical installations. This is confirmed by the actual patent
activity in this direction [1, 2]. The purpose of these works is to reduce instability and losses when such
switches are turned on.

The characteristics of switches of this type are determined to much extent by the processes of formation
and development of laser-induced plasma in a highly inhomogeneous electric field. The instability of the
plasma front was observed even if it is generated without an external electric field [3]. Preliminary estimates
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show that the model proposed in [4] does not describe these fluctuations, as well as the instability observed
by us in the nano- and subnanosecond range [5]. However, it was shown [6], in this case conditions can be
realized under which the substance is located near critical and even overcritical regions (the region of the
so-called supercritical fluid). This state is characterized by a reduced stability of the matter and strong den-
sity fluctuations that affect the optical properties of the substance, including the absorption coefficient of the
initiating laser radiation. It can lead to an undesirable increase in the instability of such switches.

In this paper, we will present an experimental setup and the results of an experimental study of the sta-
bility of the operation of a high-voltage spark gap with optical control, depending on the parameters of the
switching process.

This work was financially supported by the Russian Science Foundation and the Government of the
Sverdlovsk Region, project no. 22-29-20058.
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BJIAUAHUE JVIUTEJBHOCTHU UMITYJIbCA
IIPU PEJATUBUCTCKOM CAMO3AXBATE OKCTPEMAJIBHOI'O
JIABEPHOI'O CBETA

M. I JIo6ok"?, O. E. Baiic"?, B. IO. Bviuenkog'?

1 N .
OI'VII «Beepoccuiickuii HayyHO-UCCIeN0BaTeNbCKUI MHCTUTYT aBToMaruku um. H. JI. Tyxosa», Mockaa,
Poccus

2 Dusnaeckuii nHctuTyT UM. I1. H. Jlebenera Poccmiickoit Akamemun Hayk, Mocksa, Poccust

PexxuM pelsITUBUCTCKOTO caMo3axBaTa JIa3epHOTO MMITynbca («iIasepHas myss») [1,2] sBiusercs a¢-
(heKTHBHBIM MEXaHU3MOM KHUJIBBATEPHOTO YCKOPEHHS 3JIEKTPOHOB. OH MO3BOJISIET NOCTUYb MaKCHMaJIbHO-
ro 3apsiia MynbTH-M3BHBIX 3JIEKTPOHOB U MaKCUMAaJIbHOTO KO (GHUIIMEHTa KOHBEPCHHU JIa3€pHON SHEPrUn
B DHEPTHUIO BHICOKOIHEPTETUYHBIX 3JIEKTPOHOB B MUILIEHSIX OKOJIOKPUTHUECKOH MIOTHOCTHU. JlazepHas myns
YCTONYMBO MPOXOAUT PACCTOSHUE MOPSAKA IECATH PIIEEBCKUX JUIMH B TaKOW MIIOTHOM IIa3Me, IOoKa U3-3a
MOTEPh HE TPOUCXOAUT MOIHOE HCTOIICHHUE JIa3epHOT0 UMITYJIbca. B 3ToM pexknme aupakunoHHas pacxo-
JUMOCTH cOalaHCUPOBaHa HEMMHEHHOCTBIO cpebl, 00yCIaBIUBAIOLIEH PENSATUBUCTCKOE YTHKEICHUE dIEK-
TPOHOB M KaBUTALIMIO MOCIICAHUX.
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C ucnosibp30BaHHEM TPEXMEPHOTO KMHETHUYECKOTO MOIETUPOBAHUS METOJOM «YacTHUIA-B-sUeHKe» J0-
Ka3aHa BO3MOYKHOCTh pealM3allid peXHMa PeNIITUBUCTCKOTO caMo3axBaTa JIa3epHOI0 HMMITYJbCAa CBEpX-
BBICOKOW MHTEHCHBHOCTH JJIsl Pa3IUYHbIX JUIUTEIBHOCTEN JIa3€pHOI0 M3JIydeHUs. BBIsBIEHB! qUana3oHbl
TUIOTHOCTH TUIa3Mbl U MHTEHCUBHOCTH JIa3€PHOTO M3IYUYEHUS, TO3BOJSIOMINE MaKCUMaIBHO 3((PEKTHBHO
UCIIONIb30BAaTh DHEPTHUIO JIa3€PHOTO MMITYJIbCA 3aJaHHOW JUIMTENBHOCTH. Takke oOHapyKeH MOpOr JJIeKT-
POHHOI! INIOTHOCTH IIJ1a3MBbl, IPU KOTOPOM B pEXKUME PEIATUBHUCTCKOTO CaM03aXxBaTa MHXKEKIUS SIEKTPOHOB
B YCKOPSIOIIYIO IJIA3MEHHYIO TOJIOCTh pe3ko najaaeT. Mcnoiap3oBaHue ONTUMAIBHON IMTEIBHOCTH Ja3ep-
HOTO MMITYJIbCA MO3BOJISIET 3HAUYMTEIHHO MOBBICUTH KOHBEPCHUIO JTA3€PHOTO U3IIyUYEHUSI B SHEPTHUIO JIEKTPO-
HOB YCKOPEHHBIX Ooee ueM 10 30 MaB.

O. E. Baiic Brepaxkaer OnmarogapHocTs @OHIY pa3BuUTHA TeopeTHdeckoi (pu3uku u mMareMaruku «bA-
3UC» 3a puHanCcOBYIO MOAAEPKKY (TpaHT Ne 22-1-3-28-1).
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INFLUENCE OF THE PULSE DURATION IN THE RELATIVISTIC
SELF-TRAPPING OF EXTREME LASER LIGHT

M. G. Lobok"?, O. E. Vais"* V. Yu. Bychenkov"*

'Dukhov Research Institute of Automatics (VNIIA), Moscow, Russia
2P. N. Lebedev Physics Institute, Russian Academy of Science, Moscow, Russia

The regime of relativistic self-trapping of a laser pulse (“laser bullet”) [1, 2] is an effective mechanism for
the wakefield acceleration of electrons. It makes it possible to achieve the maximum charge of multi-MeV
electrons and the maximum conversion coefficient of laser energy into the energy of high-energy electrons
in near-critical density targets. A laser bullet steadily travels a distance on the order of ten Rayleigh lengths
in such a dense plasma until the laser pulse is completely depleted due to losses. In this mode, the diffraction
divergence is balanced by the nonlinearity of the medium, which caused by relativistic electron weighting
and electron cavitation.

With the use of three-dimensional kinetic modeling by the “particle-in-cell” method, the possibility of real-
izing the mode of relativistic self-trapping of an ultrahigh-intensity laser pulse for various durations of laser
radiation is proved. The ranges of plasma density and laser radiation intensity are revealed, which make it pos-
sible to use the energy of a laser pulse of a given duration as efficiently as possible. The plasma electron density
threshold was also found, at which, in the relativistic self-trapping regime, the injection of electrons into the
accelerating plasma cavity sharply declines. The use of the optimal laser pulse duration makes it possible to sig-
nificantly increase the conversion of laser radiation into the energy of electrons accelerated to more than 30 MeV.

O. E. Vais acknowledges the Foundation for the Advancement of Theoretical Physics and Mathematics
(“BASIS”) for financial support (Grant No. 22-1-3-28-1).
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K BOIIPOCY O BOBMOXHOCTHU TEPMOAAEPHOI'O 3A’KUTAHUA
MUIIEHEW NPAMOTO OBJIYUYEHUSA
HA METAJI?)KOYJbHBIX YCTAHOBKAX C JJIMHOM BOJIHBI
JIABEPHOI'O U3JITYUYEHMUA 0,35 mxm U 0,53 mxm

B. A. Jlvixos, E. C. baxypkuna, /1. B. bopeyxux, /[. B. /lemboeckuu, H. I Kapnvixaros,
I H. Pvikosanos, JI. B. Coxonos, B. E. Yepnaros, A. H. [llywneoun

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nMmenu akagemuka E. Y. 3a0abaxunay, CHexXUHCK, Poccus

B skcniepuMeHTax ¢ OOJHOKAaCKaIHBIMH MUILIEHSIMU HEMpAMOro obiayueHus Ha ycraHoBke NIF monmyuen
BBIXOJl TEPMOsIEpHOM 3Heprun Erq ~ 1,37 M/ npu sneprum nasepa £; ~ 1,92 MJIx [1]. BosmoxHOCTh
TEPMOSZICPHOTO 3a)KUT'aHUsI MUIIEHEH MPsSMOTo 00IydeH s ellle MPeACTOUT BELSICHUT. OCHOBHBIMHU IPOOIIe-
MaMH IIPH 3TOM MOJAXOJE ABJSAIOTCS pa3BUTHE TMAPOAMHAMUYECKUX HEYCTONYHMBOCTEN MpPH CHKAaTHUM MUILIE-
HU U ee IporpeB ObICTphIMU dMekTpoHamu (BD), BOZHMKaOIIMME B MpoLieccax ABYyXIUIa3MOHHOTO pacmaje
(AITP) u BeHY)aeHHOTO PamanoBckoro paccesaus (BPP) nazeprnoro nznyuenus (JIN) B mnasme [2]. B go-
KJIaJie IPeJCTaBIeHbl Pe3yIbTaThl pACUETOB OMHO- U IBYXKACKaAHBIX MUIICHEH NpsSMOro o0mydeHus, mpoBe-
neHHbIX B POALl - BHUNUT® ¢ nenbro u3y4eHus BO3MOKHOCTU TOCTHKEHUS UX TEPMOSIEPHOTO 3aKUTaHUs
Ha MEraJKOYyJIbHBIX YCTaHOBKAX C JIJIMHOW BOJHBI Ja3epHOro uanydeHnus A = 0,35 Mxm u A = 0,53 Mxm.

PacueTbl ogHOKacKagHBIX MUIIEHEH MpsMOro oOmydeHus, MPOBEACHHbIE HEJAaBHO 10 OAHOMEPHOM Mpo-
rpamme DPA ¢ yuetom nepeHoca B3 B cekTpalbHOM KHHETUYECKOM MPUOIMKEHUH, TIOATBEPANIA OCHOB-
Hol BbIBOA pabotsl [3], uro renepauus b3 B mpoueccax AIIP u BPP Oynet npensitcTBOBaTh 1OCTHKEHHIO
YCIIOBUH 3aKUTaHMsI TAKUX MHIICHEH Ha YCTaHOBKax C M3IydeHHeM Bo 2-oi rapmonuke Nd-mazepa. [lpu
nepexoze Ha ja3epHoe uznydeHue ¢ A = 0,35 MKM, HO-BUIUMOMY, MOXKHO OyZleT MOIaBUTh reHepauuto bO
B Clly4ae npuMeHeHus abnsaropa tuna SiO,. B oHOKacKaHBIX MUIIEHAX IPSAMOIo 00Iy4YeHHs BEJIMKa Oac-
HOCTh THAPOAVMHAMUYECKOTO Pa3BUTUS KOPOTKOBOJHOBBIX BO3MYILIEHHM, WHUIIMMPOBAHHBIX MPOIECCAMH
¢unamentanuu JIM B mia3mMeHHo# kopoHe. Tak mpoBeeHHBIE AByMEPHBIE PaCcUeThl OJHOKACKAaJHON MHUIIIe-
HU J1aJIi CHUXKEHHE BBIXOA TEPMOSIIEPHOM 3HEpPTuu B ~3 pa3a npu amiuTyae 60-oif rapMOHUKY BO3MYIIIe-
HMS B CHMMETPHH NOITIOLIEHHON MuleHbto sHeprun JIM Ha yposHe 6q,/q, ~ 0.1%.

B POALl — BHUUT® BbimonHeHbI pacyeTsl AByXKacKaJHOH MHUIICHH MPSIMOTO OOMy4YeHHs, OMyOIHKO-
BaHHOI panee B pabote [4]. [lns Takoit mumeHn ocnabeBaroT TpeOOBaHUS K IJIMHE BOJIHBI JIA3€PHOTO U3-
JYYEHUs U aMIUTUTY[E KOPOTKOBOJIHOBBIX BO3MYIIEHHN B CUMMETPHH MOMIOLIEHHON MMILIEHBIO JIa3epHON
sHepruu. Hambonee omacHbIMU 111 MUILIEHH [4] SBISIOTCS BO3MYIICHUS B OXHOPOAHOCTH MOIJIOIIEHHOM
sHepruu JIU ¢ Homepamu rapmoHuk | ~ 10-20, aMmnTyna KOTOPBIX COIIACHO MPOBEIEHHBIM pacyeTaM He
JI0JKHA IpeBblarh 8q,/q, = 0,5-1%. Jlnd aByxkacKkaJHBIX MUILIEHEH CyIIeCTBYeT podieMa BO3MOKHOIO
nepememnBanusi DT-TonnuBa u Matepuaia BHyTpeHHEH 00010uki. OTHOMEpHBIE PACUEThI, BHIIOIHEHHbIE
ais muiieHn [4] 6e3 ydera renepauun b, namu BeIxon HeHTpoHOB Npyp =~ 1,8 - 1018 u 3anac mo Tepmo-
siiepHOMY 3axuranuio [3] W, = 6. Yuer nepemerinBanus no ke-MOACIM ¢ KOHCTAaHTaMH, OTBCYAIOIIMMH
aBTOMOJIEJILHOM «IIOCTOSSHHOW» o, ~ 0,04, IpUBEN K CHUKEHHIO BEJIMYMH WQ u Np ;B 2-3 paza. OnHaxo oc-
TaeTCsl OTKPBITHIM BONPOC O MPUMEHUMOCTH 3MITUPUIECKUX MOJIeTiel TypOyJeHTHOTO TepeMeIInBaHUs TS
Moaenuposanus mumeHeit UTC, nockonbky uncina PeliHonbpca B 3TOM cilydae He BEJIMKH. DKCIIEPUMEHTBI
C IByXKacCKaJHbIMU MUILIEHSIMH ITOMOT'YT OTBETUTbH Ha 3TOT BOIIPOC.
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TO A QUESTION ON POSSIBILITY OF THERMONUCLEAR
IGNITION OF DIRECT DRIVE TARGETS AT MEGAJOULE
FACILITIES WITH LASER LIGHT WAVELENGTHS
OF 0.35 MICRONS AND 0.53 MICRONS

V. A. Lykov, E. S. Bakurkina, D. V. Boretskikh, V. E. Chernyakov, D. V. Dembovski,
N. G. Karlykhanov, G. N. Rykovanov, L. V. Sokolov, A. N. Shushlebin

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The fusion energy of 1.37 MJ have been obtained recently in experiments that performed with indirect-
drive single-shell capsule at NIF facility with laser energy of 1.92 MJ [1]. The possibility of thermonuclear
ignition of direct-drive targets have yet to be discovered. The main problems at this approach are the devel-
opment of hydrodynamic instabilities at the compression of targets and a target preheating by fast electrons
(FE) generated in processes of two-plasmon-decay (TPD) and stimulated Raman scattering of laser light
in the plasma [2]. The results of numerical simulations of direct-drive single- and double-shell targets per-
formed at the RFENC — VNIITF on purpose to study the possibility to achieve their thermonuclear ignition in
experiments at megajoule facilities with laser light wavelength of A = 0.35 pum and A = 0.53 pum are presented.

The calculations of direct-drive single-shell targets, which have been carried out recently by the 1D- ERA
code with the taking into account fast electron transport in spectral kinetic approach, have confirmed the
main conclusion of the work [3] that the target preheating by FE produced in the TPD and the SRS drastically
reduces the possibility to ignite such targets in experiments at facilities with the light in the 2-nd harmonic of
the Nd-laser. Apparently it will be possible to suppress the FE generation by the using of the laser light with
A =0.35 um and SiO,-ablator for direct-drive single-shell capsule. There is a great danger that filamentation
processes of a laser light in plasma could initiate a development of hydrodynamic instability under compres-
sion of direct-drive single-shell capsule. For example, the performed 2D- calculations of single-shell capsule
have given the decrease in an fusion energy yield of ~3 times for the amplitude of the 60-th harmonic pertur-
bation in the symmetry of energy absorbed by the target 8¢ /g, ~0.1 %.

The calculations of direct-drive double-shell target published in work [4] are executed in the RFENC-VNI-
ITF. The requirements to laser wavelength and short-wavelength perturbations in symmetry of laser energy
absorbed by a capsule are weaken for such target. The most dangerous to a target [4] are perturbations in the
uniformity of absorbed laser energy with harmonics numbers of / ~10-20 which amplitude should not ex-
ceed d¢q,/q,~ 0.5-1 % according to calculations performed. A problem of a mixing of DT-fuel and a material
of an internal shell exists for double-shell targets. The 1D- calculations carried out for a target [4] without
FE generation, have given neutrons yield N~ 1.8 - 10" and a margin of thermonuclear ignition [3] W, ~ 6.
The computation of this targets with account of mixing process by using of the ke-model of turbulent mixing
with constants corresponding to the self-similarity “constant” a, ~ 0.04 has led to decrease of W, and N
in 2-3 times. However there is opened a question on applicability of empirical models of turbulent mixing
to simulation of ICF targets as Reynolds’s numbers are not great in this case. Experiments with double-shell
targets will allow to answer this question.
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TEIIJIOBBIE HPOLHECCHI B METAJIVNIMYECKHUX SJIEKTPOAAX
MNPU BO3JEMCTBUU UMIIYJIBCHOI'O
AJIEKTPUYECKOTI'O PA3ZPATA

A. C. Mameeesa, B. H. Xanoees

OI'VIT «Poccutickuit enepanbubiil SAnepusiit Lentp — Beepoceuiickuit HUU skenieprimeHTanbHON
(dhm3ukn», Capos, Poccust

B POl — BHUUD® BexyTcs Hay4HO-HCCIIEAOBATENBCKUE PAa0OOTHI, HAPaBJICHHBIC HA JTOCTHKEHHUE
YIIPABIIIEMOIO TEPMOSAEPHOro CUHTE3a. 1IONBITKY MOMydYeHUsT YIIpaBIseMO TEPMOSIEPHON pEeaKIuU OCy-
LIECTBISIOTCA PA3HBIMY METOJAMU: JIA3EPHBIM JIy4OM, MarHUTHBIM II0JIEM, YAApHOU BOJIHOHU. MeTox, B KO-
TOopoM oOxkaTre pabovero BelecTBa JOCTUTACTCS C IOMOILBIO YAAPHOI BOJHEI, T. €. TaK Ha3bIBAEMBbI METOJ
razopuHamudeckoro TepmosiaepHoro cuntesa (IATC), siBiseTcs: 10CTaTOYHO MEePCTIEKTHBHBIM.

Cymnocts [JITC 3akimouaercs B TOM, 4To 0OKaTHe AEHTEpUIA-TPUTHEBON CMECH OCYILECTBISIETCS ynap-
Hol BoHOW. OZHUM M3 OCHOBHBIX (PAKTOPOB, OTPULIATENHHO BIHMSIOIINX HAa TEPMOSEPHOE BOCIUIAMEHEHHUE
JEUTEPUM-TPUTUEBOTO Ta3a, SIBJISETCS aCUMMETPUS PEAJIBHBIX KOHCTPYKLHUN IIAPOBOr0 3apsija, BOZHUKAIO-
1ast BCJEACTBHE HETOYHOCTH M3TOTOBJICHHS TSKENBIX U JIETKUX 000JIOYEK, a Takxke AedopMaris aMITyJIbl
C JEUTEpUU-TPUTHEBON CMECHIO.

Hawunyumee o6xarue pabodero BemecTBa JOCTUTAETCS B TOM CIIydae, €CIIU TOJIINHA CTEHKH 000JI0UKH
MaJla [0 CPAaBHEHHUIO C €€ PaAnyCcOM, MOITOMY OOOJIOUKH M3TOTaBIMBAIOTCS TOHKOCTEHHBIMU. J{1st obecrie-
YEeHUS! KOHCTPYKTUBHON MPOYHOCTH TOHKOCTEHHBIX O0OJIOYEK, a TakKe HAaWIydllero ooKaTusi JelTepuii-
TPUTUEBOIO r'a3a TSKENbIE CJIIOM U3TOTABIUBAIOTCS U3 METAJUIOB U CIUIABOB, OTIMYAOLIUXCS MOBBIILIEHHON
TUIOTHOCTBIO M, KaK IPaBUIIO, TPYAHO MOAJAIOIIUXCS 00pabOTKe pe3aHueM.

Bce BrinensnoxkeHHOE IpeaonpeaeseT OCHOBHBIE TpeOOBaHUs K cheprdecKiM 000JI0UKaM IS Hccie-
noBanusa [JITC: xecTkue ZOMYCKH Ha AWaMETpalbHBIE Pa3Mephl, MaJble OTKIOHEHUs OT C(ePUIHOCTH MO-
BEPXHOCTEH U Pa3sHOTONIIMHHOCTH CTEHKH. DTH TpeOOBaHuUs, Hapsoy C OYeHb HU3KOH 00padaTsiBaeMOCTHIO
Mareprana TSDKENBIX CIIOEB BBI3BIBAIOT CYLIECTBEHHBIE TPYAHOCTH IPH M3TOTOBICHHH MONMYC(HEPUUECKHX
000J104eK TPaAULIUOHHBIMI METOIAMH.

Ob6onouku chepudeckoir HopMbl TPUMEHSIOTCS BO MHOTUX H3CTHSIX MPOMBIIUICHHOTO Ha3HaYeHUs,
a TakKe B TPOLIECCE HCCIEeN0BaTeNbCKIX paboT. TpyaoeMKOCTh M3rOTOBICHUS TakUX 00O0JOYEK Omperde-
JsieTcsl MX pa3MepamMH, B TOM YHUCIE TOJIIWHON CTEHKH, TOYHOCTHIO (DOPMBI, B3aMMHBIM PACHONIOKEHUEM
U IIEPOXOBATOCTHIO MOBEPXHOCTEH, M (PU3NKO-MEXaHUUECKUMH CBOWCTBAMHU MaTepHaja, U3 KOTOPOro OHU
H3TOTABIIMBAKOTCS.

Pabouum mponeccom npu 330 sBIAETCS ANEKTPUUECKas 3pO3Hs MOA JCHCTBHEM UMITYJIbCHOTO DJIEKT-
PUYECKOTO paspsaia B KUAKOU JUIEKTPUUECKOU cpene. B nokiaze paccMOTpEH psii OCHOBHBIX IIPOLIECCOB,
KOTOPBIMH OTPEAETISIETCS SNEKTPUYEcKast 3pO3Usl B UMITYJIbCHOM paspsizie: MpoOoil )KUIKOTO AUMIEKTPHKA,
pacrpeiefieHne SHEPTUr JIEKTPHUECKOTO pa3psiia B 30HE €ro NEHCTBUS; paclpoCTpaHeHHE TeIula BIIIyOb
3NIEKTPOJOB; TUAPOANHAMHYECKHE MPOLECCHI, MPOTEKAIOLINE B MEXIIEKTPOIHOM MPOMEXYTKE U 00yciaB-
JIMBAIOIUE BEIHOC NIPOLYKTOB 3PO3UU U3 30HBI JEHCTBUS NIEKTPUYECKOTO paspsiaa.

B pesynbrare NpoBEJEHHBIX TEOPETHUECKUX M IKCIIEPUMEHTANBHBIX UCCIIEOBaHUH OBLIIO pa3padoTaHo
HOBOE HaTpaBlieHHE B IOJyYSeHHU NPEIM3UOHHBIX onychepuiyeckux obonodek. B nokmane npeacrapieHs!
CJIELYIOLIUE BOIIPOCHI:

1. Pa3paboTan MeToA 3NIEKTPO3PO3MOHHOTO PopMOOOPa30BaHus CPEPUUECKUX TIOBEPXHOCTEN, OCHOBAHHBIN
Ha caMoNpoQUINPOBAaHUN pabdouell MOBEPXHOCTH MHCTPYMEHTa OTHOCUTENBHO 00padaTbiBaeMoil cepude-
CKOIi MOBepXHOCTH. MeToz 00ecreunBaeT nory4eHne nonychepuaeckiux 000J04eK BEICOKOH CTEEHN TOYHOCTH
(opMbI (OTKIIOHEHHE OT KpyriocTu MeHee 0,5 MKM) ¥ TOUHOCTH PACIIONIOKEHHUS OBEPXHOCTEH (pa3HOTONIINH-
HOCTb CTEHKH 00OJIOUKH MeHee | MKM) B IIMPOKOM Haa3oHe pa3MepoB (OT €AMHHMI] IO COTEH MUJUTUMETPOB),
OTIMYAIOIINXCS MAJION JKECTKOCTBIO (TONIMHA CTeHKH A0 0,2 MM), N3 TOKONPOBOASAIINX MaTepHajoB BHE 3aBH-
CHMOCTH OT UX (PU3MKO-MEXaHUYECKHUX CBOWCTB.
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2. Pazpaborana ¢usuueckas MOIENb 3IEKTPOIPO3UOHHOTO PopMooOpazoBaHusl chepruIecKuX MOBEPXHOC-
Teil, B OCHOBY KOTOPOIl MOJO)XEHO SBICHHE AUCKPETHOTO MOCTYIUIEHHS SHEPIMU B BUAE AIEKTPOHHOIO KOM-
noHeHTa. Ha ocHoBaHMM pa3paboTaHHON (PM3MYECKONW MO ONpEIeieHO COOTHOLICHHE MEXIY dHepruen
U JUTUTEIBHOCTBIO ANEKTPHUUECKOTO UMITYJIbCA, TO3BOJISIOIIEE ONTUMU3UPOBATh IPOLIECC IPO3UH, a TAKXKE MPE/-
JIOKEHO pelIeHUe OAHOMEPHOIO YpaBHEHMS TEIUTONPOBOIHOCTH AJS aHAJIHM3a TEIUIOBBIX MPOLIECCOB HA 3JIEKT-
pomax B 0coOeHHOCTSIX (OpMOOOpa3oBaHus CHEPUIECKUX TTOBEPXHOCTEW METOAOM CaMONpPOIIHPYIOLIErocs
WHCTPYMEHTA.

3. Pa3paborana ¢pusznueckas Mozenb yIpaBieHHs: MHTEHCUBHOCTBIO N3HAIIMBAHHS HIIEKTPOAa-HHCTPYMEHTA,
OCHOBaHHasl Ha MEPEeHOCe MaTepuana B IMapooOpa3HOM COCTOSHHHU ¢ 0OpadaTbiBaeMoll cepruueckoll moBepx-
HOCTHU Ha pabovyro MOBEPXHOCTH ANEKTPOJa-MHCTPYMEHTA U KOHJIEHCALIUH €T0 Ha 3TOH MOBEPXHOCTH.

4. Pe3ynbTaThl TEOPETUUECKUX HCCIIENOBAHUN TTOATBEPKAECHB! KOMIUIEKCOM CTIEIIMATbHBIX AKCIIEPUMEHTAIIb-
HBIX UCCIEA0BAHUI, YTO Ta€T OCHOBAHME Ul IIUPOKOTO NMPUMEHEHHS MPEIIOKEHHON METOIUKH MONyYeHUS
nonycepuaeckux 000I04eK BO MHOTHX JPYTUX OTPACIISX HAYKH U TEXHHUKU.

[IpumeHeHne OpUTMHATBLHOH METOOUKH H3TOTOBJICHUS MPELU3MOHHBIX MONTyCPEepHUECKUX 00O0II0YEK,
NpeACTaBISIONIel COO0H coueTaHHe IEKTPOIPO3UOHHON 00pabOTKU U KHHEMATHKH, XapaKTepHOU I Me-
TOAOB MEXaHMUECKOH 00paboTKH, 0Oecneyrnio BO3MOXKHOCTh MOIy4YeHUs U3 Boib(pama momychepuyeckux
00051049eK, 00J1aJa0IINX BEICOKOW TOYHOCTBIO (JOPMBI U PACHIONOKEHUS IOBEPXHOCTEH, B IIUPOKOM AHara-
30HE pa3MepoB.

Pesynbrare! nccnenoBaHui HCIONB30BAMCH MPH U3TOTOBIEHUH 000JI0UEK ISl AKCTIEPUMEHTAIbHBIX HC-
CJIeZIOBaHUI ra30IMHAMHUYECKOTO TEPMOSAIEPHOTO CUHTE3A.
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THERMAL PROCESSES IN METAL ELECTRODES
UNDER THE INFLUENCE OF A PULSED ELECTRIC DISCHARGE

A. S. Matveeva, V. N. Khaldeev

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

VNIIEF conducts research work aimed at achieving controlled thermonuclear fusion. Attempts to obtain a
controlled thermonuclear reaction are carried out by various methods: a laser beam, a magnetic field, a shock
wave. A method in which the compression of the working substance is achieved using a shock wave, i. e. the
so-called method of gas-dynamic thermonuclear fusion (GDTS) is quite promising.

The essence of HDTS is that the compression of the deuterium-tritium mixture is carried out by a shock
wave. One of the main factors negatively affecting the thermonuclear ignition of deuterium-tritium gas is
the asymmetry of the real designs of the spherical charge, which occurs due to inaccuracies in the manu-
facture of heavy and light shells, as well as the deformation of the ampoule with the deuterium-tritium
mixture.

The best compression of the working substance is achieved if the wall thickness of the shell is small com-
pared to its radius, so the shells are made thin-walled. To ensure the structural strength of thin-walled shells,
as well as the best compression of the deuterium-tritium gas, heavy layers are made of metals and alloys that
are characterized by increased density and, as a rule, are difficult to machine.
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All of the above predetermines the basic requirements for spherical shells for the study of GDTS: tight
tolerances for diametrical dimensions, small deviations from the sphericity of surfaces and wall thickness
differences. These requirements, along with the very low machinability of the heavy layer material, cause
significant difficulties in the manufacture of hemispherical shells by traditional methods.

Spherical shells are used in many industrial products, as well as in the process of research work. The
complexity of manufacturing such shells is determined by their dimensions, including wall thickness, shape
accuracy, mutual arrangement and surface roughness, and the physical and mechanical properties of the
material from which they are made.

The working process in EEA is electrical erosion under the action of a pulsed electrical discharge in a lig-
uid dielectric medium. The report considers a number of basic processes that determine electrical erosion in
a pulsed discharge: breakdown of a liquid dielectric; distribution of the energy of the electric discharge in the
zone of its action; distribution of heat deep into the electrodes; hydrodynamic processes occurring in the in-
terelectrode gap and causing the removal of erosion products from the zone of action of the electric discharge.

As a result of the theoretical and experimental studies carried out, a new direction was developed in ob-
taining precision hemispherical shells. The report presents the following questions:

1. A method has been developed for electroerosive shaping of spherical surfaces, based on self-profiling of
the working surface of the tool relative to the machined spherical surface. The method ensures the production
of hemispherical shells with a high degree of shape accuracy (deviation from roundness is less than 0.5 pm) and
surface location accuracy (shell wall thickness variation is less than 1 um) in a wide range of sizes (from a few to
hundreds of millimeters), characterized by low rigidity (wall thickness up to 0.2 mm), from conductive materials,
regardless of their physical and mechanical properties.

2. A physical model of electroerosive shaping of spherical surfaces has been developed, which is based on the
phenomenon of discrete energy input in the form of an electronic component. Based on the developed physical
model, the relationship between the energy and duration of the electric pulse is determined, which makes it
possible to optimize the erosion process, and a solution of the one-dimensional heat conduction equation is
proposed for the analysis of thermal processes on electrodes in the features of shaping spherical surfaces using
the self-profiling tool method.

3. A physical model has been developed to control the wear intensity of the tool electrode, based on the
transfer of material in the vapor state from the treated spherical surface to the working surface of the tool
electrode and its condensation on this surface.

4. The results of theoretical studies are confirmed by a complex of special experimental studies, which gives
grounds for the wide application of the proposed method for obtaining hemispherical shells in many other
branches of science and technology.

The use of an original technique for manufacturing precision hemispherical shells, which is a combina-
tion of electroerosive machining and kinematics typical for machining methods, made it possible to obtain
hemispherical shells from tungsten with high accuracy in shape and surface arrangement in a wide range of
sizes.

The research results were used in the manufacture of shells for experimental studies of gas-dynamic
thermonuclear fusion.
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IFEHEPALIUA TI'H U3JIYYEHUA U YCKOPEHHUE DJIEKTPOHOB
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MynbsruTepaBaTTHBI (eMToceKyHIHBIN na3epHbIii komIuiekc B HUL «KypuatoBckuit uactutyT» [1]
MO3BOJISIET MOYYaTh CBEPXKOPOTKHE HMITYJIbCHl BBICOKOM MUKOBON MHTEHCHBHOCTH B BUIMMOM, PEHTIE-
HOBCKOM M TepareplioBOM AHAama3oHax 4yacTOT, YTO OTKPBHIBAET BO3MO)KHOCTBH HCCIEOBAHUS BPEMEHHOU
JMHAMHKH BEIIECTBA B SKCTPEMAJILHOM COCTOSIHMU ¢ (PeMTOCEKYHIHBIM paspeiieHneM. [Ipu BoznelicTBun
CBEPXMOIIHBIX JIa3ePHBIX UMITYJIbCOB Ha IOBEPXHOCTH TBEPAOTEILHBIX MHUIIEHEH 00pa3yeTcs IUIOTHAS MPH-
MOBEPXHOCTHAs IJ1a3Ma, KOTOpas CIy)KUT WCTOYHUKOM HE TOJNBKO 3JIEKTPOMArHUTHBIX MMIYJIbCOB B IIIH-
POKHMX AMamna3oHax YacTOT, HO M YCKOPEHHBIX 3apsXKCHHBIX YacTHL. J((PEKTHBHOCTH 3THX MPOIECCOB
Y MEXaHMU3MBI ITepejaull SHEPTHH OT Jla3epa K I1a3Me ONpeeNsIIoTCsl MHTEHCUBHOCTBIO /, SHepruei £ nasep-
HBIX UMITYJIbCOB, & TAK)KE UX BPEMEHHBIM KOHTpacToM (CR), 4TO BIMsET Ha MPOCTPAHCTBEHHBIA MacIuTad
rpajiieHTa 3JIEeKTPOHHOH TIIOTHOCTH OOpa3oBBIBAIOLIEHCS MIa3Mbl. MeHA £ M IIUTeNbHOCTh UMITYJIbCa
T BO3MOXXHO MEPEKII0YaTh MEXaHU3MBI Mepead SHEPTUH Ia3Me OT 00paTHO-TOPMO3HOTO MOITIOIIEHHS,
4yepes3 Pe30HAHCHOE MOMIOLIEHUE 10 BaKYyMHOroO Harpesa. [Ipu 3ToM yCKOpeHHE 3IEKTPOHOB B ILIa3MeE OKO-
JIOKPUTUYECKOH TUIOTHOCTH 00ECTIeUNBAET BHICOKHE 3apsi/ibl TyYKa C ITMPOKUM YHEPTETUIECKUM CIEKTPOM
gactull. TI'1 U3ny4eHne HHULUUPYETCS TOBEPXHOCTHBIMU TOKaMH BIOJIb TOBEPXHOCTH MUIIIEHHU (BBI3BaH-
HBIMH B TOM YHUCJIE TOPSYMMH IEKTPOHAMHU MEPECEKAIOIUMH TOBEPXHOCTh) Ha CaMON OBEPXHOCTH OO
B o0nactu pa3pesxeHHoi mina3mbl. Berxox TT' [2, 3] craHOBUTCS 3aMeTHBIM 1ipu / > 10" Br/em? [3] u cymect-
BEHHO 3aBUCHT OT CR ¥ OT HanpasiieHus1 HaOroaeHus. Llenpio paboThl ABIAIack ONTUMHU3AINS BEIXOAA TEpa-
TepIIOBOT0 U3JIy4YEHNUS U OTYUYEHHE ITyYKa YCKOPEHHBIX JIEKTPOHOB MPH BO3/IEHCTBUH HA TIOBEPXHOCTH TBEP-
JOTENBHBIX MULIEHEN JIa3€PHBIX UMITYJIbCOB OKOJIO-PEISTUBUCTCKON HHTEHCUBHOCTH (1 ~ 10"7-10" BT/CMZ).
HUcnonw3oBaics nazepubiii komrieke «Pulsar-200 TW», ¢ A = 800 uMm, T ot 30 ¢c o 3 nic u 3Heprueit 10
250 m/Ix. MuIIeHsIo ciayXujia OBEPXHOCTh MOCTOSHHO OOHOBIISIEMOM JIEHTHI (Mellb, JaBCaH) TOJIIMHON
10-100 mMxm. CR 6511 107 Ha ¢ MacmraGe 1 oraensao 10°—10% s MIPEAUMITYJIbCA C HC OTCTpOUKoH. TI'
CUTHAJ U IyYOK JIEKTPOHOB U3MEPSIINCh KaK B HAlPaBJICHUH 3€pKaJIbHOTO OTPAXKEHUS TaK U «Ha IPOCBET».
MaxcumainbHas saeprust TI'n ummynbca B Hamem ciydae coctaBuia 3 MKk (ot 250 m/Ix Hakauku), 4TO
CPaBHUMO C JIpyTUMH criocobamu nazepHoii renepanun TI'n. [IpenMyecTBo JaHHON CXeMBbI 3aKII04aeTCsI
B OTCYTCTBHM HAacChIIleHUs 1o 3Hepruu. llpu umnynsce E > 12 MJ[x yxe perucTpupyrorcs yCKOPEHHbIE
3NIEKTPOHBL, a pu £ > 70 MK MOSIBIAIOTCS 3JIEKTPOHBI C BBICOKUMH DHEPIUSIMU. DHEPTHUS 3JIEKTPOHOB
B FeOMETPHHU Ha oTpakeHHe coctaBmia 0,5-5 MaB. B HanpaBneHnn «oTpakeHUs» MpU 3TOM Halonancs
ropaszo 0oJjiee MHTEHCUBHBIM CUTHAM OT 3eKTpoHoB. [Ipu yBennyenuu t 10 3000 de pacnpenenenue smex-
TPOHOB IO 3HEPTUSAM KadeCTBEHHO HE M3MEHWIOCH. IIpy MOBBIIEHNM 3HEPTUU HAKauKH Iy4OK 3JIEKTPO-
HOB cTal Oonee y3kui, mopsiaka 30 mpan. [Ipu 5TOM TakKe perucTPUPOBATIOCH SIPKOE XapaKTepPUCTUIECKOE
PEHTT€HOBCKOE M3IIyYeHHE U LIMPOKOIIOJIOCHOE TOpMOo3HOe. OOHAPYKEHHO, YTO BBIXOJ BTOPHUYHOTO H3IY-
4yeHus U3 PeMTOCEKyHIHOH JIa3epHOM M1a3Mbl (PEHTTEHOBCKOE, TapMoHuKH, TI'11) onpenensercs B nepBylo
oyepenb IUIOTHOCTBIO SHEPTUH, @ HE MHTEHCUBHOCTBIO WM JUIMTEIbHOCTHIO UMITYJIbCa HaKauku. OTIHYusL
KOHBEPCUH MEXIY Pa3HbIMU peXKUMaMHu (Pe30HaHCHOE MOTIIONIEHNE, BAKYYMHBIM HAarpeB) CBOAATCS K H3Me-
HEHHMIO TIOKa3aTelisl CTEMeHHON 3aBUCMMOCTH (BBIXOJa OT IUIOTHOCTU MoufHocTH) Ha ~+0,2. [Ipu nepexoxne
k[ ~10"-10" Br/em?, npeAnokeHHas cxema OyneT nosnesna kak 3¢ ¢exTuBHbI ncTouHuK TT'11 n3nydeHus,
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YCKOPEHHBIX 3JIEKTPOHOB U MTPOTOHOB. Takoil eqUHBIN UCTOUHUK PACIIMPSAET BO3MOKHOCTH SKCIIEPUMEHTOB
MO cXeMe Hakayka — 30HaupoBaHue. PaboTa BhIMOMHEHA PU YaCTHYHOH Moaaep:kke MUHUCTEPCTBA HAyKU
u BeIciero oopazoBanusi PO B pamkax Cormamenust Ne 075-15-2022-830 ot 27 mas 2022 ¢
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GENERATION OF THZ RADIATION AND ELECTRON
ACCELERATION UNDER IRRADIATION OF SOLID TARGETS
BY MULTITERAWATT FEMTOSECOND LASER PULSE

M. M. Nazarov', P. A. Shcheglov', M. V. Chashchin', A. V. Mitrofanov"*>*,
D. A. Sidorov-Biryukov"**, V. Ya. Panchenko"*?

"National Research Center “Kurchatov Institute”, Moscow, Russia
2Physics Faculty of Lomonosov Moscow State University, Moscow, Russia.
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*Russian Quantum Center, Moscow, Russia.

The development of a high-power femtosecond laser system based on the National Research Center
“Kurchatov Institute” [1] makes it possible to obtain ultrashort pulses of high peak intensity in the visible,
X-ray, and terahertz frequency ranges. Such pulses will make it possible to study the temporal dynamics of
matter in an extreme state with femtosecond resolution. Laser acceleration of charged particles is a related
problem to be solved. Both problems can be solved in plasma from a solid target. The predominance of one
or another mechanism of energy transfer from a laser to plasma is determined, among other things, by its
spatial scale of the electron density gradient, which can be increased in the experiment, duration t, contrast
CR, intensity / and thus switch the mechanism from vacuum heating through resonant absorption to inverse
bremsstrahlung absorption. In this case, the acceleration of electrons in a plasma of near-critical density
provides high beam charges with a wide energy spectrum of particles. THz radiation is initiated by surface
currents along the target surface (caused, among other things, by hot electrons crossing the surface) on the
surface itself or in the rarefied plasma region. The output of THz [2, 3] becomes noticeable at 7 > 10" W/em?
[3] and depends significantly on CR, on the direction of observation. The aim of the work was to optimize
terahertz radiation and obtain a beam of accelerated electrons from a solid target at near-relativistic inten-
sity (~10"-10"® W/cm?). The laser complex “Pulsar-200 TW” was used, with A = 800 nm, t from 30 fs to
3 ps and energy E up to 250 mJ. The surface of a constantly renewed tape (copper, PET) with a thickness of
10-100 um served as the target. CR was 107 on the ps scale and separately 10°~10® for the left prepulse with
ns delay. The THz signal and the electron beam were measured both in the direction of specular reflection
and “in transmission”. The maximum energy of a THz pulse in our case was 3 pJ (from 250 mJ of pumping),
which is comparable with other methods of THz laser generation. Advantage in the absence of saturation. At
apulse £> 12 mJ, accelerated electrons are already registered, and above 70 mJ, electrons with high energies
appear. The electron energy in the reflection geometry was 0.5-5 MeV. When the pulse was stretched from
30 to 3000 fs, the energy distribution of electrons did not change qualitatively. In the “reflection” direction,
a much more intense signal from electrons was observed. With an increase in the pump energy, the electron
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beam became narrower, on the order of 30 mrad. In this case, bright characteristic X-rays and broadband

bremsstrahlung were also recorded. It was found that the yield of secondary radiation from a femtosecond

laser plasma (X-ray, harmonics, THz) is determined primarily by the energy density, and not by the intensity
or duration of the pump pulse. Differences in conversion between different modes (resonance absorption,
vacuum heating) are reduced to a change in the exponent of the power dependence (output on power density)

by +0.2. In the transition to 7 ~ 10'®~10" W/cm?, the proposed scheme will be useful as an efficient source

of THz radiation, accelerated electrons and protons. Such a single source expands the possibilities of pump—
probe experiments. The work was supported in part by the Ministry of Science and Higher Education of the

Russian Federation under Agreement No. 075-15-2022-830, dated May 27, 2022
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OJHOKAJIPOBASA CUCTEMA PEI'THCTPALIUHU
TEHEBBIX PEHTTEHOBCKHUX U30BPAKEHUM
HA OCHOBE COEPUYECKMHU U3OI'HYTOI'O KPUCTAJLJIA

/. C. Hocynenxo, E. C. Bopucos, /. A. Buxnses, /[. C. I'aspunos, C. /. /lesamkos,
A. B. Emenvsnos, A. B. [lomanos, E. A. [Ipsxuna, H. FO. Tumapenxo, I1. A. Toncmoyxog

OI'YII «Poccuiickuii Denepansusiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit Gpusuku
nMmenHu akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

PeHTreHoBckne MHUKpPOCKOIBI Ha OCHOBE M3OTHYTHIX KPHUCTAJUIOB aKTHBHO HCIOJB3YIOTCS MPH DKCIIE-
PUMEHTAILHBIX HCCIEAOBAaHMUAX B 00IaCTH (PU3HMKM BBHICOKMX MIIOTHOCTEW SHepruu [1-3]. OHU MO3BONSIOT
NOJTy4aTh H300pakeHHsI OOBEKTOB B PEHTIEHOBCKUX JIy4ax ¢ BBICOKMM MPOCTPAHCTBEHHBIM pa3pelleHHEM,
a Tak ke XapaKTepu3yIoTcs OonbmmM mosieM 3peHus (1o 1 mm). Kpome 3Toro, cucreMbl Ha OCHOBE KpHCTaI-
JI0B 00JIa/1aI0T BEICOKUM CIIEKTPAIbHBIM Pa3pelieHneM Ha YpoBHE AL/A = 107°+107,

Pazpaborana cuctema perucTpalnuy TEHEBBIX PEHTITCHOBCKUX M300pakeHHI, BKIIIOUaromas B ceost cde-
pHYecKH M30THYTHIH kpuctami keapua (10 11) u [13C-kamepy.

C moMoIIbI0 CO3MaHHOM CHCTEMBI IPOAEMOHCTPHUPOBaHA BO3MOXKHOCTD MOJTyYEHHUsI TEHEBBIX N300paKe-
HUI 00bekToB B my4ax nuauu Si Lya (£ = 2,01 x3B), renepupyemMbIX pu 00Iy4eHUH KPEMHHEBBIX U CTEK-
JISHHBIX MULIEHEW MOITHBIMU MUKOCEKYHIHBIMH Ja3€pHBIMH UMITYJIbCAMHU.

B npoBeIeHHBIX SKCIEPUMEHTAX CIEKTP MCTOUYHHKA PEHTIEHOBCKOM IOJICBETKM B auanasone 5,7+7,5 A
u3Mepsics crekrporpadom Ha ocHoBe kpucTaiuia KAP 1 (oToIrOMUHECIIEHTHOTO JETEKTOPA.

OKCHepUMEHTAILHO ONPEAETICHHOE pa3pelIeHne CUCTEMBI PETHCTPALH TeHEBBIX H300paKeHUH B caruT-
TaJbHOM M MEPUIMOHAIHLHOM HAIpaBICHUU COCTABISET O = 20 MKM, MMOJie 3peHHs — OKOJIO 1 MM.
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SINGLE-FRAME X-RAY IMAGER BASED
ON A SPHERICALLY BENT CRYSTAL

D. S. Nosulenko, E. S. Borisov, D. A. Vikhlyaev, D. S. Gavrilov, S. D. Devyatkov, A. V. Emelyanov,
A. V. Potapov, E. A. Pryakhina, N. Yu. Titarenko, P. A. Tolstoukhov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Bent-crystal microscopes are widely used in high energy density physics research [1-3]. They operate
within a narrow spectral bandwidth (AM/A = 1073+1074) and can provide high spatial resolution over mm-size
field of view.

An X-ray backlighter system comprising of a spherically bent quartz crystal (1011) and a CCD camera
was developed. The imager is capable to record backlit images at the Si Lya line (£ = 2.01 keV) from silicon
and glass targets irradiated by high-power picosecond laser pulses. The backlighter spectrum was measured
by a KAP crystal spectrograph with image plate detector in the range 5,7+7,5 A. Spatial resolution of the
imager both in sagittal and meridional directions was determined to be 20 um. Field of view in considered
configuration is about 1 mm.
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OCOBEHHOCTHU TEXHOJIOT'UH U3TOTOBJIEHUA
N3JYYHAIOMIETI'O MOAVYJA 'EHEPATOPA
CBEPXHINPOKOIIOJOCHBIX 2JIEKTPOMAT'HUTHbBIX
UMITYJIbBCOB

P. U. Hypmounos, I1. U. Konosanos, /I. I Axonan, A. FO. Cokonos, A. C. /[onomos

OI'VII «Beepoccuiickuit HUM apromaruku umenu H. JI. lyxoBa», Mocksa, Poccus

AKTHUBHOE BHeIpEeHHE B OOOPOHHUTENBbHBIE M aTaKyIOIIHe CHCTEMbI 3JIEKTPOHHBIX KOMIIOHEHTOB, IIO-
CTPOEHHBIX Ha MOJIYNPOBOJHUKOBBIX IEMEHTaX, MPUBEIN K CO3JaHHUIO PA3JINYHBIX CPEACTB PaAMOAIIEKT-
POHHOI OOpBOBI, B pa3paboTKe KOTOPHIX OTHHM W3 MEPCIEKTUBHBIX HANpPaBICHUHN SIBISETCS CO3JaHHE Te-
HeparopoB cBepxumpokononaocHoro (CLLUIT) snextpomarautaoro uznydenus (OMMUN). bazoBbiM anemeHnTOM
TaKdX TEeHEepPaTOpOB SIBISETCS H3NMydaromuii monyns (M), reHepupyromumii y3KoHapaBIeHHYIO SJIEKTPO-
MarHUTHYIO BOJIHY B Pe3yJbTaTe M3JIyuYeHUs] CBEPXCBETOBBIX MCTOUYHHKOB. B ocHOBe mporecca renepanuu
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OMMU B IaHHBIX MOAYJSAX JIEKHT SMHUCCHSI IEKTPOHOB M3 (DOTOIMUCCHOHHOIO MaTepualia Tox Bo3eicT-
BHEM MHULIUUAPYIOILETO U3JIy4YECHHUS.

UM B mpUMHUTHBHOM OINMCAHWH TPEACTaBIsET coOOi BaKyyMHBIH (DOTOAMOA, COCTOSILUA M3 KaTonma
Y aHO[a, OJJHAKO Ha MPAKTHUKE B OTINYHE OT KIACCHYECKUX (POTOINEMEHTOB, MIMEIOIINX IIOCKHE MOBEPXHOCTH
yKa3aHHBIX 3JEKTPOIOB, U YBENUIeHUs 3PPEKTUBHOCTH TeHEPALUH Pa3pabOTYMKHU U3TYYalOIINX MOIyIeH
NPUMEHSIOT KaTo/bl TOBOJIBHO ciI0kHOTO npoduis. Tak, Hanpumep, B pabdote [1] npeanokeHa KOHCTPYKIMS
reseparopa OMU ¢ aIunTHYECKUM KaToZioM U SKBUANCTAHTHO PACTIONOXKEHHBIM K HEMY CETYaThIM aHO/IOM.

B xadectBe (poTOIMUCCHOHHOTO MaTepuana B Pa3IMyHOE BpeMs NPUMEHSUIUCH (DOTOKATONIBI, HMEIOIIUE
HanboJjee MPOCTYI0 TEXHOIOTUIO U3TOTOBIICHHS M CIIOCOOHBIE KOHTAaKTUPOBATh C aTMOC(EPHBIM BO3LYXOM
0e3 CyIeCTBeHHBIX TOTEPb COOCTBEHHON YYBCTBUTEIILHOCTH (MeTaimdeckue poTokaroasl [2], coeanHeHns
ranorennnoB Cul, Csl [3]), oqHako B mpouecce pa3BUTHS AaHHBIX W3ACIHN C LENbI0 TOBBIIICHUS (D dek-
TUBHOCTH T€HEpallly yKa3aHHbIE MaTepHaibl ObUIM 3aMEHEHBI Ha CTaHIAPTHBIE A7 BaKyyMHOU (hoTO37MeK-
TPOHHUKH (POTOKAaTOABI Ha 0a3e aHTMMOHMIOB IICIOYHBIX MeTaJuloB. Ha cerogHamuuii neHs HanOoIblIee
pacmpocTpaHeHHe MOyYIl CypbMSHO-II€3UEBbIN (POTOKATO., padoTaroImuii Ha oTpaxkeHue [4].

B pabote moka3aHo, 4TO HECMOTPSl HA MHOTOUYHCIICHHBIE JIeTalbHbIE OMHUCAHUS TEXHOIOTUU (POpMUPO-
BaHMA TMONYIIPO3PAaYHOTO CYPbMSHO-LIE3UEBOT0 (OTOKATOA, MPEACTaBICHHbIE KaK B OTEUECTBEHHOM, Tak
U B 3apyOeKHOH Hay4HO-TEXHHUYECKOH JIuTeparype, co3naHue 3PpQPeKTUBHOTO CypbMSIHO-LIE3HEBOT0 (OTO-
KaTrofa, pabdoTaoIIero Ha OTPaKeHUE U PACIIOIOKEHHOTO Ha METAJUIMYECKOW MOIIOKKE CIOKHON (POpMBI
¢ OOJBILION TIIOLIAIBI0 IOBEPXHOCTH, COMPSIKEHO C PSIIOM IPOOIIEM.

B otnrume ot nonynpo3padHoro Gporokaroaa, onTUMaIbHAs IS 3aJaHHOW JUIMHBI BOJIHBI TONLIMHA (HO-
TOKaTola, paboTaIOLIETo Ha OTpakeHHe, ocTaeTcs HeonpeneneHHou. [llnpoko n3BecTHas TpexiaroBas Mo-
nenb Gorosmuccuu, onucannas CriaicepoM [5], He yduThIBaeT 3QEKTHl OTPAKEHUS U3TYUCHUS, aJaroLe-
ro Ha JOTOKATOA, OT MOJJIOKKH, HAa KOTOPOH OH chopMHUpOBaH.

Tonmaa MaccuBHOTO (POTOKATOAA B Pa3bl MPEBBIIACT TOJIIUHY HOIYIPO3pavyHOro, 4to TpedyeT Oomee
JUTUTETILHOTO TPOoLiecca aKTUBUPOBKH HAYAJILHOTO CJIOS CYPbMBI (M3MEHEHHE TONIIMHEI CYpPbMBI B IIPOLIECCE
¢dopmupoBaHus (QOTOKaToAa HEBO3MOXKHO HM3-3a OCOOCHHOCTEH KOHCTPYKIMH T'€HEpaTopa), M, Kak Cleiac-
TBUE, HATOHKH OOJBIIOTO KOJMYECTBA MIEJI0YHOI0 MeTasiia B 00beM MprOOopa, YTO B COYETAHUH C BBICOKOM
TEMIIEpaTypPOX AKTUBUPOBKU IIPUBOJUT K HEBO3MOKHOCTU OCTAaHOBKM IIPOLIECCA HATOHKU METAJIIa 110 MakK-
cUMyMY (POTOTOKa M3-32 BHICOKMX 3HAYEHHH Mapa3sHTHBIX COCTABISIOMINX PETUCTPUPYEMOro (POTOOTKIIUKA
(MOHHU3AIIMOHHBIX TOKOB, TOKOB YTEUKH 10 U30JSATOPY).

Heo6xomumocTs ynepxanusi TpeOyeMoro mapuualbHOTO AABICHUS LEe3Usl Hall MOBEPXHOCTHIO (hOpMHU-
pyemoro (oTokaroaa B Mporecce aKTUBUPOBKH HAKJIAbIBAET OTPaHUYCHHs Ha TEMIIEPAaTyPHBINA PeXUM 00-
paboTKH, Tak Kak MpexIeBPEeMEHHOE H3MEHEHUE IPaJHeHTa TEMIIEPaTypPHOTO MO MOXKET IIPUBECTHU K yBe-
JUYEHHUIO CKOPOCTH AUCCOLHUALINH TOJBKO YTO chopmMupoBaHHOTO (hoTOKATOAA.

He menee BaxkHol 3aqa4eil sBisieTcsl oOecreueHue paBHOMEPHOCTH YyBCTBUTEIBLHOCTH (POTOIMHUCCHOH-
HOT'O IOKPBITUSA 110 MO0 Karoaa. HecMoTps Ha TO, 4TO ONpEeAeIarOIM KPUTEPUEM PAaBHOMEPHOCTH YyBC-
TBUTEIBHOCTH TAKOTO TUIMA (POTOKATOOB SBJSIETCS TIOCTOSHCTBO TONLIMHBI CYPbMBI, CYIIIECTBEHHBIH BKIIa
BHOCHT TaKXe TeMIIepaTypHOe MoJje MOUIOKKU U paclpeesieHne MOTOKOB IIEIOYHOr0 MeTajlia B 00beMe
UM B npouecce popMupoBaHus PoToKaToaa.

B pabore omucaHbl KOHCTPYKTHBHBIE W TEXHOJIOTHUECKHE pelieHus, paspadoranHsie Bo DPIVII
«BHUUA» [6, 7], mO3BONMBILINE U3TOTOBUTH CYPbMSHO-IIE3HEBbIe (POTOKATOABI MAKETOB M3ITYYaAIOIIUX MO-
nyneit CHIIT ODMMU co 3HaueHreM CeKTpaibHON YyBCTBUTENBHOCTH K U3TYUEHHIO C JUIMHOM BOMHBI 530 HM,
nocruratomeM 40 MA/BT, u paBHOMepHOCTBIO He Xyxe £10%.
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SPECIAL ASPECTS OF THE EMITTING MODULE MANUFACTURE
FOR THE ULTRA-WIDEBAND ELECTROMAGNETIC PULSE
GENERATOR

R. I. Nurtdinov, P. I. Konovalov, D. G. Akopyan, A. Yu. Sokolov, A. S. Dolotov
Dukhov Automatics Research Institute (VNIIA), Federal State Unitary Enterprise, Moscow, Russia

The active introduction of the semiconductor-based electronic components into defensive and offensive
systems has led to the development of various electronic warfare systems, where one of the promising areas
is the development of ultra-wideband (UWB) electromagnetic radiation (EMR) generators. The basic ele-
ment of such generators is an emitting module (EM) that generates a narrow-directed electromagnetic wave
resulted from the superluminal source radiation. The EMR generation in these modules is based on the elec-
tron emissions from the photoemission material induced by initiating radiation.

The EM is basically a vacuum photodiode consisting of a cathode and an anode. But, in practice, unlike
the conventional photocells including electrodes with the flat surface, developers of the emitting modules
use the cathodes with the complex profile to increase the emission efficiency. For example, the EMR genera-
tor design with an elliptic cathode and an equidistant mesh anode has been proposed [1].

Previously, the photocathodes with the simple manufacturing technology that are capable to contact at-
mospheric air without significant sensitivity loss (metal photocathodes [2], Cul and CsI halide compounds
[3]) were used as photoemission material, however, in the process of the EM evolution, these materials were
replaced with the standard for vacuum photoelectronic photocathodes based on alkali metal antimonides in
order to increase the emission efficiency. To date, the antimony-cesium reflecting photocathode is the most
used [4].

The paper shows that despite numerous detailed descriptions of the semi-transparent cesium-antimonide
photocathode manufacture technology presented in both domestic and foreign scientific and technical lit-
erature, there is a number of problems in manufacturing the effective cesium-antimonide reflection-mode
photocathode placed on a metal substrate of complex shape with a large surface area.

Unlike the semi-transparent photocathode, the reflection-mode photocathode thickness optimal for a giv-
en wavelength remains undefined. The well-known three-step photoemission model described by Spicer [5]
does not consider the effects of reflection of the radiation incident on the photocathode from the substrate
where it is placed.

The thick photocathode thickness is several times greater than that of the semi-transparent photocathode,
that requires a longer activation process of the initial antimony layer (the antimony layer thickness cannot be
changed during the photocathode formation due to the generator design features), and, as a result, evaporat-
ing of large amount of alkali metal into the device volume. In combination with the high activation tempera-
ture it makes impossible to stop the alkali metal evaporating at reaching the photocurrent maximum due to
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the high values of the detected photocurrent parasitic components (ionization currents, leakage currents over
the insulator).

The need to maintain the required partial cesium pressure above the surface of the photocathode being
formed during activation imposes restrictions on the processing temperature conditions, since an early change
in the temperature gradient can cause an increase in the dissociation rate of the newly formed photocathode.

An equally important task is to ensure the uniformity of the photoemission coating sensitivity over the
cathode field. Despite the fact that the main criterion for the uniformity of this photocathode type sensitivity
is the antimony thickness constancy, the substrate temperature field and the distribution of alkali metal flows
within the EM volume during the photocathode formation make significant contribution.

The paper describes the design and engineering solutions developed at FSUE “VNIIA” [6, 7] that allow
for manufacturing the cesium-antimonide photocathodes for the UWB EMI emitting module prototypes with
spectral sensitivity to 530 nm radiation of up to 40 mA/W and uniformity not worse than £10%.
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lanorenconepxaiye MoJIMMEPHbIE IIEHKH MOTYT OBITH MCIOIB30BaHBI B JIA3€PHBIX SKCIEPHUMEHTaxX
JUISl TUarHOCTUKU HECTaOMIILHOCTH TPaHMIBI paszesia AByX Pa3HOIUIOTHBIX MaTepualioB MUllleHH. B pabo-
T€ MPEAJIOKEH CIOCO0 M3TOTOBIEHUS OPOMHUPOBAHHOTO MOJHMCTHPOJA CO CTENeHbio OpomupoBaHus 43%.
Peakuuro mpoBoguiy in sity MOJIEKYISPHBIM OpOMOM B IPUCYTCTBUU KUCTIOTHI JIptonca. CocTaB monumepa
uccnenosad merogamu UK-cnexkrpockonuu u POOC. C nomMoupo TepMHUUECKUX METOJIOB ONPENETIEHO, YTO
OpOMUPOBaHHBIH MOJIMMEP, KaK U UCXOAHBIN MTOTUCTUPOII, 00I1aAaeT TEPMUUECKOH CTOMKOCTRIO. M3 monnme-
pa METoOM OT/IMBa OBLIIM U3rOTOBJIECHBI TUIeHKH ToHON 90—130 mkwM. [1o BennunHe ocnabneHus peHtre-
HOBCKOTO M3JIy4eHHsI YCTaHOBICHO cofiepkaHue Opoma B ruieHke 1,6 mr/em?, MIPYU 3TOM TNPH U3TOTOBIEHUN
CIIOMCTON CTPYKTYPBI, COCTOALICH U3 5 TIIEHOK, COAepkaHre OpoMa MOXKET OBITh yBeTuueHo a0 7,4 mr/em?,
Takas Jo0aBKa rajoreHa ymeHbllaeT kodh¢unueHT npomyckanus mieHku ¢ 0,95 mo 0,31 (ans kBaHTOB
c sHeprueit 13,5 x3B). Takum 00pazom, co3paeTcst XOPOLIHK KOHTPACT MEXy OpOMUPOBAHHBIM MTOJIHCTUPO-
JIOM U TTOJIMNMEPOM, KOTOPBII HE JIETUPOBAH I'aJIOTEHOM, T. €. TaKasl INIEHKA MOYKET BBICTYNaTh MHAUKATOPHBIM

cl0eM U OBITh 3(1)(1)CKTHBHOI>'I B peHTI‘CHOBCKOﬁ AUArHOCTHUKE JTa3€PHBIX OKCIICPUMEHTOB UCCIICAOBAHUA TU/I-
pPOAMHAMUYCCKUX HeyCTOfI‘IHBOCTCfI.

METHODS OF MANUFACTURING AN INDICATOR LAYER
OF ATARGET FOR RESEARCH OF HYDRODYNAMIC
INSTABILITIES IN LASER EXPERIMENTS

L. E. Peshkicheva', D. A. Zherebtsov?, Yu. Yu. Smirnov', E. D. Yusupova', D. A. Vikhlyaev',
D. S. Nosulenko', E. A. Pryakhina', A. V. Emelianov', S. D. Devyatkov', D. I. Bashkin',
L P Kochegaroval, M. S. Kolchina', N. V. Vasilenko"

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

*South Ural State Unversity, Chelyabinsk, Russia
E-mail: depS@vniitf.ru, zherebtcovda@susu.ru

Halogenated polymer films can be used in laser experiments to diagnose instability of the interface be-
tween two target’s different-density layers. The paper suggests a method of manufacturing an indicator
brominated-polysterene layer with 43 at.% of bromine. It was synthesized in situ with molecular brome
and the Lewis acid. The polymer composition was characterized using IR spectroscopy and XPS. The bro-
minated polymer is shown to be thermally stable like the original polystyrene, as determined using thermal
methods. The films 90-130 um thick were manufactured from polymer by pouring. The bromine content in
the film was estimated by X-ray absorption to be 1.6 mg/cm”. The bromine content can be increased up to
7.4 mg/crn2 when manufacturing a five-layer structure. Such halogen addition reduces the transmittance of
the film from 0.95 down to 0.31 for 13.5 keV. This results in a marked contrast between the brominated poly-
styrene and the polymer non-doped with halogen, therefore, this film can be used as an indicator layer being
efficient in X-ray diagnostics for laser experiments to study hydrodynamic instabilities.
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JA3EPHBI YCKOPUTEJIb 3APSI)KEHHBIX YACTHI]
NJISI UCCJEJOBAHUM PAJIMAIIMOHHOM CTOUKOCTH
MUKPODRJIEKTPOHHBIX YCTPOMCTB

K. B. Caghponos, B. A. @necenmos, C. A. [opoxos, H. H. lllamaesa, /. U. bawkuH,
A. C. Tuwenxo, /1. O. 3amypaes, A. JI. lLlampaes, C. @. Kosanesa, H. A. ®édopos,
C. M. [lybposckux, A. C. Ilununenxo, A. C. Kycmos, E. A. lllubakos, A. B. [lomanos

OI'VII «Poccuiickuit enepansubiii Anepnsiii Lieatp — BHUU texnnueckoit pusnku
nMmenHu akagemuka E. M. 3a0a0axunay», Caexunck, Poccus

3apspKeHHbIE YacTUIBl KOCMUYECKOTO MPOCTPAHCTBA MPENCTABISAIOT 3HAYUTENBHYIO yrpo3y Wi (QyHK-
LIMOHHMPOBAHUS MHUKPOAJIEKTPOHHBIX YCTPOMCTB KOCMHUYECKHX ammaparoB. B Hacrosimiee BpeMs TECTHPO-
BaHHME MHTETPaJbHBIX CXEM Mepel MpUMEHeHHEM B OOPTOBOH ammaparype IpPOBOIUTCS C HCIIOIb30BaHHEM
TPOMO3IKUX PaJHOYacTOTHBIX YCKOPUTENEH MPOTOHOB M TSKENBIX MOHOB. [IpMMeHEHNe KOMITaKTHBIX Ja-
3ep-IJIa3MEHHBIX YCKOPUTENEH 3apsKeHHBIX YaCTUL] TIO3BOJIMT 3HAUUTENBHO COKPATUTh BPEMS U CTOUMOCTD
HCIIBITaHUM.

Ha 200 TBT demTOCEKyHIAHOI NTa3epHON yCTaHOBKE MPOBEAEHBI SKCIIEPUMEHTEHI 110 00ay4eHuto 180 HM
MuKpokoHTpoiuiepa (MK) myukamMu na3epHOYCKOpPEHHBIX IPOTOHOB ¢ dHeprusimu 10 6 MaB. Ilocne obmy-
yeHus B sueiikax namsitu MK 3apeructpupoBanbl cO0H, BEI3BaHHBIE BO3IEHCTBUEM OTIECIBHBIX IPOTOHOB.

[IpoBenensl sxciepuMeHTHI 110 00ay4enuto 130 am Mukpocxembl CO3Y mydkaMy peNsiTUBHCTCKUX 3JIEK-
TPOHOB, YCKOPEHHBIX IpH B3aumMozeiicTBuu 30 ¢c ma3epHbIX UMITYIbCOB MOIIHOCTEIO 10 60 TBT ¢ razoBoii
cTpyeil. B ombiTax Habmromancs MaccoBblil cOO s4YeeKk MaMsATH B pe3yibTare 00beMHBIX paJuallMOHHBIX
3¢ deKToB.

LASER ACCELERATOR FOR RADIATION HARDNESS ASSESSMENT
OF MICROELECTRONIC DEVICES

K. V. Safronov, V. A. Flegentov, S. A. Gorokhov, N. N. Shamaeva, D. I. Bashkin, A. S. Tischenko,
D. O. Zamuraev, A. L. Shamraev, S. F. Kovaleva, N. A. Fedorov, S. M. Dubrovskikh,
A. S. Pilipenko, A. S. Kustov, E. A. Shibakov, A. V. Potapov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Outer space charged particles pose a significant threat to onboard electronics of spacecrafts. At present,
testing of candidate microelectronic devices is carried out at bulky radio-frequency proton and ion accelera-
tors. Compact laser-plasma accelerators can significantly reduce the duration and cost of test campaign.

At a 200 TW femtosecond laser facility, experiments on irradiation of a 180 nm micro-controller (MC)
by laser-accelerated protons were conducted. Errors in MC’s memory cells were registered after irradiation.
Analysis shows that errors are caused by single event upsets.

There were carried out experiments on irradiation of 130 nm RAM chip by relativistic electrons acceler-
ated at interaction of 30 fs 60 TW laser pulses with a gas jet target. After irradiation, a massive failure of
memory cells was observed as a result of total ionizing dose effect.
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HNCCIIEJOBAHUA B OBJIACTHU ®U3UKHU I1JIAZMbI
U JABOPATOPHOM ACTPO®U3UKHU HA JAZEPE PEARL

M. B. Cmapooybyes, P. C. 3emcros, A. B. Komos, C. E. Ilepesanos, A. A. Conogves

OI'BHY «®exnepanbHblil nccnenoparensckuii HeHTp MucTuTyT npuknagaoit Gusuku PAHy», HrxHwmi
Hosropoa, Poccust

B skcnepumenTax Ha nazepHoM crennie PEARL (MI1® PAH) ¢ ucnons3oBaHueM MOIIHBIX (PEMTOCEKYH/I-
HBIX ¥ HAHOCEKYHIHBIX JIA3€PHBIX UMILYJIbCOB UCCIIEIOBAH IIIUPOKUH KJIACC HEYCTOMYUBOCTEM, XapaKTEPHBIX
JUIsL IIUPOKOTO psina acTpodusnueckux o0bekToB. B moknanme mpenctaBieHbl McClIeJOBAaHHUS HEYCTOWYH-
BOCTEM KMHETHYECKOIO THUIIA, BO3HUKAIOIIUX B HEPABHOBECHOM JIa36pHOM ILIa3Me, CO34aBa€MOM CBEPXUH-
TEHCUBHBIM ()€MTOCEKYHJHBIM JIa3epPHBIM BO3IEHCTBHEM Ha TBEPHOTEJIbHBIE MHIICHH M XapaKTEPHBIX
HE TOJIBKO JJIsI HEPAaBHOBECHO! J1a3€PHOM IIJIa3Mbl, HO U JIJIs1 KOPOHAJIBHBIX apOK 3BE3]( MO3MHUX CIIEKTPAllb-
HBIX KJIaCCOB, COJIHEYHOW KOPOHBI WJIM MarHUTOC(EPHOHN IIa3Me IK30IUTAHET MPH €CTECTBEHHBIX B3PHIB-
HBIX mporueccax. M3mokeHbl pe3yabTaTbl 3KCIEPUMEHTAIBHOTO UCCISIOBAaHUS TUHAMUKU (OPMUPOBAHUS
W peJaKCcali MEIKOMAacIITa0OHbIX KHHETHYECKOH HEYCTOHUYMBOCTH BEMOEIEBCKOTO THIIa B HEPABHOBECHON
Ja3epHOH MIa3Me MeToaMu PeMTOCEKYHIHONH ONTHYECKOM NONAPUMETPUN H UHTEPPEPOMETPHH.

B noxnane Takxke MpencTaBieHbl PE3yabTaThl SKCIEPUMEHTAIBHOIO UCCIEA0BAHNS TUAPOJUHAMUYECKUX
HEYCTOMYMBOCTEH B BBICOKOCKOPOCTHBIX MOTOKAX JIA3€pHOMU TIa3Mbl, CO31aBAaCMbIX MPH OOITy4YeHHH TBEp-
JOTEIbHBIX MUIICHEH HAHOCEKYHIHBIMU JIA3€PHBIMU UMITyJbCaMU. Takoro TUIA HEYCTOMYMBOCTU Xapak-
TEPHBI AJIS1 aKKPELHUPYIOLINX acCTPOPHU3NYECKIX OOBEKTOB, B YACTHOCTH, JJIsl MOJIOABIX 3BE3AHBIX OOBEKTOB.
M3no:xeHsl pe3ynbrarTsl HCCAEN0BAaHUS JUHAMUKA Pa3BUTHS U TOIOJIOTUU HeycToWuuBocTu Panes—Teinopa
IIPU PaCIIMPEHUN BBICOKOCKOPOCTHOIO IIa3MEHHOIO IIOTOKA BO BHEIIHEE MATHUTHOE IoJie. Briepseie mpo-
JEeMOHCTPHPOBaHa CTpaTH(UKALHA [Ia3MEHHOTO MOTOKA Ha MIa3MEHHbIE JIMCThI, OPUEHTHPOBAHHbIE BAOJIb
HanpasJeHHUs MATHUTHOTO TOJIS1 ¥ 3()QEKTUBHO B HETO MPOHHUKAIOIIIHE.

Pabora BrimonHeHa mpu moanepkke MUHHCTEpCTBa HayKu U BhICIIero oopa3oBanus Poccuiickoit dene-
pauuu (gorosop Ne 075-15-2022-316, LIIK «LlenTp dhoTOHUKNY).

STUDIES ON PLASMA PHYSICS AND LABORATORY
ASTROPHYSICS ON THE PEARL LASER FACILITY

M. V. Starodubtsev, R. S. Zemskov, A. V. Kotov, S. E. Perevalov, A. A. Soloviev
Institute of Applied Physics of the Russian Academy of Sciences (IAP RAS), Nizhny Novgorod, Russia

A wide class of instabilities that are characteristic for a wide range of astrophysical objects has been stud-
ied in experiments on the PEARL laser facility (IAP RAS) using high-power femtosecond and nanosecond
laser pulses. The report presents studies of kinetic-type instabilities arising in nonequilibrium laser plasma
produced by superintense femtosecond laser pulses irradiating solid targets. These types of instabilities are
characteristic not only for nonequilibrium laser plasmas, but also for coronal loops of stars of late spectral
classes, the solar corona, or magnetospheric plasma of exoplanets during natural explosive explosions. pro-
cesses. The results of an experimental study of the formation and relaxation processes of small-scale Weibel-
type kinetic instabilities in a nonequilibrium laser plasma obtained using femtosecond optical polarimetry
and interferometry are presented.

The report also presents the results of an experimental study of hydrodynamic instabilities in high-speed
laser plasma flows generated by nanosecond laser pulses irradiating solid targets. Instabilities of this type are
characteristic for accreting astrophysical objects (e. g., for young stellar objects). Dynamics and topology of
the Rayleigh—Taylor instability during the expansion of a high-speed plasma flow into an external magnetic
field are studied experimentally using femtosecond optical interferometry. The stratification of a plasma flow
into plasma “tongues” oriented along the direction of the magnetic field and effectively penetrating into it
has been demonstrated for the first time.
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JA3EP-IIJIASMEHHBI HCTOUYHUK TOPMO3HOI'O U3JIYUEHUA
JJIA PAANOT'PAOUU NVIOTHBIX OBBEKTOB

B. A. @necenmos, K. B. Caghponos, H. H. lllamaesa, C. A. I'opoxos, E. C. bopucos,
/. C. I'aspunos, H. IO. Tumapenko, A. B. I[lomanosg

OI'YII «Poccuiickuii Denepanvusiiit Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit Gpusuku
nMmenHu akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

E-mail: depS@vniitf.ru

Ha nukocexyHIHOR na3epHOM YCTaHOBKE IPU MHTEHCHBHOCTH JIA3EPHOIO U3IIy4YECHHS ~10" Br/em?
IIPOBEJIEHA CEPUs 3KCIEPUMEHTOB II0 UCCIENOBAHUIO SMUCCUU TOPMO3HOIO PEHTICHOBCKOIO H3IIy4CHUS
(TPW) u3 muiockux W mumieneit TonmuHou ot 0,5 1o 3,5 M.

Temneparyps! peructpupyemsix criektpoB TPU usamensuince B auanazone ot 0,3 no 1,3 MaB. Beixon
TPU (E,, > 0,1 M»dB) B HamnpapieHMH PACHPOCTPAHEHHs Ja3epPHOTO Iyuka PacTeT C YBEIHMYEHHEM
TommuuHbel W mumenu. KonBepcus sHepruu sasepHoro uMmnyinasca B TPU nuHelHO pacTeT ¢ NOBBIIEHHEM
uHTeHCHUBHOCTH. HabmromaeTcst cysxeHne yrinoBoro pacnpenenenus Boixoga TPU npyu yBenn4eHUH TONIUHBI
mumienn. Hanbonsmmit Beixon TPU (E,, > 0,1 MaB) 3apeructpupoBaH npu Toilmuee W muiienu 3,5 Mm
B HANpaBJICHUH PaCIpOCTPaHEHMs JIa3epHOTo Myuyka U coctaBun ~0,16 [x/cp, mocTUrHYTas mpu 3TOM
kouBepcus n21 = (3,0 + 0,2)%.

[onyuens! paguorpaduyeckre H300pakeHHs! CTAIBHBIX 00bEKTOB TOMHMHON 40 MM.

LASER-PLASMA BREMSSTRAHLUNG SOURCE
FOR HIGH DENSITY OBJECTS RADIOGRAPHY

V. A. Flegentov, K. V. Safronov, N. N. Shamaeva, S. A. Gorokhov, E. S. Borisov, D. S. Gavrilov,
N. Yu. Titarenko, A. V. Potapov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: depS@vniitf.ru

Laser solid target (W, 0.5+3.5 mm thickness) interaction bremsstrahlung generation experiments have
been performed on picosecond laser facility with on target laser intensity ~10'" W/cm?,

Measured bremsstrahlung photons energy distributions had temperatures from 0.3 to 1.3 MeV. The
growth of bremsstrahlung radiation yield (£y > 0.1 MeV) in the direction of laser beam propagation was de-
tected then W target thickness increased. Laser pulse energy to bremsstrahlung conversion linearly rose with
on target laser intensity. The bremsstrahlung angular distribution contraction was observed with increasing
target thickness. The maximum bremsstrahlung yield (Ey > 0.1 MeV) of ~0.16 J/sr was registered in the
direction of laser beam propagation behind W target 3.5 mm thick, n2n = (3.0 £ 0.2)% conversion efficiency
was achieved.

As a test 40 mm thick steel objects were imaged by using the source.
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ONITUMMU3ALNSA IBYXKACKAJTHOTO T'NBPUIHOT' O
TA30BOT O JJAMHEPA C BHEIIHEHN MJIASMEHHOMW OBOJIOYKOM
NJISI DOPEKTUBHOM T'’EHEPAIINU K-U3JIYUEHUSA
B MUKPOCEKYH/JIHOM PEKUME UMILJIO3UHU

P. K. Yepouzos, A. B. llluwnos, B. A. Koxwenes, H. E. Kypmaes, C. A. Baeaiiyes

HuctutyT cunmpHoTouno# anekrpornku CO PAH, Tomck, Poccus

UccnenoBanus mna3mel Z-NMMHYA KaK UCTOYHUKA PEHTICHOBCKOTO M3NMy4YeHHs OBbLIM MPOBEICHBI HA Te-
Heparope ['UT-12 (4,7 MA, 1,7 mxc) B UCD CO PAH, 1. Tomck. OCHOBHO# IIEJIBIO IKCIIEPUMEHTOB ObLIa
ONTUMH3ALIUS MTApPaMEeTPOB HArpy3KkH AJsl d3pdekTuBHON reHepanyn K-n3nydeHus B TUHUSAX aproHa B MHK-
POCEKYHIHOM pEeKMME UMILIO3HU. B skcnepuMmeHTax ObUl OIpoOOBaH HOBBIM THIT HArpy3KW: THOPUAHBIN
ra3oBbIi JIaliHep ¢ BHEUIHEH IUIa3MEHHOW 000J0YKOW. BBICTpHIN AMEKTPOMArHUTHBIN KilamnaH C pa3jieieH-
HBIMH KacKaJaMu M03BOJsieT (OpMUPOBaThH TMOPUIHBINA ra30BbIi JaliHep ¢ BHEIIHEH ra3oBoil 000JI04KOH
U LEHTPATbHBIM Ta30BBIM DKETOM. BHYTpeHHMI KacKal MpeaCcTaBisul OO0 CIUTOLIHYIO aprOHOBYIO CTPYIO
Ha OCH CHCTEMBI C MalbIM Ha4yaJbHBIM AUAaMETpOM. BHemHss gelitepueBas 000JI04Ka Urpaja poib cTadu-
JU3aTopa UMIUIO3WH IJIs BHYTPEHHEro Kackaaa. HakoHen, BHEIIHsIsI I1a3MeHHasi 000J104Ka obecreunBana
paBHOMEPHBIM BBOJ TOKa B HAarpy3Ky. B onmucheiBaeMbIX 3KCTIEpUMEHTaX, AMAMETP BHYTPEHHETO aproHOBO-
ro mxera 6pu1 20 MM U (TI03AHEE) 6 MM, BHEIIHSS JieiiTepueBas 00onouka uMena auamerp 81 MM, BHeI-
HSIS TUIa3MeHHas o0onouka GopmupoBanack 48 mua3sMeHHBIMHU MYLIKaMHU, PacloIOKEHHBIMHA Ha AUAMETpPe
350 MM. DKcIIepUMEHTHI OBUTH MIPOBENEHBI C MOCTOSIHHBIMU MapaMeTpaMH ASHTEPHEBOil U BHEIIHEH 1uia3-
MEHHOM 000J104€K, MEHSUIUCH TOIBKO MapaMeTphl BHYTPEHHET0 aproHoBoro Jkerta. JleiitepueBas obonouka
C BHEIIHEH I1a3MEHHOH 000JIOUKOW NP TaKUX MapameTpax MoKa3ald CBOIO 3(PQEKTUBHOCTh B MPOILIBIX
JKCIIEPUMEHTAaX, 00eceunBasi CTaOMIbHYIO HMIUIO3HIO IIPH BpeMeHax MopsiaKa MUKPOCeKyHAHI [ 1, 2].

OKCHEepUMEHTHI MOKa3aJn, YTO TMOPUIHBIN JalfHep MO3BOJsIET 0OecleunBaTh cTabuibHOE CKaThe Z-
MUHYA IPY BpeMeHaxX UMIUTo3un nopsiaka 750—-800 ue. st oueHKH 3G PEeKTHBHOCTH HOBOTO THIIA HATPY3KHU,
MOJTyYeHHbIE KCIEpUMEHTANIbHBIE BBIXO/bl K-M31ydeHus conmocTasieHsl ¢ TeopeTudeckumu [3]. Makcu-
MaJIbHBIN MOy4YeHHbIH Bbixof K-u3mydenus cocrasuia 1,5 k/[/cM npu mUKOBOM TOke UMILITO3UH 2,76 MA,
YTO COOTBETCTBYET d(PEKTUBHOCTHU IIIA3MEHHOTO UCTOYHMKA U3TydeHus 70%, mis auameTpa HeHTpaIbHO-
ro comia B 20 MM, ¥ moutH 2 kJ/cM npu Toke ummiosuu 2,75 MA (addextuBrocTs 94%) nnst tnamerpa
6 mm. Ilpu 3TOM, MOIIHOCTH M3Ny4YeHus1 Obln cpaBHUMBL: 525 I'Bt/cm u 510 I'Bt/em gy 20 MM u 6 Mm
cOOTBETCTBEHHO. Panee [4], 11 HBOMHOrO aproHOBOTO Ta30BOro jaifHepa (TapaMeTpsl KacKaJoB LIEHT-
payibHEIN JkeT/BHEmHS o0omouka 20/100 MM) ¢ BHemIHe# 1uia3MeHHoM 000noukoii 3¢ dexruBHOCTh K-113-
ny4yeHust coctaBuna 60% OT TEOpEeTHUECKOTO 0KUAAEMOro BBIXOJAa M3JIydeHUs A ypoBHS Toka 3,1 MA,
a MOLITHOCTb M3JIyueHHs JocTuraia ToibKko 280 I'BT/cM. AHanu3 sSKciepuMeHTalbHBIX JaHHBIX MTOKa3ajl, 4TO
MakcuManbHas 3QpPeKTuBHOCTE (94%) OblIa JOCTUTHYTA, KOTAA aprOH OCTaBaJICcs B LIEHTPaIbHOM 30HE y371a
Harpy3Kkd W He pacnpoCTpaHsuIcs K nmepudepuu, nepeMennBasch ¢ IeHTepreBbIM KackagoM. JTo ObLIO J0-
CTUTHYTO COKpAIIEHHEM BPEMEHHU MHXEKIHMH aproHa B MEXJIEKTPOAHBIN 3a30p, YMEHBIIEHUEM TUaMeTpa
LEHTPaJIbHOIO COIUIA U OTCYTCTBUEM CETOK 3JIEKTPO/Ja B 30HE MH)KEKLIUU aproHa.

B onmceiBaeMoi KOHGUrypanuu Harpy3kd, BpeMs UMIUIO3MH M BEJIHMYMHA TOKA OTPENENISIOTCS AehTe-
PHEBOI1 ¥ BHELTHEH TU1a3MEHHOM 0000uKkaMy. O4eBUAHBIM IaTOM CTAHOBHUTCS YBEJIHMUYEHHE TOKA UMILIO3UU
JUI TToBBILIeHNs Bbixofa K-usnyuenus. OnHako, peanusanus 3Tod 3ajauu He Tak mpocra. OqHOBpeMEHHOE
yBeJIHMYEHHE TIOTOHHOM MacChl M BpEMEHHU MHKEKLUH JeHTEePUEeBOr0 Kackaa IMPUBENIO K TOMY, YTO OOJIbIIOe
KOJIMYECTBO JICHTEpHsl pacCIpOCTPAHWIOCH NAIEKO Ha nepruepuro y3ia Harpy3Ki. Mbl IPeanoNoKUIT, YTO
HE BeCh JeiTepuil ObUT BOBJIEUEH B MPOLECC UMILIO3MH, YTO MPUBENIO K OOJIBIIMM MOTEPSM TOKa M, Kak
pe3ynbrar, peskoMy nageHuto Boixoga K-mzmywenus (0,4 xJlx/cm, sddextuBHOCTE 13%, TOK MMIIIO3UN
3,12 MA). IToatomy, MBI oOecriednsin OOJbLIYIO JIMHEHHYIO MacCy JeHTEepUeBOi 000I0UKH, YBEIHYHB JaB-
JICHUE B KacKajie, ¥ HEMHOTO YBEJIMYIIN BpeMs WH)KEKIIMH BHEIIHEH M1a3MeHHO# o0onouku. B pesynprare,
MUKOBBIN TOK uMIuio3un goctur 2,91 MA, onnako Beixoq K-u3nydenus ocranics Ha ypoBHe 2 k/[x/cM, uyTo
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cootBeTcTBYeT ddextuBHOCTH 81%. Ilo-BHIUMOMY, B TaHHOW reOMETPHH HAarpy3KH HEBO3MOXHO o0ec-
NEYUTh CYLIECTBEHHO OOJIBIIMK TOK MMIUIO3MH 0e3 CHIKEHUS 3(PPEKTUBHOCTH IIA3MEHHOTO MCTOYHHKA
n3nydeHus. UToObl pemuTth 3Ty npoliieMy, HeoOXoauMo OyIeT mepeodopynoBarh OJIOK HArpy3KH, 4TOOBI
HaYMHATh UMILIO3HIO C OOJBIINX Ha4a bHBIX PaJnyCOB.

HccnenoBanue BHIMOTHEHO 3a cueT rpaHTa Poccuiickoro HayyHoro ¢onaa Ne 22-29-01554, https://rscf.
ru/project/22-29-01554/.
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OPTIMIZATION OF DOUBLE SHELL HYBRID GAS-PUFF
WITH OUTER PLASMA SHELL FOR EFFICIENT GENERATION
OF K-SHELL RADIATION IN THE MICROSECOND
IMPLOSION REGIME

R. K. Cherdizov, A. V. Shishlov, V. A. Kokshenev, N. E. Kurmaev, S. A. Vagaytsev
Institute of High Current Electronics SB RAS, Tomsk, Russia

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 ef-
ficient generation of the Ar 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. An electromagnetic valve with separate vol-
umes formed the hybrid gas-puff consisting of an outer deuterium shell and an inner argon shell. The inner Ar
shell was actually a solid gas jet on the axis of the system with a small initial diameter. The outer deuterium
shell played a role of an implosion stabilizer for the inner gas jet. The third component was the outer plasma
shell that provided the initial conductivity. In these experiments, the diameter of the inner Ar jet was 20 mm
and (later) 6 mm, the diameter of the annular deuterium shell was 81 mm, and the outer plasma shell was
generated by 48 plasma guns located at the diameter of 350 mm. The experiments were carried out at con-
stant parameters of the outer deuterium and plasma shells with varying parameters of the inner Ar jet. The
outer deuterium shell, together with the outer plasma shell at these parameters, has proved its effectiveness
in past experiments, providing stable implosion at times of the order of us [1, 2].

The experiments showed that the hybrid load is capable to provide a stable Z-pinch compression at implo-
sion times of 750-800 ns. The experimental data on the Ar K-shell radiation yield were compared with the
theoretical predictions [3] to estimate the efficiency of a new type of Z-pinch load. The maximum registered
Ar K-shell radiation yield was 1.5 kJ/cm at the peak implosion current of 2.76 MA that corresponds to the
efficiency of the plasma radiation source of almost 70% for 20 mm diameter of central nozzle, and almost
2 kJ/cm at the peak implosion current of 2.75 MA (efficiency 94%) for 6 mm diameter of central nozzle. At
the same time, the radiation powers were comparable: 525 GW/cm and 510 GW/cm for 20 mm and 6 mm
central argon nozzles, respectively. Previously [4], for a double shell Ar gas-puff (with cascade parameters
jet/shell of 20/100 mm), the radiation output was 60% of the theoretically expected output for a current level
of 3.1 MA, and the radiation power reached only 280 GW/cm. Experimental data have shown that the maxi-
mum efficiency (94%) is achieved when the inner argon jet is localized in the central region of the load unit
and argon does not spread to the periphery, interacting with the outer deuterium shell. This was achieved by
reducing the Ar injection time, diameter of the Ar nozzle, and by removing the anode mesh in front of the
central Ar jet.

In the described load configuration, the implosion time and the value of the peak current are determined
by the deuterium and the outer plasma shells. The obvious next step is to increase the peak implosion current
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in order to provide higher Ar K-shell yield. However, the realization of this task was not so easy. A simulta-
neous increase in the linear mass and injection time of the deuterium cascade resulted in the distribution of
a large amount of deuterium far to the periphery of the interelectrode gap. We speculate that not all of the
deuterium was involved in the implosion, which led to large current losses and a sharp drop in the Ar K-shell
yield and radiation source efficiency (0.4 kJ/cm, efficiency 13%, implosion current 3.12 MA). Therefore, we
provided a higher linear mass of the deuterium shell by rising the plenum pressure and slightly increased the
injection time of the outer plasma shell. As a result, the peak implosion current reached 2.91 MA, however
the K-shell radiation yield remained at the level of 2 kJ/cm, that corresponds to the efficiency of the plasma
radiation source of 81%. Apparently, in the given load geometry, it is impossible to provide a significantly
higher implosion current without a decrease in the plasma radiation source efficiency. To solve this problem,
it will be necessary to refurbish the load unit to start the implosion from larger initial radii.

This work was financially supported by the Russian Science Foundation (project No. 22-29-01554, https://
rscf.ru/en/project/22-29-01554/).
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NCCIEJOBAHUE JUHAMMUKHU JIEKTPOHHOI'O ITYUKA
B JUHEMHOM UHJIYKIIMOHHOM YCKOPUTEJIE

A. O. Yepnuya', IT. A. Konecnuxos', U. A. Kapauuncxuii', /1. A. Cmapocmenko®, IT. A. bax®,
JI. A. Huxugpopos®, A. B. Kynenko®

'®I'VIT «Poccuiickuii Denepansubiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusnku
nmenH akagemuka E. . 3a0abaxunay», CHexxuHck, Poccus

2I/IHCTI/ITYT sneprnoit pmsuku um. . Y. bynkepa CO PAH, HoBocubupck, Poccus2.

B POALl - BHUMUT® B 2011 roxy BBeAeHa B KCILTyaTalllI0 peHTreHorpaduueckas yCTaHOBKa Ha Oase
JUHEHHOTO MHAYKIMOHHOTO yckoputens (JINY). JINY ucnonesyercs 1is McciaeqoBaHuS AUHAMHYECKH pa3-
BUBAIOIINXCS 0OBEKTOB MPH B3pBIBHOM HarpyxeHun. B JINY dopmupyeTcs 3neKTpOHHBIN Ty4OK IS Oy~
YEHUS TOYEUYHOI'0 UCTOUHHUKA IaMMa-U3JIy4YeHUs [IPU TOMOILIU KOHBEPCUOHHOW MUIIEHU. FICTOYHUKOM 3JIEK-
TPOHOB CITYKHUT HUH)KEKTOP, CIIOCOOHBIN TeHEPUPOBATh UMITYJILCHI JUTUTENFHOCTBIO OT JECSITKOB HAHOCEKYH/T
JI0 HECKOJIbKUX MHUKPOCEKYH]I 1 TOKOM B HECKOJIBKO KMJIoaMIiep. 3ajada TPaHCIIOPTUPOBKU U (POKYCHPOBKH
TaKoro My4yka B AMaMeTp Mmopsaka 1 MM sBiIseTCs BecbMa CI0XKHOM [1].

B noknane paccMarpuBaeTCs UCCIENOBAHUE JUHAMUKH AIEKTPOHHOIO Iydka B yckopurene JINY. 1lpu-
BOJSTCA PE3YNIbTaThl YHCIEHHOTO MOJICIMPOBAHHUS MTy4YKa, C IIOMOILBIO pa3paboTaHHBIX KOJAOB. Pe3ynbrars
MOZETMPOBAHMSI JEMOHCTPUPYIOT XOpOILlee COOTBETCTBHE Mexy coOoi. [Ipennoxena HoBas koH(UTYpa-
LS TPAHCIIOPTHOTO KaHajia C HOBBIMHU 2JIEMEHTaMH AMAarHOCTHKH JUIS M3MEPEHUS MOMEPEUHOTO MPOQUIIs,
pacdera KOppeKUUU OpOUTHI U APYTUX MapaMeTPOB IyUKa.

O6mas cxema JINY npencrasneHa Ha puc. 1.
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Puc. 1. Cxema TMHEMHOTr0 UHIYKIMOHHOTO YCKOPUTEIS
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THE LINEAR INDUCTION ACCELERATOR LIA-2 ELECTRON BEAM
DYNAMICS INVESTIGATION

A. O. Chernitsa', P. A. Kolesnikov', I. A. Karachinskiy', D. A. Starostenko®, P. A. Bak®,
D. N. Nikiforov?, Ya. V. Kulenko®

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

2BINP, the SB of the RAS, Novosibirsk, Russian Federation

In 2011, RFNC — VNIITF put into operation a radiography facility based on linear-induction accelera-
tor (LIA). The LIA is applied to study dynamically evolving objects under explosive loading. LIA generate
electron beam to obtain a small spot and bright X-ray source using a conversion target. The electrons source
is injectors capable of generating pulses with a duration from tens of nanoseconds to several microseconds
and a current of several kA. The transportation and focusing of high-current beams into diameter about 1 mm
is extremely difficult [1].

The work considers the research of electron beam dynamics in the accelerator LIA. The computational
results of the electron beam with the help of developed cods are presented. The computational results show
a good equivalent between each other. The new configuration of the LIA transport channel with new measur-
ing diametrical profile diagnostic elements, orbit correction calculation and others electron beam parameters
are presented. The common LIA scheme is presented in fig. 1.
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Fig. 1. The common LIA scheme
References
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MOJYYEHUE U30BPAKEHU OBJIACTH B3AUMOJEVCTBUS
BBICOKOMHTEHCHUBHOI'O JIASEPHOI'O UMIIYJIbCA
C TBEPJOTEJbHOM MUIIEHBIO B PEHTTEHOBCKHUX JIYVUAX
N 3APAKEHHBIX YACTUIAX
HOCPEACTBOM KAMEPBI-OBCKYPbI

H. H. lllamaesa, K. B. Cagpponos, B. A. @necenmos, C. A. I'opoxos, /[. C. ['agpunos,
E. C. bopucos, A. B. [lomanosg

OI'VII «Poccuiickmii @enepansubiii Anepusiii Lientp — Beepoccuiickuit HUM texnnueckoit pusuku
nmenu akagemuka E. . 3a0a0axunay», CHexxuHcK, Poccus

Kamepa-o0ckypa sBIIsieTCs MPOCTOM, HO B TO K€ BpeMsi HH(pOPMATHBHOMN TUArHOCTUKOM B3aUMOJICHCTBHS
BBICOKOMHTEHCHBHOT'O JIA3€PHOTO M3JIYUYCHHUS C BEIIECTBOM.

B manHoi#1 paboTe mpeacTaBieHbl pe3yabTaThl BHIIOTHEHHOTO C IPUMEHEHHUEM KaMephl-00CKYPBI UCCIIe-
JIOBaHUS TPOCTPAHCTBEHHBIX XAPAKTEPUCTHK OOJACTH B3aMMOJCHCTBUS IMHUKOCEKYHTHOTO JIA3€PHOTO HM-
IylIbCa C TBEPAOTE/IbHBIMU MHULICHSIMHU [IPH PEJISTHBICTCKOM nuTeHcHBHOCTH (~10"° Br/em?). Perncrpaums
M300pakeHUH JT1a3epHOM MIa3Mbl IPOU3BOAMIACH Ha (POTONFOMHUHECIIEHTHBIE AETEKTOPHI image plate u Tpe-
koBbI€ JeTekTopbl CR39.
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OKCHepruMeHTHl OBUTH MPOBEAEHBI ¢ MUILIEHAMHU U3 Bojib(pama Tonumuoi 0,5 1 2MM B Juana3oHe Hep-
Uy J1azepHoro ummysibca (16,2-40,4) Ix.

3aperucTpupoBaHbl N300paKeHUsI HCTOUYHUKA MMPOTOHOB ¢ 3HeprusaMu a0 10 MaB Ha oOmyuyaemoii mo-
BEPXHOCTH JIa3€PHOI MUILIEHU. YCTaHOBIIEHO, YTO PEHTI€HOBCKOE M3IIy4YE€HUE U 3apsHKEHHBIE YaCTHUIIBI IMHU-
TUPYIOTCS U3 IPOCTPAHCTBEHHO Pa3HECEHHBIX HCTOYHUKOB, YTO MOXKET OBITH CBS3aHO C BIMSHUEM MOLIHBIX
MarHUTHBIX TIOJEH B Jla3epHOH TUIa3Me, B YaCTHOCTH C TaK Ha3bIiBaeMbIM «poHTaH 3¢ dexrom» [1, 2]. TIpo-
Be/IeHA OLIEHKa HAMPsDKEHHOCTH MarHUTHOTO N0, 00yCciIaBiIrBaionIero qanHeii 3¢ ¢exT. JanHoe 3HaueHune
cocrasisieT ~500 MI'c.

[IpoBeneHs! OLleHKN 3Ha4€HUs KOHBEPCUM SHEPTHM JIa3€PHOTO0 MMITyJbCa B HEPTHUIO ITyyKa MPOTOHOB,
a TakKe 3HaueHHs (III0eHCca MPOTOHOB € MepeIHel TOBEPXHOCTH MUILICHH.
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X-RAY AND PARTICLE IMAGES OF REGION LASER-PLASMA
INTERACTION HIGH INTENSITY LASER PULSE
WITH A SOLID TARGET BY THE PINHOLE CAMERA

N. N. Shamaeva, K. V. Safronov, V. A. Flegentov, S. A. Gorokhov, D. S. Gavrilov,
E. S. Borisov, A. V. Potapov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The pinhole camera is a simple but at the same time very informative diagnostic tool for the exploration
of high intense laser-matter interaction.

Here we present the results of experiments where spatial properties of the interaction region on solid tar-
gets irradiated by picosecond laser pulses at relativistic intensity (~10'° W/cm?) were measured by the use of
a pinhole camera. Laser plasma was imaged onto photoluminescent image plate detectors and plastic track
detectors CR 39 through pinhole camera.

Experiments were carried out with tungsten targets with thicknesses of 0.5 mm and 2 mm at the laser
pulse energies from 16.2 to 40.4 J.

Images of up to 10 MeV proton source on the irradiated surface of a laser target were obtained. It has been
established that X-rays and charged particles are emitted from spatially separated sources, it can be due to
the influence of powerful magnetic fields in laser plasma, in particular, the so-called “fountain effect”. The
intensity of the magnetic field, which causes this effect, has been estimated at ~500 MG.

Estimates of the conversion efficiency of the laser pulse energy into proton beam energy and proton beam
fluence are presented.

References

1. Sarri, G. Dynamics of self-generated, large amplitude magnetic fields following high-intensity laser
matter interaction [Text] / G. Sarri, A. Macchi et al. // arXiv:1210.4366v1. —2012.

2. Macchi, A. Toy model of the “fountain effect” for magnetic field generation in intense laser-solid
interactions [Text] // arXiv:1202.0389v1. — 2012.




COOEPXAHUE HA MPEALIAYLLYIO CTPAHULY HA CNEAYIOLWYIO CTPAHULY MEYATb

3-36

HEPCHEKTHUBbBI HCITOJB30BAHUSA UCIIBITATEJIBHBIX
CBEPXBBICOKOBOJBTHBIX YCTAHOBOK NIEPEMEHHOTI'O
N INOCTOAHHOI'O HAIIPAKEHUSA NJISA PASPABOTKH
N COBEPHIEHCTBOBAHUA TEXHOJIOI'MA HEPEJTAYN
JEKTPUUYECKON SHEPTUU C MIOMOIIbIO JTUHUA
YIABTPABBICOKOI'O HAIIPAKEHUSA

H. H. llsey, B. C. Cuvicoes, A. U. Opnos, E. B. bacos, H. M. Jlenéxun, M. FO. Haymosa
OI'VII «POAL — BHUUT® nm. akagem. E. W. 3ab6abaxuna» BHULL 900, Mctpa, Poccus

Ilon TexHOMOrHYECKON OCHOBOM CTPOMUTENHCTBA JIMHUM 3MIEKTporepeaad yabTPaBbICOKOTO HAPSKEHUS
(JISIT YBH) B Poccun B HacTosiiee BpeMs HIOHUMAIOT KOMIIETCHLIUH B 00JacTH JINHUIA [TEPEMEHHOTO TOKa
HanpspkerreM 1000 kB u BrIme u noctosHHoro Toka HanpsxkenueM 800 kB u Beime. [Ipumenenne TexHo-
norun YBH B Poccrn mo3BoiauT MarucTpanbHBIM 3JIEKTPUYECKUM CETSIM YBEIMUYUTH PAcCTOSTHUE Meperadn
ANIEKTPOIHEPTHH C COTEH KHJIOMETPOB JI0 THICSY KHJIOMETPOB M MOBBICHTH MPOIYCKHYIO COCOOHOCTh KaX-
noi JIDII o 6-8 I'BT.

K unciy ocHOBHBIX mpobieM B mepenade 3eKTPOIHEPIUH OTHOCST:

* 1epUIUT TeHepUPYIOLINX U CETEBBIX MOIIHOCTEH B psize pernoHoB PO;

* OTCYTCTBHE dJIEKTprudeckoii cBsi3u Cubuph-Ypan-LieHTp ¢ HeoOX0aMMO MPOITyCKHON CITIOCOOHOCTHIO;

* HEIOCTaTOYHOCTh WHBECTULHMOHHBIX PECYpPCOB Uil Pa3BUTHS IJIEKTPOCETEBOH HHQPPACTPYKTYpbI
1 o0ecIieueHHs TEXHOJIIOTHYECKOTO MIPUCOEIMHEHHSI TOTPeOUTENeH.

IToaTomy ucnonb3oBanue texnonoruu JI9II YBH mMoxHO paccmarpuBarh B KauecTBE MEPCHEKTUBHBIX.
OO0 >TOM CBHUIETEIBCTBYET U MUPOBasl TeHAeHIMs. B kaure [1] 3Ta TEXHOIOTHS paccMOTpeHa B I00aIbHOM
MOCTaHOBKE B CBETE O0ECIIEUeHHs MOLIHBIX YHEPTOMOCTOB MEXAY JIEKTPOIHEPTETHUECKUMH CHCTEMaMu
PasHBIX CTpaH. YUHUTHIBas UMEIOIIUeCs] HapaOOTKU M KomreTeHuun euie co Bpemen CCCP (nepBast B Mupe
munaust 1150 kB nepemenHoro Toka Oblia cO3/aHa W 3alylleHa B dKCIuTyaTaluio emie B 1980-e roasr), cie-
IyeT UCTIONB30BAaTh MOJIOKUTEIBHBIN ONBIT B 3TOH o0Onactu [2]. XKenarenbHo Takke ydacTHe Halllel CTpaHbI
B BO3MO)KHOM IJI0OAJILHOM 3HEPreTUIECKOM O0beIUHEHUH. DTO MO3BOJIUT 3aHATH €i JOCTOHHOE MECTO Kak
TpaH3UTepa IEKTPOIHEPIUU B MUPE. UTO MONOKUTEIBHO CKAXKETCSI HA SKOHOMUKE CTPaHBbI.

Ve ceifyac 1enecooOpa3Ho pacCMOTPETh MPEIOKEHUsT TI0 MOIEPHU3AMK U pa3BUTHU B PO HayuHo-
TexHoJorndeckoi 6a3el coznanus JIDI YBH. A umenHo:

* MPOBEJCHNE Ha PETYISIPHOH OCHOBE HAYYHOI'O OOOCHOBAaHUS BO3MOXXHOCTH U LEJIECOOOPa3HOCTH CO-
3panus JIDI1 YBH, yuuTeiBast JOCTUTHYTHI COBPEMEHHBIN YPOBEHb TEXHOJIOTHH IO 3TOMY Bompocy (B PO
U MHpe);

* MOJIEPHU3ALIMS U Pa3BUTHUE UCHBITATEIbHON 0a3bl 1o co3nanuto JIDII YBH B P®, mo3Bonstomux pe-
1I1aTh BOIPOCHI KOOPAUHAIIMK BO3LYIIHOW N30A1UH ycTpoiicTB Y BH M MX MOTHME3alUIIEHHOCTb, a TAKKe
OIpesieNIeHNs TOTeph Ha KOPOHY U JOMYCTHMBIX YPOBHEH 3JIE€KTPOMAarHUTHBIX TOMEX KaK OrpaHU4YMBaIOLIe-
ro Qakropa;

* MPOBEJCHUE HCCIIEN0BaTENbCKON paboThl M0 000CHOBAHUIO PU3MUECKOI BOZMOXKHOCTH co3aanus JIDIT
VYBH Briie 1000 kB B yactu koopauHanMy M30JALUU, MOJHUE3ALIUTHI U JOITYCTUMOTO YPOBHS 3JIEKTpPO-
MarHUTHBIX TTOMEX.

Crnenyer OTMETHUTb, YTO HACTOSAIIETO BPEMEHH HayYHbIE JaHHbIE MO 3JEKTPUIECKON MPOYHOCTH N30IALUU
B obnactu 6onee 1000 kB manexo He MoTHBIE U HE MO3BOJISAIOT A€aTh YBEpPEHHBIE 3aKIIOYEHUs B 3TOH 00-
nact. B 3Tol CBSI3M AJs pelieHus MOCTaBICHHBIX 3a7a4 0c000 CIeAyeT MOAYEPKHYTh BaKHOCTh M HE00XO0-
JUMOCTh HAaJMYHS UCIIBITATENBHBIX YCTAHOBOK JJIsl UCCEIOBAaHUHN B 00JIaCTH YABTPABBICOKOTO HANPSIKEHUSI.

Taxue cBepXBBHICOKOBOIBTHBIE UCTIBITATEIbHBIE YCTAHOBKH (TIEPEMEHHOIO, MOCTOSIHHOTO M MUMITYJIbCHO-
ro HanpsDKeHUs) ObUIM CO3AaHBI M MyIIEHBI B SKCIUTyaTanuio B koHue 20 Beka Bo BcepoccuiickoMm 3mekT-
potexunyeckoM uHcTUTYTe (BOU) cieumansHo ans peanusanuu npoekra cozganus JISIT YBH 1150 xB.
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Pacnonaratorcsi oHu Ha ucHbITaTeNsHOM Tonurone B I. Mcrpa (cefiuac POSAL — BHUUT® BHUILL 900).
B nacrosiee BpeMs 1Be U3 HUX 3aKOHCEPBHPOBaHHI (kackan TpanchopmatopoB KT 3,5 MB, 1 A; ycTranoBka
nocrosiHHoro Hanpsbkenus YIIH 2,5 MB, 1 A). B paGodeM cocTossHUM HaXOAUTCSI TEHEPATOP UMITYIbCHBIX
HanpsbkeHud Mapkca ¢ HanpsbkeHueM Ha Beixone 10 6MB (cM. puc. 1). YcTaHOBKH MO3BOJISIIOT B 3HAYUTEINb-
HOH Mepe pemnTh B PO Bonpoc ¢ UchbITaTeIbHOM U HCCIEA0BATEIbCKON TEXHUKOH B 3TOM 001aCcTH.

a 7] 6
Puc. 1. UcnpiTarenbHble YyCTAHOBKH YIBTPABBICOKOTO HATIPSKESHUS:

a — xackaz Tpancdopmaropos 3,5 MB; 6 — ycraHOBKa OCTOSTHHOTO HamnpspkeHus 2,5 MB; ¢ — uMnynbcHbIi rereparop Mapkca
¢ HanpspKeHUeM Ha Bbixoze 10 6MB

OnHako HEKOTOpBIE UMEIOIMECS AAHHBIE M0 NMPENEIbHON 3IEKTPUUECKON MPOYHOCTH BO3yXa B JUIMH-
HBIX BO3AYIIHBIX MPOMEXYTKax, XxapakTepHbix s JIOII YBH, eme Tpebyror npopabotku. B Tom umcie
U C UCIIOJIb30BaHUEM CBEPXBBICOKOBOJIBTHBIX UCTIBITATEIbHBIX YCTAHOBOK.

®uznyeckue orpaHuueHus Bo3MokHocTH co3nanus JIDI1 YBH na nampsokenue soime 1000 kB.

B 1980-¢ rompl, B cBsizu ¢ coznanuem munun 1150 kB, B UcTpunckom ortaenenun BOU (cetiuac POSL] —
BHUNWT® BHULL 900) 66111 pOoBEAEHBI CIBITAHUS 3JIEMEHTOB U30JISIIMU ONOPHOI KOHCTPYKLMH ISl €€
obopynosanus. [Ipeamnonaranocs UCNoONb30BaHUE MOMYYEHHBIX PE3yJbTATOB JUIS MPOBEICHUS aHAIU3a 110
npobiemMe NmpeAeabHON MPOYHOCTH BO3AyXa B CBSA3U C OLEHKOW BO3MOXHOCTH co3zfanus JIDII cBepxBrico-
koro HanpspkeHus 10 1500 kB u Beime. McnbiTanus u vccnenoBaHus IPOBOAMIIMCE C TIOMOIIBIO T€HEpaTopa
Mapkca HanpsbkerreM 10 6 MB ommnunTensHONH 0COOEHHOCTBIO KOTOPOTO SIBISIETCS BOBMOXXHOCTH HAKOII-
nenus sHepruu 10 1,2 MJIx. 310 mo3BoisieT GopMUpOBaTh UMITYIbCHl HAIIPSDKEHUS C JUTHTENLHOCTBIO Ha
nonycnazae 10 7500 MKC ¥ MOAENUpOBaTh KOMMYTAI[MOHHBIE HUMITYJIbCHI, KOTOpPbIE MOTYT BO3HHKATh IpHU
sKcITyarauu obopynoanus JIDII Takoro knacca HanpsbKeHU. B HacTosee BpeMst co31aHHbII TeHepaTop
6 MB kak YHuKanbHas Hay4Hasl yCTaHOBKA SIBJISIETCS IEHCTBYIOLIEH CTPYKTYpHON €IMHULIEH B COBPEMEHHOM
uccuenopatenbckoi nHGpacTpykType Poccuiickoit @enepanyn Munoopuayxku (http://ckp-rf.ru/usu/73578/).

[Ipeamerom nccienoBanuii ObLIa 3MEKTpHYECKast IPOYHOCTH BO3LYIIHBIX POMEKYTKOB IIPH Pa3IUYHBIX
(dopmax BO3IEHCTBYIONIMX UMIYJILCOB HampspkeHus. Oco0oe BHUMaHHUE YAETAI0Ch IPOMEKYTKY MOJIOXKHU-
TEJbHBIN CTEPKEHb-TUIOCKOCTh, KaK UMEIOLEMY MUHUMAJIBHYIO 3JIEKTPUUYECKYIO TPOYHOCTH CPEIH MpoMe-
YTKOB BCEX THIIOB.

Pesynbrar npoBeaeHHBIX UCCIeN0BaHMM Moka3an [3] , 4to BeIOOp paboyero Hampsokenus 6onee 1000 kB
TpeOyeT Ooee TIIATENBLHON MPOPAOOTKH M, BO3MOXKHO, IPUMEHECHHUS CTICIUAbHBIX Mep AT YBETUUEHHS
3NIEKTPUUECKON MMPOYHOCTH MEXKITEKTPOAHBIX TPOMEKYTKOB, XapakTepHbIX A tuHui Y BH nepemennoro
Y TIOCTOSIHHOTO HaTPSKEHMS.

BriBoanl

5. JIOII nepemenHoro Toka 1150 kB u mocrosHHOTO TOKa +-800 KB, 110 KOTOPHIM MOKET MEPEAABATHCS MOIII-
HocTb 110 8 BT, MoryT pemmth 3a1a4u cucTeMHOro xapakrepa. OHM MOTYT OBITh HCIIOJIB30BaHBI ISl CO3AaHUS
MOIIIHBIX MEKCUCTEMHBIX cBsi3el B EDC, mepenaun aeKTposHEPTUy OT yAAIEHHbBIX KPYITHBIX 3J€KTPOCTaHIMN
notpedutessiM. Joctmxenus CCCP B sToli 0o6macTu odecneunnym MupoBoe IuaepcTBo B 1960-e rogsl B o0macTu
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anektponepenaun YBH, a taxke B oOnactu pazpabotku u BHeapenus JISII CBH u YBH nepemenHoro u moc-
TOSIHHOTO TOKA.

6. CymectByromuii 1ucOananc pa3MemeHus HEHTPOB MPOU3BOACTBA U MOTPeOICHHsT SHEPropecypcoB Mpu-
BOAUT K KOHIEHTPaLUH SKOHOMHYECKOTO POCTa M SHEpromorpedneHus: B LeHTpaipHOH EBpomeiickoil yacTu
Poccun u cMemnienue 100bIYM M IPOM3BOACTBA SHEPIETHYECKUX PECYPCOB B CEBEPHBIE M BOCTOUHBIE PETHOHBI
cTpanbl. JT0 (akT TpedyeT CO3MaHus MOIIHBIX MIEKTPOIHEPTETHUECKUX MOCTOB.
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PROSPECTS FOR THE USE OF ULTRA-HIGH-VOLTAGE AC AND DC
TEST FACILITIES FOR THE DEVELOPMENT AND IMPROVEMENT
OF THE TECHNOLOGY FOR TRANSMITTING ELECTRICAL
ENERGY USING ULTRA-HIGH VOLTAGE LINES

N. N. Shvets, V. S. Sysoev, A. I. Orlov, E. V. Basov, N. M. Lepekhin, M. Yu. Naumova

Federal State Unitary Enterprise “RFNC — VNIITF im. academician E. I. Zababakhina” VNITs 900, Istra,
Russia

The technological basis for the construction of ultra-high voltage power lines (UVN power transmission
lines) in Russia is currently understood as competencies in the field of alternating current lines with a voltage
of 1000 kV and above and direct current with a voltage of £800 kV and above. The use of UVN technology
in Russia will allow the main electric grids to increase the distance of electricity transmission from hundreds
of kilometers to thousands of kilometers and increase the capacity of each transmission line to 6—8 GW.

The main problems in the transmission of electricity include:

* shortage of generating and network capacities in a number of regions of the Russian Federation;

* lack of electrical communication Siberia-Ural-Center with the necessary bandwidth;

« insufficiency of investment resources for the development of power grid infrastructure and provision of
technological connection of consumers.

Therefore, the use of the technology of power transmission lines UVN can be considered as promising.
This is evidenced by the global trend. In the book [1], this technology is considered in a global setting in the
light of providing powerful energy bridges between the electric power systems of different countries. Tak-
ing into account the existing developments and competencies since the times of the USSR (the world's first
1150 kV AC line was created and put into operation back in the 1980s), positive experience in this area
should be used [2]. The participation of our country in a possible global energy association is also desirable.
This will allow it to take its rightful place as a transit country for electricity in the world. That will positively
affect the economy of the country.

Already now it is advisable to consider proposals for the modernization and development in the Russian
Federation of the scientific and technological base for the creation of power transmission lines UVN. Namely:

* carrying out on a regular basis a scientific substantiation of the possibility and expediency of creating a
power transmission line UVN, taking into account the achieved modern level of technology on this issue (in
the Russian Federation and in the world);

» modernization and development of a test base for the creation of UVN power transmission lines in
the Russian Federation, which allow solving issues of coordinating the air insulation of UVN devices and
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their lightning protection, as well as determining corona losses and permissible levels of electromagnetic
interference as a limiting factor;

* carrying out research work to substantiate the physical possibility of creating a power transmission line
UVN above 1000 kV in terms of coordination of insulation, lightning protection and the permissible level of
electromagnetic interference.

It should be noted that the current scientific data on the dielectric strength of insulation in the region of
more than 1000 kV are far from complete and do not allow making confident conclusions in this area. In this
regard, in order to solve the tasks set, it is especially important to emphasize the importance and necessity of
having test facilities for research in the field of ultrahigh voltage. Such ultra-high-voltage test facilities (AC,
DC and impulse voltage) were created and put into operation at the end of the 20th century at the All-Russian
Electrotechnical Institute (VEI) specifically for the implementation of the project for the creation of a 1150
kV UVN transmission line. They are located at the test site in Istra (now VNIITF VNITS 900). Currently,
two of them are mothballed (cascade of transformers KT 3.5 MV, 1 A; constant voltage installation UPN 2.5
MYV, 1 A). The Marx impulse voltage generator with an output voltage of up to 6 MV is in working condition
(see fig. 1). The installations allow to a large extent to solve the issue of testing and research equipment in
this area in the Russian Federation.

a b c
Fig. 1. Ultra high voltage test facilities:

a — a cascade of transformers 3.5 MV, b — setting a constant voltage of 2.5 MV; ¢ — a Marx pulse generator with a voltage at the
output up to 6 MV

However, some of the available data on the ultimate electric strength of air in long air gaps, typical for
UVN power lines, still need to be worked out. Including using ultra-high-voltage test facilities.

Physical restrictions on the possibility of creating a power transmission line UVN for voltages above
1000 kV.

In the 1980s, in connection with the creation of a 1150 kV line, in the Istra branch of VEI (now RFNC —
VNIITF VNITS 900), insulation elements of the supporting structure for its equipment were tested. It was
supposed to use the obtained results for carrying out an analysis on the problem of the ultimate strength
of air in connection with the assessment of the possibility of creating an extra-high voltage transmission
line up to 1500 kV and higher. Tests and studies were carried out using a Marx generator with a voltage
of up to 6 MV, a distinctive feature of which is the ability to store energy up to 1.2 MJ. This makes it pos-
sible to generate voltage pulses with a half-decay duration of up to 7500 us and simulate switching pulses
that may occur during the operation of power transmission line equipment of this voltage class. At present,
the created 6 MW generator as a unique scientific installation is an active structural unit in the modern re-
search infrastructure of the Russian Federation of the Ministry of Education and Science (http://ckp-rf.ru/
usu/73578/).

The subject of research was the electrical strength of air gaps under various forms of acting voltage pulses.
Particular attention was paid to the positive rod-plane gap, as having the minimum dielectric strength among
gaps of all types. The result of the conducted studies showed [3] that the choice of operating voltage of more
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than 1000 kV requires more careful study and, possibly, the use of special measures to increase the electrical
strength of the interelectrode gaps characteristic of AC and DC voltage UHV lines.

Conclusions

1. Power lines of alternating current 1150 kV and direct current +800 kV, through which power up to 8 GW
can be transmitted, can solve problems of a systemic nature. They can be used to create powerful interconnections
in the UES, to transmit electricity from large remote power plants to consumers. The achievements of the USSR
in this area ensured world leadership in the 1960s in the field of UHV power transmission, as well as in the
development and implementation of high-voltage power lines and UHV AC and DC.

2. The existing imbalance in the location of centers of production and consumption of energy resources leads
to a concentration of economic growth and energy consumption in the central European part of Russia and a shift
in the extraction and production of energy resources to the northern and eastern regions of the country. This fact
requires the creation of powerful electric power bridges.
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BBICOKOUHTEHCUBHBIN MOPTATUBHBIN HEMTPOHHBIN
TEHEPATOP HA JIABEPHO-IINIASMEHHOM NOHHOM JIMOJIE

/. C. Cmenanos, K. U. Koznosckuui, A. I1. Ckpunnux, 3. A. LlIkonbnuxos

HaunonansHeiil uccienoBarenbekuil siaepubiil yausepcuter « MUON», Mocksa, Poccust

[lopTaTiBHBIE HCTOYHUKH HEHTPOHOB TOBOJILHO MIMPOKO PACHPOCTPAHEHBI B NPUKIAJHBIX U QyHIaMeH-
TaJbHBIX MCCIEIOBAaHUAX Onarofaps psAAy YHUKAJIBHBIX KauecTB. Tak reHepaTopbl Ha OCHOBE BaKyyMHBIX U
ra30HaMOJHEHHBIX HEUTPOHHBIX TPYOOK MO3BOJIMIIN AOCTHYh HEUTPOHHBIX MOTOKOB 10° HEHUTPOH/UMITYJIBC
(na peakuun D(d, n)3He), COXpaHsisi MaJible TabapuThl, YTO 00ECIEeUYnBacT UM aKTUBHOE NMPUMEHEHHE, Ha-
npuMep, B IIHUPOKOM CIEKTpe KapoTaKHBIX TexHojorui. [lopraTuBHbIe reHepaTopbl Ha 0ase MiIa3sMEeHHOTO
(hokyca MOTYT TeHEepUpPOBATh PEKOPAHBIC 3HAUEHHsI HEUTPOHHBIX MOTOKOB 10'-10" HEHUTPOH/UMITYJIbC HA
9TOH ke peakuuu. B To e BpeMs MOABISIOTCS HOBBIE TEXHOJIOTUH, KOTOPBIE HE MOTYT OBITh pean30BaHBI
13-32 HEBO3MOKHOCTH YNYUIIEHHUS XapaKTEPUCTHK MOAOOHBIX T'eHepaTopoB. B 3Toii cBsA3M, MpoBeneHHbIE
cpaBHuUTENbHO HefasHO B HUAY MU®U uccnenoBanus MoKa3aiy, YTO NEPCIEKTUBHBIMU aHAJIIOIAMU 3THX
nprOOPOB MOTYT CTaTh BBICOKOMHTEHCHUBHBIE IOPTaTUBHBIE HEHTPOHHBIE T'€HEPaTOphl Ha Ja3epHO-TIIa3-
MEHHBIX MOHHBIX nuojax [1]. B oriauuue oT cymiecTByrOMKX MOCIEAHNE MOTYT T€HEPHPOBATh Pa3psAHYI0
J1a3My BBICOKOHM INTIOTHOCTH, 00pa3ysl peKopAHbIe 3HaY€HHsI HOHHBIX TOKOB. Hike maetcst onucanue moiy-
YEHHBIX PE3yJIbTaToB NP NPOBEICHUH Pa3paboToK 3TUX NMprOopoB. [eHepaTOp UMITYIbCHBIX HANPSKESHUH
(TYH) onnoit u3 ycTaHOBOK (BBeAeHa B cTpoii B 2022 1) 3amycKaeTcs ¢ MOMOLIBIO JIA3EPHOTO pa3psaHUKa
u obecrieunBaet pabouee HanpspkeHue 350 kB npu 3amacennoit sneprum 300 [x. M3smepeHne HEHTPOHHBIX
MOTOKOB TpoBoauUTCs ¢ omotubto npudopa TIIMBH61. Teepaotensusiii Nd:YAG nazep Ha AJMHE BOTHBI
1064 um obnanaet suepruei B umnyibsce 0,2—0,7 [Ixx. OcHoBHO# ny4 na3epa (90% OT ero 3Hepruu) Hanpas-
JsieTCsl Ha JIA3ePHYI0 MUILEHb (Zr u U30TOIBI BOAOpoaa), oOpasys Ja3epHylo miasmy. Croycts 70 Hc reHe-
pHUpyeTcs BBICOKOE HampsiKEeHUe, MoJ ASHCTBUEM KOTOPOro MOHHAsi KOMIIOHEHTA IUIa3Mbl IOCTUTaeT KaTo-
Ja — HeUTpoHOOpasyollel MUIIeHH. MIOHbI H30TONOB BOAOPOAA BCTYHAIOT B AAEpHBIE PEaKLUUH C MaTepHra-
JIOM MUILIEHH (COpOMpPOBaHHBIE M30TOIBI BOAOPOA), TeHEpUPYs. HEUTPOHBI. BakyyMHas kamepa COOepKUT
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OJIMH U3 Ba)XKHEHIIMX 3JI€MEHTOB YCTAHOBKH - CUCTEMY MarHUTHOW M3OJSLMM CIyKalled AN yCTpaHEHUs
MOTOKa BTOPUYHO-3MUCCHOHHBIX 3JIEKTPOHOB U3 HEUTpOHOOOpasyromeil MumeHu. OTMETUM, YTO MOCIeN-
HHUE MOTYT JJOCTUTaTh KWJIOAMIIEPHBIX 3HAYE€HH, YeM CO3al0T JHIIHIO Harpy3ky Ha ['MH. PaGounii Ba-
KyyM B CUCTEME COCTaBISAET 107 Topp. Ilpn nanpsoxkenun [H 280 kB u sHeprum nazepa 0,2 J[x ObLn
MOJyYeH UMITYJIbC HOHHOTO TOKa ~1 KA mpH UTeabHOCTH | MKC [2], 4TO 3HAYMTEIBHO MPEBOCXOIUT aHa-
JIOTUYHbIE BEJTMYMHBI NIPU YBEIMUYEHHOMN BJBOE JIa3€pHON IHEPIHHU, MOTyUEHHbIE Ha YCTAaHOBKE, 3alylleH-
HoH panee (3amyck B 2016 1) 1 sBIIsIIOLIEHCS] TPOTOTUIIOM paccMarpuBaeMoil. Kak mokazanu uccienoBanus,
MIPUYUHON 3TOTO SABISETCS 3HAYMTEIBHO MOACPHU3UPOBAHHASI CUCTEMAa MarHUTHOW M3oiALuu. YTo ke Ka-
CaeTcsl HEUTPOHHOIO BBIXO/A, TO €r0 3HAYEHHE COCTaBUIIO 2 10" 5-10° HEHUTPOH/UMITYJIBC IS IEPBOM
1 BTOPOH YCTAHOBKHM COOTBETCTBEHHO. CpaBHMBAsI TUMMYHYIO AJTUTEIBHOCTD PACIIMPEHHS JTa3epHON T1a3-
MBI C JUITUTEIBHOCTHIO HMITYJIbCA TOKA, MOYKHO OTMETHUTD 3aMeUISIOIIEee M1a3My AeHCTBUE MAarHUTHOTO TOJIS.
Mexy Tem, A yBEeIMUYEHHUs] HEHTPOHHOTO BBIXOJa BaXKHO HE TOJIBKO BBICOKOE 3HAUEHHE TOKAa HOHOB, HO
U JUIMTEIBHOCTB 3TOr0 TOKa. YTO ke KacaeTcs pabOThl CHCTEMbl MATHUTHOM M3OJSLHH, TO OBLIO OTMEe-
HO TOJTHOE OTCYTCTBHE OOPAaTHBIX BTOPHYHO-IMHCCUOHHBIX 3IEKTPOHHBIX MOTOKOB. DKCIIEPUMEHTHI TAKXKe
MOKa3aJIi peasIbHyI0 NEPCIEKTUBY YBEINYEHNSI HEHTPOHHOTO BBIXO/A MTPU YBEIMUYEHUM SHEPTUH Jla3epa 10
2 Jloxx u 'MHa no 2,9 x>k (3Ta yCTaHOBKA B HACTOSIIIEE BPEMSI COOPY>KAETCSI) 10 10° HEUTPOH/UMITYJIBC Ha
D(d, n)*He peaknuu.
HccnenoBanue BBIMOMHEHO 3a cueT rpaHTa Poccuiickoro Hayunoro ¢onma Ne 22-29-00508.
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A HIGH-INTENSITY PORTABLE NEUTRON GENERATOR POWERED
BY A LASER-PLASMA ION DIODE

D. S. Stepanov, K. 1. Kozlovskij, A. P. Skripnik, E. Y. Shkolnikov

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia

Portable neutron sources are quite widespread in applied and fundamental research due to a number of
unique qualities. Thus, generators based on vacuum and gas-filled neutron tubes made it possible to achieve
neutron fluxes of 10° neutrons/pulse (based on the D(d, n)’He reaction), while maintaining small dimensions,
which ensures their active use, for example, in a wide range of logging technologies. Portable generators
based on a plasma focus can generate record values of neutron fluxes 10M-10" neutron/pulse at the same re-
action. At the same time, new technologies are emerging that cannot be implemented due to the impossibility
of improving the characteristics of such generators. In this regard, studies conducted relatively recently at the
NRNU MEPhI have shown that high-intensity portable neutron generators based on laser-plasma ion diodes
can become promising analogues of these devices [1]. Unlike the existing ones, the latter can generate high-
density discharge plasma, forming record values of ion currents. Below is a description of the results ob-
tained during the development of these devices. The pulse voltage generator (PVG) of one of the installations
(commissioned in 2022) is started using a laser arrester and provides an operating voltage of 350 kV with a
stored energy of 300 J. Measurement of neutron fluxes is carried out using the TPIVNG61 device. Solid-state
Nd:YAG laser at a wavelength of 1064 nm has a pulse energy of 0.2—0.7 J. The main laser beam (90% of its
energy) is directed at the laser target (Zr and hydrogen isotopes), forming a laser plasma. After 70 ns, a high
voltage is generated, under the action of which the ion component of the plasma reaches the cathode - the
neutron-generating target. Hydrogen isotope ions enter into nuclear reactions with the target material (sorbed



COJOEPXAHUE HA NPEALIAYLWYIO CTPAHULY HA CNEAYIOLWYIO CTPAHULY MEYATb

hydrogen isotopes), generating neutrons. The vacuum chamber contains one of the most important elements
of the installation — a magnetic isolation system that serves to eliminate the flow of secondary emission
electrons from the neutron-forming target. Note that the latter can reach kiloampere values, which creates an
extra load on the PVG. The working vacuum in the system is 107° Torr. At a PVG voltage of 280 kV and a
laser energy of 0.2 J, an ion current pulse of ~1 kA was obtained at a duration of 1 microsecond [2], which
significantly exceeds similar values with twice the laser energy obtained at an installation launched earlier
(launched in 2016) and is a prototype of the one under consideration. Studies have shown that the reason for
this is a significantly upgraded magnetic insulation system. As for the neutron output, its value was 2 - 107
and 5 - 10° neutron/pulse for the first and second installations, respectively. Comparing the typical duration
of the laser plasma expansion with the duration of the current pulse, it is possible to note the plasma-slowing
effect of the magnetic field. Meanwhile, to increase the neutron output, it is important not only the high value
of the ion current, but also the duration of this current. As for the operation of the magnetic isolation system,
the complete absence of reverse secondary emission electron flows was noted. The experiments also showed
a real prospect of increasing the neutron yield by increasing the laser energy to 2 J and PVG to 2.9 kJ (this
installation is currently under construction) to 10° neutrons/pulse per D(d, n)*He reaction.

The research was carried out at the expense of the grant of the Russian Science Foundation Ne22-29-
00508.
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YPABHEHHUE COCTOSIHUS U TPAHCIIOPTHBIE CBOMCTBA
TYT'OIIVTABKUX METAJIJIOB
B OBJIACTH CBEPXKPUTHYECKOI'O ®JIIOUIA

A. C. Hlymuxun
OO0bennHeHHBINH MHCTUTYT BeIcOKUX Temneparyp PAH, Mocksa, Poccust

BemiectBo mpu TemIieparype U INIOTHOCTAX BBIIIE KPUTHUECKUX HA3bIBACTCA CBEPXKPUTHYECKUM (piron-
oM (CK®) wim warm dense matter (WDM). Takux cocTostHU# B 1aO0OpaTOpHBIX YCIOBUSX MOXKHO TOCTHUT-
HYyTb, HAallpUMeEp, C MOMOIIBIO JIA3EPHOTO HarpeBa, 3JIEKTPOB3pbIBA MTPOBOJIOYEK MM B YIApPHO-BOIHOBBIX
sKcriepuMeHTax. st TyromnaBkux MetaiioB (Hanpumep, Be, Mo, Zr, W, Ta, U) npakTH4eCcKU OTCyTCTBYIOT
JKCIEpPUMEHTANIbHBIE JaHHBIE BBILIE TEMIIEPATYphl IUIaBiaeHus. B To ke BpeMs, CBOMCTBA 3TUX METAJIOB
B 00JIaCTH CBEPXKPUTHUECKOTO (ITIOMIa HMEIOT 0C000€ 3HAUCHHE M3-32 UX TEXHOJIOTMYEeCKOTO MPUMEHEHN,
HamnpuMmep, B TEPMOSEPHON SHEPTETUKE.

B a710if paboTte MbI ipeaniaraeM 0000IIEHHYIO MOJIENb AJIsl onrcaHus (pa3oBoOro nepexoaa nap->KuaKoCcTh
(IMAIEKTPUK—METAILT), OCHOBAHHYIO Ha «3-» MOAEH IIa3MEHHOTO (oA, MPeAaoKeHHOH Hamu B [ 1, 2],
NPUMEHHUTENIFHO K TyromiaBkuM MeTaiuiaM. [Ipeanaraemas cBoOoaHas sHeprus [ eapMronbsua 1uist INIOTHON
aTOMapHOW MJIa3Mbl MIAPOB METAIIIOB OMHUCBHIBAET CMECh M3 aTOMOB, MOTPYKEHHBIX B JIEKTPOHHOE XKeEJe,
a TaKKe HenJeaJbHbIX CBOOOJHBIX HOHOB U AJIEKTPOHOB. Mozesb HazBaHa «3+» H3-3a HAJTMYUS HIIEKTPOHHO-
ro xese. DIeKTPOHHOE keJle BO3HUKAET BCIESICTBHIE MEPEKPHITHS XBOCTOB BOJHOBBIX (PYHKINH CBS3aHHBIX
JJIEKTPOHOB, JIEKaIUX BHE Aueilku Burnepa—3elitia. Bo3HHKHOBEHHE IEKTPOHHOIO JKeJe BEJET K MOsB-
JICHUIO KOT€3UU — KBAaHTOBOM, KOJUIEKTUBHOW SHEPIUHM CBA3M aTOMOB B MeTajuie. CoracHO Halleil runorese,
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HMOHHBIC OCTOBBI BMECTE C DJIEKTPOHHBIM JKejle 00pa3yloT «ra3000pa3Hblii METAILD», KOTOPBIM CYIECTBYET
npu J1t000i TIOTHOCTH. KOHIIGHTpaIlysl 3JIEKTPOHOB KeJe ONMpeNeisieTcs pa3uYHbIME criocobamu. KoH-
LEHTPAIUs TeIJIOBBIX AIIEKTPOHOB onpeeinsercs no ¢popmyie Caxa. BzauMosnelicTBrie CBOOOMHBIX 3apsiI0B
OIHCHIBACTCS B IPUOIMKCHUHN ONIMKANIIEro coceaa. YpaBHECHHE COCTOSHUS U TPAHCIIOPTHBIC CBOMCTBA Ty-
rormiaBkux MetamioB (Mo, Zr, Ta) paccunTaHbl B IIMPOKOM JMANa30HE TEMIEpaTyp U TioTHocTel. [Ipose-
JICHO CPAaBHEHHE MOIYUYEHHBIX PE3YABTATOB C UMEIOIIUMHUCS JAaHHBIMU SKCIIEPUMEHTOB [3] U pe3ynbsraTaMu
YHCIICHHOT0 MojienupoBanus [4, 5].
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EQUATION OF STATE AND TRANSPORT PROPERTIES
OF REFRACTORY METALS IN SUPERCRITICAL FLUID STATE

A. S. Shumikhin

Joint Institute for high temperatures of RAS, Moscow, Russia

A matter at temperatures and densities higher than the critical one is called supercritical fluid (SCF) or
warm dense matter (WDM). Such states in the laboratory can be achieved, for example, by laser heating,
electric explosion of wires or in shock-wave experiments. For refractory metals (e.g. Be, Mo, Zr, W, Ta, U),
there are practically no experimental data above the melting point. At the same time, the properties of these
metals in the plasma fluid regime are of particular importance because of their technological application, for
example, in thermonuclear energetic.

In this work, we propose a generalized model to describe the thermodynamic and transport properties of
supercritical fluid of metals, based on the “3+” model of plasma fluid proposed by us in [1, 2]. The Helm-
holtz free energy of dense atomic metal vapors describe the mixture of free non-ideal electrons and ions and
atoms immersed in jellium. Given the presence of jellium, we named this model the “3+” model. Jellium
is constituted by tails of wave functions of bound electrons lying outside the Wigner—Seitz cell (WS). Jel-
lium provides the appearance of collective quantum energy — cohesion. According to our hypothesis, the
ion cores together with the jellium form a “gas—metal” state that exists at any density. The concentration of
thermal electrons is determined by the Saha formula. The interaction between free charges is described in
nearest neighbor approximation (NNA). The equation of state and electrical conductivity were calculated in
supercritical fluid regime for refractory metals (Mo, Zr, Ta) in wide range of densities and temperatures. The
obtained results are compared with available experimental [3] and numerical data [4, 5].
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