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B pabore uccienoBaHo BIMSHHE MPEABAPUTEIHHOTO PaJUallMOHHOTO MOBPEXICHHUS ajiMa3a Ha IPOLIECCHI Jia-
3epHOW rpauTH3alUy 10/ BO3AECHCTBUEM OJHOKPATHOTO MOIIHOTO UMITyJbca (peMTocekyHaHOro Y@ nazepHoro
n3inyueHus. M3ydenue crpyKTyphl TpadUTH3MPOBAHHOTO CIIOS MMPOBOAMIOCH METOAOM KOH(OKaIbHON CHEKTPOCKO-
M KOMOWHAITMOHHOTO paccestHust cBera Ha (111) rpanu mpUpoOmHOTO anMasa, 0OIyUYeHHOTO OBICTPBIMH PEaKTOp-
HbIMH HeWTpoHamu. Criektpbl KP u3Mepsuiuck B pexuMe CKaHMPOBAHUS IONEpeK oOnacTedl rpadUTH3aluM, 4TO
MO3BOJIMJIO 10 TOBEICHHUIO XapaKTepHBIX IoJioc B crekTpax KP neranpHO mccnenoBath TpaHCHOPMALHIO CTPYKTY-
PBI TPAaHUTH3UPOBAHHOTO CJIOSI B 3aBHCHMOCTH OT IDIOTHOCTH SHEPTHH JIA3ePHOIO M3IYyYEHHs. YCTaHOBJIEHO, YTO
00nyueHue GbICTphIMU HelTpoHamu ¢ dmroeHcoM 2.5-10%° cm? camkaer nopor rpadutusamuu (111) rpanu anMasa
NPUMEpHO B 4 pa3a Mo CPaBHEHHUIO C HEOOIyYeHHBIMH KpHCTaLIaMH. B paboTe 00CyXmaroTcsi OCHOBHBIC 3aKOHO-
MEpPHOCTH M3MEHEHHUsI CTPYKTYpbl Tpa)UTH30BaHHOTO M3JIY4YEHHEM CJIOsi B OOJNyYeHHBIX HEHTpOHaMH anMmaszax B
3aBUCHMOCTH OT MHTEHCHBHOCTH JIa3€PHOTO M3JIy4YEHUsI, B TOM YMCJIE B COIMOCTABJICHHU C U3MEPEHUSIMU Ha TPaHH
(111) B HEOOTyYCHHOM HPUPOIHOM ATMa3e.

Kniouesvle cnosa: anva3z; oOnydeHue HeWTpoHamu; (pEMTOCEKYHIHbIC Ja3epHbIE UMITYJIbChI, rpadUTHU3ALNS;
KOMOUMHAIIMOHHOE paccesiHUe CBeTa.
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The paper investigates the influence of preliminary radiation damage of diamond crystal on the processes of la-
ser graphitization under the influence of a single powerful pulse of femtosecond UV laser radiation. The study of the
structure of the graphitized layer was carried out by the Raman confocal spectroscopy on the (111) face of natural
diamond irradiated with fast reactor neutrons. The Raman spectra were measured in the scanning mode across the
areas of graphitization, which made it possible to study in detail the transformations of the structure of the graphi-
tized layer in dependence of the laser radiation energy density. It was found that irradiation with fast neutrons with a
fluence of 2.5 x 10%° cm2 lowers the graphitization threshold of (111) diamond face by about an order of magnitude
compared to unirradiated crystals. The main regularities of the graphitized layer structure changes in neutron-
irradiated diamonds depending on the power density of laser radiation are discussed in comparison with measure-
ments on the (111) face in unirradiated natural diamond.

Keywords: diamond,; irradiation with neutrons; femtosecond laser pulses; graphitization; Raman scattering.

BBenenue MHUpOBaTh aiMa3 B Tpadut. NHTEeHCHBHOE

PexkopnHasg TBepaoCTp W XMMMUECKas Ja3epHOE M3Iy4YEHHE NPUMEHsIETCS Ul 3a-
CTOMKOCTh ajMasza CTUMYJIHUPYIOT pa3BUTHE Jla4 JIOKaJIbHOM MOAU(DUKAIMKN CTPYKTYpHI U
Ja3€pHO-UHAYLIMPOBAHHBIX TEXHOJOTHH 00- MIOBEPXHOCTHBIX CBOMCTB ajamas3a C LEJbI0
paboOTKM Kak TOBEPXHOCTH, TaK U o0beMa CO3/1aHHUS HOBBIX TOJHOCTBIO YTJIEPOJIHBIX
anMasa. JlazepHast 00paboTKa - OMH U3 CHO- CTPYKTYp A7 (DOTOHMKH M 3IIEKTPOHHUKH.
co0O0B, MO3BOJIAIOIIMX JIOKAJIBHO TpaHchOp- TpanuiumonHblil MeToa nazepHol 00paboTKH
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Section 1. Processes of radiation and plasma interaction with solids

aJiMaza OCHOBaH Ha WMIYJIbCHOM HarpeBe W
ucrapeHuu (a0saIuu) MOBEPXHOCTHOTO CIIOS
oOpasiia, COMpPOBOXKIAOMIMMCS TpaHchop-
Manueil aaMa3HOM peuieTku B 30He o0iyuye-
HUS B YIJIEPOIHYIO a3y ¢ MPEeUMYIIECTBEH-
HOU sz—FH6pI/I,I[I/ISaLIHeﬁ. Takasg TeXHOJIOTUA
MO3BOJISIET, HANpUMeEp, U3rOTaBIMBAThH dlie-
MEHTBI aJIMa3HOU AU(PPAKIMOHHOW ONTHUKH,
MPOBOANTH TIOBEPXHOCTHYIO TPaBUPOBKY
MPUPOJIHBIX AJIMa30B, T€HEPUPOBAThH MPHUIIO-
BEPXHOCTHBIE a30T-BAaKaHCHOHHBIC IICHTPBI
JUISL 3a]1a4 KBAaHTOBOM ONTHKH, a Takxke (op-
MHUPOBaTh OOBEMHBIC 3JIEKTPOJLI B aJiMa3-
HBIX JETEKTOpPaX MOHU3UPYIOLIUX U3ITyYSHUN
[1-3].

[lenp paboTHI - HCCIEAOBATH MPOIECCHI
MOBEPXHOCTHOM rpaduTu3anuu 00Jy4YEeHHO-
ro OBICTPBIMU PEAKTOPHBIMH HEHTpOHAMHU
MPUPOAHOrO ajamasa MoJ BO3AECHCTBUEM HWH-
TEHCUBHOTO (QemTocekyHanoro Y@ mnasep-
HOro wm3nydenus. Ilpu 3tom, B oTiinume OT
TEPMHUYECKOTO HarpeBa B BO3[yXe, Ha IIO-
BEPXHOCTH aJIMa3a OCTAETCsl, HE YCIIEB OKHC-
JUTHCS,, TOHKUW TrpaduTOnog0o0HBIM CIOH,
YTO MCHSET HE TOJBKO ONTHYECKHE W DJICK-
TpUYECKHE, HO U XUMHUYECKUE CBOICTBA MO-
BEPXHOCTH, JieJiasi BO3MOKHOM, HalipuMep, ee
MeTannu3anutio. [IpenmyiecTBoM HCONb30-
BaHUS CBEPXKOPOTKHX UMITYJILCOB SIBJISCTCS
BBICOKAsl TIOKAJIbHOCTh BO3/ICUCTBUS C MUHH-
MaJBHBIM pPACIIMPEHUEM 30HBI TrpaduTH3a-
IIUM BCIeCTBUE JU(y3Un Tera.

Martepuajbl 1 MeTOABI HCCIeI0BAHUSA
Kpucrann npupogHoro anMasa pazMepom
~3%2.5%0.5 MM Obul 00myuyeH OBICTPBIMU
neitrponamu (pmoenc 2.5-10%° cm?) B axep-
HOM peakTtope HammoHanmpHOTO WHCCienoBa-
TeNbCKOro IeHTpa «KypuaTOBCKMH WHCTH-
Ty™. B ogHOMMITYyIbCHOM pexkume Ha (111)
rpann anmaza T1:Al203 maszepom (Spectra
Physics, mmutensHocTh ummyiabca 100 dc,
JUIMHA BOJHBI 266 HM) OBLIIO COPMHUPOBAHO
HECKOJIbKO CEepHH TISITeH ¢ pa3HOW IUIOTHO-
CTBbIO DHEpruM B LeHTpe msaTHa oT 1 mo 20
Jx/cm?. B crathe aHaMM3HMPYIOTCS TISATHA C
(GOKyCHUpOBKOM Ha MOBEpPXHOCTh 0Opa3ia
(meHTpanmpHBIN CcTONOEI] ¢ OTMeTKOU «0»)
(puc. la). Boeibop opueHTtanum aiamasa ornpe-

JIeTSUICS HAllUMU TIPEIBIAYIIMMA HCCIIEH0-
BaHMSAMH IIPOIECCOB T'padUTH3ALUN MOHO-
KPUCTAJUIMYECKOTO aliMa3za npu OOIydeHUH
ero rpanu (111) demrocekynaapiMm Y® Ja-
3epHBIM H3NydyeHuem [4], B kKOoTOpoi ObLIO
IPOJEMOHCTPUPOBAHO, YTO HPU OOIyYCHHUU
anmMasHoit rpanu (111) MoryT ObITH peayin3o-
BaHbl PEKUMBI OJHOWMITYJIBCHOTO BO3JCH-
CTBHsI, NPH KOTOPHIX HAOIIOJAETCS PE3KOE
yIy4IIeHHEe KpPUCTALUIMYECKOTO COBEPIICH-
CcTBa TpapUTHU3HMPOBAHHOTO CJIOS, MPUOIHU-
KAIOLIETOCs 1I0 CBOEH CTPYKTYpE K BBICOKO-
YIOPSIOYCHHOMY T'paduTy 3a CUET TOTO, 4TO
HanOosee SHEPreTHYECKH BBITOIHBIA Mexa-
HU3M rpa@uTH3alUy ajiMasa - npeodpasoBa-
HHE Tpex anMasHbIx mrockoctei {111} B aBe
rpaduToBblie Oa3anbHbIE INIOCKOCTH.

Jns uneHTuUKanuM YriaepoaHbix ¢as,
(dopMHUpyIOIUXCS HA TOBEPXHOCTH aiMasa
IIpU YMEPEHHOM M BBICOKOM YPOBHE JIazep-
HOTO TIOBPEXICHUS, MPUMEHsIIaCh KOH)O-
KaJIbHasl CIIEKTPOCKONHST KOMOWHAIIMOHHOTO
paccessuust (KP). Usmepenust crnektpoB KP
BBIIIOJIHSUTHCE  Ha  crnektpomerpe  Horiba
Jobin Yvon LabRAM HR c B030yxneHnem
Ha 473 um. CkanupoBanue crektpoB KP
MPOBOIMIIOCH ¢ maroM 1.0 MKM Tipy TOMOIIN
MOTOPU30BaHHOTO CTOJIUKA.

Pe3yabTarhl 1 MX 00CyKIEeHUE

Ha puc. 16 npencrasnens! crnektpsl KP,
u3MepeHHbIe 10 obnydenust Y d-nazepom (1)
U B IIEHTpe oOJsacTei jazepHoil rpaduTusa-
1in (2-8). TIpu BBICOKMX YPOBHSIX pajnaliy-
OHHOT'O0 TIOBPEXIECHUS MPOUCXOAUT YaCTHU-
Hasg WIM TOJHas amopdu3anus ajimasa, Io-
TOMy B uX cnekrpax KP moxeT oTcyTcTBO-
BaTh anmMasHbll muk Ha 1332 cm?, a popma
crnekTpa omnpenensercs 3pQpexTom KoH]aiH-
MeHTa ()OHOHOB ¢ MHTEHCHBHBIM OO30HHBIM
muxom BOmu3u 400 cm? [5] (puc. 16). Bo-
30HHBIN MK XOPOIIO 3aMETEH M B CIIEKTPax
KP, u3mepenHbpix B o0nactax obOpasna c
TOJIIWHOW TpaUTU3UPOBAHHOTO CIIOSI IO
200 HM, YTO MO3BOJISUIO OMPENENATH €ro
TOJIIIMHY 110 METOJIUKE, N3JI0KEHHOI1 B [6].

Ilopor  rpaduruzanum  0OITy4YEHHOTO
HelTpoHaMu anmaza coctaBun 0.4 JIx/cm?,
YTO MOYTH Ha MOPSA0K HIKE, YeM y TPpaHu
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Puc. 1. (a) H3oOpaxeHue ucciegoBaHHONW 00JIacTH
001y4€HHOTO HEHTPOHAMH MPHUPOIHOIO ajMasa B OIl-
TUYECKHI MUKpockon ¢ yBeiaudenueM x50. Hudppamu
-50, 0, +50 u +100, OTHECEHHBIX K pa3IMYHBIM CTOJIO-
aM, ykazaHa ToYka (POKyCHpPOBKH Ja3epa Hall IO-
BEPXHOCTBIO ajMa3a IpU ero oOpaboTke (B MHKPO-
MeTpax). (0) Cnexrpsr KP oOpasna B HEemoBpexAEH-
HOW nazepoM obmactu (1) u B UEHTpE CTPYKTYp,
c(OpPMUPOBAHHBIX JIA3€PHBIMU HMITYJIbCAMH C DHEp-
rueii: (2) — 5.9; (3) - 2.6; (4) - 1.15; (5) - 0.60; (6) -
0.35; (7) - 0.20 u (8) - 0.12 mk/[x. [l HATJIAAHOCTH
CIIEKTPbI CMCIICHBI 110 BEPTHUKAIA

Fig. 1. (a) Optical image of the surface of neutron
irradiated natural diamond with x 50 magnification.
The numbers -50, 0, +50 and +100, assigned to differ-
ent columns, indicate the focusing point of the laser
above the surface of the diamond during its processing
(in micrometers).

(6) Raman spectra at the non-damaged area (1) and in
the center of structures formed by laser pulses with
energies: (2) - 5.9; (3) - 2.6; (4) - 1.15; (5) - 0.60; (6) -
0.35; (7) - 0.20 u (8) - 0.12 wJ. For clarity, the spectra
are vertically shifted relative to each other
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Puc. 2. (a) Crextpei KP 0061ydeHHOr0 OBICTPHIMU
HelTpoHamu mpupoaHoro ammasa — mstHo 20(0) -
(0.12 mxIx) B Toukax 1-6 (B). [LTOTHOCTH MOIIHOCTH
Jla3epHOro wm3nydeHuss B Touke 1 cocraBmsuia 0.25
Tox/em?, 2 — 0.45 Ix/em?, 3 — 0.75 Ix/cm?, 4 — 0.9
Iox/em?, 5 — 0.5 x/cm? u 6 — 0.25 Tx/cm2. (6) Ton-
IMHBL SP2-TPaUTU3MPOBAHHOTO CJIOS B OOJIACTH TO-
YCK U3MECPCHUS CIICKTPOB (B), paccunuTaHHas 1o CICK-
tpam KP (a)

Fig. 2. (a) Raman spectra of natural diamond irradiat-
ed with fast neutrons - spot 20 (0) - (0.12 wJ) at points
1-6 (c). The power density of laser radiation at point 1
was — 0.25 Jicm?, 2 — 0.45 Jicm?, 3 — 0.75 Jicm?, 4 —
0.9 J/cm?, 5 - 0.5 J/cm? and 6 — 0.25 J/cm?. (6) Thick-
ness of the sp2-graphitized layer in the region of the
spectral measurement points (c) are calculated from
the Raman spectra (a)
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(111) ucxomHO HEMOBPEXKICHHOTO anaMasa
[4]. Crpykrypa rpaduTH3UPOBAHHOTO CIIOS
IPU HU3KUX U MAaKCHMAaJbHO BBICOKUX JHEp-
TUSAX J1a3€pHOr0 UMITyJbca (CHEeKTpel 2 U 8
Ha puc. 10) pasnmuyanuch HE3HAYUTEITHHO U
MPEJICTaBIsUIA CO00M HAaHOKPUCTAJUTMYECKUN
rpaduT, O YeM CBHIETEIBCTBYIOT KaK MOJIO-
JKEHUsS, TaK M UIMPUHBI Ha IOJIYBBICOTE
(FWHM) D- u G-monoc B cnektpax KP.
Tonmuua rpagUTHU3UPOBAHHOTO CJIOS BO3-
pacraia OoT eIUMHHI] O COTEH HM C yBeJuue-
HueM sHeprun Y @ 1a3epHOro UMITyJbCa.

bonee nH(DOpMAaTHBHBIMH OKa3alHCh pe-
3yJibTaThl CKaHupoBaHus crekTpoB KP Bronb
MIOBEPXHOCTH TISITHA (PUC. 2), IOCKOJIBbKY OHU
MO3BOJIAIOT MPOCIEAUTh TpaHCHOPMAIUIO
criektpoB KP B nquama3zone ot MakcMManbHOU
IUIOTHOCTH JHEPrHM Ja3epHOr0 Iy4yka M0
HyJs. Pacder MIOTHOCTH SHEPrHHM B TOYKE
u3Mmepenus crekrpoB KP BwimonHeH ucxons
U3 TayCCOBOTO MPOQMIS HHTEHCUBHOCTH M3-
JIy4eHHsI C PaJruycoM 2 MKM IO ypoBHIO 1/e.
Anmnpoxkcumanus crnekrpos KP nByms Jo-
PEHIIEBBIMU KOHTypaMHu oOecreunBaia Xo-
poliee COOTBETCTBHE BO BCEM JHAla30HE
IUIOTHOCTEH MOIIHOCTH JIa3€PHOTO H3IIyue-
HUsg. C TIOBBIINIEHHEM SHEPIHH JIA3€pHOTO
UMIYyIbCa TONIIMHA TpadUTU3MPOBAHHOTO
CJI0s BO3pacTaeT, MakcuMyMbl D- u G- mosoc
B cnekTtpax KP cmemarorcs k Gojee BbICO-
kUM 4actotam (puc. 3a), UX MUPUHBI HA T0-
JTyBbICOTE€ BHayaje yMmeHblatoTcs ¢ 250 u
120 cm! 10 150 1 80 em™L, a TIPH TUTIOTHOCTSIX
MOII[HOCTH BBIIIE 2 I[)K/CM2 BO3pACTAIOT 0
230 u 100 cm?, coorercTBenHO (puC. 306).
AHAJIOTUYHBIA XapakTep WUMeeT U 3aBHCH-
MOCTh cooTHoIeHus ammuntya D- u G- mo-
noc (puc. 3B).

B nenom nosenenue crnekrpoB KP o6my-
YEHHOTO OBICTPHIMH HEWTpOHAMH ajiMasza
0] BO3/IEMCTBUEM OJIHOKpATHOro (pemroce-
KYHIHOTO HMMITYJIbCa JIA3€PHOTO H3ITyYCHUS
N0JO0HO TOBEACHUIO IIJICHOK aMOop(HOTro
yriepona [7] B Takux ke yCIoBUAX. DTO XO-
POIIO COrJIacyeTcsi ¢ HAHOMETPOBBIMU BEJIU-
YUHAMHU JJIMHBI CBOOOHOTO mpobera ¢hoHO-
HOB B OOJYYEHHBIX OBICTPHIMH HEUTPOHAMU
ajMazax, 4TO TMPOSBISETCS KaK B MX CIEK-

tpax KP [5], Tak u B npesenbHO HU3KUX Be-
JMYUHAX TEIIONPOBOIHOCTH [8].
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Puc. 3. INonoxenne MakCUMyMOB (@), IIMPHH Ha TO-
nyBeicoTe (0) M COOTHOIICHWE HWHTCHCHBHOCTEH (B)
nonoc D- (1) u G- (2) B cnekrpax KP o6iy4uéHnoro
ObICTPBIMM HEHTpOHAMM MPUPOJHOTO anmasa (U3Me-
peHus ¢ maroM 1 MKM rorepek rpadUTH3UpOBaHHBIX
HSITGH) B 3aBUCUMOCTH OT INUIOTHOCTHU DSHEPrun H3JIy-
YEHMsI B TOUKE U3MEPEHUN

Fig. 3. Position of maxima (a), full widths at half max-
imum (6) and ratio of intensities (8) of D- (1) and G-
(2) bands in the Raman spectra of natural diamond
irradiated with fast neutrons (measurements with a
step of 1 um along graphitized spots) depending on
the power density of the femtosecond laser pulse in
the area of the spectral measurement points
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Paznuuust B cTpyKkType rpaduTH3HUpOBaH-
HOTO CJIOSl B OOJyYEHHOM M HETOBPEKIICH-
HOM [4] anmase HaOIIOIAalOTCS BO BCEM JTUa-
na3oHe IUIOTHOCTeH »dHepruu (puc.4), HO
Hanboyiee 3aMETHO BBIPAKEHBI NPH MaJlbIX
IUIOTHOCTSIX, TO €CTh B TOM JHAIla30He, I/ie B
HEOOJIy4eHHOM anMasze (OpPMHPYIOTCS CIOU
BBICOKOCOBepIIeHHOro rpadura [4], Torma
KakK TPU BBICOKHX JHEPIUsX JIa3ePHOTO UM-
HyJbca y 00JIydeHHBIX HEUTPOHAMH alIMa30B
pa3Mep rpauTOBBIX KJIACTEPOB OOJIBIIIE.

HurencuBnocts KP, oTH.ex.

Ll AP RLVS TN N

500 1000 1500 2000

Cnsur KP, cm’

Puc. 4. Cuekrpol KP o6Gnyuennoro (1-4) u neobiy-
gyennoro (5-8) HelTpOHAMH MPUPOJHBIX AIMA30B I10-
cie BozzeiictBus Ha wx (111) rpaHe OJHOKPATHOTO
(EMTOCEKYHIHOTO UMITYJIbCa JIA3EPHOTO U3IYUYCHUS C
IJIOTHOCTBIO DJHEPruu usiydenus 2.25 wxJlx/cm?
(cextpsl 1 u 5), 4.5 mxJ[x/cM? (cniexktpel 2 u 6), 8.0
MxJ[x/cM? (cnexTpsl 3 1 7) u 20 mMk/JIx/cM? (CHEKTpEI
4 u 8), COOTBETCTBEHHO

Fig. 4. Raman spectra of natural diamonds irradiated
(1-4) and non-irradiated (5-8) with neutrons after ex-
posure of their (111) face to a single femtosecond la-
ser pulse with a power density of laser radiation of
2.25 pJ/lem? (spectra 1 and 5), 4.5 pJ/cm? (spectra 2
and 6), 8.0 ul/cm? (spectra 3 and 7), and 20 pl/cm?
(spectra 4 and 8), respectively.

PaGora BeImonHEHa TpU (PUHAHCOBOK
nouepxke PH®, npoext 20-72-00122.
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