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Section 1. Processes of radiation and plasma interaction with solids
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WccnepoBaHbl Npouecchl B3aMMOAenCTBUA oTpULaTenbHO 3apsikeHHbIX MOHOB BOAOPOAa C MeHKaMu NUPONUTUYECKOro rpa-
duTa TonwmHon 3 Mkm. ObnyyeHne noHamu H- ¢ aHepruen 18 MaB B nHTepsane o3 1500- 5000 MKA-4 NpoBOAMIOCE B OCTATOY-
HOM Bakyyme He xyxe 4:10* Ma Ha umknoTpore Cyclone 18/9 umknamm anutenbHocTbio Mo 100-120 MUHYT NPM NAOTHOCTM MOHHOTO
Toka ~ 320 MKA:CM? CO CpedHUM MPOMEXYTKOM MEXIY LMKNamm ~ 22 4acoB. VOeHTUUKALMIO y-M3MyYalolmx paanoHyKnuaos
BbIMOMHSANU C UCMNOMb30BaHNEM CMEKTPOMETPA Ha 0coB0 YMCTOM repMaHuu: AeTekTtopHas cuctema GEM40-83/DSPEC jr 2.0; aHep-
retmdeckvuin amanasoH 14.5 — 2911.4 kaB; paspewwerue 0.182 kaB/kaHan. NHgeHTupoBaHne nposoaunock Ha npubope MMT-3 no
CTaHpapTHoM meToauke. B y-cnekTpax obnyyeHHoro noHamm H* nuponutuyeckoro rpaduvTa Habno[anvucs NUHUM PagnoHyKNaoB
5’Ni, %5Co, *®Co, %Co, %Co, **Mn u 5'Cr. YkasaHHble pagmoHyknuasl o6pasyloTcsi B pesynibTate siAepHbIX peakuuii ¢ NpoToHaMm
CTabunbHbIX M30OTOMOB Xerfe3a, XpoMa U Hukensi. B obnyyeHHbIX nneHkax Habniopganucb MukpodedekTbl pasmepom ~1- 5 MKM,
HepaBHOMEpPHO pacnpefeneHHble No noBepxHocTu. Pasmepbl obnacten ckonneHun aedektoB Haxoawnucb B npegenax 50-200
MKM, NIOTHOCTL Bapbuposanack ot 10 4o 150 mm2. Mpu Harpyskax cebiwe 10 r BOKPYr TOYKM KacaHus WHOEHTopa Habnioaanuch
pagvanbHble TPeLUMHbI, ANMHA KOTopbIX M3MeHsinack ot 50 ao 150 mMkM. KonuvecTBo TpeLumH 3aBUCeno OT TOro, Ha Kakon CTOPOHe
NMEHKN NPON3BOAMIOCHE UHAEHTUPOBAHNME.

Knroyeenle crioea: nponuTuyeckunii rpacput; obryveHune; MoHbl BoJopoaa; paanuoHyKnabl.
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Interaction between negatively charged hydrogen ions and 3 microns pyrolytic graphite films was investigated. Irradiation with
18 MeV H ions in the dose range of 1500-5000 pyAh was carried out in a residual vacuum no worse than 4-10~ Pa on the Cyclone
cyclotron of 18/9. Irradiation cycles had the duration of 100-120 minutes, ion current density ~ 320 yA-cm™ and average time be-
tween cycles ~ 22 hours. The identification of y-emitting radionuclides and the determination of their activity were performed using
the spectrometer on highly pure germanium: GEM40-83/DSPEC jr 2.0 detection system; energy range 14.5 — 2911.4 keV; resolu-
tion 0,182 keV/channel. Indentation was carried out at room temperature on a PMT-3 instrument using the standard procedure. In
the y-spectra of pyrolytic graphite irradiated with H* ions, lines of nickel *’Ni, cobalt °Co, %*Co, 5Co, 8Co, manganese *Mn, and
chromium ¥'Cr were observed. The dominant radionuclide was *'Cr with a half-life of 27.7 days. These radionuclides are formed as
a result of nuclear reactions with protons of stable iron isotopes (*Fe, 5’Fe, %Fe), chromium (52Cr, 53Cr, 54Cr) and nickel (**Ni). Mi-
crodefects appear in irradiated pyrolytic graphite films — dark spots ~ 1-5 um in size. They are unevenly distributed over the surface
- there are areas of their clusters and relatively clean areas. The sizes of the areas of defects accumulations were in the range of
50-200 um, the density varied from 10 to 150 mm~. At loads over 10 g around the tangency point of the indenter, long radial cracks
were observed, the length of which varied depending on the load from 50 to 150 microns. The number of cracks depended on the
side of the film on which the indentation was made. On the concave side from the tangency point of the indenter 4 cracks diverged,
and on the convex side — 3. This indicates the recrystallization of the film into the diamond lattice during the irradiation process. In
the region of compression deformations, crystallization occurs in the (111) direction with a more dense atomic packing, and during
tensile deformations, the packing is less dense (100).
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BeegeHue ro M3nyyYyeHus SBMSIOTCA NPEAMETOM WHTEHCUBHbIX
ToHKME NNEeHKN NUPONUTUYECKOrO rpadomTa LMPOKO uccneposaHuii [1]. Bbi3biBalOT Takke MHTEpec uccre-
MCNonb3yKTCA B YCTPOUCTBAX BbiBOAA MOHHOMO Myyka AOBaHWS B3aUMOAENCTBUS rpaduTa C BOAOPOAHOM
(Tak HasblBaeMbIX CTpunnepax) B LMKNOTPOHAX mMeau- nnasmon. OgHako npouecchl, npoTekawoue npu ob-
LIMHCKOTO HasHaveHusi. B HMx oTpuuaTtenbHO 3apsKeH- NyYeHn MUPONUTMYECKOro rpaduTa BbICOKOIHepre-
Hble MOHbI H™ TepsaIoT 3neKTPOoHbI 1 TPaHCHOPMMPYHOT- TU4HbIMK (10-20 MaB) oTpuuatensHo 3apsikeHHbIMM
CA B MOJMOXWUTENbHO 3apsXeHHble MNPOTOHbLI, Bcnea- voHamu Bofopopda H-, [0 HacTosLiero BpemeHu cu-
CTBME Yero W3MEeHsieTCHd Ha MNpPOTUBOMOMOXHOE cTemaTtm4ecku He nccrnenoBanuce.
HanpaBfeHne OTKIOHEHWS! MOHHOTO MNy4yka B MarHuT- Llenbto HacTosAwen paboTel ABNANOCL Uccnenosa-
HOM MOfie, N MOHHBIA NYy4OK MOXET ObiTb Nerko BblBe- HUEe MpOLeCCOB B3aVWMOAENCTBUA MOHOB H° aHepruei
OeH Ha obnyyaemyo MULLIEHD. 18 MaB ¢ TOHKMMM (TOMLWMHA 3 MKM) MAeHKaMu nupo-
Bonpocbl Mogudmkauum CBOWCTB rpaduta npu nmTUYeckoro rpadura.

BO34ENCTBUN PasfnUYHbIX BMAOB BbICOKO3HEPreTUYHO-
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MeToabl uccnegoBaHuA

O6nyyeHune oTpULATENbHO 3aPSHKEHHBIMU MOHaMK
Bogopoaa H c¢ sHeprmnen 18 MaB B uHTepBane 803
1500- 5000 MKA-4Y NNEHOK NUPONUTUYECKOrO rpadmTta
TONWMHON 3 MKM NMPOBOAMIIOCH B OCTATOMHOM BaKyy-
Me He xyxe 4-10* MNa Ha umknoTpoHe Cyclone 18/9 HC
(IBA, Benbrus) uyknamu anutensHoctbio no 100-120
MUHYT MpW NIIOTHOCTU MOHHOTO ToKa ~ 320 MKA-cM2 co
CPEeAHVM BPEMEHHBLIM MPOMEXYTKOM MeXay LMKiamu
~22y.

MaeHTudmkaumio y-n3nyyarLmx paguoHyKnnaoB v
onpegeneHne ux akTMBHOCTW BbIMOJSHANW C UCMONb30-
BaHWEM CMeKTpOMETpa Ha 0cob0 YMCTOM repMaHuu:
netektopHasi cuctema GEM40-83/DSPEC jr 2.0; aHep-
retmyeckmin gmanasoH 14.5 — 2911.4 kaB; paspelueHue
0.182 kaB/kaHan. N3mepeHusi akTMBHOCTM 06pasuoB
nposogunu Ha kanubpartope akTuBHocTu Isomed 2010
(MED Nuklear — Medizintechnik Dresden Gmb, ep-
MaHusl). M3-3a BbICOKOW aKTUBHOCTU 0BMNyYeHHbIX nne-
HOK MMPONUTUYECKOro rpacmTta n3amepeHuss NpoBOAu-
N HEe MeHee, YeM Yepes CyTKM Mocre CUHTe3a.

MHOoeHTMpoBaHMe npoBOAMIIOCH NPUM  KOMHATHOW
Temnepatype Ha npubope MNMT-3 no craHgapTHOW
mMeToauke. B kayecTBe wuHAoeHTOpa WcCnonb3oBarscs
anmasHbll HaKOHEYHUK B (popme YeTbipexrpaHHon
nMpamuabl C KBagpaTHbIM OCHOBAHWEM W YrIoM npu
BepwmHe a = 136°. Harpy3ka (P) Ha uHOeHTop Bapbu-
poeanacb B npegenax 1-100 r. MukpodoTorpadupo-
BaHMe MpoBOAMIOCHL Ha Mukpockone Axiovert 10 Ha
undposyto kamepy (yBenudeHune 50-100 pas).

3KkcnepuMeHTanbHble pe3ynbTaTthbl

B y-cnektpax obnyyeHHoro noHamu H* nuponutu-
yeckoro rpacuta Habnoganucb NUHUN PaaUMOHYKIU-
gos (PH) Hukens 5'Ni, ko6anbta 55Co, 56Co, 57Co,
58Co, mapraHua %*Mn u xpoma 5'Cr (tabn. 1). JoMUHK-
pyloLMM paamoHyknuaom sensetca %'Cr ¢ nepmogom
nonypacnaga 27.7 CyToK. YKa3aHHble paguvoHyKnuabl
obpasyloTcsa B pesynbTare SAepHbIX peakuui ¢ npoTo-
HaMK cTaburbHbIX M30TOMNOB Xenesa (*°Fe, 5Fe, 58Fe),
xpoma (%2Cr, 93Cr, 54Cr) n Hukens (%8Ni) [2,3]. 370 yka-
3blBaeT Ha NPUCYTCTBME YyKa3aHHbIX U30TOMOB B Kaye-
CTBE MpuUMmecen B nuponuTuyeckom rpacpumrte. Pagmo-
HyKnnMaoB, 0ByCcnoBneHHbIX B3aMModencTBMEM NPOTO-
HOB CO CTabunbHbIMM U30TONaMu yrnepogaa He obHa-
pyxeHo. BeposiTHee Bcero aTo 06ycnoBneHo KOpOTKM-
MW nepuodamm nonypacnaga (t1/2 OT AECATKOB CEKyH[,
0O HECKONbKMX MWHYT) yKasaHHbIX pagvoHYKNUAOB.
OTmMeTMM, YTO NOMyYeHHble HaMM MEeTOOOM CMeKTPo-
METPUW JaHHbIE XOPOLLO KOPPENUPYIOT C AaHHbIMK [4].

MVKpOUHAEHTMPOBAHME WCXOAHbIX MIEHOK He Co-
npoBoXaaeTcsi 0Opa3oBaHMEM OTMeYaTKoB. Takke He
Habnoganocb  3aMeTHOro  TpeliMHoobpa3oBaHus.
Mocne obny4YeHnss UMENoO MEeCTO CUIIbHOE OXpyn4uBa-
HVWEe NNEeHOK — MpU MHAEeHTUpoBaHuM Gonblias YacTb
nneHok paspywanack. lNpu Harpyskax cebiwe 10 r
BOKPYr TOYKM KacaHus uWHAeHTopa Habnioganucb
ONVHHbIE pagmanbHble TPewmHbl (puc. 2), anuHa Ko-
TOPbIX U3MEHSANACch B 3aBUCUMOCTU OT Harpy3ku ot 50
0o 150 Mkm (Tabn. 2). KonvyecTBo TpelimH 3aB1CeNo
OT TOro, Ha KaKoW CTOpPOHE MIEHKM MPOW3BOAMITOCH
WHOEHTMpOoBaHWe. Ha BOrHYTOM CTOpPOHE OT TOYKU Ka-
CaHVa WHOEHTOpa pacxoaunucb 4 TpewmHbl (puc. 2,
a), a Ha Bbinyknon - 3 (puc. 2, 6). OTMeTUM, 4TO
Tpexny4yeBble TPELMHbI XapakTepHbl AN MNOCKOCTU

(111) peweTkn anmasa c 6onee NIOTHLIM PacMosoXe-
HMeM aTOMOB, @ YeTblpexilydeBble — AN MIOCKOCTH
(100). Bo3aMOXHOCTb Takol nepekpucTannmaaummn nog-
TBEepxaaetcsa [5], B KOTOpOM MOKasaHO, YTO OTXMUI yr-
nepoaHbIX nreHok npu Temnepatype 300 °C npusoauT
k obpa3oBaHuIO KIacTepoB anMasa.

Tabnvua 1. AKTMBHOCTM y-U3NyYalOLWMX PagUOHYKNWUOOB B
06nyYeHHbIX H™ nneHkax NuMponuTMYeckoro rpaduta Ha Mo-
MEHT OKOHYaHUsA NocreaHero Uukna obnyyexus. Mamepexus
npoBoAMIMCL Yepes 2 AHs nocre o6nyyeHus

Table 1. The activities of y-emitting radionuclides in H -
irradiated pyrolytic graphite films at the last irradiation cycle.
The measurements were carried out 2 days after irradiation

PH ti2, BHEN | AKTUBHOCTb, Peakuun
KBk obpa3zoBaHus [2-4]

SCr 27.7 23 %2Cr (p,pn) %'Cr
%Mn 312.3 1.2 %Cr (p,y) **Mn
52Cr (p,n) **Mn

%Co 0.73 25 Fe (p,y) **Co
%Ni (p,d)**Co

%Co 77.7 8 %Fe (p,n) *Co
5Fe (p,2n) %Co

5Co 271.8 3 %Fe (p,y) ¥Co
5’Fe (p,n) ¥Co

%Co 70.9 2.8 5Fe (p,y) ®Co
%8Fe (p,n) *Co

5’Ni 1.48 34 %8Ni (p,pn) ¥Ni

CTpyKTypa NOBEPXHOCTU UCXOAHBIX MIIEHOK JOCTa-
TOYHO OOHOPOAHAas C XaoTMYeCKW pacnpeaerneHHbIMU
BbICTynamu (3epHamu) pasmepom 5-10 mkm. B npo-
uecce obnyyeHus NneHka NMpoONMTUYECKOro rpaduTa
TemMHeeT u gedopmupyeTcs — BbirmbaeTcst B Hanpas-
NeHnn MOHHOro nyyka. Ha mukpodoTorpadmsx obny-
YEeHHbIX MMNEHOK nuponuTuyeckoro rpadpura (puc. 1)
NOSsIBNATCS MUKpOAEMEKTbl - TEMHbIE MSATHA pa3me-
pom ~1-5 MmkM. OHU HepaBHOMEPHO pacnpefeneHsbl no
NMOBEPXHOCTM - €CTb 0OMacT! UX CKOMMEHWUI U OTHOCK-
TenbHO YncThle obnactu. Pasmepbl obnacTten ckonne-
HUM gedekToB Haxoaunucb B npegenax 50-200 Mkm,
MMNOTHOCTL Bapbuposanack ot 10 go 150 mm=2,

Puc. 1. MukpodoTorpacmsi noBepxHOCTU OBMyYeHHbIX nne-
HOK MMponuTnyeckoro rpaduTa

Fig. 1. Micrograph of the surface of irradiated pyrolytic graph-
ite films
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