[TonenenbHUK 23 ceHTIOPS

Yrpennee 3acenanue Jlekuuu npencenarens: H.M. Uxano

11:00 — 11:05 H.HU. Yxano OTKPHITHE KOJIBI

11:05 - 11:50 B.H. Ilonkoenukoe (MOM PAH, Huxcnuu Hoszopoo)
“MHoeocnounas onmuka penmeenoscko2o u Y ouanazonos”

11:50 — 12:35 A.B. By3maxoe (DHUL] «Kpucramiorpadpus u poronuka» PAH,
Mockaa)
“JlabopamopHhas penmeeHo8cKas MUKpomomospaghus Ha
MOHOXPOMAMUYECKOM U3TLyYeHUU

12:35-13:50 0b6eo

JlneBHoe 3acenanue Hayunble coo0menusi npezacenareis: A.B. byzamakos

13:50 - 14:10

AJL. Ilamonamos (MDTU, Mocksa) online

“IIpenomnsiowjue peHmeeHO8CKUe TUH3bL, U32OMOBIEHHble MEMOOOM
08yxghomonnou nazepuoii iumozpaguu’”

14:10 — 14:30

ILIO. I'nazonee (MUDT, 3enenoepao, Mockea) online

“Ilepcnexmugsl UCNONBL30BAHUSL PEHMEEHOBCKOU NPENOMIAIOULEU
ONMUKU 8 MASKOM PEHM2eHO8CKOM OUAnasone OIuH 601"

14:30 — 14:50

B.U. Ilynezoe (DUL] Komu HI] YpO PAH, Coikmwiexap) online

“O06 «omKpLIMUU»» U «3aKPLIMUUY » NPOOIEMbL MHOLOCLOUHBIX Jlay)
JIUH3 OJ18 DOKYCUPOBKU IHCECMKO20 PEHMEEHOBCKO20 U3IyyeHus”

14:50 - 15:10

M.C. @onomewmkun (HUL] «»Kypuamosckuii uncmumympy, Mockea)
“Penmeenosckas (pazo80-KoHmMpacmuas 6U3yaiu3ayusl
MUKPOOOBLEKMOB C UCNONb308AHUEM HAHOPDOKYCUPYIOWEl COCMABHOU

’

npelomasiowen 1uH3ol’

15:30- 17:30

ITocTepHas ceKuMs, SKCKypCHsl 10 UHCTUTYTY

Benxom-namu




Bropuuk 24 cen

TAOps

YTpennee 3acen

anue Jleknnu npencenarens: 3.®. KpacunbHuk

10:00 - 10:45 H.U. YUxano (MDOM PAH, Huocnuii Hoszopoo)
“Hoeas ronyenyus pazeumusi 6blCOKONPOU3B00UMENbHOU
penmeeHo8cKol tumozpaguu’”’
10:45-11:30 | B.B. 3aopoockuii (DTH um. A. @. Hogpgpe PAH)
“Kpemnuesvle homoouoowt 011 pecucmpayuu K8AHMo8 ¢ dHepeuell
6 —60 000 3B”
11:30-12:00 | Koge-opetix

JIHeBHOE 3acena

Hue Jlekuum npexacenarens: JILU. ['opaii

12:00 —12:45

B. Ilaynsc (MDPM PAH, Huosicnuii Hos2opoo)

“Onmuueckue cneyuguxayuu mexHoI02ULecKko20 npoyeccad 8
JUMO2PahuU MCKO20 peHm2eH08CK020 OUana3ona’’

12:45-13:30

H.C. Aopamoe (UI1D PAH, Huxcrnuu Hoszopoo)

“Ucmounux sKempemanbHo20 yibmpa@duoniemosozo usiyueHus Ha OCHOBe
NJIA3Mbl KCEHOHA: NPUHYUNBL

13:30 —14:30

0b6eo

JIHEeBHOE 3acena

Hue Hayunble coobmenus npezacenarens: B. [laynsc

14:30 — 14:50

I1.C. Bymopun (OTH um. A. ©. Hoghghe PAH)

“Uccnedosanus u onmumuzayus iazepHo-niazmeHnozo ucmouynuxa EUV
usnyuenus ¢ Xe eazocmpytinou muutenvio 8 OTH um. A. . Hoghghe

14:50 — 15:10

A.H. Heuan (U®PM PAH, Huosicnuii Hos2opoo)

“JlazepHo-nnazmerHvle UCTMOYHUKU U3TLYYeHUs”

15:10 - 15:30

/.B. Ilempoea (UDM PAH, Hudxxcnuii Hoézopoo)

“Uccnedosanue pezucmos na ocnose [IMMA na onune goanwt 11,2 Hm™

15:30 — 15:50

A.A. Ilepexanos (MOM PAH, Huscnuti Hos2opoo)

“Onpeodenenue pazmepos nasepHoti uckpul 8 JIIHU ¢ eazocmpytinvimu
MuweHamu”’

15:50 - 16:10

B.E. I'ycesa (UDM PAH, Huowcnuti Hos2opoo)

“Uccnedosanue paduanvHoeo pacnpeodenerus usiyyaouux UoHO8 8
JIA3epHOLL NAa3Me UHEPMHBIX 2308~

16:10 - 16:40

Kogpe-opetix

Beuepnee 3acen

anue Hayunbie coobmenus npeacenarens: C.B. Ky3un

16:40 —17:00 | E.A. Buwmunsakos (PHAH um. Jlebeoesa, Mocksa) on-line
“KomnakmHvie yckopumenu Kax UCmMOYHUKU PEHM2eHOBCKO20 U3NyYeHUs:”’
17:20-17:40 | P.A. Hlanownuxoe (MDOM PAH, Husxcnuii Hoeeopoo)




“Uccnedosanue ompaxcamenbHulX C8OUCME U CMPYKMYPHBIX NAPAMEMPO8

MHOZOCﬂOﬁHbZ)C PERMCEROBCKUX 3€PKAl HA OCHOB€E nAapbl Mamepuanios
Ru/B”

17:40 —18:00

E.B. llempaxoeé (UDPM PAH, Husxcnuu Hoe2opoo)

“Memponoeus ¢hopmsl KpynHocabapummusix u acphepuiecKux
PEHM2EHOBCKUX 3ePKAJL C CYOHAHOMEMPOBOU MOYHOCMbIO

18:00 - 18:20

A.K. Yepnviues (MDOM PAH, Huosxcnuii Hoseopoo)

“Oyenka 61uanus cUCMeMamuyeckux ouuboK no3UYUOHUPOBAHUS NPU
UOHHO-NYUKO0B0OU KOppeKkyuu popmol”’

18:20 - 18:40

H.B. 3acaiinoe (UPM PAH, Huscnuii Hos2opoo)

“Memoouka usmeperus onmuyeckux KOHCMAaum MOHKUX NIeHOK Hd
1aO0paAmMoOpPHOM UCMOYHUKE MACKO20 PEHM2EHOBCKO20 U3NYUeHUs




Cpena 25 ceHts6p
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VYrpennee 3acenanue Jlekuuu npencenarens: AWM. Ilectos

9:30 - 10:15

H.A. Apmwkoe (PHUAH um. Jlebeoesa, Mockea)

“Cospemennas penmeeHo8cKas (hyopecyenmuas MUKpOCKONUs u eé
npuMeHenue 8 MeOUK0-0U0N0SUYECKUX UCCIe008AHUAX ~

10:15-11:00

B.E. Acaouuxoe (PHUIL] "Kpucmannoepagus u pomonuxa” PAH, Mockea)

“Memoo penmeenosckoll pepiekmomempuu Ha 1a60PAMOPHBIX U
CUHXPOMPOHHBIX UCMOYHUKAX 8 UCCTe008AHUU MBEPObIX U HCUOKUX
NOOJIOJHCEK U HAHECEHHbIX HA HUX CLOUCmbIX cmpykmyp”’

11:00 —11:30

Koge-operix

JlneBHOE 3acenanue Hayunble coo0menns npezacenarens: B.A. bynryes

11:30 — 11:50

JLU. I'opaii (CII6AY, Anghéposckuii ynusepcumem, Cankm-Ilemepoype)

(X3
AHOManbHO 8blCOKAsL OUPPAKYUOHHAS dhhexmusHoCmb
HU3KOYACMOMHbBIX PeUulemoK 0k HeUMPOHHOU ONMUKu”

11:50 -12:10

b.C. Pouwyun (OHUL] "Kpucmannoepagus u pomonuxa” PAH, Mockesa)

“Monoxpomamuzayus penmeeHo08CK020 U3AYUEHUs 8 UUPOKOM
ouanasome 3Hep2ull: IKCNePUMEeHMAlbHAsl YCMAHO8KA U NpuMeneHue ™

12:10-12:30

.A. 3onomoe (HUL] "Kypuamoeckuii uncmumym", Mockea)

“Hupppaxyuonnas peHmeeno8cKas MUuKpoOmomocpapus Kaxk Memoo
MPEXMEPHOU BU3VATUZAYUU KPUCMALIUYECKUX OeeKkmos”

12:30 - 12:50

10.C. Kpueonocoe (HUL] "Kypuamoseckuii uncmumym", Mockesa)

“PenmeeH08CKask MUKPOMOMO2PAPDUsL U KOMABIOMEPHOE MOOEIUPOSAHUe
8 UCCNIe008AHUU IBOTIOYUU MUKDOMPEWUH 8 00PA3YAX 20PHBIX HOPOO NpU
00HoOCHOM corcamuu’”

12:50 - 13:10

A.A. Cenkeeuu (HUL] "Kypuamosckuii uncmumym”, Mocksa) online

“Pacuem napamempos nep8oco penmeeH08CK020 3epKaid KaHal08
8b1600A CUHXPOMPOHHO20 U3NYUEHUs — 2e0MeMPUsl, Meniosvle U
8UbpayuoHHvle Hazpysku

13:10 - 14:30

Obeo

JIHEeBHOE 3aceqaH

ne Hay4ynbie coo0menns npenceaarens: B.M. Ilyneros

14:30 — 14:50 B.H. Cugkoe (DUL] Komu HI] YpO PAH, Cvoikmuigkap)
“Xapaxmepuzayus nanokomnoosuma MoOC/MWCNT”
14:50 — 15:10 A.E. Ilecmos (UDPM PAH, Husicnuti Hos2opoo)

“Anmazoxapbudoxpemmuesniii komnosum “Cxenremon’” ¢
MEeXHON02UYECKUM NOKPbIMUeM U3 NOJUKPUCTNATIULECKO20 KPEMHUS, KAK
NnepCcneKmueHblll Mamepua 0ns NOOJIOHCEK PEHMEEHOBCKUX 3ePKall,

pabomarowgux nod mownwvimu nyuxamu CH”

DKCKypcHs TI0 TOpojy + OaHKeT




Yetsepr 26 ceHTSIOps

VYrpennee 3acenanue Jlekuuu npenacenarens: B.E. Acaguukos

10:00 — 10:45

B.A. Bywyee (DD MI'Y um. M.B. Jlomonocosa, Mocksa)

’

“ K eonpocy o ceepmrax Kpugvlx ompaxcenus ’

10:45-11:30

C.B. Ky3un (MKU PAH, Mockea)

“JlsyxKoopounamuvie OemeKkmopwl O0Jisi pecUCMPAYUU U300PANCEHUL 8
KOPOMKOBOIHOBOM OUANA30HE CNEKMPA C BbICOKUM Pa3peuleHuem Ha

ocnose 113C u KMOII mampuy

11:30 - 11:50

Koge-operix

JueBHoe 3acenanne Hayunwble coodmenusi npencenarens: B.H. [TonkoBHUKOB

11:50 -12:10

10.0. Bonkoe (HUL] "Kypuamosckuii uncmumym", Mockea)

“Ananuz cmpykmypot ckpvimolx eparuy pasoena niénoxk ITO-PMDA-LC
Memooamu peghiekmomempuu U He3epKAIbHO20 paccesiHus ™

12:10-12:30

P.A. Cmepmun (UOM PAH, Huswcnuii Hoszopoo)
“Muozocnotinvie 3eprkana na ocnoge CriTi ons penmeenosckotl
MUKPOCKONUU «8 OKHe NPO3PAYHOCIU 600bl»

12:30 - 12:50

A.B. Kapamaes (CII6I'Y, Canxm-Ilemep6ype) online

“Bausanue 6apvepnoeo cros BAC u memnepamypwr omarcuea na
nepemewusanue cioes 8 Mmno2ociounwvix cmpykmypax CriTi 6

3aeucumocmu om 3Hadenus nepuooa”

12:50 - 13:10

P.C. Ilnewkoe (MPM PAH, Husxcnuii Hos2opoo)
“Uccnedosanue nuanus UOHUUPYIOWE20 U3NYYEHUS HA MHO2OCTOUHbLE

penmeenosckue 3eprana BelSi/Al”

13:30 - 13:30

Jypoe K.B. (UDM PAH, Husxxcnuii Hoseopoo)
“Mnoecocnotinvie cmpykmypwi Ha ocnose NIMO/C ons zepran

2ébenesckozo muna’”’

3axkpvimue
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banyxo U. H.
banyxo U. H.
HAmuwurkosa M.
A.

vaukoea U. I.
Hukumun K.
C.
Hlanouwinukoe

P. A

Illanownukos
P. A.

benoes C.A.

Cepezun A.10.

Anexcanopos
A.B.

/Kepnosa B. A.

Muneee C. M.

Muxaiinenko
M.C.

[TocTepHnas ceknus

L TupokononocHwvlll UCTOYHUK PEHM2EHOBCKO20 U3TYYEeHUs.
Memoo ouppepenyuanvroli coemku 6 penmeenocpaguu

Mmnoeocnoiinvie 3epkana Ha ochoge pyouous 0
PEeHmM2eH08CK020 Ouanazona uznydenus A=11.4-17 um

Ocobennocmu mopgonozuu u cocmasa Kamuel 8 OpeaHusme
uenoeeKa npu UCCIe008aHUU MEXAHUBMO8 UX 0OPA308aAHUS

Haomonexynapnas opeanuzayus u u3uKo-xumuyeckue
ceoticmea nienok Jlenemwpa-Lleppepa 5,15-
oughenunnoppupuna

MHnozocnoiinvle penmeeH08CKUe 3ePKANd HA OCHO8E Napbl
mamepuanog B/C ons cnekmpanvroco ouanasoua 67 — 90 A

MHnozcocnoiinvle penmeeH08CKUe 3ePKANd HA OCHO8E NApbl
mamepuanos Cr/V ons cnekmpanvhoco ouanazouna 24.2 — 27.3
A

Ilpumenenue netipocemeiti 0151 0€3M0O0EIbLHO2O PeUleHUs.
00pamHol 3a0ayu Man0yen080U PeHM2eHOBCKOU
peghrexmomempuy MHO2OCIOUHBIX CIPYKIYD

Mmuocoynkyuonanvusiii 1a60pAMOPHLIN PEHMEeHOBCKUU
CcmMeHO OJisL MeCmUpO8aHUs JNEMEHMO8 OJisl NPOEKMUPY eMbIX
CUHXPOMPOHHBIX CMAHYUL

Teopemuueckuti ananu3 6IUAHUAL MEXHONOSUYECKUX
OMKAOHEHUL NPU U320MOEAEeHUU NAAHAPHBIX COCMABHbIX
NPEeNOMAAIOWUX TUH3 HA POKYCUPOBKY NYUKOE CUHXPOMPOHHO2O
U3NLYYeHusl

CunxpomponHas OuacHOCMUKA MHO20CIOUHbBIX PEHMEEHOBCKUX
sepxan W/Si

Mooenv pacnpedenenuss monuuHvl MOHKUX NIEHOK NPU
MaA2HempOHHOM HANbLAEHUU

Ilonupoexa nosepxnocmu 21emenmos mampuyvt MEMC
MUKPO3EPKATL U3 ANIOMUHUSA C MEXHON02UYECKUM NOKPLIMUEM U3
amopghHo2o KpemHusl



MHoroc/ioiiHasi ONITHKA PEHTTeHOBCKOro U JY® nuana3oHoB

ITonkosuukoB B.H.

Hnemumym guzuxu muxpocmpyxkmyp PAH, yn. Axademuueckas, 0. 7, 0. Agponuro, Kemosckuii p-H,
Huoicezopoockas oba., 603087
polkovnikov@ipmras.ru

Pentrenosckoe u DY ® uzinydeHue 3T0 JEKTPOMarHUTHOE U31y4EHHE, BBIIECIAEMOE JIHILb
13-3a 0COOCHHOCTEH reHepaly U B3auMOJICHCTBUS € BElIeCTBOM. Bcro mikany HHTEpeCyIOLEero
Hac Jyana3oHa MOXHO YCJIOBHO pa3eiuTh Ha psJ] MOJAMAana3oHOB. Bcs uHTEpecyromas Hac
HIKaia Mo JJIMHAM BOJIH 3aKJII0YEHa B MpefesiaX OT JAECATHIX J0JIeH aHrCTpeMa JI0 IIeCTHIECATH
HaHOMETpPOB. OCOOCHHOCTH B3aMMOJEHCTBHS 3TOTO M3JYYECHHUsS C BEIIECTBOM cleaytomue: 1)
Majioe OTJIMYUE MOKa3aTess MPeJIOMIICHHs OT €AMHMUIIBI, 2) BCE BEIIECTBA HA ATUX JJIMHAX BOJH
oOnanarotr nornouieHueM. [Ipu co3naHUMM ONTHYECKUX AJIEMEHTOB IPEACTOUT CTOJIKHYTHCS C
TaKUMH OCOOCHHOCTSIMU: B OTJMYME OT CKa)XE€M OITHUKH BUIUMOTO JMana3oHa, 3aTPyTHEHO
co3anue pedpaKkTUBHBIX AIIEMEHTOB, TO €CTh JHH3. Y BTOpoe: KOA((HUIMEHTH OTPaKEHUS OT
MaTepuasoB MPH OOJIBIINX yriaX CKOJbKEHUS YPE3BbIYANHO MAIbI.

B npocreitmiem ciaydae MHOTIOCIOMHOE 3€PKa0 — 3TO IMEPHOJUYECKas CTPYKTypa U3
YepeAyIoLeiHcss Mapbl MaTepUalOB C PAa3IMYHBIMH JUAJIEKTPUYECKUMU TPOHUIIAEMOCTSIMHU.
OTtpakeHue OT OJHOW T'paHUIIBI pa3Jiesia HEBEIMKO, HO B Cllydyae CHMH()A3HOTO CIIOKEHHS BOJH,
OTPaXEHHBIX OT JECATKOB WIIM Ja)K€ COTEH TpaHMI], CyMMAapHBIi KOA(h(GUIHMEHT OTpaskeHUus
COCTaBJISIET JIECATKH IMPOLIEHTOB. Y CJIOBUE, IPU KOTOPOM JOCTUTAETCI MAKCUMYM OTPa)KE€HUs C
TOYHOCTBIO JI0 MOKa3aTeNs MpeIoMIICHHs COBIaAaeT ¢ 3akoHoM Bynbda-bparra. [lepuoasr Takux
3epKajl MOT'YT BapbUpPOBAThCSA OT CYOHAaHOMETPOB O COTEH HAaHOMETPOB, & COCTABJIAIOIINE UX
ciou OyayT emé MeHblne. YUCIIO MEpUOIOB MOXKET JOCTUraTh ThICS4M. B Ooree ClIOXKHBIX
BapHaHTaX 3€PKaJI0 MOXKET COCTOATH U3 HECKOJIBKUX MAaTEPUAIIOB, IEPUOJ] MOKET U3MEHSITHCS 110
OTpe/IelIEHHOMY 3aKOHY KakK BJ10JIb IOJUIOXKKH, TaK U BIIIYOb CTPYKTYPBI.

3epkajia Kak OTpakaloIlllMe IMOKPBITUSA, TO €CTh MMEHHO CTPYKTypa 0€3 MpHUBS3KH K
KOHKPETHON TOJUIOKKE XapaKTepu3yeTcs NpexJie Bcero Kod((UIMEHTOM OTpakeHUs BOIU3U
paboueli ITMHBI BOJTHBI (TIPY 33/IaHHOM YTJIe aJAeHuUs u3nydeHus). mu, cooTBeTCTBEHHO, BOIM3H
pabouux YIjaoB MajJieHUs MpH 3aJaHHOW JUIMHE BOJHBL. JTa 3aBUCHMMOCTb WYallle BCEro
ornpezenseTcss TaKUMU MapaMeTpaMu Kak MUKOBBIM KOA(PGUIMEHT OTpakeHUs U IIHMPHHA MHKa
oTpakeHHs. BTopocTeneHHbI XapakTep HOCHT CHEKTpasibHas 3aBHUCHUMOCTh Ko3(dduimenra
OTpaXeHMsI BO BCEM OCTAJIbHOM JMaria3oHe JJIMH BOJIH. Hajgo mOMHMTB, YTO B COOTBETCTBUU C
3akoHOM Bynbda-bparra y 3epkana Moryt ObITh (M €cTh) BTOPOW, TPETUH U TaK jAajee MOPSIKU
oTpaxkeHMs. Eciiu B HCTOUHUKE MPUCYTCTBYIOT COOTBETCTBYIOIIME UM UIMHBI BOJH, TO 3TO YXKe
BpEIHOE, Mapa3suTHOE, N3TYUYECHUE TaKkKe MONaiET B CUCTEMY HAOJIIOICHHSL.

3epkao ke Kak CHUCTeMa MOJI0KKa ONPEeIEHHON TeOMETPUH TUTFOC HAaHECEHHOE Ha Hee
OTpaXKarolllee MOKPHITUE JONOJHUTEIBHO XapaKTEpU3YyeTCs CIEAYIOIMMHU CBoiicTBamH. Bo-
MEPBBIX, TAKOE 3EPKAI0 MOXKET OBbITh IUIOCKMM, a MOKET MUMETh KPUBHM3HY (Hampumep, AJs
(OKYCHPOBKH), TUHEHHBIE pa3Mepbl MOT'YT BapbUPOBATHCS OT eIMHUI MULTUMeTpa 10 300 MM —
3TO (paKTHUECKU OTpaHMYEHHUE HAIIUX BO3MOXKHOCTEH, HO B IPUHIIMIIE OBIBAIOT 3€pKajia U pa3a B
nBa Oospire. Ilepuos MOXeT OBITH MOCTOSIHHBIM, a MOXKET U3MEHSTHCS BJOJb MOBEPXHOCTH. B
cllydae 3epKajl ¢ KpUBU3HOM OH naxxe 00s3aH M3MEHSATHhCS Ul TOro, 4yToObl ycioBue Bymbga-
Bporra ans paboyeid ATUHBI BOJIHBI BBITOIHSUIOCH ISl BCEX YIIIOB MAjIeHUs Ha MOJIOXKKY.

[IpoekTupoBaHue 3epkajia HAauMHAETCS C BHIOOpa MaTepUalIOB, €ro COCTaBISIOLIUX.
Hecmotps Ha obmpHOCTh Tabauibl MeHaeneesa u emé 60bliee Yucio COeAMHEHUH 2IEMEHTOB,
BbIOpaTh MaTepuaibl OKa3bIBaeTCsl HE Tak TpynHo. Jlaxke HaoO0poT, OOBIYHO HE XBaTaer
BapuaHTOB. BriOOp momunHsercs y€Tkum npasuiaMm. CHaudana omnpenensercss 0a30BbIi 3JI€MEHT
3epkaia. [1aBHOe TpeboBaHNE K HEMY — MUHUMAaJIbHOE TOIJIOIIeHNE B paboueM Auana3oHe JJIMH
BOJIH. 3aTeM B Mapy eMy MoAOUpaeTcst KOHTPACTHBIN MaTepuan MakCUMu3aluei otHomenus. To
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€CThb CKaYOK AMDJIEKTPUYECKON IMPOHULAEMOCTH, a 3HAUYUT U OTPAKEHUE OT OJHOW TpaHMIIbI
pazzena, OJKHO OBITh Kak MOKHO OonbmuM. Ilpu 3TOM OHO He JOKHO HUBETUPOBATHCS
MOTJIOUIEHUEM KOHTPACTHOTO MaTepHuaia.

Koneuno He Bcerna Bc€ Tak IpocTo. 3a4acTyro JIBa MaTepuaa, uaeaibHo MOIXO0ISIIHE IO
ONTUYECKUM XapaKTEPUCTHKAM, HE MOTYT OBITh MCIOJb30BAHBI BMECTE, HANpPUMEp, M3-3a UX
XUMHYECKOTO B3auMojedcTBusA. WM oOIHM W3 ONTUMAaJbHBIX MaTepuaioB OKaKeTCs
HEJIOCTYITHBIM (BpOJ€ ypaHa) WM CIUIIKOM JOPOTUM (BpOJE IUIATHHBI WM TaJUaaus) WA
HETEXHOJIOTUYHBIM (HampuMep, TOHKUE IIEHKU €ro OTINYAI0TCS HECIUIONIHOCTHIO).

Jnst pacu€ra oTpakaTesbHBIX XapaKTEPUCTHK HanOoJIee YacTO UCIOIB3YIOTCS IBA METO/A.
MenneHHbIX aMILTUTY/ U peKYPPEHTHBIX COOTHOIIEHUH. Y KaXKJI0TO U3 HUX CBOM IIPEUMYILIECTBA.
[TpuOn>KEHHBIN METOJ MEJUIEHHBIX aMIUIMTYJ, HECMOTpPs Ha OIPaHUYEHHOCTb MPUMEHEHUS U
HETOYHOCTh, Ja€T TOT CaMblil pelent BbIOOpa MaTepUasoB, KOTOPBIA MPOAEMOHCTPUPOBAH Ha
npensiayieM ciaiae. Kpome Toro, on 6osee npucnocoOieH s peuienus o0paTHoOM 3a1auu, TO
€CTh 3aJladyl BOCCTAHOBJICHMSI HUCTHHHBIX IIapaMETPOB 3€pKajia IO KOHKPETHOMY BHIY
Kod(uImeHTa oTpaxkeHus. MeToa PeKyppeHTHBIX COOTHOIIEHUH Mpexae Bcero ToueH. [lo
3aJJaHHOMY BH]ly MHOTOCIIOHON CTPYKTYPBI C €r0 MOMOIIBI0 MOXHO PACCUUTATh OTPaKaTEIbHbBIE
XapaKTEPUCTUKHU MTPaKTUUECKHU BO BCEM auanazone. [IpuuéMm [uist CTpyKTyp Kak MepruoJUueCcKHUX,
Tak ¥ C JIO00BIM pacmpeleneHueM nepuonaa mo rinyoune. OIHAKO OH HE Tak yAoOeH s
BOCCTAHOBJIEHMSI HEKOTOPbIX mapaMeTpoB. B Hamiell pa®oTe SBHO WIM HEIBHO OOBIYHO
npuMeHstoTcs: 006a meroga. C MOMOINBIO MEPBOro, Kak yxKe ObLIO MOKa3aHO, OTOMparoTcs
MaTepuaibl, OLIEHUBAIOTCS MapaMeTpbl CTPYKTYPbl TaKW€ KAaK COOTHOLIEHHME TOJILIUH CIOEB B
nepuoje. A TOUYHBIM pacueT U Oojiee TOHKAs MOJATOHKA MapaMeTPOB OCYIIECTBISIIOTCS yXKe C
MOMOIUIbIO0 METOJ]a PEKYPPEHTHBIX COOTHOIIEHUH.

Jlanee B J0oKIaje BHUMaHHUE OyJeT YAEIEeHO CBOMCTBAM TOHKHX IUICHOK, OKa3bIBAIOIIMX
BIMSIHUE Ha OTpa)kaTeJIbHbIE XapaKTEpUCTUKU 3€pKaj, METOJaM CHUHTE3 ah HU3MEpPEHUus
ONTUYECKUX CBOWCTB.

baaropapuocru

Pabota BeInonHeHa npu noanepxke rpanta PH® Ne 21-72-30029.
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JlabopaTopHasi peHTreHOBCKasi MUKPOTOMOTrpadust Ha
MOHOXPOMATHYECKOM U3JIyYEeHHH.

by3makoB A.B.

@HUI] «Kpucmannoepagus u pomonuxay PAH, Mockea

B OosbpumiMHCTBE COBpEMEHHBIX JIaOOPAaTOPHBIX MHKpOTOMOrpad)oB, a TaKXke B
MEIMIUHCKUX ToMmorpadax u ToMorpadax s JOepeKTOCKONHH, HCHOJIB3YETCS KECTKOe
TOPMO3HOE PEHTIC€HOBCKOE H3Iy4YE€HHUE C JIOCTATOYHO ILIMPOKUM CHEKTPalIbHBIM COCTaBOM
(MaKCMMyM HHTEHCUBHOCTH Ha JuthHe BoJHbI ~0,2 A). ClielyeT OTMETHTB, 4TO B 3TOM CIIydae IIpH
TOMOTpapUUECKOM HCCIIEJOBAHUU HE YHAETCsA MOJYYMTh MCTUHHOE 3HauyeHue Ko3dduuuenra
JMHEWHOTO OCNabJeHHus [, TOCKOJBKY pa3Hble AJMHBI BOJH 30HIUPYIOIIEr0 HU3IY4YCHUS
ocnabIsaTes B 00pasiie mo-pa3HoMmy.

Hcnonp3oBaHne MOHOXPOMATHYHOTO HM3IIyYEHHsS] B PEHTTEHOBCKOH MHUKpoTOMOrpaduun
IO3BOJISIET KOPPEKTHO HCIHOJIb30BaTh METOJbl oOOpaiieHus mnpeoOpazoBanus PagoHa u
BOCCTaHABIIMBATh 3HAUCHHE JTHHEHHOTO K03(ppuumenTa ocnabiaeHns peHTI€HOBCKOTO U3Ty4IeHUS
Ha UCIIOJIb3YEMOM JUIMHE BOJIHBI.

B naGopaTopHOIl pEHTT€HOBCKOH MHKPOTOMOTpauu MOMXKHO MOIYYHTHh OTHOCHTEIHHO
MOHOXPOMATHYHOE (MM “pO30BOEC”) M3Iy4CHHE, HCIIOJIB3Ys IOTJIOMANUE (UIBTPHI KU
KpHUCTaJJIbl MOHOXpOMAaTOphbl. IIpuMeHeHne Moraomarmux GUIbTPOB MO3BOJISET YMEHBIIUTh
MHTCHCUBHOCTh MSATKOM YacTH CIIEKTpa, HO OCTABJSIET JKECTKYIO COCTaBJISIONIYIO TOPMO3HOTO
u3nydenus. Ilpu pazpaboTke METOJUKU NPOBEICHHsS U3MEPEHHUH B PaboTe MCIIOJIb30BAINCH
KPHUCTAJTBI MOHOXPOMATOPBI, TaK KaK OHU MTO3BOJISIIOT BBIPE3aTh U3 CIIEKTPa OJIHY HIIM HECKOJIBKO
XapaKTEePUCTHUUECKUX JIMHUH, yOpaB MATKYIO M )KECTKHE YaCTH TOPMO3HOTO CIIEKTPA, U TEM CaMbIM
3HAYUTEIHHO IMOBBIIIAIOT MOHOXPOMATHYHOCTh PEHTTEHOBCKOTO M3ITyUCHHS.

B noknane 6yayT ocBelIeHbl TEOPETHUECKHE U SKCTIEPUMEHTANIbHBIE aCTIEKThI Pa3paboTKU
PEHTTEHOBCKUX MHKpPOTOMOTpadoB Ha MOHOXPOMAaTHYHOM H3IIy4YEHHH, OIICHEHO BIIMSHUE
napaMeTpoB TaKUX MPUOOPOB Ha pa3pellieHHe U YYBCTBUTEIBHOCTh MHUKpOTOMorpaduu. bynyr
NPUBEJCHBI TPUMEPBI MCCIIETOBAHUA OMOJIOrMYECKHX OOBEKTOB, TPOBEAEHHBIX HA Pa3HBIX
SHEPIUSAX PEHTI€HOBCKOTO M3IyYECHUs
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IHpeaomisonue peHTTeHOBCKUE JMH3bI, H3T0TOBJICHHbIC METOA0M
ABYX(OTOHHOM Jia3epHOl JuTOrpaduu

AJI. Maronsaros?, JI.A. Illep6akos!, JI.A. Koneivaruu®, A.I'. BuryxnoBcknii®?

! Mockoeckuil pusuxo-mexnuyeckuti uncmumym (Hayuonansuotii uccnedosamenscKuii yuusepcumen),
Lloneonpyonwiii
2Dusuueckuil uncmumym um. 11. H. Jlebedesa, Poccutickas Axademus nayk, Mockea

PaccmoTpena TeXHONOrus Ui U3rOTOBJICHUS U3 MTOJIMMEPOB MPEIOMIISIOUINX 3JIEMEHTOB
PEHTICHOBCKOTO JAMamna3oHa — MeToa JBYX(OoToHHOHW JsazepHou mutorpaduu (JIJI). beum
HaleyaTaHbl JIBE CEpUU MPEIOMIISIONIMX MHKPOJIMH3 HA OCHOBE HECKOJBKMX HOBBIX
doropesuctoB. HccnemoBana wmopdosorus MONYYEHHBIX CTPYKTYp. bbuln mnpeanoskeHsl
ONTUMAJIbHBIE MapaMeTpbl Me4yaTu AJIi MUHMMH3ALMHU UCKaXEHHS MOP(OIOrvuM MOJy4EeHHBIX
TaKUM 00pa30M MHUKPOJIHH3.

PenTrenoBckoe u3nyyeHue COoCOOHO IPOHUKATh Yepe3 HENpo3pauHble JUIsi OOBIYHOTO
CBETa BEI[ECTBA, YTO HAXOAUT OTpakeHHWE BO MHOruX cdepax >ku3Hu. OIHAKO YIPaBIATH UM
TPYAHO BBUAY CIa0Or0 B3aMMOACUCTBHUS C BemecTBOM. [losTomy onrtudeckue mpuOOpHI LIS
MPEOMIICHUSI PEHTICHOBCKHUX JIy4eil HMEIOT pa3Mepbl MOopsjaKa MHKPOMETpa U TpeOyroT
CIHeIHATBHBIX CIIOCO00B M3roTOBICHUS [1].

Lenbro paGoTHI ABJISETCS CO3/JaHUE PEHTIC€HOBCKUX MPEIOMIISIOIuX JuH3 MeToaom JIJIJT
Ha OCHOBE CTaH/IaPTHBIX U HOBBIX PE3UCTOB C ONPeAEIEHHOM MOp(doIoTHeii TOBEPXHOCTH U TIOUCK
ONTHUMAJIFHBIX MAPAMETPOB MIE€UATH JJIS JIMH3 U3 HOBBIX PE3UCTOB.

Ha puc. 1 mnpencraBiena cxema mpouecca mnedard. MCmonb3yeTcss KOT€pEeHTHBIN
dbeMTOCeKYHAHBINA TUTaH-can(pUPOBBIN Ja3ep ¢ yacToToil uMiynbcoB 80 MI' u ATMHON BOJIHBI
780 uMm [2]. JIazepHslii iyd (HOKyCcHpYyeTCs B 3aJJaHHOM TOYKE B TOJIIIE MaTepuaia, B pe3yJbTare
4ero MoriomaroTes ABa GoroHa [3]. DTOT mpolecc 3amyckaeT NOJIMMEpHU3alHio, U B (OKAILHOM
00BEME BOKPYT 3aJJaHHOW TOYKM BHYTPU JKUIKOTO HOJUMEpa o0pa3yeTcsi TBEpPAbIH ydacToK,
uMmenyeMblil BokceneM (pazmepoM 100x400 M [2]). TpaekTopHio JBMKEHHS Ja3epHOrO Jyda
3a/1aéT MO/IeNIb PEHTI€HOBCKOM JIMH3BI € MapaboIrMueckuM npodusiem, IpecTaBlIeHHas Ha puc. 2.

B xoze pa®oTbl ObLIH MOTyYeHBl CEPUM PEHTTEHOBCKUX JIMH3 U3 HECKOJIBKUX MaTepuanoB
Ha ocHoBe MoHOMepa PETA [4], koTopble oTnu4aroTcst Mexay co0oil kpacutensmu. Taxoke amns
TUX MaTepuanoB ObUla OIpeJesieHa ONTUMalbHas MOUIHOCTb JAa3€pHOr0 W3Iy4YeHHUs, MpHU
KOTOpoil mapabonuyeckuil npoduib He aedopmupyercs. OnpeneneHbl paguychl KPUBHU3HBI
MIOJIyYEHHBIX JIMH3, KOTOPBIE OTJINYAKOTCS OT paanyca KpuBU3HbI Mozeneil Ha 20%, 4To sBiseTcs
CJIEICTBUEM YCaJKM MaTepHuaa mocie noiuMepusanuu. [lpu sToMm npomnopuuu npu nedaru He
W3MEHUIINCh, YTO NAET OCHOBAHUS HCIIOJIB30BAaTh YINOMSHYTHIE IOJUMEPHI AJI U3TOTOBICHUS

JIPYTUX CTPYKTYD.
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Puc 1: Cxema nporiecca neuat Ha ocHoBe J1JIJI
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Puc 2: Moaenb npenoMIIsSionie peHTTeHOBCKOH MUKPOJIMH3BI ¢ TapadoImueckuM npoduiieM

[1] Stohr Frederik. Microfabrication of hard x-ray lenses. — 2015

[2] GmbH Nanoscribe. Nanoscribe: Photonic Professional (GT). User Manual. —

[3] Nanoscribe GmbH, 2017.

[4] Ovsianikov Aleksandr, Mironov Vladimir, et. al.// Expert review of medical devices. — 2012.
—Vol. 9, no. 6. P. 613-633.

[5] Stein O, Liu Y., et. al.// Nanoengineering:

[6] Fabrication, Properties, Optics, and Devices XIV / International Society for Optics and

[7] Photonics. — 2017. — Vol. 10354. — P. 103540L.
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IepcnekTUBBI HCOJIB30BAHUS PEHTI€HOBCKOM MPeJIOMJIAI0IIeH
ONTHUKHU B MATKOM PEHTT€HOBCKOM /IHANA30HE IJIMH BOJIH

I'narones IT.J0.Y", Kopuees B.1.Y, emun I'.J1.%, Troxes H.A.L

1Hauu0Haﬂbeu2 uccreoosamenvckuii ynugepcumem « MHUITy, na. llokuna, 0. 1, 2. Mocksa, 2.
3enenoepao, 124498

B pabote wuccrnemyercss BO3MOXHOCTh HCIOJIB30BAHUS COCTABHBIX MPEIOMIISIOLINX

ONTUYECKUX CHCTEM, MCIIOJIb3YEMbIX B JIMTOIpaMUecKUX YCTAaHOBKaxX, Ha 0a3ze KMHO(POPMHBIX
JIMH3 1S TMana30Ha JUIMH BOJIH MSTKOTO PEHTT€HOBCKOTO H3imydeHus (A = 2—14 um). Pe3ynbTatel
YHCJICHHOTO MOJETUPOBaHMsI IOKA3bIBAIOT, YTO NEPEXO OT CTAHIAAPTHBIX MPETOMIISIOIINX JINH3
K KUHO(OPMHBIM JIMH3aM 3HAYUTEIHHO YMEHBLIAET IMOTJOMICHHE, YTO TO3BOJISIET YBEITUYUTH
pa3pemaroiyo cnocoOHOCTh JUH3HI [ 1].
Paccmotpensr nmepcniektuBHBIE MaTepuanbl (Si, Be, amMas) cocTaBHOW MPEIOMIISIFOIICH JTUH3HI,
oOajaromuye BBICOKOH IMPO3pauyHOCTBIO B BHIOPAaHHOM JMarna3oHe JJIUH BOJH. B uHTepBane
4.4<A<14 HM npennouTHTEIBHBIMHU SBISIOTCS anmasHble (diamond) xuHOMOpMHBIE JWH3EL. B
UHTEpBaJIe JUIMH BOJIH 2.4<A<4.4 HM Haumbosee NepCleKTUBHBIM MaTepHajoM Ul CO3IaHUs
IpeoOMIISIONIEH ONTUKH siBisieTcs oken oepuius (BeO). B cBoro ouepens, Oepusunensie (Be)
KUHO(OPMHBIE JTMH3bI 00ECIeUNBAIOT HAWIYYIIUI pe3ylbTaT B 00JIACTH JUIMH BOJH A<2.4 HM.
YcranoBieHo, 4to MakcuManbHoe paspemienue (half pitch), koTopoe BO3MOXHO AOCTHYB C
IIOMOIIBIO COCTABHBIX KHHOMOP(HBIX JIMH3 B MSITKOM PEHTT€HOBCKOM JlMana3oHe, cocTtaBisier 14
HM Ha JUIMHE BOJHBI A = 2 HM. [lonyueHHBIE pe3yabTaThl TAK)KE MOTYT OBITh MPHUMEHUMBI IS
pa3pabOTKN ONTUYECKUX CHUCTEM [yl PEHTICHOBCKOM MHKPOCKOIMM B JIMala3oHE JJIMH BOJH
MSATKOT'O PEHTI€HOBCKOTO M3JIy4eHHs [2].

20.00
15.00

10.00

op

0.00

-5.00

—o—Diamond £
Si {
o «Be 1
o-B
-—Be0)

-10.00
-15.00
-20.00 o
Wavelength, nm
Puc 1: 3aBUCHMOCTHh OTHOIIIEHUSI 8/[3 OT NJIMHBI BOJIHBI U3JIYYCHHA AJIA PA3JIMYHBIX MaTCPUAJIOB
JIUH3BI, TAC 0— JACKPEMCHT MOKAa3aTeCJIA MPEJIOMIICHUS, B - KOB(I)(I)I/II_[I/IGHT IIOTJIOLICHUA.

baaroxapHocTu

Pabora BrinosiHeHa mpu puHaHCOBOM noanepkke Poccuiickoit @enepanuu B muie MunncrepcTsa
HayKd M BbICIIEro obOpazoBaHus, cornamenue Ne 075-15-2021-1350 ot 5 oktsabps 2021 .
(BayTpennuii Homep 15.CHH.21.0004).

[1] ILYO. I'narones, I'. 1. HAemun, B.1. Kopuees, H.A. {roxeB // XKypnan texauueckoit ¢pusuxu. 2024. T.
94. B. 97. C. 1182.

[2] X. Tong, Y. Chen, C. Mu, Q. Chen, X. Zhang, G. Zeng, Y. Li, Z. Xu, J. Zhao, X. Zhen, C. Mao, H. Lu,
R. Tai // Nanotechnology. 2023. V.34. Ne 21. P. 215301.
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PentrenoBckasi pa3z0Bo-KOHTPACTHAA BU3yaJIU3 Al M
MHUKPOOOBEKTOB € UCNMOJIb30BAHUEM HAHOQOKYCHUPYIOLIeH
COCTABHOW NpPeIOMJISIOICH JIUH3bI

M.C. ®onomemkun®, B.I'. Kor?, A.1O. CepémHl, FO.A. Bosxkosckuiil, IT.A. HpOCCKOBl,
B.A. IOukuH?, A.A. CHI/IFI/IpéBS, 10.B. anapeBCKHﬁl, A.E. bnaros!, M.B. KOBaJIL‘-IyKl

! Hayuonanenuiii uccneoosamenvcruti yenmp «Kypuamoscxuii uncmumympy
2 Uncmumym npobiem mexHono2uu MUKpodNeKmpoHuKY u ocobouucmvlx mamepuanos PAH
3 Banmuiickuii gpedepanvviii ynusepcumem um. M. Kanma

[TosiBneHre B KOHIIE MPOILIOT0 BEKa HCTOYHUKOB CUHXpOTpoHHOTO M3inyueHus: (CHU) 3-ro
MOKOJIEHUSI CIIOCOOCTBOBAJIO aKTHMBHOMY PAa3BUTHIO U IIMPOKOMY PACIPOCTPAHEHHIO METOJOB
KOI€pEeHTHOW PEHTT€HOBCKOM MHKPOCKONUH, NPUMEHSEMBIX Ul MCCIENOBAaHUS CTPYKTYpbI
OPraHMYECKUX U HEOPraHWYECKUX MHUKPOOOBEKTOB. MeToabl KOTepEeHTHOW pPEHTIe€HOBCKON
MUKPOCKOIIMM  TO3BOJISIIOT M3Y4aTh CTPYKTYPY PEHTI€HONPO3pPauyHbIX MHKPOOOBEKTOB,
UCCJIE0BAHUE KOTOPBIX C MPUMEHEHHEM MHUKPOCKONUM IOIJIONIEHUS HEBO3MOXKHO. Pa3Butue
NOJOOHBIX METOJOB HCCIICJIOBAHUS Ha CETONHSANIHAK JEHb NPEICTaBIsEeTCS 0COOEHHO
aKTyaJbHBbIM B CBSI3U 3aIUIaHMPOBaHHBIM B Poccum crpoutenbctBoM MCTOUYHMKOB CH HOBOTO
nokosieHus: [1], OTKphIBalOIIMX HOBBIE MEPCIEKTUBBl JUISI TPOBEIACHMSI CTPYKTYPHBIX
MCCJIEI0BAHUI C HAHOMETPOBBIM IPOCTPAHCTBEHHBIM paspemieHueM [2]. B HacTosiee Bpems
HauOoJIbIllee PaCIPOCTPAHEHHE B 3TOW OOJACTH TMOJYYWIM TaKHME€ METO/Abl KaK KOTE€PEHTHBIN
TudpaKkIMOHHBIA UMHUDKUHT [3], peHTreHoBckas nrTuxorpadus [4] u peHTreHoBckas (ha30BoO-
KOHTpacTHasi MUKpockonus [5].

Metoa (a30BO-KOHTPACTHOM MHUKPOCKONMHMU B OJMXKHEM Mojie TU(PAKLUU BBITOJHO
OTJIMYAETCS OT APYTUX METOJ0B, B OCHOBHOM, 110 TPEM NpPUYMHAM: CHM)KEHHBbIE TpEeOOBaHUS K
IPOCTPAHCTBEHHON KorepeHTHOCTH Imydka CH, BO3MOKHOCTh HEMOCPEICTBEHHOTO HAOIIOACHUS
XapaKTEepPHBIX OCOOEHHOCTEH HCCIEeNyeMOTro MHKpooObekTa (pasmep, Tmepuoa © T.1.),
JIETEPMUHHPOBAHHBIN MOJXO/ K PELICHUI0 0OpaTHOM 3aJa4yu MPU BOCCTAHOBIEHUU CTPYKTYpPbI
00BbEKTa W3 JKCIIEPUMEHTAJIBHBIX MaHHBIX [6]. OgHAKO MpPU HCCIETOBAHUUM MHKPOOOHEKTOB
OTHOCHUTEJIbHO Majoro pasmepa (mopsaka 10 MKM M MeHee) B JIaHHOM MeETOJIe BO3HMKAET
npobisieMa, cBA3aHHasl C HEJOCTAaTOYHBIM pa3pelIeHUeM COBPEMEHHBIX JIByMEPHBIX JIE€TEKTOPOB
(mopsinka 1 MKM), Tak Kak pa3Mep perucTpupyemMoro u3oOpakeHus (a3oBOro KOHTpacTa
NpUOIU3UTEIBHO COOTBETCTBYET pazMepy o0bekTa. [lanHast mpobieMa MOKET OBbITh NMPEoI0JIeHa
C HCIIOJIb30BaHMEM HAHO(OKYCHUPYIOIIEH pPEHTIeHOBCKOM ONTHUKM, UCIONb3yeMON s
(dbopMupoBaHUs NEpe] HccaeayeMbIM 00pa3lioM BTOPUYHOTO KBazuToueyHoro uctounuka CU,
4T0 00ecreyrBaeT reOMeTPUUYECKOe yBEIHMUEHHE perucTpupyemMoro n3obpaxenus. [lpumenenue
HaHO(MOKYCUPYIOIIUX cOocTaBHbIX mnpenmomistiommx jua3 (CIUT) (cm., wampumep, [7-9])
IpeCTaBisieTcss OJHUM U3 Haubosiee NEPCHEeKTHBHBIX CIOCOOOB pealu3allii TaKOW CXEeMbI
skcriepumenta [10].

B  nokmane  mpencTaBiE€Hbl  pE3yNbTaThl  OKCIEPUMEHTAIBHOTO  MCCIEAO0BaHUS
BO3MOXXHOCTE CXEMbl PEHTI€HOBCKOW (ha30BO-KOHTPACTHOM MHMKPOCKONUM Ha OCHOBE
Ha"o(okycupyromei CILI Ha npumepe M300pakeHUsT CTPYKTYPhl MOJEIIBHBIX MUKPOOOBEKTOB.
OKCrepuMEeHThl TPOBEACHbl Ha cTaHIMM «PeHTreHoBckas kpucramiorpadus u (Qusnueckoe
matepuanoBenenue» (PKO®M) Kypuatosckoro ucrounnka CU (KMCHU-KypuaTtoB). B kadectBe
MOJICIIBHBIX MHUKPOOOBEKTOB MCIIOIH30BAN JIMHEHHYIO0 30HHYIO I1acTUHKY Dpenens (D3I1) u3
KpeMHHUs (IumpuHa Kpaiineit 30Hb1 0.4 MKM) U yriepojgHoe BosiokHO (YB) nuamerpom okoso 8
MKM. [[nst popmupoBanust BropuuHoro ucrounuka CU nepen o6pas3iioM mpUMEHsUIN IIaHAPHYIO
HaHo¢okycupyromyto CIUI u3z kpemuus ¢ aneptypoit 50 mxm. OtmeTum, uto miaHapusie CITJT
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SIBIISTFOTCSI OTHOMEPHO (POKYCHUPYIOIIUMHU, TO €CTh YBEITMYCHHE H300paKeHUs PU UCIIOJIb30BAHUN
oanoit CILI ocymectBisiercst TOAbKO B 0HOM T1ockocTu. C npuMmeHenuem takux CI1JI panee Ha
cranuun PKOM Oputa peanmsoBana cyOmukpoHHas ¢(oxycupoBka myuka CH [11], uro
9KCIIEPUMEHTAIBHO TOJITBEPKIACT BO3MOXKHOCTh HX HCIOJIb30BaHUA JJs (OpPMHUpPOBaAHUS
JMHENHOr0 BTOPUYHOI'O0 HCTOYHUKA.

B xonme »KcnepuMEHTOB ObUIM TOMYYEHbl YyBEIHWYEHHbIE H300pakeHus (pa3oBoro

KOHTpacTa HCCIEAYeMbIX MOJAEIbHBIX MHUKpPOOOBEKTOB. [IpM CpaBHUTEIBHO KOMITAKTHOM
peanu3anuu dKCIepuMeHTanbHoi cxeMbl (paccrosaue ot CIIJI go merextopa menee 30 cm)
yIaJI0Ch TOOUTHCSI TEOMETPUUYECKOTO YBEIIMYCHHS B OJJHOU TUIOCKOCTH Oosiee ueM B 15 u 25 pa3
1151 skcnepuMeHToB ¢ YB u @311 cooTBeTCTBEHHO.
Jlist aHanmM3a SKCIEpUMEHTAIBHBIX AaHHBIX (DazoBoro koHTpacta P31 mpoBeneHo pernieHue
IPsIMOM 3a7a4u, TO €CTh MOJICTIUPOBAHUE PACIIPEACIICHNUS] IHTEHCUBHOCTH Ha TIO3ULIUU JIETEKTOpa
B paMKax TEOpUU BOJHOBOH ONTHUKU. CpaBHEHUE SKCIIEPUMEHTAIBHO 3apErHCTPUPOBAHHBIX
JaHHBIX U Pe3yJbTaTOB MOJAETUpPOBaHUsA mpenactaBieHo Ha Puc. la. [IpencraBnennsie npoduim
MHTEHCUBHOCTU cOOTBETCTBYIOT oOsiactu D311 ¢ mupuHoii 30HbI 0koi10 0.45 MkM. MoaenbHbII
npoduiab HWHTEHCHUBHOCTH TOJY4YeH IIOCIE CBEPTKU pe3yibTara pacdyera Al TOYEYHOTO
UCTOYHUKAa C TrayccuaHoM nonymupuHo 14 wmxm. Takoe ycpenHeHHE WHTEHCUBHOCTU
KOTepEeHTHOU KapTUHBI 00yCIOBIEHO KOHEUHBIM pazmepoM uctounuka CU (okomo 100 Mxm st
craniuu PKOM), a Taxke napyrumu (akTopamu, BKIIOYAs BUOPAIUIO JICMEHTOB ONTHYCCKON
cxembl. M3 mpeAcTaBieHHBIX JAHHBIX BUJHO, YTO HECMOTPS HAa YCPEIHEHUE MHTEHCHUBHOCTH,
UCIIOJIb30BaHHAsl CXE€Ma IO3BOJIAET pa3pelInTh OTAeiabHble 30HBI D3Il TO ecTh NOIYy4YUTH
CyOMUKpPOHHOE IPOCTPAHCTBEHHOE pa3pelieHue.

Jlia 3KCiepuMEHTAJIbHBIX JIaHHBIX Y B mpoBeneHo peuieHue oOpaTHOM 3a1adyu, TO €CTh
BOCCTAHOBJICHHE TOJIIMHBI OOBEKTa M3 JAaHHBIX (Pa30BOTO KOHTpAcTa B OJIMKHEM IIOJE C
UCIIOJIb30BAaHUEM ypaBHEHUS TPAHCIIOPTAa MHTCHCUBHOCTH [6, 12]. BoccTaHoBICHHBIN TIPOGUIH
tonuHel YB (Puc. 16) kauecTBEHHO COOTBETCTBYET AAHHBIM JJIEKTPOHHON M ONTHYECKOU
Mukpockonuu. Ha npencrasieHHOM mpoduiie 0TYETIMBO pa3peliatoTcsi 0COOEHHOCTH CTPYKTYPbI
YB pasmepom wMeHee 1 MkM, 4YTO mOATBEpKAaeT 3(PPEKTUBHOCTb HCHOIB30BAHHON
AKCIEPUMEHTAIBHON CXEMBI.

1.0 - JKCnepuMmeHT 4
(a) L ermosane ©)

/, OTH. eq.
t(x), MKm

73:00 72IOO 71‘00 6 l(I}O 2(I)O 360 71r0.0 77'.5 7.';,0 72I.5 OEO 2t5 S.IO 7:5 10'.0
X, MKM X, MKM
Puc. 1. DxcniepuMeHTaIbHBIA U MOZAETbHBIA MPO(UIN MHTEHCUBHOCTU (ha30BO-KOHTPACTHOTO
nzo6paxenust O3 (a); BOCCTaHOBIEHHBIN U3 SKCIEPUMEHTAIBHBIX JaHHBIX MPO(UIIH TOIIIUHBI

VB (6).

Takum o6pa3zom, B Xxoz1e paboThl SKCIIEPUMEHTAIBHO peau30BaHa MPEAIOKEHHAs paHee
[10] cxema (pa30BO-KOHTPACTHOM MHUKPOCKOIHWH HAa OCHOBE IUIaHAPHOW HaHO(MOKyCHpYOIIen
CIUIL IIpomeMoHCTpHpOBaHA BO3MOXKHOCTb NPHUMEHEHHsI JAHHOW CXEMbl JIsi HCCIEIOBaHMS

CTPYKTYpPbl MUKPOOOBEKTOB C CYOMUKPOHHBIM ITPOCTPAHCTBEHHBIM pa3pEIICHUEM.

BaaropapHocTun

16



Pabora BemonHena B pamkax Cornamenuss ¢ MunoOpnayku P® ot “28” wmions 2024 r.
Ne 075-15-2024-637.
[1] Kosambuyk M.B., baros A.E., Hapaiikuu O.C. u ap. // Kpucramtorpadus. 2022. T. 67. Ne5.

C. 726.

[2] TIpocekos IT.A., Hocux B.JI., biaros A.E. // Kpucramnorpadus. 2021. T. 66. Ne. 6. C. 843,
[3] Miao J., Ishikawa T., Robinson I. K. et al. // Science. 2015. V. 348(6234). P. 530.

[4] Pfeiffer F.// Nature Photonics. 2018. V. 12. P. 9.

[5] Snigirev A., Snigireva l., Kohn V. et al. Rev. Sci. In-strum. 1995. V. 66. P. 5486.

[6] D.M. Paganin. Coherent X-Ray Optics. OUP (2006). 411 p.

[71 Yunkin V., Grigoriev M.V., Kuznetsov S. et al. // Proc. SPIE. 2004. V. 5539. P. 226.

[8] Snigirev A., Snigireva ., Kohn V. et al. // Phys. Rev. Lett. 2009. V. 103. P. 064801.

[9] Kohn V.G., Folomeshkin M.S. // J. Synchrotron Rad. 2021. V. 28. P. 419.

[10] Kou B.T". // Kpucramiorpadus. 2022. T. 67. Ne 2. C. 892.

[11] Sorokovikov M.N., Zverev D.A., Barannikov A.A. et al. // Nanobiotechnology Reports. 2023. V. 18.
P. S210.

[12] Zuo C., Li J., Sun J. et al. // Optics and Lasers in Engineering. 2020. V. 135. P. 106187.

17



00 "orkpeiTUN'" U "3aKpbITHH" MPO0JIEMBI MHOTOCTOMHBIX Jlay)
JIUH3 VI GOKYCHPOBKH KECTKOT0 PEHTI€HOBCKOI0 M3JIy4YeHu s

[Tyneros B. .

Duszuxo-mamemamuyeckuil uncmumym PedepanbHozo ucciedosamenbckozo yenmpa "Komu nayunwiil
yenmp Vpanvckoeo omoenenus Poccutickoii akademuu nayk", 167982, Coixmuigkap * Yupeowcoenue

I'pynna amepukanckux ¢pu3ukoB B 2004 roay mpeaiiokuiia co31aTh MHOTOCIOHBIC JIay?
muu3bel (MJLI) [1], xoTOpBIe, IO UX MHEHUIO, SIBJISIOTCS HOBBIM 3JIEMEHTOM PEHTIE€HOBCKOM
ONTUKM M HMEET OOJbIlIMe MEPCHEeKTUBBl A (DOKYCHPOBKH >KECTKOTO PEHTIC€HOBCKOIO U
CHHXPOTPOHHOTO HM3IIydeHHs. BeiaBuHyTas uaes okasanack copnoi [2,3]. ITocne pabot [2,3],
nyOIuKanuu Mo mpobiieMe co3laHusi U yiydiueHus cBoiictB MJIJI mpakTH4ecku HCYE3JH.
OnHako, Hay4HBIH KOJUICKTHB NPH CUHXpOTpoHHOM ucrounuke DESY (Hamburg, Germany)
MpOJODKAaeT MyONMKOBaTh pe3ynbTarhl ¢ ucnonb3doBanuem MILL [4]. Tlostomy mnpobiema
co3nanus U ynyqmenus cBoiicts MJIJI TpeOyeT nanpHelen AMCKycCcuu.

MJUI npencraBisitoT coOOM  CEKIIMOHHBIE, TO €CTh JIaTepalibHO OTpaHUYEHHBIC
anepuoANYHbIE MHOIOCIONWHBIE CTPYKTYPbI, KOTOpBIE CO3JAIOTCS B OCHOBHOM METOJIOM
MarHeTPOHHOTO HaMbUICHUS C MEPUOAMYHOCTHIO CIIOEB B COOTBETCTBUU C KOH(pUTryparueil 30H
O®penenst. OnHAKO MNPEANOIOKEHUE, YTO Ha BBIXOAHOM moBepxHoctu MJIJI B HampaBieHuu
TUGPaKIIMOHHOTO Tyyka OynyT dopmupoBaThbesi 30HbI DpeHensi, HeT HUKaKHuX OCHOBaHUU. B
¢u3MKe PEHTTeHOBCKOM JTUPPAKIMU HUX BO3HUKHOBEHHE IPOTUBOPEUUT  HPUHUUNY
npuuyunnocmu! [louemy xe B TeueHuu 20 JIeT 10CTATOYHO OOJIBIIOE KOINYECTBO HAYUHBIX TPYIII
pa3BHUBaJIi HAay4yHOE HAIpaBJIEHHE, CBSA3aHHOE ¢ ynyduieHueMm cBoiicts MJIJI? Ha arot Bompoc
ObT JaH OTBET B HEJABHHUX CTaThsax [2-3,5]. Hukakux BO3pakeHM M KOMMEHTApHEB K
pesynbraram padoT [2-3,5] B TeUeHUH YeThIpeX JeT He mocTymmiio. JleiicTBuTeNnbHO, qudpakuus

B IIEPUOANYECKON CTPYKTYPE BO3MOKHA IIPU BBIIIOJHEHUH YCIOBUS 2dsing, = /1, rae d nepuon
MHOT'OCJIONHON CTPYKTYphl, 8 - yron bparra, 4 - niauHa peHTreHOBCKOH BOJIHBL. B ciyudae

arepruoIMYECKO MHOTOCIIOMHOM CHCTEMBI 3aKOH bparra 3anuiiercs: Kak 2d(z)sinGy =4 , e
d(z) - Bapmamus TepuoJa BAOJb TONIIMHBI MHOTOCIOWHON CTPYKTyphl. Ilpum 3TOM mporecc
TupakIuu coxpaHseTcss B mpezenax Hekortopoil obmactu MJUI tonmumHuoi t, moka ¢a3oBbie
U3MEHEHHs PEHTT€HOBCKUX BOJIH HE BBIBEAYT IYYOK M3 YCJIOBHUS Oudpakuuu. Yem Oobiue
TPAIUEHT M3MEHEHMS IIepUOJa MHOTOCIOMHOM CTPYKTYpbl, TEM CHJIIBHEE CYXKaeTcs
TUQParupoBaHHBIA MYYOK, YTO NPUBOIUT K wuanwo3uu Gokycuposku. Takum o0paszom,
¢doxycuposka MJIJI siBasieTcst AuUILIb IpeanookeHneM. MoKHO FOBOPUTH O 3aKPBITHH MTPOOIIEMbI
MIJIJI n 3acBUAETENBCTBOBATh JIUIIb KOJUIMMALUIO WM3JIy4€HUs TPaJUeHTHOW MHOTOCIOWHOU
CTpyKTypoil. OnHako koymumanus ¢ 3p(HEeKTUBHOCTHIO TOpsAAKa 4-X MPOLEHTOB Bpsij Jiu Oyner
UCIIOJIb30BaHA B PEHTI€HOBCKOM OITHKE.

[1] J. Maser et al., Proc. SPIE, 5539, 185 (2004)

[2] V. 1. Punegov, JETP Letters, 111, 376 (2020)

[3] V.I. Punegov, 13B. KHIL] YpO PAH. Cepus «pusz.-mat. Haykn» , Ne 4, 68 (2020)

[4] Z Rek, HN Chapman, S Baijt, B Sarler, J. Phys. Conference Series 2766, 012034 (2024)
[5] V. L. Punegov, J. Synchrotron Rad. 28, 1466 (2021)
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HoBasi koHuenuusi pasBUTHS BBICOKONPOU3BOAUTEIbHOM
PEHTreHOBCKOM JauTorpaguu

YUxamo H.U.

Hnemumym guzuxu muxpocmpyxkmyp PAH, 603950, 2. H. Hoszopoo, I'CII-105
*chkhalo@ipmras.ru

Cpenu COTeH TEXHOIOTMYECKUX ONepaluii 1 eJUHUL 000pyI0BAHNUS, UCIIOJIb3YEMbIX NIPH
IPOM3BOJICTBE MUKPOCXEM, JInTOrpadus 3aHnMaeT ocoboe Mecto. CaMble COBpEeMEHHBIE YHITBI B
OCHOBHOM IIPOM3BOJIATCS C MCIIOJIb30BaHKEM JinTorpaduu Ha aauHe BoaHsl 193 am (DUV — deep
ultraviolet), yto cTan0 BO3MOXKHBIM OJiarojiapsi HEPEPHIBHOMY Pa3BUTHIO METOJIOB MOBBIIICHHS
paspernraromieii ciocoonoctr (RET — resolution enhancement technique), KkoTopbie MO3BOIHIH
JOCTUYhL Tpejesia paspenrarieidl crnocoOHOCTH yibTpaduoneToBoi ymrorpaduu 8 HM [1].
OzHAaKO 3TH TEXHOJOTHH PE3KO YBEIUYHIN CTOUMOCTD JIUTOrpahuuecKoro nporecca v MoHU3WIN
BBIXO/JI TOIHBIX H3/ICIHA.

KonnyecTBO TEXHOJOIMUECKUX ONEpalUil yMEHbINACTCS NPU HCHOIb30BAHUU JJIMHBI
BOJIHBI A = 13,5 HM. B Hacrosiiiee BpeMsi MOHOIIOJIMCTOM B IIPOU3BOJCTBE TAKOI'0 000py10BaHUs
spisiercss kommaauss ASML, Hunepnanger. [Ipu pa3zpadotke cBoeit mporpammbl ASML ucxonun
u3 mapaaurmel, 4yro EUV inmrorpadms nomkHa WMETh NPOM3BOAUTEIBHOCTH PAaBHYIO
tpaauimornHoi DUV nmutorpaduu. Mcxoas u3 3toi mapaaurmel Obuta BeIOpaHa JyiiMHa BOJIHBI 13,5
HM, TaK KaK B T¢ (HyJICBbIC) TOJIbI HA 3TOM JUIMHE BOJIHBI uMenrchk M0/Si MHOrOC0IHBIC 3epKaia,
o0ecrnieunBaroIiie MaKCUMalbHble  KOA(MQUIMEHThl OTPAXEHUS U Ja3epHO-IIJIa3MEHHBIH
HCTOYHHUK C OJIOBOM — MAaKCUMyM K03((HIIMeHTa KOHBEPCHH SHEPTHH Ja3epHOTO MU3ITYYCHHUS B
EUV. Ilpaktuka mokasanga, 4To B pe3yJbTaTe ITOTO BHIOOpa, MpeXkae BCEro SN B KadyecTBe
pabouero BemectBa JIIIM m CO2 nazepa, nutorpad mnpuoOpen THraHTCKHE pPa3MEpHl,
sHepronorpebienue npep3onuio 1 MBT, Bpems KU3HU TaKUX AOPOTOCTOSIIUX 3JIEMEHTOB, Kak
xoyutektop u pellicle, cocraBnsier Heckonbko Henenb. B COBOKYMHOCTH 3TO MPOSIBUIOCH B
OOJBIINX HKCIUTyaTallMOHHBIX pacxojaxX M BBICOKOM, COTHM MWIIMOHOB EBpo, nene. Taxas
TEXHOJIOTHSl OKYNAeTCsl TOJIBKO MpH HAIU4YUU TJ00anbHO pblHKa wunos. [loatomy EUV
JAUTOTpadbl HCHOIB3YIOT TOJIBKO 5-TOI KOMIAHUN MPOU3BOANTENEH YUIIOB. bojee Menkue urpoku
JlaXKe He TUNIAHUPYIOT TPHOOpPETEHUE TI0I00HOT0 000pYA0BaHHUS.

3a 20 seT mpowu3olIea 3HAYUTEIbHBIN MPOrpecc, Kak B PEHTICHOBCKOW OINTHKE, TaK U
nazepHoii Texnuke. B wactnocti B UM PAH Obun pazpaboTtansl Ru/Be MHOTOCTOIHBIE 3epKalia
¢ ko3¢ ¢unentamu otpaxkeHus: oonee 72% [2]. B paborax [3,4] Obutn moKa3aHbl BBICOKHUE, J10
4%, k03P HUIMEHTHI KOHBEPCUH JIA3€PHOTO U3TyUYEHHUS B PEHTTEHOBCKOE, B OKpecTHOCTH 11,2 HM.
[TosiBunMCh THOpPUAHBIE TBEPAOTENbHBIEC Ja3epbl C JUCKOBBIMHM YCWJINTENISIMH KHJIOBATTHOTO
kiacca [5]. Onupascy Ha HOBble TexHosoruii B UOM PAH mnpennokeHa HOBas KOHIEMIIUS
pa3sBUTHSI ~ PEHTICHOBCKOW  juTOrpaduu, LEeNbl0  KOTOpPOM  sBiseTcsl  pa3paboTka
KOHKYPEHTOCIIOCOOHOTO ~ PEHTT€HOBCKOTO JuTOorpada, ycrymaromero B 2-3  paza 1o
npousBoauTensHocTH ASMLeBckoMmy mnuTorpady, OJHAKO € COXpaHEHHEM paspeliaroiieit
CIOCOOHOCTH W TIPH MEHBIIHUX, OKOJIO TOPSIAKA BETUYMHBI, pa3Mepax, SHEPrornoTpedIeHnd U
CTOMMOCTH O3KcIUTyaTauuu. Pa3pabotana popokHas KapTa pa3BUTHSL 3TOrO IPOEKTa Ha
Onmxaitmue 9 ner.

B noxmane cooOmiaercss 0 MpeUioKEHHON KOHIIETIMU PEHTI€HOBCKOW JUTOrpaduu B
Poccun, pazsuBaemoii B ncturyre ¢uzuku mukpoctpykryp PAH. IlpuBogutcs obocHoBaHue
INPEUMYIIECTB U MEPCIEKTUB PEeaTM3yeMOCTH JIMTorpaduu Ha HOBOM AJsL JUTOrpaduu JUIMHE
BosiHbI 11,2 HM. Jlaercs KpaTkuii 0030p OTEYECTBEHHOI'O YPOBHS DPA3BUTHUS KPUTHUECKHUX
TEXHOJIOTUH, HEOOXOAUMBIX JUISl CO3AaHUsI PEHTT€HOBCKOT 0 TUTOrpada.
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KpemuueBbie (pOTOAMOABI IJI1 PErMCTPALMHA KBAHTOB € JHEepPrueu
1-60000>B

3abpoackuii B.B., Apyes I1.H., Hukonaes A.B., lllepctués E.B.

Quzurko-mexnuveckui uncmumym um. A.@. Hogpgpe Canxm-Ilemepbype

PaccmaTpuBaoTcsi 0COOEHHOCTH KOHCTPYKIIMM KPEMHHUEBBIX (OTOAMOAOB MJIs PEruCTpalluu
BaKyyMHOI'O yjibTpauojieTa H PEHTICHOBCKOro u3dMy4deHus. OOCYXKIalOTCs OCHOBHBIC
XapaKTepUCTUKU:  3(PPEKTUBHOCTh  perucTpaliy, TEMHOBbIE TOKH, OBICTpOAEHCTBUE,
panuanroHHas CTOWKOCTb, IPUMEPHI C HHTEIPUPOBAHHBIMU (DUIIBTPAMHU.

Oco0oe BHUMaHUE YENAeTCs IPaKTUYECKOMY IPUMEHEHUI0 KPEMHHUEBBIX (POTOIUOA0B U CUCTEM
pErucTpanyy Ha UX OCHOBE.

[IpencraBieH MpoeKT MepcrneKTUBHON THOpUIHON MaTpullbl popmaTa 20x20 MUKCENOB, B BAKYYM
COBMECTHMOM HCITOJTHEHHUH, C TIEPEKITIOYeHNEM KOA(PPUIMEHTA YCUIICHHS, C HHTETPUPOBAHHBIMU
CHEKTPabHBIMH (UIBTPaAMH, CO CKOPOCThI0 HempepbiBHOM 3anmucu 500 000 kaapoB B ceKyHAY
IPU JUIUTEIBHOCTH 3aIIUCHU 3 CEKYH/IbI.
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OnTnyeckue cnenuPUKANMU TEXHOJIOTHYECKOT0 MPoLecca B
Jutorpaguu MArKoro peHTreHoBCKOIro TUAana3oHa

BansbTep I1aynbe
Hnemumym ¢uzuxu muxpocmpyxkmyp PAH, 603950, e. H. Hoseopoo, ' CI1-105

Crneuundukanuy 1 AOMYCKH AJI1 TEXHOJOTHYECKOIo IMpoliecca Ha drane (GOopMUpPOBAHUS
penbedHON CTPYKTYpPbI (OTOPE3UCTa, BKIIOYAIOIIEM B ceOs SKCIIOHMPOBAHUE, MPOSBICHHE U
TepMO0OpabOTKyY pe3ncTa, CTAHOBSTCS Bce O0jIee CTPOrMMHU [0 MEpPe YMEHbILIEHUS pa3MepHOCTEN
CTPYKTYp B MHUKpPOCXEMaX U JIOJDKHBI YUUTBHIBATHCS YK€ Ha 3Tare MPOSKTUPOBAHUS JIUTOTrpada.
[IpenbsiBasieMble KpUTEPUM OOBIYHO pPa30MBAIOTCS HA YEThIpE TPYMHIbl — OTHOCSIIUECS K
KOHTPOJIIO MpOQWIS pPe3nCcTa, KOHTPOIIO COBMEIICHHUS IOCIIEeIOBATEIbHBIX CIIOEB, BOMPOCHI
COBMECTHUMOCTH C TMOCIEAYIOIUMHU [IaraMd TEXHOJOTHYECKOro TMpolecca M HAKOHEI,
TEXHOJIOTUYHOCTh CaMoro rporuecca. byaer nan xkpatkuid 0030p METOIOJIOTHH, HCIIOIB3YeMbIX
IIpU KOHTPOJIe MPOQIIIS Pe3UCTa U COBMEIIEHUU CI0EB, B KOTOPHIX ONTHYECKHE CHEIH(PUKAIUN
UTPAIOT €CJIM HE CaMYIO BaKHYIO, TO 3HAUUTEIIbHYIO POJIb.

ITpu npoexkTupoBaHUM JUTOrPAPUUECKOro MPOLECcca MO/ HEKYIO 3aJaHHYI0 Pa3MEPHOCTh
MHUKpOocxeM (popMynaupyeTcss HabOp COMYTCTBYIOUIMX clelu(UKannii, KOTOPbI HEOOXOIUM IpU
(GOpMHpPOBAaHUM KOHKPETHOTO TEXHMYECKOTO 3aJaHusl ISl HCHOJB3YEeMOrOo TPH 3ITOM
o0opynoBanusi. Hanpumep, Ha 1m1are 3KCIIOHUPOBaHUS, crielU(UKALMK HAJIaraloTCsl He TOJIBKO Ha
ONTUYECKYIO CXeMy JUTorpada U CHCTEMBI MMO3UIIMOHUPOBAHUS MACKH U TOJJIOXKKH, HO ¥ Ha
npolecc MPOU3BOACTBA MAacoK M MOJUIOKEK. IIpu 3TOM cienyeT ydyuThIBaTb, KAaKUM HMEHHO
0o0pa3oM  BBHIICYNOMSHYTHIE crenuukanuu npoduias ¢GoTope3nucTa COOTHOCATCS  CO
cneuuuKanusAMH caMOll ONTHYECKOM cXeMmbl JuTOorpada, CUCTEMbl NO3MIMOHUPOBAHUS U
muTtorpadpuueckux 1mabnoHoB (Macok). Taxke creayloT Npud ATOM [OHUMATh BIHSHUE
¢GuykTyanuii M OmMOOK TEXHOJOTMYECKOro Mpoliecca B OTJENbHBIX KOMIIOHEHTax WU Ha
OTJENFHBIX IIarax MpOM3BOJICTBEHHOTO IMKJIA HA CIENU()UIIIPOBAHHBIEC BETHYNHBI.

Eme Oonee BaXKHYIO pOJIb UTPAET BOMPOC TEXHOJOTUYECKOTO 0OECIeueHUs] N3MEPEHUs
Pa3IMYHBIX XapaKTePUCTHUECKUX BEITUYMH, HAIIPUMEpP, KPUTHUUECKON pa3MEepHOCTH, Ha Pa3HBIX
sTamax mporecca. Jns 3Toro HeoOXomuMMa Ienas TEXHOJIOTHYecKas WHQPPACTPYKTypa,
BKJIIOUAIOIIas B ce0sl, MOMUMO BCETO MPOUYEro, pEHTTE€HOBCKHE MUKPOCKOIIBI Ha pabodeil JinHe
BOJIHBI J'II/ITOl"pa(ba, OJICKTPOHHBIC MHKPOCKOIIBI, CUCTEMbI KOPPCKIMKU MACOK, HCIIOJIB3YIOHIHE
AIIEKTPOHHBIE M MOHHBIE MYyYKH, peIIeKTOMETPHI U Jpyroe odopynoBanue. Takxe HeoOXxoauma
MCTOHOJIOTHA [JIA COOTHOLICHUA XAPAKTCPUCTHYCCKUX BCIIMYUH HU3MCPCHHBIX Ha Pas3IMdYHOM
o0opysoBaHuU APYT ¢ ApyroM. HemanoBakHYIO poJib UTPaeT MPU 3TOM BOMPOC MPOrPaMMHOTO
obecrieueHus 151 00pabOTKHU pe3yabTaTOB U3MEPECHHM.

Takum oOpazom, GopMmynHpoBKa U KOpPpeKTHOE oOecrneueHue creuupuKanui s

J'II/ITOl"pa(bI/II/I MATKOT'O PCHTICHOBCKOI'O AHAIla3OHa SBJISCTCA HCOGXO,Z[I/IMLIM YCIOBUCM JJIA
CO3aHus COTJIaCOBAaHHOI'O pa60Tafomero IMPONU3BOACTBCHHOTI'O ITPOIECCa
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M CTOYHHK IKCTPEMAIBHOIO YJIbTPA(PHOJIETOBOI0 U3JIyUEeHHUS HA
OCHOBE IJIa3Mbl KCEHOHA: MPUHIUIbI, HOBbIE Pe3yJbTAThI U
NepCcrneKTUBBI s JUTOorpaduu

H. C. Abpamos

Hnemumym npuxnaouou pusuxu um. A. B. I'anonosa-I pexosa PAH, Husichuii Hoéeopoo

Jlexuusi MOCBAIIEHA TEOPUU JIA3EPHOTO pa3psiia B CTPye KCEHOHA BBICOKOIO JIABJICHMUS,
npearaeMoro B kaudecTtBe 3((EKTHUBHOIO HCTOYHHKA SKCTPEMATIbHOIO YIbTPA(QHOIETOBOTO
usnyyeHus (YD) nns nutorpaduu [1]. O6cykaar0Tcsi OCHOBHBIE aCIIEKThI JMHAMUKH Pa3psiia,
B YaCTHOCTH, BO3MOKHOCTh paclIMpeHus 00J1aCTH pa3psia, n3irydaronieit B Y ® nuana3oHe ajiuH
BOJIH, 3a Tpenenbl (OKaIbHOTO ISTHA Ja3epa BeieAcTBUE (OTOMOHM3AIMH OKPYXKAIOIIETO
HEUTPaIbHOTO KCEHOHA M TOCIEOYIOUIEr0 HarpeBa JJIEKTPOHOB IMOTOKOM Teruia U3 o0jacTu
SHEProBKJIa/la BCIEACTBHE TEIJIONMPOBOAHOCTU [2]. PesynbraThl MOAENIUpOBaHHS B pPaMKax
pa3pabOoTaHHOW TEOPUU MTPOBEPSAIOTCS HA JOCTYIHBIX SKCHEPUMEHTAIBHBIX MaHHBIX [3—6] u
UCIIONIB3YIOTCSL JUISL MCCIICIOBAHMS TPEJENIbHBIX MapaMeTpoB HUCTOUHUKA DYD u3nydyeHus Ha
OCHOBE IIa3Mbl KCEHOHA.
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UccaenoBanus u ONTUMHU3AIUA Ja3ePHO-TIA3MEHHOI0 HCTOYHUKA
EUV u3ny4yenns ¢ Xe razocrpyiinoii Mmumiensio B ®THU
uM. A. ®. Hodpde

I1. C. byropun

Quzurxo-mexuuueckui uncmumym um. A. @. Hopgpe PAH, 194021, Canxm-Ilemepoype,
Tonumexnuueckas, 26
e-mail: Butorin_ps@mail.ru

OnuceiBatotcst uccinenopanus 2017-24 r. r., MOTUBHpOBaHHbIE BbIIBUHYTHIM B DM B
2013 r. npennoxenueM o pa3paboTke BeTBH HaHonuTorpaduu ¢ paboueil JTMHON BOJHBI OKOJIO
11 M. [IpenmyIiecTBOM Takoi TEXHOJIOTHH SIBISETCS BO3MOKHOCTb UCIOIb30BAaHUS TI1a3Mbl U3
Xe B KaueCTBE UCTOYHHKA HKCIIOHUPYIOIIETro n3rydeHusi. KoneuHoii 1enpro ncciegoBaHuii Obu10
JOCTHKEHUE BBICOKOW MHTEHCHUBHOCTH DMHCCHUU IUIa3Mbl B Y3KOM IMOJIOCE BOKPYT BHIOpaHHOMN
JUIMHBL BONHBL. [lomguepkuBaercst (yHIaMEHTaNbHBIN, MPEIONpPEaeICHHBI BHIOOPOM UIMHBI
BostHBI B EUV nnamasone, xapakTep BO3HUKAIOUIUX MMPOOJIEM.

[Ipy ommcaHUM DKCIEPHUMEHTAILHOW YCTaHOBKM CJEJTaH AaKIEHT Ha OCOOEHHOCTIX Xe
ra3ocTpyMHON MUIIIEHHU U CTIOCO0E ee TreHepalnu.

OCHOBHOM  H3MEpPUTENILHOM  METOAMKOM Obula  MHOTO3epKajibHas  OparroBckas
CHEKTPOMETPHSI, MO3BOJISIIONIAs MOJYYUTh KaTuOpoBaHHBIE B aOCOMIOTHBIX (BT/HM) emumHuIax
CHEKTPBI U3ITyYEHUS IUIa3Mbl B Auana3zone A = 7-15 am. OOcyxmatoTcsi 0COOCHHOCTH CIIEKTPOB,
MOJIyYEHHBIX TIPU PA3IMYHBIX IKCIIEPUMEHTAIBHBIX YCIOBUSX.

DKCrepUMEHTAJIBHO allpoOMpOBaH psia MeToJ0B yBennuyeHus sHepruun EUV usnydenus
UCTOYHUKA 32 UMIyNbC. bbuto oOHapykeHo, uTo Hambosnee >PQPEKTUBHBIM U3 HHUX SBISETCS
BapbUPOBaHUE JAMAMETpPa JIA3EPHOTO JIy4a, MMAJaroiero Ha MUIIeHb: mpu auamerpe 350-400 mxMm
SHEprus U3nydeHus mia3mel Ha A = 11.2/13.5 HM oka3zanack, COOTBETCTBEHHO, B 4.5/11 pa3 Bhliie,
yeM Tipu auameTrpe Jsyda 45-50 Mxm. B pesymbTaTe ynamoch JOCTUYB PEKOPAHOTO Ha
CETrOJIHAIIHUI JEHb Ul 00CYXK1aeMOoro TUIa MCTOYHUKA KO3(PQUIIMEHTa KOHBEPCUH JIa3epHOM
SHEPTUU B SHEPTHIO y3KonojocHoro uanydeHus ¢ A = 11.2 am: CE = 3.9%.

B noknane mpuBoguTcs OOBSACHEHHE 3TOMY HEOXKUIAHHOMY pe3yJbTaTy Ha OCHOBE
TUIOTE3bl O THAPOJMHAMUYECKOM UCTEUEHHUH Ja3epHOM M1a3Mbl 3a Mpeiesibl 00ayyaeMon 30HbI B
XO0/Ie J1a3epHOoro uMIyisca. Ilpu 3ToM ATUTETHOCTD CYIIIECTBOBAHMS TJIa3MEHHOTI'0 00pa30BaHMs
3aBUCHT OT €ro AMaMeTpa U Ipu 00Jyd4eHHH MULIEHH OCTPOCPOKYCHPOBAHHBIM JIA3€PHBIM JIy4OM
OKa3bIBAETCsl CYIIECTBEHHO KOPOUE JIa3€PHOTI0 UMITYJIbCA.

BrinosiHeHHBIE BIIOCIEACTBUM MU3MEPEHUS MOTJIOMIEHUS JA3€pPHOM SHEPrUU Ja3epHOW IIa3MOM
HNOATBEPAMIN 3Ty TUIOTE3y: M3NydeHHas Iuasmoil B EUV numanasone sHeprust u3meHsiach
MPAKTUYECKH MTPOMOPLHUOHATIBHO SHEPTUHU Ja3€PHOTO U3IyUEHHMs], TOTIIOIEHHON B I1a3Me.

OxoHuaTeIbHBIN OTBET HAa BOIIPOC O BPEMEHH CYILIIECTBOBAHMSI IJIa3Mbl ObUI J1aH B PSMBIX
u3MepeHusx anurensHocted EUV u3nydeHus mia3Mbl U NMOTJIONIEHUS B HEH JIa3epHOM 3HEPTUH,
BBIMIOJTHEHHBIX C BBICOKMM pa3pelEeHWEM IO BpeMEHU. B 3ToM pasnene Taxkke ONMCaHbI
pe3yNbTaThl KATMOPOBOUHBIX U3MEPEHUH UTMTETFHOCTH OTBETHOI'O UMITYJIbCa PETUCTPUPYIOIINX
CHCTEM Ha KOpOTKUH (=1 11c) BO30YXIAIOIINI CUTHAT U TEXHUKA B3aUMHOW CHHXPOHM3AIIUU 3TUX
OTBETOB.

[IpennokeHpl HOBBIE METOJbl JMArHOCTUKM JIA3€pPHOM IUIa3Mbl, I103BOJISIIOIIME HaA
OCHOBAaHMU W3MEPEHHBIX BEJIMYMH MorjomeHHod B 1uazme aonu WK wusnyuenus nasepa c
BBICOKMM pa3peleHHeM M0 MONepeuHOMY CEUSHHIO IIa3Mbl (10 eIMHUI] MUKPOH) U TI0 BpeMEHU
(1o 0.5 HC) BOCCTaHOBUTH BHYTPEHHIOIO CTpYKTYpy Mia3Mmel ("MK-ckonus" mna3msl) U OLEHUTH
3HaYeHUs €€ MapaMeTpoB (TeMIlepaTypbl M CPEIHEro HMOHHOIO 3apsja) M IMPOCIEIUTh HUX
HBOJIIOLIMIO B TE€YEHHE JIA3€PHOI0 UMITYJIbCA.
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Pabora BrimonneHa B cootBeTcTBUU ¢ ['oczananuem OTU (Ne 0040-2019-0001) mpu wacTuaHOU

noaziep ke GOoHIOM pa3BUTHs TeopeTrnueckor ¢puzuku U MmateMatuku «bA3UCy - rpanT #22-1-
5-81-1.
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HUccaenoBanue pe3uctoB Ha ocHOBe IIMMA Ha 1yiMHe BOJIHBI
11.2am

J.B. IletpoBa, A.A. Ilepekanos, M. C Muxaiinenko, B. E. I'yceBa, A.H. Heuaii, H.W. Uxaino

Hucmumym gpuzuxu muxkpocmpyxkmyp PAH, yn. Akademuueckas, 0. 7, Huscnuii Hoseopoo, 607680.

Pesucrt - ocHoBa mo0oro nutorpapuueckoro npouecca. OT XUMHUECKUX B (POTOXUMHUYECKUX
CBOWCTB pe3UCTa 3aBUCUT KauyecTBO JUTOrpaduu - €ro CHocoOHOCTh TOYHO IepeaaBaTh
M300pakeHHE JIEMEHTOB.

[Touck n pa3paboTKa HOBBIX MaT€pHAIOB Ul JUTOTpapUUECKUX MIPOLECCOB - MEPCIEKTUBHOE
u ObIcTpO pa3BuBaromieecss HampasieHue. Ocoboe BHUMaHME, yaenserca qutorpadpun B DY D
(3KCTpEeMabHOM YIbTPa(pHOIETOBOM JHANA30HE) U MATKUX PEHTI€HOBCKHX Jydax. /[BukeHue B
CTOPOHY KOPOTKOBOJIHOBOT'O JMana3oHa JJIMH BOJH IMO3BOJUT J0CTHYb cy0-10HM pa3smepoB
TOTIOJIOTUM 3JIEMEHTOB MHMKpocxeM. /[l ychemHoil peanu3anuu HEOOXOJUMBI PE3HCTHI,
coueTarolIye B ce0e BBICOKYIO UyBCTBUTEIBHOCTD U NE€PEI0BbIE TEXHOJIOTUYECKHE HOPMBI.

K coxanenuto, B Poccuu celiuac OTCyTCTBYIOT JOCTOMHBIE OTEUECTBEHHBIE AHAJIOTH PE3UCTOB
st OY® U MATKOro peHTreHa, Tak M YCTAaHOBKU JUIsl MX SKcIoHUpoBaHus. JlaHHas pabora
HOCBALIEHA PELICHNI0 00€UX ITUX NMPOOJIeM B KOMILIEKCE.

Pesuctsl Ha ocHoBe [IMMA siBisitoTCst HanboJ1ee KOMMEPYECKH TIOCTYITHBIMU U YJOOHBIMHU B
skcryaranuu. Pesuctel Ha ocHoBe [IMMA, mpencraBieHHble B 3TOM paboTe, SBISIOTCS
MO3UTHUBHBIMU PE3UCTaMU 0€3 XUMHYECKOrO YCHIIeHHs. J{Is MCclenoBaHMN HCIOIB30BAJICS
koMmmMmepueckuii pesuct [IMMA 950 KA, npenHazHadeHHBIA IS AJIEKTPOHHOW JInTorpadum, a
Takke o0pasipl pe3uctoB Ha ocHoBe IIMMA nonyuennsie B nadoparopusix OOO «llonukeTon».

OO6pa3upl pe3ucToB HaHocuIuCh IeHTpudyrupoBanueM Ha 3000 o0/MHH Ha IUTACTUHKU
kpemuus. [lporpeBamucey no 150°C 3 MuH. DKCHOHMpPOBaHHME NPOBOAMUIU C TOMOIIbIO
71a00paTOPHOTO CTEH .

3acBeTKa pe3ucTa MpoU3BOINIIACh IKCTPEMAIIbHBIM YIIbTpaguoaeToBbM (DY @) usnydyenneM
¢ umHOM BonHbl 11,2 HM. B KadecTBe HMCTOYHMKA H3JIyUYEHHUS MCIIOJIB30BAIICA JIA3€pHO-
IUTa3MEHHBIH HCTOYHMK C Ta30CcTpyHHOM MumieHbto Kr. dopmupoBaHue a3epHON ILIa3Mbl
OCYIIECTBISIIOCh cokycrpoBanHbIM n3inyueHneM Nd:YaG naszepa. JTUTENBHOCTD JIa3epHOTO
uMmiynbca 4,5 He, sHeprus ummynbca 0,8 [k, gactrora moBropeHuss ummnyiabcoB 10 I'm. s
(GbopMHpOBaHUS MUILIEHHU HCIOJIb30BAIN KOHYCHOE COILIO, MaMeTp KpuThueckoro ceueHus 500
MKM. JIJ1s CHHKEHUS pacxojia ra3a M yMEHbUICHHS Harpy3Ku Ha OTKauHYIO0 CUCTEMY COIUIO OBLIO
OCHAIIIEHO MMITYJbCHBIM KJIallaHOM, paboTa KOTOPOTO CHHXPOHM3MPOBANACH C JIa3epHBIMHU
UMIyJabcaMu. [[MUTEeIbHOCTh OTKPBITHSI UMITYJIBCHOTO KJIallaHa B Mpoliecce padoThl COCTaBIIsAIA
300 mxc. /laBnenue rasa Ha BXoze B coIuio 5 6ap. OTKauka BaKyyMHOM KaMepbl OCYLIECTBIISIIACH
TypOOMOJNIEKYISIPHBIM HacocoM npousBoauteabHocThio 2000 s/c. [Ipu oTkauke BakyyMm B Kamepe
nocturan 5*10% Tla, mpu BbIKTIOYeHHOM HcTouHHKe DY@ wusnyuenus. Ilpu paboraromem
ncrtouyHrke JY @ u3nydeHus BakyyM coctaisii nopsaka 1 Ia. Jlnsg nperoTBpalienys nomnajgasus
Ha oOpaszerr ¢ pesuctoM paccessHHoro MK wu3nydenus nasepa, a Takke BHIUMOTO U
yIbTPapUOIETOBOIO M3IyUYEHHUS JIa3epHOM HCKpPBI, CO3JAIONIMX IMapa3uTHYIO 3aCBETKY, Mepel
00pa3IoM ObLI YCTAaHOBJIEH MHOTOCIIOMHBIN TIeHOYHbIH (unbTp Ru/Be.

OKCMOHUPOBAHKE MTPOBOAMIIN, BAPbUPYS 103y 3aCBETKU [T KaX/10i 001acTH, KOHTPOJIUPYS
BpeMs o0ydeHus oopasua.

[Tocne SKCIIOHMPOBAHUSL PE3UCT MPOSBISIN B CMecH MeTwia-uzo0ytmikeroHa (MUBK) u
M30IIPONMIIOBOTO CIUPTA 1:3 COOTBETCTBEHHO, B TEUEHUH | MUH.

Ha pucynke 1 nmpeacrasnen Bun oopasna pesucra [IMMA 950 KA, nocne 3xcrioHupoBaHus
U TPOSIBJICHUS JUTOTpapUUECKUX MATEH C Pa3HOM JATUTEIBHOCTHIO 00IydeHUs. MUHUMalIbHAS
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pacuetHas no3a cocraBuna Q=30 m/lx/cm? (maTHO 6 MuH). MakcumanbHas - 100 mJlx/cm? (20
MUH).

OOpasupl  comepkale HKCIIOHHPOBAHHBIE OOJACTH, C pa3sHOW [1030M OOIydeHHS,
METAJIM3UPOBATIMCHh MAarHETPOHHBIM pacnbuieHueM. Hanocuiics cinoit Banaaust ToamuHou 30HM.
ITocne wd4ero, oOpa3mpl HCCIAENOBAINCH Ha  MHUKpouHTepdepomerpe Oemoro  cBera.
AHaIM3UPOBAIKCH TIIYOMHA TIPOQHIIS M €70 3aBHCUMOCTh OT BPEMEHH M SHEPTUU 3aCBETKH pPHC.2.

gggggg
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Puc 1: [Ipumep  obpasma  mocine Puc 2: Ipoduns naren mutorpadum mocie
AKCIIOHUPOBAHHUSI U TIPOSIBIICHHSL. MeTaJUIN3allUH, W3MEPEHHBIN Ha
MUKpOHHTEp(hEepoMeTpeE.

[To cepun mapamienbHBIX OMBITOB AJISL KAXKIOr0 0Opasiia pe3ucta OyayT HOCTPOCHBI KPUBBIE
3aBUCHUMOCTH TITyOMHBI 3aCBETKH OT SHEPTHH OOTydCHHUS.

[TonydenHble nanHble OyAyT UCIONB30BAHBI JJI UCCIIEIOBAHUS APYTUX PE3UCTOB, B TIEPBYIO
odepeab peHTreHoBCKuX, HanpuMep BIIP 13, a Takxe pe3ucToB Ha OCHOBE KPEMHUS, TAKUX KaK
HSQ.

Baarogapuoctu

Pabora BeimonHena npu ¢uHaHcoBoi noaaepxke Poccuiickoro Hayunoro ®@onna (rpant Ne2l-
72-30029) u c wucnonws3zoBanueM obOopymoBaHus LIKII “®usuka ¥ TEXHOIOTHH MHKpPO- U
Ha”HoCcTpyKTyp” nipu UDM PAH, a taxke o6opynoBanus OOO «IlomukeTon».
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Onpeaenenue pasmepos JiazepHoi uckpsl B JIIINU ¢ razocrpyiiHbIMH
MUILIEHAMU

BE.T yceBal, A.H. Heuait!, A.A. HepeKaJ'IOBl, H.U. Yxano®
Y Uncmumym gusuru muxpocmpyxmyp PAH, 603087, Huscnuii Hoszopoo, Poccus

BBenenue

OngauMm u3 HamOoJee TEePCHEKTUBHBIX THUIIOB J1a00paTOPHBIX HMCTOYHUKOB SKCTPEMAIILHOTO
ynbrpaduoneroporo (OY®D) wusnydyeHus sBiseTcs JasepHas Iuia3Mma, (opMmupyemas B
ra3oCTpyMHBIX MHIICHSIX I[0J BO3JACHCTBMEM MOIIHBIX HMMIYJIbCOB Ja3€pHOTO M3ITyUCHHUS.
JlazepHo-TUTa3MEHHBIH  HCTOYHUK OY®D wu3dydyeHUs ¢ Ta30CTPYHHOH MHUIIEHBIO  Xe
MPEIoJIaracTCs WCIONIb30BaTh B paszpadarbiBacMbix DY®D nurTorpadax HOBOTO IOKOJICHUS,
paborarommx B okpectHoctd 11,2 HM [1]. B npoBemeHHBIX K HACTOSAIIEMY BpEMEHHU
WCCJICIOBAHMSIX OOJIBIIIOE BHUMAHUE YJESUIOCh AIMHCCHOHHBIM CIIEKTpaM U WHTCHCHBHOCTHU
U3ITy4eHUs J1a3epHOM IUIa3Mbl B Ta3oCTPYyHMHOW MHUIIEHH KceHoHa. McciemoBaHUsS IMOKazaiu
BO3MO>KHOCTh TTOJIYY€HHSI BRICOKOMHTEHCUBHOTO M3JIydeHHs B okpecTHocTH 11,2 HM [2]. OqHako
MPOLECChl, MPOUCXOAIIMEe B Ja3epHOM IUIa3Me, MO-NPEKHEMY MOKHO OTHECTH K
MaJION3YYCHHBIM. bBOJIbIIIOe KOJUYECTBO HOBOW HH(OpPMAIMH MOXHO IOJYYHTh, HCCICITYS
n300paxkeHHe JiazepHbIXx HUCKp B OVYD choekTpanbHOM aAuamnasone. Kpome Toro,
OKCIIEpUMEHTAIBHBIE JaHHBIE O pa3Mepe 00JacTH HM3IIydaromield OOJIaCTH OYeHb BaXKHBI IS
MIPOBEJICHUS PACUCTOB ONTUYECKUX CXEM IMPOCKTHUPYEMBIX JTUTOTPaOB HOBOTO IMTOKOJICHUS.

HccaenoBarenbckasn YCTaHOBKAa
Cxema 3KCHepI/IMeHTaJIBHOI71 YCTAHOBKH MPEACTABJICHA HA PHUC. 1.
2

W pé | !
; [

10 12
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1 13

Puc. 1. Cxema skcriepuMeHTaIbHON YCTaHOBKH
Pabora ocymiectisiercs ciaenyromum oopaszom. M3nyuenue Nd:YAG nasepa 1 ¢ HTETBHOCTHIO
umyibea (4 ue, 0.8 1K) MpoXoauT ASMUTENbHYIO TNIACTUHKY 2, OTKIIOHSIOIIYIO YaCTh U3TyYeHUS
B Kajopumetp 3. IIpoxopsiiee U3IydeHHE OTKIIOHSETCS MPU3MOM 4 M Yepe3 BBOJHOE OKHO 5
nmomnaaaeT B 00beM BaKyyMHOM KaMepbl 6, T7ie (HOKyCHPYyeTCsl ¢ TOMOIIBIO JIMH3BI 7 Ha CTPYe rasa,
UCTEKAIoIIell W3 CBEPX3BYKOBOrO KOHHMYECKOro comia 8 (=500 mxwm, |=5mm, o/2=4.5°).
JlaBneHue ra3a Ha BXOJie B COIUIO BapbHpoBanock oT 2 10 10 6ap. B obmactu npobos muiieHu
oOpasyeTtcs na3epHas miaazma 9. C moMoIbio peHTTeHOBCKOro Mukpockomna 10, paboTaromero Ha
JuTMHE BOJIHBI 11.25 HM, ObUTH NOTy4YeHBl H300paKeHU Ta3epHbBIX UCKP. OCHOBHBIM ONTUYECKUM
3JIEMEHTOM MHUKpOCKona sBisieTcs cpepudeckuii o0bexTuB IlBapimmnbaa. OObEKTUB COCTOUT
W3 JBYX 3€pKaj — BbINyKJIOro 3epkaiga 11 m Bormyroro 3epkana 12. Ilocine mpoxoxkaeHus
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00BbEeKTHBA U3TydeHue aeTekTupyercs ¢ nomoinbio CMOS matpuirst 13. IlogpoOHO KOHCTPYKITUS
MHKPOCKOIIa onucaHa B [3].

Hcnonp30BaHHBIM B paboTe MUKpPOCKON Ha OCHOBe cepuueckoro odowektuBa llIBapummibaa
MO3BOJISIET MOJy4YaTh M300paXkeHus UcTouHuka DY D u3inydeHus Ha JyrHe BOJHBI 11,25 HM ¢
MATUKPATHBIM yBenuueHueM. [lome 3penus npubdopa cocrapiset 2,6%2,6 mm. [IpocTpancTBeHHOE
pa3peiieHue Ha paboueil amuHe BoyHBI 11,25 HM coctaBiser nopsiaka 4 M. Mcnons3oBaHue
oobekTuBa llIBapmmmiabga Ha OCHOBE MHOTOCIOWMHBIX PEHTTEHOBCKMX 3epkan (MP3)
HOPMAaJILHOTO TaICHUS TIO3BOJISIET PEIIUTh MPOOJIEMBI aCTUTMaTH3Ma U cpeprueckux abepparmid,
BO3HUKAIOIIEH MPU PErucTpalui U300paKEHUN C MOMOIIbI0 ONTHYECKHX CXEM C OJMHOYHBIM
MP3. Taxxe onrTuueckas cxema Ha ocHoBe oObekTHBa lLlIBaprmmnbaa obiaamaeT XOpOUIMM
CHEKTPAJIbHBIM pa3pelieHueM U CPAaBHUTEIBHO BBICOKOM CBETOCHIION, YTO MO3BOJIAET MOTy4YaTh
BBICOKOKAUECTBEHHbIE N300paykeHHsI JTa3epHOM Tu1a3Mbl B DY@ nuamnas3oHe.

JKCIEePUMEHTAJIbHbIE Pe3yJIbTAThI

B xone mposenenue paboThl ObLIN MOMYyYEHBI M300paKEHUs JTa3ePHON UCKPBI B Ta30CTPYHHOM
MUIIEHNW KCEeHOHa Ha anuHe BoiHbI 11,25 uM. Ha ocHOBe monydeHHBIX H300pakeHUH ObLIN
MOCTPOEHbI JABYMEpPHBIE KapThl pACHpPEAENICHUs PETUCTPUPYEMON HHTEHCUBHOCTH JY®D
U3ITy4EHUS JIa3epHOM NCKPBI, N300paKeHHbIE Ha PUC. 2.

Y, MKM
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Puc 2. Pacnipenenenue nateHcuBHocTH DY D n3iydeHus Ja3epHO HCKPBI B MUILIEHH X€ Ipu
naBneHusx raza 2 u 10 Gap.

BuaHo, 4TO na3epHas UcKpa B ra30CTPYWHON MUILEHN KCEHOHA MMEET CII0XKHYI0 HEOAHOPOJHYIO
cTtpyktypy. [Ipu naBnenun 4 6ap HaOIOMaI0TCS IBAa MakcuMyMa DY @ u3IydeHHs] — OCHOBHOU U
NoOOYHBI B HaNpaBI€HUU BAOJb Ja3epHOro jydya (IO OCH OpAMHAT Ha pucyHke). llpum
yBEJIMYEHUU JaBiieHusi rasa A0 10 Gap OCHOBHOW MaKCUMyM HHTEHCHUBHOCTH CMEIAETCs
HaBCTpeuy JazepHoMy Jydy. IIpu 3TomM pa3smep OCHOBHOTO MakCHMymMa HWHTEHCHBHOCTH
YMEHbILIAeTCsl, @ BTOPOH (ITOOOYHBIN) MAaKCUMyM UHTEHCUBHOCTU HE HaOJI0JaeTCs.

[To mony4eHHBIM pacnpeeNeHUsIM HHTEHCUBHOCTH DY @ u3iyyeHus ObUIM IPOBEIEHBI OLEHKU
pa3MepoB 00J1acTH U3Nyyaromiei Ha JyiHe BoiaHb! 11,25 HM. Oenka pa3MepoB MPOBOIUIACH 110
mupuHe Ha mnonyBeicore (FWHM) ocHoBHOro makcumyma WHTEHCUBHOCTH. IlomydeHHble
3aBUCUMOCTH pa3MepOB U3JTydarollel 00J1acT OT AaBJICHHs ra3a U300pakeHbl Ha puc. 3.
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Puc 3. 3aBucumocTu pa3mMepoB H3Tydaroliel Ha AnuHe BoaHbI 11,25 HMm obnactu B
ra3oCTpyMHON MUIIEHU KCEHOHA OT JIaBJICHHUs rasa.
W3 mpencTaBieHHBIX 3aBUCHMOCTEHM BUIHO, YTO MPHU yBEIWYCHHM JABJICHUS KCEHOHA JAJUHA
(pa3Mep BIONb HANpaBJICHUS JIa3€pHOTO Jy4ya) M3IyJaomeidl oO0JIacTH CYIIEeCTBEHHO
YMEHbIIIAeTCs, a INpUHA (TIONEPEUHBIH pa3Mep) OCTaeTCs MPAKTUUYECKH HEU3MEHHBIM.

baarognapraocTu
Pa6ora BeinosHena npu noaaepxkke PH® (rpant Ne 22-62-00068).

[1] Chkhalo N. I., Salashchenko N. N. Next generation nanolithography based on Ru/Be and Rh/Sr
multilayer optics // AIP Advances. — 2013. — V. 3. — Ne. 8.

Heuait A. H. u np. MonynbHas ycTaHoBKa Ui (JOPMUPOBAHUS M UCCIEIOBAHUS KIACTEPHBIX ITyYKOB
WHEPTHBIX W MOJIEKYJSPHBIX Ta30B // IloBepxHOCTh. PeHTreHOBCKHE, CHHXPOTPOHHBIE W HEHTPOHHBIE
uccienosanus. — 2019. — Ne. 9. — C. 83-92.

[2] Kalmykov S. G. et al. Xe laser-plasma EUV radiation source with a wavelength near 11 nm—
Optimization and conversion efficiency //J ournal of Applied Physics. —2019. — V. 126. — Ne. 10.

[3] AntrommH E. C. U gp. Cuctema Bu3yanu3anuu IUIa3MEHHOTO (hakena OeTaTpOHHOTO HMCTOYHMKA
pentreHoBckoro usnydenus // XKypuan Texuuueckoit Gusuku. — 2022, — T. 92. - Ne, 8. — C. 1202-1206.
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KoMmnakTHbIe yCKOPUTEIHN KAK HCTOYHUKH PEHTTeHOBCKOI0
HU3JIYyYeHUSsI

E. A. Bummnsikos?

Y dusuueckuii uncmumym um. I1.H. Jlebeoeea PAH, Jlenunckuii npocnexm, 53, 119991 Mockea, Poccus

B coBpeMeHHOM MHpe 0IHOBPEMEHHO UYT J1Ba NapajuieNbHbIX npouecca. C 0AHOM CTOPOHBL, 3TO
pa3BUTHE MOIIHBIX CUHXPOTPOHOB, KOJUIAHIEPOB U KOHBEHIIMOHAJIbHBIX JINHEHHBIX YCKOPUTENEH,
IpU KOTOPOM YCTAaHOBKM CTaHOBATCS BCE MacCUBHee M TpeOyroT BCE OOJbllME CyMMBbI Ha
MOCTPOIKY M 0OCITy’)KUBaHUE, a C IPYTOi — yCIOBHAS MUHHUATIOPU3ALIUS JTUHEHHBIX YCKOPUTEICH
IPY UCIIOJIB30BAHUU IUIA3MEHHBIX CTPYKTYP, CTEHEPHUPOBAHHBIX UMIYJIbCAMU (DEMTOCEKYHIHBIX
Ja3€pOB.

Wnes 06 ycKOpeHUH 3JIEKTPOHHBIX TYYKOB KUJIbBAaTEPHBIMU BOJHAMHU B Pa3peKEHHOM M1a3Me pu
BO30Y)KJICHUH JICHTMIOPOBCKUX BOJIH MPOXOISIINM 4Yepe3 IJIa3My JIa3epHbIM UMIYJIbCOM ObLIa
BIIEPBbIE BHIJIBUHYTA U MIOATBEPKI€HA YUCIEHHBIM MoenupoBanueM ewi€ B 1979 roay [1]. [1ozxe
YCKOpPEHUE IEKTPOHOB IPU MOMOILHU C(POKYCUPOBAHHBIX JIA3€PHBIX UMITYIbCOB CTAJIO0 (GUZHYECKU
BO3MOXHBIM Oylarojjapsi ycrexaM B Pa3BUTHM TEXHHKH I'€HEpalMu MHUKO- U (EeMTOCEKYHIHBIX
UMIYJIBCOB [2], 4yTO ceiiuac peaqn3yeTcsi Ha COBPEMEHHBIX CBEPXMOUIHBIX JIA3EPHBIX CHUCTEMAax
MOIIHOCTBIO OT HECKOJIBKMX TE€PaBATT /10 HECKOJIbKMX IETaBaTT [3], MO3BOJSIOIIMMU MOIYy4aTh
MHTEHCHBHOCTD JIa3€PHOr0 MoJs B (poKaibHOM miockocTy Ha yposHe 10'® Br/cm? u BbIe.
VYHHKaIbHON 0COOCHHOCTBIO YCKOPEHUS 3JIEKTPOHOB ITPU IOMOIIY KUIIbBAaTEPHBIX BOJIH B IJIa3Me
ABJIIETCS TO, YTO YCKOPEHUE NMPOUCXOUT B IPOAOIbHBIX AIEKTPUUECKUX MOJSAX C TpaAUeHTaMu
nopsiika ~100 I'B/m, 4to B ThICAYM pa3 NMPEeBOCXOAMUT 3HAUEHHs I'PAUEHTOB, JOCTUIaeMbIX B
KJIACCUUECKUX JIMHEMHBIX U KOJIbLIEBBIX YcKopUTesax. [Ipu aToM [uist mpuoOpeTeHust 3JeKTpoHaMu
SHEPIUU B HECKOJIBbKO coTeH M»3B, 10cTaTouHO AMHBI YCKOPEHUS OPSIIKA OJJHOIO CAHTUMETPA B
ra3oBoii cpesie ¢ MIOTHOCTBIO mopsaka 10 cm™,

HauBbIciyro cTaOMIIBHOCTE CBOMCTB YCKOPEHHOTO AJIEKTPOHHOI'O ITyYKa OT BBICTPEIIa K BEICTPETY
JEMOHCTPUPYIOT KOMIIAKTHBIE YCKOPUTEIN Ha OCHOBE I'a30BOr0 Kamwuisipa (4] uim Ha OCHOBE
ra30BOro COIUIa ¢ yaapHoi BosiHOM [5]. B wacTtHOCTH, B pabote 2021 roaa [5] kuTaiickas rpymnmna
IPOJIEMOHCTPHUPOBAIIa FEHEPALIMIO U KOTEPEHTHOE YCUIIEHHE MSTKOTO PEHTI€HOBCKOI'O U3JIy4eHUs
Ha JUIMHE BOJIHBI 27 HM B 5-METPOBOM OHIYJISATOPE, B KOTOPBIA 3aBOJMIICS MIEKTPOHHBIN MyUOK,
yCKOpeHHBIH 110 Hepruu 490 5B B KOMIIaKTHOM Jla3epHO-TIa3MEHHOM yckopurene. Kpome Toro,
He/aBHO B pabore [6] ObUIO KCIEPUMEHTAIBHO MPOJIEMOHCTPUPOBAHA BO3MOXKHOCTH PAaOOTHI
KOMIIAKTHOTO JIa3€pHO-IUIa3MEHHOTO YCKOPUTENSI B KOMOMHAIMK C OHIAYJIATOPOM B pEXUME
Ja3epa Ha cBOOOIHBIX 3sekTpoHax (JICD) ¢ 3aTpaBouHbIM poTOHHBIM ITydkoM (“‘seeded FEL”).
Takue ycriexu Ho3BOJISIIOT TOBOPUTH O peabHON BO3MOYKHOCTH CO3/1aHuUs B 0003pUMOM Oy Ty1eM
OTHOCHUTEJIbHO KOMITAKTHBIX U cTabuiIbHO padoTtaronmx JICD, ocHOBaHHBIX Ha (POKYCHPOBKE Ha
BXOJIE OHJIYJSATOpA 3JEKTPOHOB W3 KOMIIAKTHBIX IUIa3MEHHBIX YCKOPUTEJEH, BO30YKIaeMbIX
c(OKYCHUPOBaHHBIM (DEMTOCEKYHIHBIMU JIA3€PHBIMH UMITYJIbCAMU B Ta3ax.

CnexkTpalbHbId JUANa30H AJIEKTPOMATHUTHOIO W3NydeHHs Takux JICD, B 3aBUCUMOCTH OT
HHEPIUH UCIIONIBb3YEMBIX AIEKTPOHOB U XapaKTEPUCTHK OHIYISATOPOB, MOXKET COCTABIIATH OT 2 10
40 HM, 9YTO COOTBETCTBYET MATKON PEHTTEHOBCKOW U BaKyYYMHOM yJIbTpa(UOIETOBOM 00JIaCTH.

Jlureparypa

[1] Tajima T., Dawson J.M. Phys. Rev. Lett., 43, 267 (1979).
[2] Strickland D., Mourou G. Opt. Commun., 56, 219 (1985).
[3] Danson C., Hillier D., Hopps N., Neely D. High Power Laser Sci. Eng., 3, e3 (2015).
[4] Maier A.R., Delbos N., Eichner T. et al. Phys. Rev. X, 10, 031039 (2020).
[5] Wang W., Feng K., Ke L. et al. Nature, 595, 516 (2021).
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HccienoBanne paguaabHOro pacnpenaeJieHns: M3J1y4aonux HOHOB B
JIA3ePHOM MJIa3Me HHEPTHLIX ra3oB

B. E. I'yceBa*, A H. Heuaii, A. A. Tlepekanos, H. 1. Uxamno

Hucmumym guzuxu muxkpocmpyxkmyp PAH, Huowcnuti Hoezopoo, yn. Akademuueckas, 0.7, HuocHuil

Hoeszeopoo, 607680
*valeriegus@ipmras.ru.

AnHoOTanus. B paboTe mpeacraBieHbl pe3yibTaThl UCCICIOBAHUN JIa3ePHOM TUIA3Mbl, TOJTYUCHHOMN
npH Bo30yXIeHUH MuleHer nHepTHbIX Ta3oB (Ar, Kr, Xe) msnyuenrnem Nd:YAG nazepa (A = 1064 uwm,
Tinn = 4 HC ¥ Eppn = 0.8 Jx). C momompro DY @ MUKPOCKOTa, OCHOBAaHHOTO Ha 00BhekTHBe [1IBapiimisaa,
paboTaromiero Ha JJIMHE BOJHBI 11.25 HM, ObLTH NOJTyYeHBI H300paXKSHUS JTa3ePHOIN UCKPBI B Ta30CTPYHHBIX
MUILICHSX, sBIsomMecs npoekiuein mnydenus noHoB Ar VI Kr IX u Xe XI| B kaxmom u3 razon
COOTBETCTBEHHO. ['a30Basi MUIIIEHh POPMHUPOBANIACH MIPU UCTEUCHUU CTPYHl raza B BAKYyMHYIO Kamepy U3
KOHHYECKOT0 CBEPX3BYKOBOTO coria ¢ Ui, = 500 MkMm, | =5 MM, 0/2 = 4.5° ipu 1aBieHny Ha BXOJIE B COILIO
3-10 6ap. B pabote ommcan meron oOpaOOTKM W300paKCHHWH JIa3epHOW IUIa3Mbl M BOCCTAHOBJICHUS
pacrtipeienieHus IDIOTHOCTA MOHOB B MICKpE C TIOMOIIBIO 00paTHOTO mpeoOpa3oBanust Abers. [lokazanb
0COOCHHOCTH PaHalbHOTO PACTIPEIICIICHNS U3TYyYalONIMX HOHOB NIPU BO30YXKIICHUU PA3IUMYHBIX Ta30BbIX
MHUIICHEH.

KiroueBble ci1oBa: nazepHas wiasma, DY ® usnydenue, npeodpazoBanue AOes.

BBenenue

JlazepHo-TIIa3MEeHHbIE UCTOYHUKM u3nydeHus (JIIIM) akTuBHO wHcHoONb3ylOTCA AJIs
MOJyuyeHUs: MArkoro peHtreHoBckoro (MP) u skcrpemanbHoro ynerpaduoneroBoro (OYD)
n3nyyenus. B wactHoctu, JIIIM Ha KCEHOHOBOM MHUIIEHHU SIBJIETCA OJHHMM W3 MEPCHEKTHUBHBIX
UCTOYHUKOB DY ® uznyuenus ansa autorpaduu Ha e BoiHbl 11.25 M [1]. KceHon umeer
IIMPOKYI0 BBICOKOMHTEHCHBHYIO AMHCCHOHHYIO TMOJOCy B OKpecTHocTsx 11 HM [2], a
COBpEMEHHbIE MHOTOCIOWHBIE peHTreHoBckue 3epkana (MP3) Ha ocHoBe Mo/Be mo3Bousitor
MCIIOJIH30BaTh JAaHHYIO MOJIOCY M3IydeHus B tutorpaduu [3]. [lomrumo BRICOKON WHTEHCUBHOCTH
U3Ty4eHUs K UcTOUHUKY DY @ u3nydeHus npeabsBiiseTcs TpeOoBaHUE «TOYEYHOCTH UCTOYHHUKA.
XapakTepHbIil pa3Mep MCTOYHMKA JOJKEH COCTaBiATh mopsaka 500 MKM, 4TO COOTBETCTBYET
pasmepy 00JaCTH MCKpBI, OTKYyAa M3JIyu€HHE 3aXBaThIBAETCS KOJUIEKTOpoM. Takum obOpazom,
HEO0OXOUMO 3HATh pa3Mepbl UCKPBI U paclpeesieHue LEHTPOB U3JIyYeHUs B HEH, YTOOBI MpHU
MCII0JIb30BaHUU KOJIJIEKTOPA 3aXBaThIBATh MAKCUMaJIbHYIO 10110 DY @ uzimyueHus.

B nanno#t paGote uccienoBaioch paguaibHOE pacrupeneieHue 1eHTpoB DY D uzmydeHus
Ja3epHON MI1a3Mbl, 00pa30BaHHOM MpU BO30YXKIEHUH Ta30CTPYHHBIX MULIEHEH HHEPTHBIX I'a30B
(Ar, Kr, Xe) ummynbcabiM uznyuerneM Nd:YAG nazepa. M300pakeHus Jia3epHOM UCKPhI ObLTH
MOJIYYEHBI C IOMOUIbI0 MUKPOCKOTIIA € MATUKPATHBIM yBETMUYEHHUEM, OCHOBAaHHOTO Ha OOBEKTHBE
[Bapummneaa. Ha paboueil nnuHe BonHbl MuKpockonma 11.25 HM B Hccienyembix rasax
uznydaroT noHsl Ar VI, Kr IX u Xe Xl. [y BbISICHEHUS palualIbHOTO paclpeieieHnsi HOHOB B
00yacT UCKpHI OBUTIO MCIOJIB30BaHO oOpaTHoe mpeobpazoBanue Abemns [4, 5]. Bo3moxxHOCTB
UCIIOJIb30BaHUS JAHHOTO METO/a 00YCIIOBJICHA LIMIMHAPUYECKONH CUMMETPHEN J1a3epHOI NCKPbI
OTHOCHUTEIIBHO OCH JIa3epHOr0 JIyya.

Onucanue IKCIIEPUMEHTA

Cxema sKcIepHMMEHTaJIbHOW YCTaHOBKH MpeacTaBieHa Ha puc. 1. Pabora ocymectsisercs
cienytommm obpazoM. M3anyuenne Nd:YAG nazepa 1 ¢ 1IUTEAbHOCTBIO U DHEPTUEH UMITyIbCca 4
HC U 0.8 /[ COOTBETCTBEHHO NPOXOJIUT ACIHUTEIbHYI IUIACTHMHKY 2, OTKJIOHSAIOIIYIO YacTh
u3yyeHus B kajopumetp 3. IIpoxosiiee U3nydeHne OTKIOHAETCS MPU3MON 4 1 yepe3 BBOJHOE
OKHO 5 momajiaer B 00beM BaKyyMHOM KaMmephl 6, rie (poKycHpyercsi ¢ MOMOUIbIO JUH3bI 7 Ha
CTpye rasa, UCTeKarolleil U3 CBEpX3BYKOBOro KoHMUYECKOro cora 8 (dwp = 500 mxm, 1 =5 MM, a/2
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= 4.5°). JlaBnenue rasza Ha BXOJ/I¢ B COILIO BapbUpoBaiochk oT 3 1o 10 6ap. B obmactu npobos
MUIIIEHW o0pa3yercs yasepHas miazma 9. C MmoMOmbI0 PEHTIEHOBCKOro MHKpockoma 10,
paboratoniero Ha JiauHE BOJMHBI 11.25 HM, OBUIM MOJy4eHBI M300paKEHUS JIa3epPHBIX HCKD.
OCHOBHBIM OITHYECKUM 3JIEMEHTOM MHKPOCKOIA SBIISETCS JBYX3E€pPKaJIbHBIA Ccepudeckuit
oobexTuB LlBapummibga. OOBEKTUB COCTOMT W3 JBYX 3€pKal — BBIIYKIOro 3epkana 11 u
BOrHyToro 3epkaia 12. [locne npoxoxaeHus 00beKTHBA U3JIy4eHHE IETEKTUPYETCs C IIOMOLIbIO
CMOS matpuist 13.

2

7 )
: [

10 12

/ 7

1 13

Puc. 1. Cxema sKkcriepuMeHTaIbHON YCTaHOBKH
Onucanne MeTo/1a Npeodpa3oBaHus

J1n1s na3epHOM UCKPBI CYIIECTBYET HMIMHAPUUECKAsi CAMMETPHUS OTHOCUTEIBHO OCH JIa3€PHOT0
nydka. B Takux ciaydyasx IpPOCTPAaHCTBEHHOE PpAaCIpElEICHHE LIEHTPOB M3IyYEHUS B HCKpE
ABJIIE€TCS (PYHKIMEH TOJIBKO IBYX KOOpAMHAT B IMuIMHApUUYecKkoil cucteme [ =1 (r, z). [lycts P (X,
Z) 3T0 ABYyMepHas nmpoekius | (r, z) Ha II0CKOCTh AeTeKTopa (X, Z), IIe OCh X NepHeHIUKYIsIpHa
ocH z. OTH /1Be (QYHKIMU CBSA3aHbI HHTETPAJIOM AOess:

P (x,2) zjw s
X, Z) = —r.
e VT2 = x2

[Tony4yaemble B SKCIEpUMEHTE U300pakeHHsI JTa3€pPHOM UCKPBI ABISIOTCS TUIOCKON MPOEKIHen
U3JTydeHHs] UCKPBI Ha JuTnHE BOJHBI 11.25 HM P (X, Z) Ha nBymepHO# cetke 2048x2048 nukcenei
(1 mukcens = 1.3 mxm). Toraa paguanbHOe pacnpesienenne n3nydaromux HoHoB I (1, z) MOXHO
HOJYYUTh MyTEM BBIYMCIIEHUsI 00paTHOrO peoOpa3oBaHus AGes:

1 (*[dP(x,2)/d
I(r,z)z—;j; %dx

OcHOBHasi CIOXHOCTh a0eNu3alliil 3aKJIo4yaeTcs B TOM, 4YTO MHTErpajl oOpaTHOIro
npeoOpa30BaHus JIMIIb B PEIKUX CIy4YasiX MOXKHO PEIINTh HApAMY0. Takke He BCE YUCIICHHBIE
METO/BI JUIsl peIIEHUs] MHTErpajioB JIOMYCTUMBI U JAl0T MPAaBUJIbHBIN pe3ynbTar. s permeHus
9TOM 3a1a4¥ UCTIOJB3YIOTCS CTICHATbHBIE METO/IbI, 324aCTYI0 OCHOBAHHBIC Ha 3aMEHE HCXOTHBIX
HKCIEPUMEHTAIBHBIX JAHHBIX TOJIMHOMHUAIBHBIMA KPUBBIMH, YTO IPHBOAMT K IOSBICHUIO
oOnacTeil ¢ BBICOKOH BEpOATHOCTHIO OHIMOKU. B Hacrosimee Bpemst mpeoOpasoBanue AGens
BO3MOXKHO CJIeJIaTh C TOMOINBIO Y€ TOTOBbIX mporpamm (ldea) wimu makeToB BCTPOCHHBIX
¢ynxmmii (Python PyAbel). B nacrosimeid paboTe MCIIONBb30BaICS alrOPUTM NPeoOpa3OBaHUs
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Abens Direct u3 makera ¢yukuuii PyAbel Python. [lannbiii mMeron He jaeiaeT HUKAKUX
HPEANOI0KEHUH 00 HCXOAHBIX JTAHHBIX KPOME IIUITHHIPUICCKON CHMMETPHH.

Pe3yabTaThl M 00Cy:KIeHHE
B skcnepumMenTe ObUTH OTy4YeHbl U300paXeHHs Ja3epHON UCKPBI Ha Ta30CTPYHHBIX MUILICHIX

uHEpTHBIX Ta30B (Ar, Kr, Xe). M300paxkeHne UCKpbl KpunToHa (p = 5 6ap) mpeacTaBieHo Ha PUC.
2a.

F 1500
F 1000
F 500
T T —-0
Nd:YAG
nasep 0 100 200 300
2050 1500 37,00
1799 | 3231
1250
1538 2763
1276 1000 29
650
1015 750 1 18,25
7538 13,56
500 7
4925 8,875
2313 250 4,188
Kr 230,00 0 el 05000
QP O-PID
130 a2 100 e
(e = =)
a 6 B

Puc. 2. N300paxenue nazepHoit uckpsl Kr (a), kapta npoekiuu Uckpsbl Kr (6),
MPOCTPAHCTBEHHOE M300paskeHne UCKpbl Kr mocie abenusanuu (B) mpu AaBIeHUU 5 6ap

Ha cHuMKe nasepHBIi Jy4 HampaBlieH CBEpXy M sBisAeTCs ocklo cummerpuu. Ha puc. 26
IpeJICTaBlIeHa KapTa WHTEHCUBHOCTU IMPOEKIHMH HMCKpPbI, Ha pUC. 2B — MPOCTPAHCTBEHHOE
n300pa’keHNe UCKPBI, OIYYEHHOE C TIOMOIIbI0 00paTHOTrO Mpeodpa3oBanus AbGes, MpH TOM ke
naBieHun S5 Oap. Pa3mepsl ykasansl B MuKpoHaX. KpacHble IITpHUXOBaHHbBIE JIMHUU
COOTBETCTBYIOT JMAaMETpy Ja3epHOro mnydka B obmactu Qokyca ~ 66 MxMm. YepHble
IITPUXOBAaHHbIE JMHUM Ha pHUC. 2B BBLACIAIOT IMOJIOCY, B KOTOPOM MOTYT HaOII0JaThCs
3HAYUTEIbHbIE TOrPEIIHOCTH  [4], cCcBA3aHHBIE C  HCIOJB3YEeMBIM  MaTeMaTUYECKUM
npeoOpazoBaHreM. JTa o0nacTh cocTaBisieT okoio 6 % u Obula BpyyHYIO Cria)keHa Ha
uzo0paxkenuu. Ilpumenenune mnpeoOpazoBaHust AOens mepepacnpeneasieT HWHTEHCUBHOCTh
NEPIEHANKYIISIPHO OCH CUMMETPHUH, TIOTOMY TIPOJIOJIBHBINA MPOGMITb HCKPHI (TpaduKy CripaBa Ha
puc. 20 1 2B) IpU ITOM HE MEHSETCSL.

[TonepeunsIit mpouIs UCKPBI KPUNTOHA MPH J1aBieHNH 5 6ap (BepxHuil rpaduk Ha puc. 20 u
2B) mocne mnpeobOpazoBaHus Alens umeer ¢opmy, Onm3Kyro K pacrpenenenuto [aycca. B
TPEXMEPHOM IPEACTABIECHUH JaHHOE paclpesiesieHue COOTBETCTBYET M3IY4arolleMy CTEPKHIO,
npuueM Oobinas 9acTh dHepruu (~73 %) cocpenoToueHa B TuaMeTpe J1a3epHoro Gokyca.

Jlnig onpeienieHust 3aBUCUMOCTHU pacIipeIeNICHUs U3JIydaloliX HOHOB OT JaBJICHU ra3a OblIn
MOJIy4eHbI N300paKeHUs UCKPBI KPUNITOHA MPH AaBlIeHUsX rasza 3, 5, 8 u 10 6ap. [Ipu naBnenun
KpUINITOHAa Ha BXOJ€ B cormyio 3 Oap pacrpeneieHHe EHTPOB U3IYYEHHs UMEET TOT K€ BUJ
pactipenenenus l'aycca, xak npu gaBieHun 5 Oap. Ilpm naBnenusx 8, 10 Gap Ha ckJoHe
pacnpenenenusi ['aycca mossinsercs neperud. B TpexmepHOM MpencTaBiIeHUM paclpeeseHne
MOHOB npH JaBieHuu 8, 10 Gap COOTBETCTBYET IUIOTHOMY M3IJIyHYaIOLIEMy CTEP)KHIO B MEHee
MJIOTHOM M3ITydaroIien Tpyoe.
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[3]

[4]

[5]

[TpocTpaHcTBEHHOE paciipeieieHue N3TYYalonuX HOHOB B (hOpMe CTEP KHSA MOKHO OOBSICHUTh
JTOMHHHUPOBAaHHEM OJHOTO M3 TpPEX BO3MOXKHBIX MEXaHM3MOB pPaCHpOCTPAHEHHUS SHEPTUH B
Ja3epHO ucKkpe (BosHAa (OTOHOB, paszjIeT HOHOB, OJIEKTPOHHAs JIAaBHHA), TO €CTh
pacnpocTpaHeHHEeM OJTHOM paanaabHOi BoJHEL. [losiBIIeHHe MeHee TUIOTHOM BHEITHEH TPyObI pu
JIABJICHUH OT 8 6ap rOBOPUT 00 aKTUBAIMH WM YCHIICHUH APYTOro MeXaHH3Ma pacipoCTpaHEeHUs
SHEPTUu B UCKPE.

bbuln Takke IONy4eHbl paJualbHbIE PACIPEACICHUS WHTECHCUBHOCTU W3JIyYEHUS IpU
BO30YXKICHUM CTpYH aproHa u kceHoHa. [IpocTpaHCTBeHHOE pacmpeleleHHs] W3ydarouux Ha
JUIMHE BOJHBI 11.25 HM MOHOB AJ1 UCKPBI aproHa sBJIAETCS NMOYTH HOJbIM LuauHApoM. HMckpa
KCEHOHA MPEACTaBIseT CO00M HECKOIBKO BIOKEHHBIX UJIMHJIPOB C Pa3HON IUIOTHOCTHIO.

3akJjaroueHue

B pabore npencraBiieHsl pe3ynbTaThl 00paOOTKU 3KCIEPUMEHTAIBHBIX JTaHHBIX — I1OJIyY€HbI
panuanbHble pacnpeneneHus neHTtoB OY® uznydenus B nasepHod minasme Ar, Kr, Xe npu
perucTpanuy U300paxeHui HCKpP C IOMOIBI0 MUKPOCKOIIA, pa00TaroLero Ha AIMHe BOIHbI 11.25
HM. [Toka3zaHo, 4TO UCKPBI pa3IMUHbIX Ia30B UMEIOT XapaKTEPHbIE OCOOEHHOCTH B pacpe/IesIeHUN
U3JIY4alOLX HOHOB, CBA3aHHBIE C OTIMYUAMU B (PU3UKE MJIa3MEHHBIX IPOLIECCOB.

Takum 00pa3zom, HCKpa aproHa MpeACTaBisieT cO00 MOYTH MONBIA W3TYYarOIIUN IHITHHIIP.
Hckpa KpUNTOHA ABJISIETCS M3JIyYalOIIUM CTEPKHEM NIPH JaBiieHUsX 3-5 6ap U CTepKHEM BHYTpU
TpyObl nipu maBnenusx 8-10 Oap. Mckpa kceHOHa B IpOCTpaHCTBE MMeEET (HOpMy HECKOIBKUX
BJIOKEHHBIX [IMJIMHJIPOB.
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MeTtpoJiorust GopMbl KPYIIHOTa0aApPUTHBIX U achepuyecKux
PEHTIeHOBCKHUX 3epPKaJ ¢ CYOHAHOMETPOBOM TOYHOCTHIO

ITerpakos E.B.*, 'nymko E.W., Yepnbime A.K., Uxano H.N.

Hnemumym guzuxu muxpocmpyxmyp PAH, 603950, Huosxcnuii Hoseopoo, Poccus
*pet.e@mail.ru

Jlannas paboTa MocBsIIeHa MPoOIeMaTHKE METPOJIIOTUN BHICOKOTOYHBIX PEHTI€HOBCKUX 3€pKall,
HPEeATI0KEHBI MOJXO0bI K METPOJIOTUH (OPMBI IUTIOCKHUX M aC(EPUIECKUX PEHTTCHOBCKHUX 3€PKa
C CyOHAaHOMETPOBOH TOYHOCTHIO. [IpHBOAATCA aNrOPUTMBI PEKOHCTPYKLIHMU PEHTICHOBCKUX
3epKaJl C pa3MepaMy, NPEBBINAIOIIMME anepTypy HHTepdepoMeTpa, KOTOpBIE TakK IKe
UCIIONB3YIOTCSL Ul ac(epUUecKHX 3€pKajl TIAe BO3MOXHO pacum@poBaTh TOJIBKO YacCTh
uHTepdEpOrpaMmsl.

Co3nanue pEHTTEHOBCKUX 3€pKal C CyOHaHOMETPOBOH TOYHOCTHIO ommMOKM 1o RMS
IpeCTaBIsieT COOOU PsIII CIOKHOCTEW, OJJHA M3 TaKUX - KOJIbLA, OJy4YeHHBIE U3-3a AU(PAKIUH
ATAJIOHHOTO ¥ paboyero (poHTOB MPU PaCIPOCTPAHEHUH Yepe3 Ne(EKThI ONTUIECKUX HIIEMEHTOB
uHteppepomerpa. ONTUMaIBHBIM BapUaHTOM YAAJIEHUsS TaKUX Kojiel sBiseTrcs (UIbTpauus
NaHHBIX uHTepdepomerpa. B Xome wuccienoBaHus MBI PAacCMOTPEIH, KaK KIACCHYECKHE
CTJIXXHBAIONINE, TaK M, JOCTATOYHO, HOBBIC METOJbI (PUIBTPALUK HE TOJBKO ISl 0OpabOTKH
n300pakeHNi JaHHBIX MHTEPPEpOMeTpa, HO W MHKPODJIEKTPOHHBIX H300paKEHHA, a TaKKe
KOMITBIOTEpHOIT ToMorpaduu. HecMoTpst Ha paccMOTpeHHBIE (MIBTPBI, MBI PEATH30BAIN CBOM
¢mIbTp OcHOBBIBasick Ha Dypbe-QUIbTpalK C HEKOTOPBIMU ONPEACICHHBIMU IapaMeTpaMu
BBIOOPKH YacTOT, B XOJI€ KOTOPOH s/l aMIUIMTY/ yMEHbBIIAETCs, a HEKOTOPOE YUCIIO U3 HHX
OCTACTCA C TCMHU K€ aMIINIMTyJaMU.

[TomuMoO TUQPaKIIMOHHBIX KOJIEI IPH padoTe B CyOHAHOMETPOBOM TOYHOCTH BO3HUKAET OMINOKA
3TaoHHOTO (ppoHTa. METONOOTHS U3MEPEHHS B HAIleM CIIy4ae OCHOBBIBACTCS HA HAIWYHH |
uHTephepomerpa ¢ 1 3TalOHHON MOBEPXHOCTBIO, NMO3TOMY MCXOJAS M3 JAHHBIX YCIOBHHA MBI
MOCTaBWIIM 33/1a4y HA yCJIOBHE aCHMMETPUYHOCTH ONIMOKH B 30HE U3MEPEHUI, TaKUM 00pa3oM
HamMM OblIa Mpe/UloKeHa MaTeMaThyeckas MOjedb KOTopas IO3BOJIMJIA OMHMCaTh MOBEACHUE
3€pKajia B ITOU 30HC, B)IO6aBOK MBI UCIIOJIB30BaJIM METObI JIMHEMHBIX MaTpPUYIHBIX HEPABCHCTB BO
n30exaHue Meperpys3a oneparioHHON CHCTEMBI JJIs pelleHus 3a/1a4d ONTHMU3ALUH, TaK KaK B
ATOM ciy4ae HaMm OBl TPUIUIOCH JeNaTh HadalbHOE MNPHOIMKEHHE, MCKAaTh MPOM3BOJHBIC
MAaTpHIIBI IS KaKJJ0T0 3HAUEHUS.

BaarogapHoctu
HccnenoBanue BBIMONHEHO 3a c4€T rpaHTa Poccuiickoro HaydHoro ¢onpaa (mpoext Ne21-72-
20108)
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Onenka BJIUSIHUA CHCTEMATHYECKUX OIMOOK IMO3UIITMOHUPOBAHUSA

MPY MOHHO-IIYYKOBO KOppeKkuuun Gpopmbl
1

A K. qepHBIIHeBl, M.C. Muxaiinenko®, A.E. ITectop!, P.A. Illanom=ukos
Y Uncmumym gpusurxu muxpocmpyxmyp PAH, yn. Axademuueckas, 0. 7, Huscnuii Hoszopoo, 607680

HonHo-TyuKoBasi KOppeKuus (popMbl ONTHUECKUX 3JIEMEHTOB SBISETCS COBPEMEHHBIM
METO0M (PUHHUIIHOH 0OpabOTKU BBICOKOTOYHBIX ONTHUYECKHUX MOBepxHOcTel. Ilpumenenue
JAHHOTO MeTo/a 00pabOTKH TMO3BOJIAET MONy4YaTb ONTHYECKHE MOBEPXHOCTH, C TOYHOCTHIO
(GopMBl Ha YpOBHE JAECATBHIX JAOJEH HaHOMETpa. Bbicokasg TOYHOCTH (OPMBI ONTUYECKUX
MOBEPXHOCTEH KPUTHUECKHU BayKHA MTPH CO3/IaHUH N300paKaIONIMX PEHTTEHOONITUYECKUX CUCTEM.
OTO CBSI3aHO € TEM, UTO JUIsl JOCTHKEHUS U (PAKIIMOHHOTO IIPeiesia pa3pelaronield cnocoOHoCcTr
ONTUYECKON CHUCTEMBI, COTJIACHO KPUTEPHI0 Mapemais, He00X0IUMO, YTOOBI TOYHOCTH (DOPMBI
UCIIOJIb3YEMBIX JIEMEHTOB 10 CPEeIHEKBAAPATHUHOMY OTKJIOHEHUIO YAOBJIETBOPAIA HEPABEHCTBY
RMS <V/14, rae A — 1uiMHA BOJHBI HCIIOJIB3YEMOTO H3ITydEHHS.

HoHHo-TTyukoBast KOppeKuHs (OpMbl ONTHUYECKMX IMOBEPXHOCTEH SBISIETCS IIMPOKO
pactpocTpaHEHHBIM W XOPOIIO H3YYEHHBIM METOJOM H3TOTOBJCHUs. B manHOW paboTte
paccMOTPHUM BIIMSHUE CUCTEMAaTHYECKUX OLIMOOK MO3UIMOHUPOBaHUS 00pabaThiBaeMoOil aeranu
P UOHHO-TTYYKOBOH KOPPEKIUU (POPMBEI.

IIpoyecc uonHo-nyuKk080ll KOppeKyuu opmvl ONMUYECKUX D]IEMEHMOB.

HonHo-mmyukoBasi Koppekiusi (opMbl OCHOBaHA Ha SBICHUH (PU3MUECKOTO PACIBUICHUS
Mmarepuaia noj JeiicrBueM HMOHHOM OomOapaupoBKu. MOHHBIA MCTOYHMK (POPMHUPYET IIyHOK
YCKOPEHHBIX YaCTHII, KOTOPBI HAMpaBiIsieTcsl Ha 00padaThIBaeMyIO 3ar0TOBKY IO HOpMalibio. B
o0nacTH JelcTBUS IydyKa IPOUCXOJUT PpACHbUIEHHE aTOMOB C IIOBEPXHOCTH, YTO Ha
MakpomacmTade SBISETCS yNAJICHHEM MaTephalia ¢ MOBEpXHOCTU. PacmpernencHue TiTyOHHBI
yIAIEHHOTO C MOBEPXHOCTH MaTepHaja 3aBUCUT OT BPEMEHHU 3KCIO3ULUH, INIOTHOCTH MOHHOIO
TOKa, yrja TaJeHUs MOHOB, SHEPTrHH OOMOapIUPYIOMINX YaCTHIl, PACTIPENEICHUs TIIOTHOCTH
HMOHHOTO ToKa. Pacrnpenenenue riryOuHBI yIal€HHOTO ¢ MOBEPXHOCTH MaTepuana MOXKET ObITh
OXapaKTEepPU30BaHO TIIPH TIOMOIIM pACIpENeNIeHUs] CKOPOCTH HWOHHOTO TpaBieHus. s
IPOBE/ICHUS HOHHO-ITYYKOBOH KOppeKIuH (GopMbl popMUpyeTCs MaTopa3MepHbIi HOHHBIH yYOK
(mmpuna Ha momyBeicoTe 0.1 — 10 mMM), cOpMUPOBAaHHBIM MyYOK 3aHUMAET IUCKPETHHIE
NOJIOXKEHHUs Ha o0pabaThiBaeéMOM 3aroToBKe, ITyOMHA TpaBlIEHHs MEHsSETCs MyTEM H3MEHEHUs
BPEMEHU KCIIO3UIINH, OCTAIbHBIC TTapaMeTPhl HICTOUYHUKA TIPH 3TOM SIBIISIFOTCS TOCTOSTHHBIMH.

Ilepen HavanoMm mpolecca HOHHO-ITYYKOBOM Koppekuuu (opMbel oOpabaTbiBaeMas
MOBEPXHOCTh M3MepsieTcst Ha wuHTepdepomerpe. [lo pesympraraMm HMHTEPPEPOMETPUUECKHIX
U3MEepeHuil cTpouTcss Kapta TpeOyemoro penbeda TpasineHus. [laHHas KapTa COAEPXKUT
uH(popMalnIo, KaKylo TiyOMHy Mmarepuana B Kakoi oOsactu oOpasna HeoOXOIUMO YIAJIUTh.
Pacuér BpeMeHU SKCHO3MIMU IPOU3BOAUTCS MYTEM JEKOHBOJIOLUHU Tpedyemoro penbeda
TPaBICHUS W paCHpeAeNICHHs CKOPOCTH TpaBieHus. PacnpeneneHne BpEeMEHH SKCIIO3UIHU
dopmupyeTcs B cucTeMe KOOPAWHAT HOHHO-ITYYKOBOM YCTaHOBKH.

Bnusanue cucmemamuueckux ouudOOK no3uyuOHUPOSanUs NPU UOHHO-NYUKOBOU KOPPEKYUU
gopmoi.

PaccmoTpuM  BIMsSHHME ~— CHUCTEMaTHYECKOW  OMMOKH TP MO3WUIIMOHUPOBAHHUU
oOpabaTbIiBaeMOil JleTali OTHOCUTEIBHO Hayala KOOPJMHAT YCTAHOBKM HOHHO-ITYYKOBOT'O
TpaBnenusa. Ilycte kapra TpeGyemoro penbeda TpaBlieHHUs MpeJCTaBIsieT  coOoi
runepOoNnYeckuil mapadoaoud, 3alaHHbIi Ha Kpyre ntuamerpoM 100 mm, ammutynaa penseda PV
= 2 MM, RMS = 0.4 mxMm (puc. 1. a), a kapTa pacrpeneneHus CKOPOCTH TPaBJICHUS 3a1aTcs
HOpMabHBIM pactpenenearnem ¢ FWHM = 20 mwm (puc. 16) u ammmutynoi 1 aM/cek. Jomyctum,
YTO CHCTEMaTHYECKasi OMMOKa MO3UIIMOHUPOBAHUS COCTABIISIET SMM TI0 OCH X 1 5 MM TIO OCH Y,
T.e. Iy4YOK, IIPU 33aJaHHOI koopauHate ero nonoxenus (0,0), Haxoguresa B Touke (+5; +5). Ha
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PUCYHKC la cxeMaTHYHO OTMEYEHBI ITOJIOKEHUSI OXKNAACMOI'0 TIOJIOKCHUA HWOHHOI'O ITy4Ka
(OKpY’KHOCTB) U MIPOU3BEIEHHOTO M3-3a OMUOKH MO3UITHOHUPOBAHMSI TPABIIEHUS (KPECTHUK).

Hm/cek
MKM

1.000
0.7500

I~ 0.5000

1.000
40

0.8750

£ - 0.7500
20 4

I 0.2500 I~ 0.6250

- 0.000 - 0.5000

- -0.2500

|- 0.3750

204 \ /

- -0.5000

-40 4

MM

Puc 1: Kaptsl a) Tpebyemoro penbeda tpasienus. PV =2 mkm, RMS = 0,4 MkMm; b)
pacnpenenenus ckopoctu Tpasicaus. FWHM = 20 mm, A = 1 HM/cek

B npouiecce MoaenupoBaHus OrpaHUYHUM MOJIHOE BpeMsi 00pabOTKH MOBEPXHOCTH 32 UTEPALIHIO 2
yacamMM, a pacHpelelieHHe BPEMEHHU OHKCHO3UIMHM 3aJaJuM Ha paBHOMEPHOM CETKE ¢
JMCKpeTU3anuen 2.5 Mm.

Pesynomameot.

[Tocne 5 urepanuii MOACTUPOBAHUS MOHHOTO TPABJICHHS C CUCTEMATHYECKON OIMOKOM
MO3UIIMOHUPOBAHUS OBUIO MOJTYYEHO, YTO M3-32 OMIMOKHM MO3UIIMOHUPOBAHUS HAa MOBEPXHOCTHU
pa3BuBaeTcs penbed, mpeacTaBIeHHBIA Ha pUCYHKE 2. a), C XapakTepHbIMU pazmepamu, FWHM =
14.7mm = 0.7 FWHM nyuka; A =0.3 Mmkm = 15% PV ucxonnoii nosepxnoctu. Kpome Toro, Obiia
[OJIyuY€Ha 3aBUCHUMOCTbD, MPEACKA3bIBAEMOIO M IOJIyUEHHOTO M3-3a CIBUIA, 3HAYEHMsI LIEIEeBOI
dbyukun (RMS) ot Homepa uteparuu. J[anHas 3aBUCUMOCTD TTOKA3bIBAET, UTO MPEICKa3bIBAEMOE
3HayeHne RMS HaumHaeT yBenmumBaThbcs, HAUMHAs ¢ 3 UTEPALlUHU, YTO MOXKET OBITh CBSI3aHO C
YBEJIMYEHUEM IPOCTPAHCTBEHHON 4acTOThI (hopMHUpyeMoro penbeda, i yCTpaHeHUsT KOTOPOTro
TpedyeTcs Ooibliiee BpeMs MOJTHOW 00paboTKH.

-1.25]
1301
135
1404
145
-150]

500 = OxunpaHue
® PeanbHocTb
450

400 ]
350

300
40 v 250
=
X 200
A 20
\ 150 °
Lo 100 .
50 n [ ] °
L-20 0 L] = =
- ’50‘ T T T T T
{40 1 2 3 4 5
40 20 o 20 40 nTepaLMn

Puc 2: a) Kapra noBepxHoctu nocie 5 ureparuit Tpasienus. RMS = 48 awm; b) 3aBucumMocThb
u3menenne RMS paccuntannoe 6€3 cBUra ¥ CO CIIBUTOM OT HOMEpPA UTEpaLIUU

buaarogapuocrtu
HccnenoBanue BBIMOJIHEHO 3a c4€T rpaHta Poccuiickoro HaydHoro ¢onma (mpoext Ne22-62-
00068)
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MeTtoauka U3MEPECHUA ONITUYCCKUX KOHCTAHT TOHKHUX IIJICHOK Ha
JIﬂﬁOpaTopHOM HCTOYHHUKE MAT'KOI'0O PEHTIT€CHOBCKOI'O M3 1YYCHUSA

H.B. 3araitnos, B.H. ITosnkoBuukos, C.C. Mopo3zos, C. A. ['apaxun

Hnemumym guzuxu muxpocmpyxmyp PAH, 603950, Huosxcnuii Hoseopoo, Poccus

Ceroans texnosorust EUV nutorpaduu akTMBHO pa3BUBAETCs, HA JaHHOM dTarie padodeii
JUIMHHOW BOJHBI ABNsieTca 13,5 HM, OHAKO y)Xe BenyTcs pa3paboTKH JUTOTpaQUUIECKHX CXeM
Ha MEHBINYIO JUIMHY BOJHBI. YMEHBIIEHHUE JUIMHHBI BOJIHBI, ITO3BOJIMT M3rOTaBIMBATh YMIIBI C
MEHBIIEH CTPYKTYpPOii, 4TO B JAJIbHEHINIEM CAETaeT MPOLecCopbl 00jiee KOMITAKTHBIMHU, a TaKKe
YJIELIEBUT CTOMMOCTbh BbIUMCICHUH. OAHON M3 CIOKHOCTEH JIuTOrpauueckoro mnpouecca Ha
OTpa’KeHHE SIBIISETCS CO3/IaHME MACOK. Tak Kak COBPEMEHHBIE YHIIBI 00JIaAat0T MHOTOCIOHHOM
CTPYKTYpPO#, Ui CO3JaHusl TIpoleccopa OJHOW KoH(urypauuun Tpedyercs mnopsaka 80
mutorpaduueckux Macok. Co3maHne MAacKH CIOKHBIM TEXHOJOTUYECKUAN TPOIIECC, TPEOyIOIIHii
Oonbmux pecypcoB. M3roroBneHne ofHOW Macku OOBIYHO HE MPOUCXOAUT B OJHMH 3Tal, 3TO
UTEpAIMOHHAs TEXHOJOTHS, TpeOyromas 00IbIIoe KOJINYeCTBO MoBTOpeHuil. Ha kaxkaom stame
HE00XO0/IMMO M3MEpPSTh ONTHYECKHE KOHCTaHThl 00pa3la, a TakKe BOCCTAaHABIUBATH CTPYKTYPY
3aroToBKHM. Tak Kak CTPyKTYpHbIE XapaKTEPUCTHUKU MAacKH, MOT'YT MEHSTHCS B 3aBUCHUMOCTH OT
KOH(HTypanuy BenlecTB B He€ BXOIAmuX. M3-3a TOro, 4T0 HEKOTOPHIE CIOW MACKH SIBISIOTCS
KOMIIO3UTHBIMU MaTe€pUallaMH, BapbUpys COOTHOLICHMSI MAaTE€pHaOB B KOMIIO3UTE, MOXHO
U3MEHATHh (PU3MUecKue CBOMCTBaA ciosi. IMEHHO Uit 3TOro HEOOXOIUMO M3MEPSATH ONTHYECKUE
KOHCTaHTbl MaTepuaia, a Tak)K€ BOCCTAHABIMBATH PACIPEACICHUE DJIEKTPOHHON IUIOTHOCTH
3aroToBkd. Ha cerogHsmHuii MOMEHT Macka MOXXET HMMETh CIEIYIOIIYH0 MHOI'OCIOWHYIO

CTPYKTYpY:

uppermost layer of an absorber film

— absorber
lower layer of an absorber film

buffer film

mask blank — protective film

multilayer reflective film

substrate

Puc 1: Tunuynas crpykrypa auTorpaduyeckoi Macku

Cnou Macku M3rOTaBIMBAIOTCA C MOMOIIBIO TEXHOJIOTMH MAarHETPOHHOI'O HAIbUICHHUS.
PaccmoTpuM aeranpHee Kaxablil crnoil. Hiwkuuit crnoit — moanmoskka (substrate) MCIIOMb3yeTCsl Kak
OCHOBA Il MarHETPOHHOT'O HAIbUICHUS, OCHOBHBIM TPEOOBaHHWEM K JTAHHOMY CJOIO SIBIISIETCS
HU3Kas LIEpOXOBATOCTh W HU3KUN YpPOBEHb IMOBEPXHOCTHBIX HampspkeHuil. B OGonbmmHcTBe
CIIy4aeB MCIOJB3YIOTCS TIACTHHBI KpeMHHs (Si). CreayromeM cloeM SIBISETCS OTpa)Karolui
cioit (multilayer reflective film) ocHOBHOI 3a1a4eil KOTOPOTO SABJISAETCSA OTPAKEHUE U3ITYyUCHHUS,
MIPOIIIE/IIIETO TOTIIOMIAOIIHK CJION. JIaHHBINA CITOM OOBIYHO COCTOUT U3 MHOTOCIIOWHOTO 3epKaia,
MaTepHalbl B KOTOPOM I0100paHHbI MO pabouylo JUIMHY BOJIHBL. CIEAYIOMIUM CI0eM SBIISIETCS
3aIUTHBIN coit (protective film) 3amaueit KOTOPOTO SIBISETCS 3alUTa MHOTOCIOWHOTO 3epKaja
OT BHEIIIHUX BO3JEHCTBUI KaK Cpejibl, TaK U IIa3MeHHoro TpasieHus. Cienyroumii cioit (buffer
film) Hy>XeH U1 3aU Tl HIKHUN CTPYKTYPBI OT Mpoliecca MIa3MEHHOT0 TPaBJICHHUS, TAK)XKE CIIOM
IIPEOTBpallacT HAcJIEAOBAHUE BEPXHEH CTPYKTyphl IuepoxoBaTtocTeil. Cremyromuii cion —
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MOTJIONIAIOIIHKA CIoi (absorber) OCHOBHOW ero 3agaveil sSBISETCS MOTJIONICHUE M3IYYCHUS Ha
paboueli 1TMHE BOJIHBI, OCHOBHBIM TpeOOBaHHEM K JTaHHOM CTPYKType, MOMHMO MOTJIOIIECHHUS,
ABIseTCsA TpeboBaHUe K e€ aMop(HOCTH, aMOP(HOCTh CTPYKTYpPBI HEOOX0AUMa I MOTyICHUs
POBHBIX Kpa€B IOCIIE IJIA3MEHHOTO BbITpaBieHUs. [locpeacTBOM HM3MEHEHUS B PacIoIOKEHUU
MOTJIONIAIOIIETO CJIOS (IIPOLIECCOM IUTa3MEHHOTO TPABIEHUS) MOKHO JOOUTHCS HEOOXOIUMOTO
pHCYHKa Ha KOHEYHOM oOpa3ue. B mporeccax nurorpaduu, HCIOIB3YETCsl TAaHTAIOCOAEpIKaIINe
COEIMHEHUS B Ka4eCTBE MOIJIAIIAIOIIEI0 MaTepraa.

CTPYKTYDPY:

Wavelenght 13.5 nm

TaB

0,1 o

0,01 o

0,001 4

1E-4 o

1E-5 4

1E-6

1E-7 T T T T
0 20 40 60 80

angle®

Puc 2: 3aBucumMocTs K03 GUIMEHTA OTPAKECHUS B 3aBUCHMOCTH OT YTJIa TTaICHHS

Kak BuaHO u3 rpaduxoB, Mpu HCMOIB30BAaHUM YUCTOro Ta KOA(p(GUIMEHT OTpa’k€HUE BBHILIE,
HE)KEJIU TP UCIOJIb30BaHUM Ta B cOUeTaHnu ¢ ApyruMHy MaTepuanamu. Takxke unctsiil Ta nmocne
IIpolecca MAarHeTpOHHOTO HANbUICHHs, OCENAaeT B BHJE KPHUCTAUIMYECKOM CTPYKTYPBI.
JloGaBnenne B mo3Bosisier H00MTBCS aMOpP(HOCTH CTPYKTYpbI, AoOaBieHue N MO3BOJSET
YMEHBIINUTh HANpsHKEHUs] B CTPyKType. B naHHOl pa®oTe mpencTaBieHO MOJEIMPOBAHUE
HKCIEPUMEHTa MO0 M3MEpPEeHHI0 Kod(p(UIMEeHTa OTpakeHUs Ha JabOpaTOPHOM HCTOYHUKE
IIUTAHUS, HA OCHOBE KOTOPOTO MOCPEACTBOM peEIIeHUs 0OpaTHOW 3ajaud BOCCTaHABIUBAJIACh
cTpykTypa. OCHOBHas 1eJb pabOThl, MOHATh BO3MOXKHO JIM BOCCTaHABIUBATh paclpesielieHue
AJIEKTPOHHOM IMJIOTHOCTHU C 3a/IaHHOM TOYHOCTBIO Ha JaOOPAaTOPHOM MCTOUYHUKE PEHTI€HOBCKOIO
U3ITy4EHHUS.

BaaroxapHocTu

HccnenoBanue BBINMONHEHO 3a c4€T rpaHTa Poccuiickoro Haydnoro ¢onpaa (mpoext Ne21-72-
20108)
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MeToa peHTreHOBCKO pedieKTOMETPUU HA JIA0OPATOPHBIX U
CHHXPOTPOHHBIX HCTOYHMKAX B MCCJIEJOBAHUU TBEPABIX U KUIKHUX
MOAJI0KEK M HAHECEHHBIX HA HUX CJIOMCTBIX CTPYKTYP

B.E. Acagunxos?!, B5.C. Pouun?, }0.0. Boixos®, A.M. Tuxonos?, A.JI. Hy}K,Z[I/IHl

! Kypuamosckuii komnnexc kpucmaniozpaguu u gpomonuxu
2 Hucmumym gusuueckux npobnem um. IT.JT. Kanuyvr PAH

B pabore mnpeacraBieHbl TEOPETUUECKHUE MOAXOJbl MU SKCIEPUMEHTAIBHBIE PE3YJbTAThI,
MOJIyYEHHBIE NPU UCCIICTOBAHUH TBEP/BIX MOAJIOKEK U3 PA3IMYHBIX MAaTEPUAJIOB JIJISl ITUPOKOTO
KJjlacca npuMeHeHui. [IpoBeneHO cpaBHEHHE IOJIYYEHHBIX pPE3YyJlbTaTOB C JJAHHBIMU aTOMHO-
CUJIOBOM MHMKPOCKOIIMHM M oNTHYeCKHX udMepenuit [1, 2]. IlpencraBiaeHsl pe3ynbTaThl pelieHUs
00paTHOM 3a/laui PEHTICHOBCKOW peQIIEKTOMETPUU MPH MCCICJOBAHUU HAHECEHHBIX Ha TaKue
MOJJIOKKHU OJTHOCTIOMHBIX M MHOTOCIIOMHBIX MOKPBITHH [2, 3]. DTH pe3ynbTaThl COMOCTABICHHI C
JAHHBIMU TIPOCBEUMBAIONICH HSJIEKTPOHHON MuKpockonuu [4, 5]. OTaenbHO pPaccCMOTPEHBI
BO3MOXXHOCTH METOJIa Ul MCCIIEOBAHUS TMOBEPXHOCTH KHUJIKHX (a3 W HAHECEHHBIX Ha HUX
OpraHMuYecKux IJIEHOK [6, 7]. B mocienneM ciiydyae pe3yiabTaTbl CONOCTABISUIMCH C JAHHBIMU
MOJICKYJISIPHO-TUHAMUYECKUX PAcu€TOB U MOKA3aHO MX XOpoIlee cOOTBeTCTBUE [7].

BaaroxapHocTu

Pabora nmpoBenena B paMkax BbINONIHEHUs rocyaapctBeHHoro 3ananus HULL «Kypuarosckuit
UHCTUTYT» U MHCTHTYTa Pusnyeckux npodiem PAH
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AHOMAJIbLHO BbICOKasA TU(PpakuMOHHAS 3P(PEKTUBHOCTH
HU3KO0YACTOTHBIX MEJIKHX CHHYCOUJAIbHBIX U JIAMEJIbHBIX PellIeTOK
JJISl HEUTPOHHOM ONTUKHU

JL.U. Topaitt234

! Axademuveckuii ynusepcumem um. JK.M. Angpeposa, 194021, Canxm-ITemepbype, Poccus

2 CH6IATY "JIDTH", 19702, Canxm-Ilemepbype, Poccus

3 Uncmumym ananumuueckozo npubopocmpoenus PAH, 190103, Canxm-ITemep6ype, Poccus
A M®OTH, 141701, Mockoeckas obracme, 2. Lonzonpyonwiil, Poccus

Jlyia oTpakeHHsI U JAMCIIEPCHM XOJOIHBIX M YJIbTPa-XOJOAHBIX HEUTPOHOB Yallle BCErO
HCIOJIB3YIOTCSl HU3KOYACTOTHBIE TU(PPAKIIMOHHBIE PEHIETKH C MaJIbIM OTHOIICHUEM JJTUHBI BOJTHBI
Heitpona A k mepuoay d ~107-5-10"-2 B CHJIBHO CKOJB3SAIIMX ITy4Kax ¢ yriamu 0 ~87.5°—
89.975° 3a mnpenenamMu NOJHOIO BHEMIHEr0 oOTpaxeHus. COOTBETCTBYIOLIME IOKa3aTeNH
nperomiieHuss N = 1 — § + i pa3IMYHBIX OTPAKAIOIIUX MATCPUATIOB COCTABJISIOT BEITUYHHBI O
~10n~7-10"~3 u B ~10"-12-10"-5 [1]. CkanspHas Teopus AuPpakuuu U OOPHOBCKOE
npuOIIMKEeHNE, CIIPaBeUINBbIE I HU3KOYaCTOTHBIX pemeTok ¢ A / d << 1 ( o6pryHO MenbmIe (.2
IIPU OKOJIOHOPMAJILHOM MAaJIeHUH) U OTHOLIeHHeM TiyOuHbl mtpuxa h k d << 1 (o06bruno ~0.1-
0.05) [2], mpencka3biBaeT ONTUMANIbHBIC TITYOHHBI AJISl IITPHUXOB CUHYCOHUIAIBHOTO, TAMEITHHOTO
win tpeyronbaoro npopuis h =~ A / [k cos(D / 2)], rne D — 3T0 yroa oTkioHeHHs (MEKITY
najarmuM U AudpakuuoHHbIM mydkamu) U K = 4, 3.4 wim 2, cooTBercTBeHHO [3].
CooTBeTcTBYIONIME  BEJIWYMHBI ~ MakKCUMajdbHOW  AudpakiuoHHOW  sddexTuBHOCTH (B
NPUOIMKCHUU UICATLHON MPOBOJMMOCTH MaTepHaia PelleTKH) MUHYC MepBOro nopsaka n(—1)
OTIpeeIAI0TCS 3HAYCHUSIMU KO3 PHUIHEHTOB B paznoxkenuu Panes: n(—1) = 33.8%, n(—1) = 40.5%
uiu 1(—1) = 100%, cooTBETCTBEHHO.

Kak Obulo panHee mMoOKa3aHO TMPSAMBIMA YHCIEHHBIMH pacuye€TaMH C [OMOIIBIO
KOMITHIOTEPHBIX IIPOTPAMM Ha OCHOBE CTPOTOro UG GEpeHITNATFHOTO U HHTETPaTbHOTO METO/IOB,
JUI BBICOKOYACTOTHBIX PEIIETOK TPU CKOJB3ALIEM IMaJCHUU PEHTI€HOBCKOIO W3Iy4YeHUs
M3BECTHbIE NMPUOIMKEHUSI HE paboTaloT, TaK-KaKk OHM HE CIOCOOHBI TOYHO YuecThb 3((eKTsI
HOTJIOILEHUS, 3aT€HEHHs], MHOTOKPATHOTO OTpaxkeHus u ap. [4, 5]. 111 HU3KOYaCTOTHBIX PELIETOK
¢ TunudHbIMA 3HaueHusiMA A / d ~10"-5 u h / d ~10"-3, 10 cux mop CUMTaIOCh, 4TO paboTaeTt
CKaJsipHas TEOpHsl WM TEOpHsl BO3MYILIEHWH W MaKCHUMallbHas 1 JUIS Pa3iHuYHBIX Mpoduiiei
HITPHXA HE MOXKET MPEBBIIIATh YKa3aHHBIX BEJTMUNH — KaK JUIS PEHTIT€HOBCKOT'O H3IIy4eHHUs, TaK U
JUISL ITyYKOB XOJIOJHBIX HEUTPOHOB. PacyeTsl 1, BHIIOJHEHHbIE B HACTOsAIIEH paboTe ¢ TOMOIIbIO
JIBYX BQJIU/IHBIX B BBIIICONMCAHHOM JIMATIa30HE TTAPAMETPOB KOMMEPUECKUX IEKTPOMArHUTHBIX
ko108, uMenHo PCGrate™ u GSolver™ [6], mokaseIBatoT, 4To MakCUMajibHbIEe JOCTHKMMBIE
3P PEKTUBHOCTH CHHYCOUIANTBHBIX U JJAMETBHBIX PEIIETOK MOTYT 3aMETHO MPEBBIIIATH N3BECTHHIE
aHAIUTUYECKHE OLeHKU. Tak, s cuHycouaanbHoi pemietkd ¢ d = 50 um, h =534 nm, ¢ =
3.43x10"-5, B = 1.65x10"~10 nipu O = 89.72° (kputnueckmii yroa 6 = 89.53°) u A = 1 nm Obu1a
nonyueHa 1n(—1) = 46.8%, T.e. Ha 38.5% Ooubliie, 4eM MakcuMaibHas ckansipHas 3QPEeKTHBHOCTS.
Jlnist aHamoruyHoM JaMesbHo# pemerku ¢ d =50 um, h=43.3 nm, 6 = 3.43x10"-5, = 1.65x10"—
10 u ckBaxkHocThio 0.5 mpu O = 89.73° u A = 1 nm Obina Haiinena n(—1) = 44.5%, T.e. mouTH Ha
10% Oombiie, yeM aHanmuTUueckuil mpeaen. Jlanueie s n(—1) B o0eux mporpammax XopoIo
CXOJATCS ¥ COBIMAAAIOT ¢ TOUHOCTHIO ~0.1%. bbuto nano ¢puznyeckoe 00bsICHEHNE TOTYUEHHBIM
pe3yJbTaTam.

BaarogapHocTn

ABTODp BBIpakaeT Onarogapaocts M. A. 3axapoBy u3 Jlabopatopuu HEUTPOHHOUN PUUKH
uM. @panka OUSAU 3a npenocraBieHHy0 HHPOPMAIIHIO.
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MonoxpoMaTH3anusi PpEHTT€HOBCKOI0 U3JIyYeHUsA
B HIMPOKOM /THAIIA30HE JHEPIrUii:
JKCIIEPUMEHTAJbHAN YCTAHOBKA M MIPUMEHECHUE

B.E. Acamunxos?, B.C. Po;gnHl, IO.M. [[LIMHJI/Iul, C. A6z[enbma1<yp2, I'.K. HaBpOB2 ,
B.A. Poxkos?, P.B. Corenckuii’, ®u Usionr?, I'.A. Illenkos?

! Kypuamosckuii komnnexc kpucmannozpagpuu u pomonuxu, Mockea
2 Obvedunennvlii uHCMumym s0epHvix ucciedosanuil, Jybua

B naGopaTopHbIX ¥ MPOMBIIIIEHHBIX TPUOOPAX € )KECTKUM PEHTTEHOBCKUM H3JIy4eHHEM OOBIYHO
UCIOJIb3YyeTCs IMPOKasi TOPMO3Has YacTh CHEeKTpa. Takue yCTpoicTBa M MPUOOPHI yallle BCEro
UCTIONB3YIOTCS JUIs 1e(DeKTOCKONUHU U TOMOTpaduu, B TOM YHCIIe MEAUIMHCKON. JIaHHbIM I01X01
UMeeT IPEUMYLIECTBA, CBSI3aHHbIE C UCIOJIb30BAHUEM H3IIy4eHHs ¢ OOJIBLION PacXOAMMOCTBIO,
YTO TMO3BOJISIET HCCIEN0BaTh OOBEKTHI JOCTATOYHO OOJIBLIOrO pa3Mmepa, a B ToMorpaduu
IPUMEHATh KOHHYECKHE CXEMBI UCCIIeJOBaHUS. Mex 1y TeM, IPUMEHEHHE TOPMO3HOI'0 U3Ty4EeHUS
UMeeT W He#ocTaTku. M3 HuX Hamboiee M3BECTHBIA CBs3aH C M3MEHEHHeM (mpeolbiiagaHuemM
KECTKON 4acTH) CIEKTpa U3IY4EHHUs IOC]e MPOXOXKICHUS uepe3 00beM M3ydaeMoro oObeKTa.
Takum 00pa3oM MpUMEHEHHE MOHOXPOMATHYHOTO M3JTyYeHHS W B 3TOM AHMAINa30HE JUIMH BOJH
OCTaeTcs axkTyalbHbIM. 3JieCb OCHOBHas IpoOiieMa 3aKiloyaercs B TOM, UTOObl HaWTH
3pPEKTUBHBIE ~ MOHOXpOMATOp, JHMOO WCIOJB30BaTh JBYMEPHBIA HW K TOMY K€
SHEProAMCIIEPCUOHHBIN JeTeKTop. Takol IeTeKTop A KOpPpeKTHOW paboThl HYKIAeTcsl B
KaTuOpoBKE 1O DHHEprusiM m3nydeHus. Llempio Hacrosimeil pa®oThl SBISUIOCH CO3IaHUE
YCTPOMCTBA JJIi MOHOXPOMATH3allMM W3JIy4YeHHUs B ILIMPOKOM JMama3oHe »3Hepruil. Ito
YCTPOMCTBO MOKET OBITh MCIOJIB30BAHO ISl PA3IMYHBIX IMPUMEHEHUH, U3 KOTOPBIX IEPBOE —
KaTMOpOBKa JAETEKTOpA.

PaccmarpuBanoch TpUMEHEHHE pAa3JIMYHBIX KPUCTAJUIOB B KadeCTBE MOHOXPOMAaTOpPOB B
nuarnasoHe 3Hepruit ot 8 1o 80 k3B. belio nokazaHo, 4to Hanbosee NepCrneKTUBHBIMU [T 3TOU
ENTN SBIISTFOTCS] KPUCTAJUTBI ITUPOJMTUYECKOTO rpaduTa U candupa. BozMoKHOCTh TPUMEHEHHS
TaKUX KPUCTAJUIOB Oblja MpoBepeHa HaMu Ha jabopaTopHoil ycranoske JIPII [1] B unTepBane
sHepruii ot 8 10 40 xk3B.

Heo6x01uMocTh BBICOKOW CEJIEKTUBHOCTH OTPAKEHHM IO SHEPrusiM M3JydeHHs MmoTpeboBaiia
BBICOKOW TOYHOCTH YTJIOBBIX TepemenieHnii. HaMu ObIJIO CO371aHO YCTPOWCTBO, MO3BOJISIONIEE
00ecreynTh ¢ MOMOIIbIO Ha3BaHHBIX KPUCTAJUIOB MOHOXPOMATH3AIMIO U3IYUYEeHUs B JTUaa3oHe
8-80 k3B ¢ muCKpeTHOCTHIO HA YpOBHE 1 yTII. Cek.

YcTpoiicTBO OBIJIO CMOHTHPOBAHO Ha AKCHEpUMEHTanbHbIM cTeH] «Kaman», rae kadecTBe
UCTOYHMKA W3JIyYEHUS] MPUMEHEHAa MUKPO(OKYCHass pEeHTTeHOBCKas TpyOKa ¢ BOJIb(PPaMOBBIM
aHO/I0M, ycKopsitoiuM HanpspkeHueM ot 60 1o 120 kB u tokom ot 10 10 350 MKA.
[IpoBe/eHHBIE ¢ TOMOIIBIO SHEpPromucrnepcuoHHoro naerekropa Amptek X-123 u3mepenus
NIOKa3aJIM, YTO SHEPTeTHYECKOE Pa3peIleHHEe CO31aHHON ycTaHOBKHU (AA/A) 3aBUCUT OT SHEPTUH U
nexuT B quanazone 2—10 %, 9To m03BOISIET CTIOIh30BATh JAHHYIO YCTAaHOBKY ISl KATHOPOBKH
JIBYMEPHBIX JIETEKTOPOB, YyBCTBUTEIBHBIX K SHEPTUHU MMAJJAI0IIEro n3aydeHus. Takas kaauOpoBka
ObLTa TIpOBeIcHa [T JeTekTopa Timepix3, paspaboranHoro koiwtaboparwmeii Medipix [2].

BaarogapHocTn
Pabora mpoBezieHa B paMKax BbINOJHEHUs rocynapcrBeHHoro 3amganus HUL[ «KypuaToBckuit

UHCTUTYT» U TpanTa PH® Ne22-15-00072.
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[2] https://medipix.web.cern.ch
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JAnppakuuoHHAs PEHTIEHOBCKAsE MHUKPOTOMOrpaus Kak MeTOo.
TPEXMEPHON BU3YAJIU3ALUU KPUCTAJUIMYECCKUX Je(PEeKTOB

J.A. 3onoros!, U.T'. JIpstuxopal, A.B. Bysmakos?, B.E. Acaguuxos!, D.B. Cysopos?

1HHll «Kypuamoesckuu Uncmumymy, 119333 Mockea, Poccus
2 Hncmumym gusuxu meepoozo mena PAH, 142432 Yepnozonosxa, Poccus

Kpucramnudeckne marepualibl HaXOAST IIMPOKOE MPUMEHEHHE B TaKWUX OTPACIAX HAyKH U
TEXHUKHU KaK ONTHKA, aKyCTHKa, JIa3epHas TEXHHKA U MHUKPOAJIEKTpOoHHKA. Bo Bcex Ha3BaHHBIX
001acTAX CTPYKTypa KPUCTAIUIMYECKUX MATEPHAIOB MMEET pEIIAoliee 3HaueHHE, MOCKOIbKY
MMEHHO OHa ONpeleNseT TaKue mapaMeTpbl KaK CIEKTp TMPOMYCKaHUS U OTpaKeHus,
ME30JICKTPUYECKIE CBOMCTBA, MPOBOAMMOCT M BPEMEHA JKH3HU HOCHTENCH 3apsjia B
MOJIYTIPOBOJHUKAX. B CBA3M C 3TUM OJHOM M3 BaKHEHIIMX 3a7jauy CTPYKTYPHBIX HMCCIIEIOBAaHUMN
MOHOKPUCTAJJIOB BOOOIIE ¥ TMOJYINPOBOJHHUKOB B YAaCTHOCTH OCTAeTCS  BBIABICHUE
HECOBEPIIICHCTB MX peajJbHOW MPOCTPAHCTBEHHOW CTPYKTYyphl. [lo 3Toil mpuumHe pa3BUTHE
HEPa3pYIIAOIINX METOJOB HCCIICIOBAHUS U KOHTPOJISI CTPYKTYPBI KPUCTALTUHICCKIX O0OBEKTOB
SABJISACTCS AKTYyaJbHOU 3a7a4ei.

st ee pemieHuWs B IMOCJETHUE TOIBI MIMPOKOE PA3BUTHE IMOJIYYHUIN METOJBI PEHTTCHOBCKOU
nudpakimoHHOW  ToMorpadguu  (Tomo-toMorpaduu) ¢ TOPUMEHEHHEM  CHHXPOTPOHHBIX
UCTOYHUKOB u3nydeHus. Clieqyer, OJHAKO OTMETUTh, YTO IOJYYCHHUE IOCTYNa K CTaHIUSIM
CUHXPOTPOHHOTO M3JIY4YEHHUS YaCTO SBISETCS JOBOJIBHO CIIOKHOM mpoueaypoii. [1o aToit mpuunne
CYIIECTBYET OYEBUIHAS TIOTPEOHOCTH B pa3pabOTKe M BHEIPCHUH METOIOB PEHTTEHOBCKOM TOTIO-
ToMorpaduu B MpoU3BOJICTBEHHBIC U HAYYHO-UCCIIEI0BATENbCKIE 1a00paTOPHUH.

B pabote ommcaHbl OCOOCHHOCTH IPOBEACHUS 3KCIICPUMEHTOB, a TaK)KE BO3MOXHOCTH HX
MPUMEHEHHUS JUIS UCCIIEeOBAaHUI TPEXMEPHOTO MPOCTPAHCTBEHHOTO PACIONIOKEHUS JePEKTOB B
KPUCTAULIMYCCKHUX U MOJTHKPUCTATUINICCKUX 00BEKTAX C MPUMEHCHHEM KaK CHHXPOTPOHHBIX, TaK
U J7a00paTOPHBIX HCTOYHUKOB PEHTTEHOBCKOTO W3IMy4YEeHHs, BKJIIOYash M OTEYECTBEHHBIE
pazpabotku B 3ToiM obOmactu [1-7]. OueHeHsl JalbHEWIINE TEPCHEKTUBBI Pa3BUTHS
MPEJICTABICHHBIX METOJIOB TPEXMEPHOTO MCCIEI0BAHUS KPUCTAIIMUECKUX MAaTEpUAIOB.

baaropapuocru
Pa60Ta HpOBGJIeHa B paMKax BBITIOJTHCHU A FOCYJIapCTBeHHOFO 3aaHuA HaIII/IOHaJ'II)HOFO
MCCIEI0BATENbCKOr0 IeHTpa «KypuaToBCKUN HHCTUTYTY.
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PentrenoBckass MUKpOTOMOrpagusi 1 KOMIbIOTEPHOE
MOJEJTUPOBAHUE B MCCJICTOBAHUU IBOJIOIUUA MUKPOTPELIUH B
o0pa3uax ropHbIX MOPOJA MPHU OJJHOOCHOM C/KATHH

10.C. Kpusonocos!, A.B. Bysmaxos!, E.E. Jlamackunckas?, B.JI. Tunapos?, B.E. Acagunkos?

! HaumonanbHblit nccnenoBaTenbekuii nenTp “Kypuarockuii macTHTYT”, MOckBa, Poccnst
2 dusnko-Texanuecknii nacTUTyT M. A.®. Hodde, Canxr-TlerepOypr, Poccus

B pabote nmpoBeneHbl UCCIEAOBAHMS 3apOXKACHUS U PAa3BUTUSI MUKPOTPEIIMH B 00pa3max
TOPHBIX IIOPOJ IOJ JECWCTBUEM MOCTENEHHO YBEIMYMBAKOLIEHCS OJHOOCHOM Harpy3ku. B
KadyecTBe 00pasiia UCIoJIb30BANIN IHJIMHAPHYSCKHUI KepH necuanuka Berea (d=10mm, h=20mm).
Jns  BusyanuszalMM  CTPYKTYpbl TpPEXMEpPHBIX JAePexkToB B 00pas3lax MCIOJIb30BalIU
PEHTTEeHOBCKYI0 MHKpoToMmorpaduio. Tomorpaduueckre 5SKCIEpUMEHTHI MPOBOIMIA Ha
71a00paTOPHOM KOHYCHO-Ty4eBOM Mukpotomorpade [1] mpu yckopstomiem Hanpsbkenuu 80 kB.
OOpazenr Harpyxajiu B HECKOJBKO 3TalloB, MOCTENEHHO YBEJIM4YMBAas JaBlieHHEe cxkatus. Ha
Ka)KJIOM 3TaIle Jesaan Tomorpadguyeckoe ckanupoBanbe oopasiia. DKCIepUMEHT MPOI0IIKAIIH JI0
paspymerus: oopasia. OcoOEHHOCTh JTaHHOTO SKCIEPUMEHTA 3aKII0YAeTCs B TOM, YTO MpPH
NpOBEICHUN TOMOrpaduu Harpy3ky c¢ obpasma He cHuManu. s 3Toro Obula M3rOTOBJICHA
criennanbHas NMEPEeHOCHAs] Harpy3o4yHasl s4eiKa, KOTOPYIO yCTAaHABJIMBAIH B MHUKpOTOMOTpad.
JlanHast Harpy3o4Has s4yeiika ¢ 0JIHOM CTOPOHBI CLIOCOOHA 00ecneunTh HEe0OX0UMOE JaBJICHNE
cKaTus Ha o0pasell, C APYroi CTOPOHBI 001a/1aeT JOCTATOUYHOM IPO3PAYHOCTHIO B PEHTT€HOBCKOM
JUarna3oHe, 4YTo MO3BOJISET MPOBOIUTH TOMOTpadUUECKHI SKCTIEPUMEHT.

Ha ocHoBe momyueHHBIX TOMOrpadUYecKuX MTaHHBIX TMOCTPOEHA TpeXMepHas MOJIeNb
oOpa3oBaBIHxcs AeEKTOB U pacCuuTaHa (pakTalbHas pa3MEepPHOCTh MUKpoTpenuH. [lokazaHo,
yro (pakTanpbHas pPasMEPHOCTh cocTaBisieT 1.8 mpu HauanbHOM OOpa3OBaHWU TPEUIMH U
yBeIUYHMBaeTcs 0 2.6 K MOMEHTY pazpyuieHus obpasma. Kpome storo, Ha ocHOBEe Mojaenu
JTUCKPETHBIX JIEMEHTOB [2] MpOBEeACHBI YHUCICHHBIE SKCIIEPUMEHTHI 10 Pa3pylIeHUI0 00pa3IioB
TEeTEPOreHHBIX MAaTEPHAJIOB, BBISIBICHBI JETAM O0Opa3oBaHUs (DPAKTAIBHBIX CTPYKTYp OYaroB
paszpymieHus. [IpoieMOHCTpUPOBAHO XOpOIIEEe COrlacue pe3yJbTaTOB KOMIIBIOTEPHOTO
MOJICTTUPOBAHUS M TOMOTPAPUUECKUX IKCIIEPUMEHTOB.

Jluteparypa
1. 1O. C. KpusoHocos, A. B. bByamakos, M. 0. I'puropses, A. A. Pycakos, 10. M. J{pimiui,
B. E. Acaguukos / JJabopaTOpHbIif KOHYCHO-JIy4€BOW PEHTT€HOBCKUN MUKpoTOMorpad //
Kpucmannoepaghus, 2023, Tom 68, Ne 1, ¢. 160-165. DOI 10.31857/S0023476123010149
2. BUJL I'mnspos, E.E. Jlamackunackas. @TT 64, 6, 676 (2022)
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PacyeT mapaMeTpoOB NMepBOro peHTreHOBCKOI0 3ePKaJia KaHAJIOB
BbIB0/Ia CHHXPOTPOHHOI0 M3JIy4eHHs — FreoMeTpHsl, TeIJIOBbIE U
BUOpPALIMOHHBIE HATPY3KHU

A.A. Cenkesuy, P.I'. YymakoB

Hayuonanvuwiil uccneoosamenvcxuil yeump «Kypuamoescxuut uncmumympy, 123182, 2. Mockea, Poccus

PeHTreHoBcKkHME 3€pKana CKOJB3SILUX YIVIOB MAJEHUS IMIUPOKO IPUMEHSAIOTCS I
(OKYCHPOBKM ¥ KOJUIMMAIIUU TYYKOB CHHXpOTpoHHOro m3mydeHus (CH). OmHako, BbICOKas
MOIIHOCTb MAaJAlOIEro HM3JIy4eHUs NPUBOIUT K HEU30€XKHBIM TEIUIOBBIM Harpy3kaMm M, Kak
CJIEZICTBHE, TEPMHUUECKUM J1eopMaIisIM 3epKaja, 4YTO HETaTUBHO CKa3bIBACTCA Ha MapameTpax
OTPKEHHOI0 Iy4yKa. YMEHBIIUTh YIJIOBbIE M JIMHEHWHBIE CABUIM pabodell MOBEPXHOCTU
BO3MOYKHO 32 CYET ONTUMH3AINH Ta0apuTOB 3epKaia U CUCTEMBI BOJISTHOTO OXJIAXKICHUS, a TAKKE
IyTeM HU3MEHEHHUs MPsIMOYrojbHOrO MNpoQuis 3epkajia, CHHUXAas TeM CaMbIM IOIEpEeYHbIe
TemneparypHble rpaaueHtsl [1]. IlomMmumMo 3TOro, Ha MHTEHCHBHOCTb TEIJIOOTBOJAA BIIUSET
CKOpPOCTb TEUEHUS KUIKOCTH B TPYOKax OXJIAXKJEHHs, IPU 3HAYUTEILHOM POCTE€ KOTOPOH MOT'YT
BO3HUKHYTh BHOPALIMU JTOCTATOYHO OOJBIINX aMILTUTY/I.

B Hacrosmeil pabore mnpeAcTaBiIeHbl Pe3yJbTaThl pacueTa IMEpBOro 3epKaja KaHalla
BeiBoga CU, Brmouaromuidi B ceOst Ompe/ielieHne ONTHMAaIbHBIX T€OMETPUYECKHX MapaMeTpoB
paboueil MOBEepXHOCTH M Mpoduis 3epKajna, pacyeT TEIJIOHAIPYKEHHOTro U JeGopMUpYEeMOro
COCTOSIHUS, @ TaKX€e OLIEHKY BUOPAllMOHHBIX HAarpy30K, OKa3blBaEMbIX Ha pabOuyyt0 MOBEPXHOCTh
CHUCTEMOW BOJSHOIO OXJ@KICHHUA. YUeT TEePMHUUYECKMX M BHOPALMOHHBIX HCKa)KEHUH Ha
OTpa)karolllie CBOMICTBA MEPBOr0 PEHTTEHOBCKOI'O 3€pKajla CTAHOBUTCA 0CO00 aKTyallbHbIM IPU
IIPUMEHEHUN PEHTI€HOBCKOM OINTHUKM HAa CUHXPOTPOHAX YETBEPTOrO IIOKOJECHMS U JIa3€pOB Ha
CBOOOAHBIX 3JIEKTPOHAX, OONANAIOUIUX PEKOPAHBIMU 3HAYEHHUSIMH IUIOTHOCTSIMH MOIIHOCTH
u3nydeHus. TakuM o0pa3oM, NPOBOJUMBIE pacueThl SIBISETCS BaXKHBIM 3TAllOM pean3aluu
®denepanbHON HAYyYHO-TEXHMYECKOW IPOTrpaMMBbl pPa3BUTUS CUHXPOTPOHHBIM M HEUTPOHHBIX
UCCIIEIOBAaHUN U MCCIIe0BATENbCKON HHDpacTpyKTypHI [2].

Cnucok Jimreparypbl

[1] Zhang L. et al. Thermal distortion minimization by geometry optimization for water-cooled
white beam mirror or multilayer optics //Journal of Physics: Conference Series. — IOP Publishing,
2013. — T. 425. — Ne. 5. — C. 052029.

[2] [TocranoBnenue [IpaButenbctBa Poccuiickoit @eneparuu ot 16 maprta 2020 r. Ne 287 "O6
yrBepxkaeHun DenepanbHOW HAayYHO-TEXHHUUYECKON MHpOrpaMMbl pPa3BUTUS CUHXPOTPOHHBIX U
HEUTPOHHBIX UCCIIEOBAaHUHN U UCCIIe10BaTeIbCKOW HHPpacTpyKTyphl Ha 2019 - 2027 roasr"
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AJMa30KapOUI0KpeMHUEeBbIH KOMIO3UT “CKeJeTOH” ¢
TEXHOJIOTUYECKUM MOKPBITHEM U3 MOJMKPUCTAIINIECKOT 0
KPEeMHHUS, KAK ePCNeKTUBHBIN MaTepHuaJ JJIsl MOAJI0KeK
PEHTIreHOBCKHUX 3epKaJl, padoTaoumux nox MmoumHsiMu nyukamu CH

A. E. IlectoB, M. B. 3opuna, A. 4. Jlonatun, M. C. MuxaiisieHKko
Unemumym ¢husuxu muxkpocmpyxmyp PAH, Huowcnuti Hogzopoo

C pa3BUTHEM MOLIHBIX HCTOUHUKOB CUHXPOTpPOHHOIO n3inydeHus (CH) u nazepoB Ha CBOOOIHBIX
3JIEKTPOHAX OCTPO BCTaJa MpobIeMa MPeM3UOHHBIX PEHTT€HOONTHYECKUX 3JIEMEHTOB CTOMKUX K
6onbmuM (~ KBT) paguanMOHHBIM M TEIUIOBBIM Harpy3kaMm. B Hacrosiuee BpeMs B KadecTBe
MaTepuana IOJJIOKEK pPacCMaTPUBATHCS MOHOKPHCTAUIMYECKUN KpemHUi (mc-Si) [1] mpum
OXJIAKJEHUH KUJIKUM a30ToM. OIHAKO TaKO METOJ OXJIaXIECHUS U3-3a KUIIEHUSI )KUKOT0 a30Ta
IOpU KOHTAaKTEe C OXJAKJAaeMOHl JeTanbl0 MPUBOIUT K 3aMETHOM BHOpAlMM, YTO YXYJIIAET
napamMeTpsl ydKa PEeHTI€HOBCKOTO U3Ty4YeHUs. AJbTepHATHBHBIE MaTepUalbl, B ToM uucie, SiC
U MeTauibl  (Meob, AQIIOMUHUKA, OCEpWUIMiA) 10 CBOMM  TEIUIOPU3UYECKHM  WIIU
PEHTTEHOONITUYECKAM  XapaKTePUCTHUKAM  CHJIBbHO  ycTymatoT mec-Si [2].  Jlydmumu
XapakTEepUCTHUKaMHU 00J1a1aeT TOJIbKO MOHOKPUCTAUNIMYECKUH anMa3, OJHAKO, CYIIECTBYIOT
CJIO’)KHOCTH M3TOTOBJICHHUS C 00pa3IOB ¢ OOJIBIIMMHU Pa3MEPaMHU.

B pabore mnpeanaraercss HUCHonb30BaHUE aiMa3zokapOupokpeMmHueBoro kommosura (AKK)
«Cxeneton» [3] ¢ mepexoIoM K BOASHOMY oxJaxaeHuto. CTpyKkTypa Marepuana chopMupoBaHa
QJIMa3HbIMU 3€pHAaMH, CBS3aHHBIMM B €IUHBIH KOMIIO3UT KapOMJOKPEMHMEBOH MaTpUIIEH.
Marepuan ycTymaeT IO CBOMM (H3UKO-MEXaHWYECKHMM H TEIIO()U3NYECKMM CBOHCTBAM
MOHOKPUCTAJLIMYECKOMY ajMa3y, OIHAKO, MO3BOJIAET (POPMHUPOBATH 3arOTOBKY MPAKTHUECKU
MIPOU3BOJILHBIX pa3MepoB U Gopmbl (“net-shape” TexHOIOTHUs), HAPUMEDP, PA3BUTYIO THUILHYIO
CTOPOHY JJIsi TOBBIIIEHHS TEIUIOOTAAYM IpPH KHUIKOCTHOM oOXJaxJaeHuu. Ha mnoBepxHocTu
obopazua u3 AKK «Ckeneron» Obulo CcGOpMHUPOBAHO TEXHOJIOIMYECKOE IOKPBITUE U3
noJukpuctayeckoro Si (pe-Si). @oTtorpadust SKCIepUMEHTAIBHOT0 00pa3lia peICTaBIeHa Ha
puc.la. Pa3paboraHa MeToauKa HMOHHOW MOJMPOBKU pc-Si, KOTOpas MO3BOJWIA MOIYYHUTh
HIEPOX0BAaTOCTh - G2x2 ~ 0,15 HM, 4TO yHOBIETBOpsiET TPEOOBAaHMSM PEHTI€HOBCKOW ONTHKH.
ACM xkanp noBepxHocTH U PSD-¢yHKIMS m1epoxoBaToCTH MPECTaBICHBI Ha pUCyHKax 10 u 1B

COOTBCTCTBCHHO.

a. 0.

——8K2x2 5 =0,1 nm
4040 o = 0,12 nm
a.=0.2nm

0,8 1,0

Y Axis, um
0,6
Z Axis, nm

= 0.1 1 10
Spatial frequency, um’'

Puc 1: a. ®ororpadus obpazua AKK “CkeneTOH”; 6. ACM kanp nosepxHocty; B. PSD-

(yHKIIHS IIepoX0BAaTOCTH B AMANA30HE MPOCTPAHCTBEHHBIX YacToT 2.5-1072-6.3-10 mxm™.

[IpoBeneno wuccienoBaHWe TEIIOPU3NYECKUX CBOWCTB Marepuasa B CpaBHEHHMH ¢ mc-Si.
DKCHepUMEHT 3aKJIoyacs B HarpeBe 00pa3oB Ja3epHbIM U3TyYEHHEM U KOHTPOJIE TEMIIEPATYPbI
B LeHTpe, U Ha OokoBo# rpaHe. Termnoemkocts (C) ompenensnach M0 HaKIOHY KpUBOW Ha
HAYaJIbHOM y4acTKe, a TEIUIONPOBOIHOCTE (A) M3 pelleHus ypaBHEHHS TEIUIONMPOBOIHOCTH TPH
KOHTpOJIE TeMIIepaTyphl IO ABYM JaTYMKaM B LIeHTpe oOpa3ia u Ha nepudepun. TemmeparypHbIit
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KO3 PUIMEHT JIMHEHHOTo paciMpeHus (o) OmpeaessuIcs Mo yUIMHEHHIO 00pa3iia Mpu Harpese.
KOHTpoJIb TONIIUHBI OMpEeAessyics C MOMOIBbI0 uHTEephepoMeTpa o Metoauke [4]. 3HaueHHe
TKIJIP oxa3zanoch Ha ypoBHe mc-Si u coctaBmiio a=4.2*10-6 1/K, a Benmmuunst A=1,2 [x/(K*r) u
C=6.5 B1/(cM*K) 3HaunTEIHHO MPEBOCXOAAT MC-Si.

[IpoBeneHo uccienoBaHUE TEPMOMHAYLIMPOBAHHOW nedopManuu HpU Ja3epHOM HarpeBe C
MOCIEAYIONEM MepecueToM jaedopmanmu (Ha OCHOBE MOJIYYCHHBIX KOHCTAHT) Ha YCIIOBHS,
npeanojaraeMbie Ha ctaHuu 1-1  “Mukpodokyc”, crposimerocs moa HoBocuOupckom,
cuaxpoTtpona 4ro nokonerus CKU®. Ilapamerpsr myuka: sueprusi ¢oronoB 10 - 30 k3B,
MOIIHOCTh Ha MepBUYHOM 3jeMeHTe - 200 BT. Pe3ynbrarsl MoaenupoBaHus MpeacTaBiICHbl HA

pucyHKax 2a u 20. 0.
\\ Uy (nm) \\\ Uy (nm)
4301
- 320.1
_210.1

- 110.0

0.0

Puc 2: PacueTHble KapThl TEPMOMHAYIIMPOBAHHON JeopManuu st 00pasios (a) u3
MoHOKpHcTanyeckoro kpemuust; (b) u3 AKK “Ckeneron”.

Kak MOXHO BHIETH TepMOMHAYIHpOBaHHAs nedopmanus odpasna u3 AKK “Ckeneton” c
KPEMHUEBBIM  TOKpBITHEM Oojee 4YeM BIBOE MeEHbIIe, ueM Uil obOpasua U3
MOHOKPHCTJTMYECKOTO KpeMHHA. Takum o0pa3om, Moka3aHa MEpCIEeKTUBHOCTh NMPHUMEHEHHUS
AKK «CkeneTon» ¢ pc-Si MOKPBITHEM B KAUE€CTBE MOJIOKEK PEHTTEHOBCKUX 3€pKal JIJIs1 MOIIIHBIX
nctounnkoB CU (3+ u 4ro mokoJieHHs) U Ja3epoB Ha CBOOOIHBIX AJIEKTPOHAX MPHU BOJSHOM
OXJIQKICHUH.

baaropapuocru

PabGora BeimonHeHna mpu mojepkke rpanta PH® Ne 21-72-30029 w ¢ wWCIOJIb30BaHHEM
obopynosanus LIKII “®Puznka 1 TEXHOJIOTUU MUKPO- M HaHOCTPYKTYyp” npu UOM PAH.

[1] A.R. Belure, A.K. Biswas, D. Raghunathan et al. // Mater. Today: Proc. 26, 2260 (2020).

[2] H.W. Yxamo, M.B. 3opuna, .B. Mansmes et al. // JKT®. 89(11), 1686 (2019).

[3] C. Karaes, B. Cunopos, C. I'opnees // Onekrponnka: HTB. 3, 60 (2011).

[4] D.V. Yurasov, A.Yu.Luk'yanov, P.V.Volkov et al. // Journal of Crystal Growth 413, 42—45 (2015).
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K Bomnpocy o cBepTKax KpUBBIX OTPa:KeHU S

B.A. bymyes

Mocxosckuil cocyoapcmeennbiii yHugepcumem um. M.B. Jlomonocosa
E-mail: vabushuev@yandex.ru

Bo Bcex ocHOBoMoOararomux MOHOTpadusIx U yueOHUKax Mo AU(PaKIMA PEHTI€HOBCKUX
Jay4eil B pasjene, MOCBALIEHHOM JIBYXKPUCTAIbHOMY CIIEKTPOMETPY, NMPAaKTUYECKU Oe3 BhIBOJA
JUISL YIIIOBOW 3aBUCUMOCTH WHTEHCUBHOCTH MPOLIEIIIET0 U3TYYEeHUS PUBOJUTCS COOTHOIIICHHE,
KOTOpPO€ MMEET BHJI CBEPTKH MHTEHCUBHOCTEU OTPa)KEHUs OT MOHOXPOMATOpa U MCCIEAYEeMOro
o0pa3ma, T.e. CBEPTKH KBaJpPAaTOB MOJYJIEH COOTBETCTBYIOIIUX AMIUIMTYIHBIX K03(duuneHTon
OTpaXKeHUS JUIsI IJTIOCKUX BOJIH.

Crnenyet, oAHAaKO, OTMETUTh, YTO B PEAJIBLHOCTU B CIEKTPOMETPE PaCIpOCTPAHSIOTCSA HE
IUIOCKUE BOJIHBI, & OIPaHWYCHHbIE YACTUYHO KOTEPEHTHBbIE Mydku. Kpome TOro, apryMeHTHI
(GYHKIMI B 3TOM CBEPTKE MOSBISAIOTCA U3 MPOCTEHMILEro reOMEeTpo-ONTHYECKOIO aHalu3a XoJa
pa3IMYHBIX MAJAONINX U OTPAXKEHHBIX Ny4eil. M, HakoHell, B UHTEHCUBHOCTAX, KOTOPbIE BXOJISAT
B CBEPTKY, OTCYTCTBYIOT (a3bl BOJH, U TEM CaMbIM TepseTcs HH(POpMAaIs O CTaTUCTUYECKUX
CBOICTBaX M3NMy4YEHUS, MAJAIOUIETO HAa JBYXKPUCTAIBHBIN CIIEKTPOMETP.

B cBsi3u ¢ 3THM, a TaKkkKe, UCXO/IS U3 CaMbIX OOIIMX MPEICTaBICHUM, Pa3BUTHIX B CTPOTOM
PEHTTEHOBCKOM BOJIHOBOI ONTHUKE, €CTECTBEHHO MOCTABUTH BOIPOC — a HENb35 T BMECTO CBEPTKH
MHTCHCUBHOCTEH HCIIONB30BaTh KBAJApPAaT MOXYJS CBEPTKA COOTBETCTBYIOIIMX AMILTHTYIHBIX
KO3 PUITMEHTOB OTpaKeHUs?

HMeHHO 00Cy:X/IeHHIO 3TOr0 BOIPOCa U MOCBsIIEHa HacTodAwas Jekuus. [lokazano, uyto
pu COONIOZICHUU OIPENEICHHBIX YCIOBUN MPOBEACHUS IKCHEPUMEHTOB (PACCTOSIHHUS MEXKIY
DIIEMEHTAaMH, IMIMPHHBI MIeJed M T.I1.) 00a 3THUX MOAXO0Ja MOJHOCTHIO SKBUBAJICHTHBI, a TAKKe
pacCMOTpEHbI Pa3JIMYHbIE YAaCTHBIE CIIydad HWCTOYHMKOB M3JIy4eHMs (PEHTIC€HOBCKUE TPYOKH,
CUHXPOTPOHHOE U3JIy4€HHE, PEHTT€HOBCKHII J1a3ep Ha CBOOOAHBIX 3JIEKTPOHAX).

YacTruHo 3Ta TemMa yIiepOoHO KpaTKo Obljla 3aTPOHYTA paHee B JI0KJIaJie Ha KOH(pepeHIIUN
[1], a Takxke OoJiee MOTHO M3TOKEeHA B cTaThe [2]. [lo MHEHHUIO aBTOpA, JEKIHS MPEACTABIISIET
JIOCTaTOYHBbIM METO/J0JIOTHYECKUIA MHTEpeC JUIsl CTYAEHTOB, ACIUPAHTOB, J1a U JAJS HAy4YHbBIX
COTPY/IHHUKOB.

[1] Bywyes B.A., Cratuctudeckas Teopusi GOpMUpPOBaHUs PEHTIeHANPPAKIIUOHHOTO (Pa30BOr0O
KoHTpacta // Te3uchl [0K1IagoB 00BeAMHEHHONH KOH(epeHUnu ‘“DIEeKTPOHHO-Ty4eBbIe
TEXHOJIOTUM ¥ PEHTIEHOBCKas OINTHKAa B MuKpodanekrpoHuke” (13—-17 centsops 2021,
Uepnoronoska), 2021. C. 322-323.

[2] Bywyes B.A. Cratuctudeckas Teopus pOpMHPOBAHUS PEHTTCHOAUPPAKIIMOHHOTO (ha30BOro
koHTpacra // Kpucramtorpadwus. 2023. T. 68. Ne 3. C. 385-393.

50



JIByXKOOpPAMHATHBIE JeTEKTOPHI AJIsl PErUCTPALlMM U300PaKeHUH B
KOPOTKOBOJIHOBOM /IHANA30HE CIIEKTPA ¢ BLICOKMM pa3pelieHueM
Ha ocHoBe I13C u KMOII maTpun

C.B. Ky3un

Hucmumym kocmuueckux uccredosanuti PAH, Mockea, 117485 Poccusa
s.v.kuzin@cosmos.ru

B nHacrosimiee Bpemsi 3HAYMTEIBHO BBIPOC MHTEpPEC K AECTEKTOpaM, PETUCTPUPYIOLIUM
1300paxKeHusi B KOPOTKOBOJIHOBOM (OT PEHTI€HOBCKOIO JI0 yABTPA(QHOIETOBOI0) AUara3oHe JUIUH
BOJIH C BBICOKMM IPOCTPAHCTBEHHBIM pa3pelieHHeM. OTO CBS3aHO, B IEPBYIO OuYepenb, C
pa3BUTHEM CBEPXMOIIHBIX HCTOYHHUKOB KOPOTKOBOJHOBOTO HW3TYYEHHS, IO3BOJISIONIMX
3HAYUTEIBHO COKPATUTH BPEMsI MCCIICOBAHUI C BBICOKMM IPOCTPAHCTBEHHBIM M BPEMEHHBIM
pazpemieHueM. [loMmumMo cOOCTBEHHO MOJy4YeHHS H300paKeHUN TaKkKe aKTHMBHO Pa3BUBAETCS
pPEHTTeHOBCKasi MHKpoTomMorpaduss u u3o0paxaromasi crekrpockonus MP  nuamasona,
MO3BOJIAIOIIME HEPa3pYIIAIOIIUMUA METOJAMH HCCIIEI0BATh BHYTPEHHIOK CTPYKTYPY Pa3InYHBIX
00BeKTOB. Bee 3TH nccieoBaHus MPOBOIATCS ISl pEIIEHUs] IIMPOKOTO Kpyra 3aj1ad B 001acTu
MaTepuaioBeaeHus, Ouonoruu, 1eeKTOCKONHUH U Mp. B KadecTBe HCTOUHUKOB PEHTTEHOBCKOTO
U3JTYYEHHUS B ATUX IKCIEPUMEHTAX HCIIOJIB3YIOTCS UCTOYHUKN CHHXPOTPOHHOTO M3ITyYCHHUS HITU
PEHTTEHOBCKHE TPYOKH C BHICOKOW TIOTHOCTHIO U3JTyUEHUSI.

OmHOBpEMEHHO ceifuac aKTUBHO pa3BUBACTCS MHHUATIOPU3MPOBAHHAS KOCMHYECKas
HayyHas arnmnaparypa JJis HAHOCITyTHUKOB THIa KyOcat. B HacTosiiee BpeMs yCIeNIHO pelarTcs
3a[a4d 10 JUCTAHIMOHHOMY 30HAMPOBAHUIO 3EMIIM, UCCIICAOBAHUIO MAarHUTOC(EPHI, a TaKKe
uccienopanusiM CollHIA U APYrux actpou3mdeckux mpoieccoB. COBpPEeMEHHBIE CHCTEMBI
OpPHEHTAIlMM W CTa0WIM3aIlH KyOCaTOB MO3BOJISIOT MPOBOJIUTH SKCHEPUMEHTHI HE TOJIBKO II0
pEeruCTpallii HWHTETPAIbHOTO M3JIyYEHHs, HO MO MOJYyYEHHI0O H300pak€HUl ¢ MOMOIIBIO
TenecKonoB. [IOCKOIBKY CO CTOPOHBI KyOCAaTOB €CTh KECTKHE OTpaHHYCHHS Ha pa3Mep H
HHEPromnoTpediieHNe annapaTypbl, TO TH MPUBOAUT K HEOOXO0AUMOCTH MMUHUATIOPU3UPOBATh KaK
ONTUYECKYIO CUCTEMY, TaK U PETMCTPUPYIOLIYIO CUCTEMY TEJIECKOTIA.

B HacTosimiee Bpemsi CyIIECTBYET HECKOJBKO THIIOB JETEKTOPOB [UIS PETHUCTPAIHH
KOPOTKOBOJIHOBOT'O H3IYYEHHUS: C MPSIMOI perucrpanueil Mium ¢ KOHBEpTalUel Magaroliero
u3nydyenus. [lepBulil THI JeTekTopa noapasnenserca Ha aetekropsl ¢ front-illuminated (FI) u ¢
back-illuminated (BI) metektopsl. Bropoii Tun mojpasaesseTcs Ha AETEKTOPhI ¢ KOHBEpTaIlHeh
U3JTYYEHUS C TOMOIIBIO JTJFOMHHECIIEHTHBIX 9KPAaHOB U C TOMOIIBI0 (DOTOKATOOB.

B noknane npezacraBieHbl MPUHLIMIHAIBLHOE YCTPOMCTBO 3TUX JAETEKTOPOB, X CPABHUTEIILHBIE
XapaKTEPUCTHKH U 0COOCHHOCTH IKCILTYaTaI|H.

Pabota BeInoHEHa npu puHaHCOBOM noaiepxkke Poccuiickoro HayuHoro gonaa (mpoekt 23-72-
30002).
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AHAJIU3 CTPYKTYPBI CKPBITHIX I'PaHull pa3aena miéHoxk ITO-
PMDA-FLC metonamu pedJieKTOMeTPUHU M HE3EPKAJTBHOIO
PEHTIEHOBCKOI0 pacCesiHUsl

Bonkos I0.0.l, Hyxnun A.I[.l, Pomun B.C.l, KyxoBuu-I'opneeBa A.AZ2
Hoxwunaes E.IT.2, Acamuukos B.E.!, Octposckuii B.11.1

Y Uncmumym kpucmannozpagpuu um. A.B. IIyénuxosa KKKu®, HUL] «Kypuamosckuii uncmumympy
2 Dusuueckuii uncmumym um. IT.H. Jlebedesa PAH

Knpgkokpucraimueckue sS4YEHMKH, HIMPOKO MCIOJIBb3YEMbIE B COBPEMEHHBIX JUCIUIEHHBIX
YCTPOMCTBAX, MPEACTABISIIOT CO00H MHOTOCIIOHHYIO CTPYKTYPY, COCTOSIIYIO U3 COBOKYITHOCTH
IVIEHOK ONTHYECKH IPO3PAayHOro IOJIYNPOBOJHUKA, ITOJMMEPHOIO OPHUEHTAaHTa W JKUIKOTO
KpHUCTaJljla, HAHECEHHBIX HA CTEKJISIHHYIO NOJUI0KKY. Panee Obu10 mokazaHo [1], uTto kiroueBoit
napaMerp, ONpeAeIoIMUM T0MEHHYI0 cTpyKTypy KK-cioss — aHm3oTponusi moBEpXHOCTHOM
HHEPrUM — CBsI3aHa C [apaMeTpaMu 1I€pOXOBATOCTH I'PaHMI] pa3/iesia B CTPYKType STUEHKH.

B paGore Obu1 u3yueH 3JIEMEHT, COCTOAMMA M3 IIEHOK oKcuia uHaus-onoa (ITO),
nojunupomMeruToBoro nuanruapuaa (PMDA) u cmextiaeckoro xkuakoro kpuctamia FLC-497
Ha CTEKSIHHOM mojyuiokke. st mcciieZoBaHUSl €ro BHYTPEHHEH CTPYKTYpbl ObLI NPUMEHEH
KOMOWHHUPOBAHHBIN METO/, OOBEANHSIOMINN PEHTTEHOBCKYIO PEPICKTOMETPHUIO H HE3EPKAIbHOE
PEHTTEHOBCKOE pAcCESIHUE B CKOJB3SIEM NaACHUU [2], 4TO IO3BOJWIO PA3AEIUTh BKJAJ
IIEpOXOBATOCTEN U TEPEXOAHBIX CIOEB B CTPOCHHUE CKPBITHIX HHTe(eiicoB. PeHTreHoBckue
U3MepeHus ObUIM MPOBEACHBI HA MHOTO(QYHKIIMOHAIBHOM JlabopatopHoM qudpakromerpe P
[3] npu sHepruu usaydenus 8 k3B (muHa BonHb A = 1.54 A).

PaccuuTannble pacnpeseneHust ONTUYECKON IMOCTOSTHHOM 10 ri1yOuHe y(z) MOKa3bIBalOT, YTO Ha
rpanuue [ITO-PMDA u PMDA-FLC npucyTcTByIOT HapyllI€HHbIE CJI0M NOHUKEHHOW IJIOTHOCTU
tomuuHON 10 1.5 HM. CriekTpsl mepoxoBaTocTH UHTepdeiicoB PSD(V) nmoka3siBaloT yBenuyeHHE
¢ pexTUBHON BBICOTHI IIepoxoBaTocTH ¢ 0.9 HM JUIsi TOBEPXHOCTH MOJUIOKKH 110 1.4 HM aiis
nosepxHoctu ITO u 4.9 um s noBepxHocth PMDA, npu aToM 3¢ dexTiBHBIN K03(hUIueHT
kpocc-koppemsiimn - Ke  moamoxkka-ITO  cocraBun ~0.85 u Kc ITO-PMDA =0.28
COOTBETCTBEHHO.

a) 101 T T T “ ind815 815_cale 6) 107:, T T T T T T

© ind900  ——900 calc
ind1000 1000_cale F Kc, = 0.85, Kc, = 0.28
101 ©ind1100 = 1100_calc 100
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Puc 1: a) Yriossle pacnpenenenus paccestuust ot ctpykTypsl [ITO-PMDA nipu paznuunbix
yTJIax CKOJBXKEHHs; 0) CIEKTPhI IEpOXOBATOCTH, pACCUMTAHHBIE IS KXKI0U IT'paHMIIbI pa3jena.
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MHuorociaoinbie 3epkajia Ha ocHoBe Cr/Ti
JJIS1 PEHTT€HOBCKOIl MUKPOCKONIUM «B OKHE MPO3PAYHOCTH BOAbI»

P.M. Cmeptun, E.C. Auttomuna, M.M. bapsiieBa, C. A. ['apaxun, A.E. [lecTos,
B. H. Ilonkosrukos, P.C. ITnemkos, H.I. Uxano

Hucmumym guzuxu muxkpocmpykmyp PAH, yn. Akademuueckas, 7, Agponuno, Huoswcecopoockas obnacmes,
607680, Poccus

Jannast pabota nocssieHa uccieaoBanno Cr/Ti MHOTOCIORHBIX peHTreHOBCKHX 3epkai (MP3),
B TOM 4mclie ¢ OydepHbiMu ciiosiMmu kapouaa 6opa (B4C), onTUMU3HPOBAHHBIX Ha JIJTHHY BOJIHBI
A=2.74 um. B Hacrosimelr pabore mns yBenudenust kodpdunuento orpaxenus Cr/Ti MP3 u
YAY4IIEHUs KayecTBAa MEXKCIOEBBIX TIpaHMIl HCIOJb30BAIUCH METOJbl  «uHTepeiic-
WHXUHUPUHTA», Ul 4€ro B CTPYKTYpY BBOAMJIAch TOHKME mpocinoiiku B4C. Takum oOpaszom,
MOXHO HajlesaTbcs 1ojxo0pare ToiamuHy OydepHoro cios BsC, uToObl yMeHblIeHHE
K03 (ppHIIMEeHTa OTPAXKESHUS BCIEACTBUE JONOTHUTEIHHOTO MOTIIOMIEHHUS OBUIO CKOMIIEHCUPOBAHO
YBEJIMYEHUEM OTpPaXXCHUs BCJIEJICTBHE MEHbIIEH pPa3MbITOCTH TIpaHulbl. bydepHsiit cioii
HAHOCHUJICS Ha MIOBEPXHOCTH IIJICHOK KaK XpoMa, TaK U THUTaHa.

MeToabl H3roTOBJICHNS U HecaenoBanusa MP3

MP3 Cr/Ti, ¢ 6ydepubiMu ciiosimu B4C 1 6e3 HHUX, H3TOTABIMBAOTCS METOJIOM MarHETPOHHOTO
HanbuleHus B cpelae Ar npu gasineHuu rasa ~0.2 Ila. 3epkanma ocaxkaaroTcs Ha TIJIaJKHe
KPEMHUEBBIE IJIACTUHBI C BEJIMYMHON CPEIHEKBAAPATUUHON 111epoxoBaTocTH ~0.2 HM. ToNIIHbI
O0ydepubix cnoeB B4C cocramsmu: 0.01 am, 0.015 um u 0.02 am. Ilox tomuuuoi cnos B4C
noHnmaercsi cpennee npupamenune nepruoga MP3 Cr/Ti 3a cuer nobasnenus B4sC, o6pazoBanue
cruomHoro ciosi B4C He mpennonaraercs Benuwumna nepuona MP3 cocraBuna d~1.4 Hw,
KoJudecTBo nepruoaos N=400.

W3mepenue yrioBeIX 3aBHCUMOCTEH KOX(pUIMEHTOB oTpaxkeHus Ha anuHe BoinHbl Cu Kal
0.154 5'M mnpoBOAUTCS HAa YETHIPEXKPUCTAILHOM BBICOKOpA3peIIaomeM AU(pakToMeTpe
PANalytical X’pert-PRO (Hunepnanast). i3mMepenus yrioBbIx 3aBUCUMOCTEN K03(duiimeHToB
oTpaxkeHus, uamMepeHus nuddysnoro paccesnus 1 GISAXS na sneprun 12 k3B npoBoauiock Ha
cranuuu DA3A cunxporporHoro uentpa «KMCHU-KypuatoB». M3mepenus kosdduumenta
otpaxkenust Ha muHuu Ti La A = 2.74 um (452,2 5B) npou3BoAsTCs ¢ MOMOIIBIO Ta00PaTOPHOTO
pediexromerpa.

Pe3yabTaTsl 1 HX 00CyKAeHHE

Hns MP3 Cr/Ti, ¢ N=400 momy4yensl kod3(duuueHTsl oTpakeHuss Ha ypoBHe R=4.7+0.5%
(A=2.74 um). Cronp HM3KOE 3HAUYEHUE OTPAXKaTEIbHOH CIIOCOOHOCTH OOYCIOBJIEHO CHUIIBHBIM
NepeMelIBaHNeM CJI0E€B MHOTOCIOWHOM cHucTeMbl MexIy coboil: B ciosx Cr comepxkurcs
~20% Ti1, a B cnosix Ti ~10% Cr. 310 NpUBOAUT K CUILHOMY M3MEHEHHUIO IUIOTHOCTEH CJIOEB,
OTHOCUTENBbHO TabmuuHbIX 3HaueHuit: p(Cr)=6.8r/cm3, p(Ti)=4.9r/cMm3. JloGaBnenue OydepHbIX
cioeB B4C Ha moOyro TpaHuily paszena MPUBOIUT K POCTY OTpaKaTeIbHON CIIOCOOHOCTH
MP3 (puc. 1 a). Ilpu stom, oaHako, noOaBieHHEe Oy(QepHBIX CIOEB TaKXe NPUBOJIUT K
yYMEeHbIIEHUI0 3((HEKTUBHOIO 3HaYeHUS oTpakaromuXx cia0eB (Nsp¢), 3HAUUTENBHO OONbIIEMY B
ciayuae ocaxaeHuss B4C na Ti. IlpuunHoil Takoro m3MeHeHHsS Nopp MOXKET CIYXKHUTh Jperd
nepuoja B Mpoliecce pocTa B JaHHOM KOHKPETHOW CepUU SKCIIEPUMEHTOB.

Haubonpmmii ypoBeHb oTpaxarenabHON criocooHocTd R = 11£2% nocturaercs nmpu ocaxaeHUH
oydepnbix cioes B4C, rommmuoii 0.01 aM, Ha 6071ee moTHbIE ciiou Cr, a He MEHee ITOTHBIE CJION
Ti, yto He cBoiicTBeHHO MHOrMM MP3. [IpuunHOi yBeaMueHHs OTpa)xkaTelbHOM CIIOCOOHOCTH,
COrTacHO (UTHUHTY KpPHUBBIX OTpaKEHMsI, SBISIETCS MEHbIlee IEepPEMEIINBAHNUE CJIOEB
MHOT'OCJIOHON CHCTEMBI MEXAYy COOOH — 3HAaueHUs IUIOTHOCTEH CIIO0EB HpUOIMKAIOTCA K
TaOJIMYHBIM 3HAYEHUSIM, YTO MPHUBOJUT K YBEIMYEHHUIO CKayKa SJIEKTPOHHOW IJIOTHOCTH Ha
rpaHunax pasnena. Ilpu sToM, mmpuHa nepexo HbIX IPaHUL] HE U3MEHSETCSI.
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Puc 2: GISAXS usmepenus Cr/Ti u Cr/ B4C/Ti MP3. Yron nanenus 0,23°, sueprus 12x2B

Ha xaptunax GISAXS ot Cr/Ti MP3 u Ct/B4C/Ti MP3 (puc. 2), koTopoe Jano HauOOIbIINi
NPUPOCT OTPAXKATEITBHON CIIOCOOHOCTH, MBI HAa0IIFOJaeM J1Ba KBa3H-BperroBckux OTpaskeHHs y
oboux MP3. Oxnako, MHTEHCUBHOCTb KBa3u-bperroBckux makcumymoB y MP3 ¢ OydepHbiM
cioem B4C 3HauMTeNbHO BHINIE, YTO TAaKXKE TOBOPUT O 0o0Jiee COBEPIIECHHOW BHYTPEHHEH
MuUKpocTpykType MP3. Teopernueckuil pacdeT NaHHBIX HW3MEpPEHUN AACT JOMOJIHHUTEIBHYIO
uHpOpMaIIMI0O O MEXaHW3Max YBEIWYCHHUS OTPaKaTeIbHOW CIIOCOOHOCTH TMpU J100aBICHUU
O0ydepnbix cnoeB B4C Ha rpaHuiis! pasnena.

baarogapuocrTu

Pabora BeinonHeHa npu nojaepsxkke rpanta PH® 21-72-30029
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Bimmsinue 0apbepHoro cios B4C u remneparypsl oT:kura Ha
nepeMeminBaHue CJ10€B B MHOTOCJOHHBIX cTpyKTypax Cr/Ti B
3aBHCHMOCTH OT 3HAYEHHSI Mepuoaa

A.B. Kaparaes, A.Y. l'alicun, E.O. ®unartosa

Canxm-Ilemepoypeckuii eocyoapcmeenHulll yHusepcumem, yi. Yavsinosckas, 0.1, [lempoosopey,
Canxm-Ilemepb6ype, Poccus, 198504.

Beepgenue:
B nocneanue rogapl akTHUBHO pa3BUBAIOTCSI METO/Ibl MSTKOW PEHTT€HOBCKOM MUKPOCKOIIUHU B «OKHE

MPO3PAvYHOCTH BOJBI» HA JJIMHAX BOJH OT 2,2 1o 4,4 um [1,2]. B aToM nuamna3oHe JJIMH BOJIH
TPaJMLIMOHHBIE «IETKHE» MaTepuaibl, Takue Kak Oop, yriepoa M KpeMHHH, o0siagaiorT
3HAYUTEBHON CIIOCOOHOCTHIO K TMIOTJIOMIEHUIO, YTO MPHBOJUT K HU3KUM TEOPETUUYECKUM
Kod(duUIMeHTaM OTpaKEHHI MHOTOCJIONHBIX peHTreHOBCcKuX 3epkai (MP3) Ha ux ocHoBe (MeHee
10%). Beicokue 3HA4YeHHUS OTpaKaTeIbHON CIIOCOOHOCTH BO3MOXKHBI JIMIIL BOJIM3U KpacB
norommenus a1 Ti Loz, S¢ Loz V Lo3[3-6]. Takum 06pazom, MHOTOCIORHOE 3€pKAJIO Ha OCHOBE
XpoMa W TUTaHA SIBISIETCS TEPCICKTHBHOW CHCTEMOW ISl OTPaXKCHHS W3IIyUYCHHUS B «OKHE
MIPO3PAYHOCTHU BOJIBI».

Jns mHorocnoiiHoi ctpyktypbl Cr/Ti Teopernueckuid k03pPUIMEHT oTpakeHus st padoueit
JUTMHBL BOJHBI 2.74 uM pocturaetr 60%, 4TO nemaer cucreMmy nepcrneKTuBHOU. OHAKO
AKCIIEPUMEHTANBHBIN KOdQduueHT orpaxenus — Bcero 5% [3,4]. [lepuoag MHOTOCIONHOM
CTPYKTYPBHI [T OTPaKEHHsI B 00JIACTH «OKHA MPO3PAYHOCTH BOJIBDY MEHBIIIE 2 HM, 4TO 000CTpsieT
BIIMSTHUE MEXKCIIOEBbIX 00JjacTell Ha ONTHYECKHE CBOMCTBA crcTeMbl. OCHOBHAs IIeNib JAHHOUN
paboTHI 3aKITI0YAETCS B BBHISIBICHUU IPUYHMH HU3KOH OTpaskaTenbHOU criocobnoctu cuctemsl Cr/Ti
U aHaJu3e BIUsSHUSA 6apsepHoro cios B4C Ha MHOTOCHOMHYIO CTpYKTYpY. B4C 00nanaet Beicokoi
TEPMHUYECKOHN CTaOMIBbHOCTBIO U HU3KOM PEaKIIMOHHOW CIIOCOOHOCTBIO K XpOMY U THTaHY.

PesynbTaThl:
Bnusuue omkWra Ha mepeMeliMBaHHe TOHKUX cioeB Ti U Cr U WX KPHCTAUIMYHOCTH B

MHOTOCIIONHBIX cTpyKTypax Ti/Cr ¢/6e3 6apbepHOro CJI0s H3y4anoch C HCIOIb30BAHUEM METOIOB
XPS, TEM, XRR u XRD. PaccmarpuBaiuch MHOTOCIOHHBIE CTPYKTYPbl C pa3IUYHBIMU
3HAYCHUSIMH Meprojaa (cymmapHas TojmuHa cioeB Ti u Cr) B auamaszone ot 1,4 uM 10 4,3 HM.
Awnanu3 BeisiBUI oOpa3oBanue TiCrx Ha rpaHuIax pasnena cioes. [[poBeieHHbIC TEOPETHUCCKUE
U OKCIIEPUMEHTAJbHBIE WCCIENIOBAaHMUS JJIi MHOTOCIOWHBIX PEHTTCHOBCKHX 3epKal 0e3
0apbepHOro CII0s BBISBHIM (POPMUPOBAHHE CUMMETPHYHBIX MEKCIOEBBIX oOiacteit Ti-on-Cr u
Cr-on-Ti BHe 3aBHCHMMOCTH OT NEPHOJA U TOpPSKA HaNbUICHHs cioeB. Bkiaa oOpasyrorerocs
TiCrx OTHOCHTEIIFHO OCHOBHBIX CJIOCB YBEIMYMBACTCS C YMEHBIIEHHEM IEPHO/a CTPYKTYPBHI.
OOHapyXeHO, YTO CJOM B CTPYKTYpe C CaMblM MAJICHBKHM TIEPHOJOM  SIBISFOTCS
pPEHTreHOaMOP(HBIMH, B TO BpeMs Kak B CTPYKType ¢ OOJBIIUM MEPUOIOM HaOII0NAN0Ch
MOSIBJICHHE KPYITHBIX KPUCTAIUTUTOB XpoMa B THTaHa. OT)KUT MHOTOCIIOMHBIX CTPYKTYP IPUBOIHAT
K JIOTIOJIHUTENIFHOMY TEepEMEIINBAaHUI0O OCHOBHBIX CJIOEB, YTO BBI3BIBAET yBEIMUYEHHE BKJaJa
TiCrx. [Ipu omkure MHOTOCIOHHBIX CTPYKTYp 10 Temmeparypbl 700 °C oOHapykeHa TOJHAs
JIeTpaialiisi CTPYKTYPBI, IIPH 3TOM BCE CIIOHM MEPEMENIATHCH IPYT C JPYTOM H C IOI0XKKOH Si.

Beenenne OapbepHoro cnmos B4C  TommmuHOi ~0.15 HM TOpUBOAMT K  YMEHBUICHHUIO
nepeMemnBanus. Bxian oOpasyromierocst XpomMujaa THUTaHa OTHOCHUTENIBHO OCHOBHBIX CIIOEB
YMEHBIIIAETCS C BBEJICHHEM B CTPYKTYpy OapbepHoro cios B4C. OTxur MHOrocaolHoOM CUCTEMBI
TaKKe, Kak U B CIydae CUCTeMbI 03 6apbepHOIo CII0sI, MPUBOAMII K YBETUUEHUIO IIepeMEINBaHMS,
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HO CTETEeHb ATOTO MEepPEMENINBAHUS HUXKE, 9eM B CTpYyKType 0e3 OapbepHOro cios. OTKHT 10
700 °C mpuBen K TMOJHOM Aerpafaliu CUCTeMbl. BpIJIo 0OHAapy>KEeHO, YTO CIIOM B CTPYKTYpE
MHOTOCJIONHBIX PEHTTEHOBCKUX 3epKajl ¢ nepuoioM 0=1.45 HM OCTalOTCs PeHTIeHOAMOP()HBIMH
BI10Th a0 500 °C. Ilpu 700 °C BO3HHMKaeT KpUCTaUIMUECKas CTPYKTypa CHIIMIMIA XpoMa U
KapOuma Oopa. YcTaHOBIEHO, YTO BBeleHUE OapwepHoro ciosi B4C ymydmaer tepmudeckyro
CTaOMIIBHOCTh MHOTOCJIOWHON CHCTEMBI M CUCTEMA OCTAEeTCs MmepuoAudHor BIu1oTh 10 500 °C, B
TO BpeMs Kak JUIs 3epkana 0e3 OapbepHOro ciost 3to 3Hadenue cocrasisger 300 °C. Taxxe
BBeJIcHUE 0aphepHOTO CII0S MPUBOAMT K MOBBIIIEHUIO KOAPPUITUEHTA OTPAKEHHUS CUCTEMBI.

bnarogapuoctu:

Pabora BeimonHeHna npu nozanaepxkke rpanra PH® Nel9-72-20125-11. ABTOpBI BBIpaXatoT CBOIO
OyraromapHoCcTh  MeXIUCUHUIUIMHAPHBIM  pecypcHbIM  [lentpam CIIOIY mno HampaBieHHIO
"®du3zn4yeckue METOIbl HCCeNoBaHUS ToBepxHocTH", "PeHTreHomudpakinoOHHBIE METOIbI
ucciaenoBanus" u HUIl «KypuaroBckuii uuctutyt» (JIabopatopubiii momyns DCXA) 3a
MIPOBE/ICHHBIC UCCIICAOBAHUSI.
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UcciienoBanue BJIUSTHUS MOHU3UPYIONIET0 U3TyYEHH S HA
MHOT'0CJIOIHBbIC PEHTTeHOBCKHUE 3epKaJjia Be/Si/Al

P. C. Ilnemkos?, B. K. Bacuibes?, K. B. I[ypOBl, C.10. 3yeB1, . C. KoponeBZ, B. H.
[Monxoeuukos?, H. WM. Uxano®, IT. A. FOuusn?

YInstitute for Physics of Microstructures of the Russian Academy of Sciences, branch of the
Federal Research Center "Institute of Applied Physics of the Russian Academy of Sciences",
Nizhny Novgorod, Russia
ZResearch Institute of Physics and Technology and Department of Physics, Lobachevsky
University, Nizhny Novgorod, Russia

BBeaenue

MHorocioiiHble peHTTeHOBCKHE 3epKajla LIIMPOKO HCHOJb3YIOTCS B ONTUYECKHX MpHOOpax
aCTPOHOMHYECKOTO M KOCMHMYECKOro HaszHaueHus. lccienoBaHue KocMoca CBSI3aHO C
pa3paboTkoil Bce Oojee WHHOBALMOHHOW ammapaTypbl, CIIOCOOHOH BBIAEP)KUBATH YCIOBUS
IKCIUTyaTallii. B 9acTHOCTH, HOBBIE MHUCCHH, Takhe Kak, Hampumep, Solar Orbiter [1],
npeaycMaTrpuBaroT npubnamkenue Kk CoHIly Ha JOCTaTOYHO OJIM3KO€ paccTOosiHUE (yAaleHHOCTh
B nepurenmu 0.28 a. €.) COJIHEYHBIX 30HJOB C NMpHOOpamMH, pabOTAIOMIMMHU B 3KCTPEMAaJIbHBIX
ycaoBuax [2, 3]. B 0Kol03eMHOM MpPOCTpAaHCTBE KOCMHYECKHE HCCIIEJOBaHUS BCE yalle
IPOBOJASATCS C IIOMOIIbIO 0OoJiee AOCTYNHOM i HEOOJBUIMX HCCIEN0BATEIbCKUX TIPYII
anmaparypsl — HeOonbImIMX cnyTHUKOB (opmara CubeSat [4], B KOTOPBIX TaKkXe BO3MOKHO
Pa3MECTHUTh TEJIECKOT, UMEIOIINI B CBOEM COCTaBE MHOTOCJIOWHBIE 3epKaia [5].

Pagnanuss B kocmoce OOyCIOBI€HAa HalU4MeM 3JIEKTPOMAarHUTHOIO  M3JIyYeHHs -
yIBTPaduOIETOBOTO, PEHTTEHOBCKOTO ¥ TaMMa-N3ITyYeHHS COTHEYHBIX BCTIBIIICK, H 3apsKEHHBIX
YaCcTHI] Pa3IMYHON MPHUPOJBI — JIEKTPOHOB, MPOTOHOB U sAjep Oosiee TAKENbIX 3JIEMEHTOB,
SHEPrusl KOTOPHIX 3aKJII0UEHA B IMaNla30He OT HECKOJIBKUX J1eCATKOB K3B 110 coren M»B u Bhiie.
OnacHOCTh BO3ACUCTBUS Ha HUCCIENOBATEIbCKYIO ammapaTypy BbIpaxkaeTcs B €€ 0OJIydeHUu
YacTUIIAMU PA3HBIX 3HEPTUil (B OCHOBHOM 3JIEKTPOHBI, MPOTOHBI M ajb(a-4acTULIbI), a TAKKe
XapaKTEepU3yeTCsl BBICOKMMH TEMIIEpaTypaMH OJKCIUTyaTallMd. B 3aBUCMMOCTH OT JHEpPIruu
YaCTUIIbI, BO3ACHCTBYIOIIEH Ha M3, 10361 00TydeHUs U HarpeBa, BOZHUKAIOIIETO B pe3ybTaTe
BO3JCHCTBUSA M3ITydyeHUi, B M3 BO3MOXKHBI pa3jIMYHble MUKPOCTPYKTYPHBIE U3MEHEHUS, U KaK
CIIEJICTBUE, Jierpaaanus ko3 duirenra oTpaxeHnus — OJHOW U3 OCHOBHBIX XapaKTEPUCTUK TaKUX
PEHTTEHOONITUYECKUX YJIEMEHTOB.

Anb(a-yacTUbl HU3KOM DSHEPTUH, SIBISIOMIMECS OCHOBHOW COCTaBIISIIONIEH CHOKOWHOTO
COJIHEYHOIO BeTpa Hapsay C IPOTOHAMM, CUUTAKOTCS OJHOM U3 OCHOBHBIX ITPUYUH
MOTEHLIMAIBHOTO MOBPEKICHUS ONTUYECKUX TPUOOPOB U KOMIOHEHTOB [6]. CyIliecTByeT MHOTO
UCCIIEIOBaHMM, CBSI3aHHBIX C BO3JEWCTBUEM B KOCMOCE MOHOB, KaK BBICOKHX 3HEpruil (mopsika
M>»B), tak u Huskux (nopsnaka k3B). B [7] u [8] coobmiaercst 0 mepBbIX IKCIIEPUMEHTaX ¢
MHOTOCJIOHBIMH PEHTI€HOBCKMMHU 3epKajaMH, OoMOapAMpyeMbIMH HHU3KOIHEPreTUYECKUMHU
nporoHamu (1 k3B) u anpda-yactunamu (4 xk3B), KOTOpBIE MPOIEMOHCTPUPOBAIH, YTO TaKas
MOHHAs UMIUTAHTAIMsI BBI3BIBAET paccIOeHUe W/WIM NIepeMellIiBaHe TpaHull pasjena. B nannom
HKCIIEPUMEHTE TECTUPOBAIIMCH MHOTOCIIONHBIE 3epkasia Mo/Si 6€3 3alUTHOrO MOKPBITHS U TO e
3epKajio, HO C HAHECEHHBIMU Ha IOBEPXHOCTH MieHkamu Ru, Ir/Mo u It/Si. ABTopamu paboTs! [9]
MOKa3aHbl CTPYKTYpHBIE U3MeHeHus B rape MatepuaioB Ti02(90 um)/Al(340 um) npu o6iydeHun
eé nonamu resus (He™) ¢ sneprusimu 4, 16 u 100 koB. diroeHc YacTHIl B 9THX dKCIIEPUMEHTAX
coctaua 4-10% cm?. B manHo# paGoTe MoKa3aHO, UTO TIPH YHEPrUU 4 k2B B IMINEKTPHYECKOM
CJI0€ MPOUCXOANUT 00pa3oBaHue HEOOIBIINX ITY3bIPHKOB (InaMeTpoM 0KkoJ10 10 HM), YTO IPUBOAUT
K 3¢ (hekTUBHOMY M3MEHEHMIO MOKa3aTens npeaomieHus. B coyyae sHepruu 16 k3B my3sippku
pasHBIX pa3MepoB 00pazyroTcs B cioe Al BOIM3M rpaHuUIIbl pa3/ielia ¢ BEpXHUM JTUAIIEKTPUYECKIM
cioeM. [IporcxoauT cuinbHOE H3MEHEHHE MOP(OJIOTUH TOBEPXHOCTH, YTO MPUBOIUT, B KOHEYHOM
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cyeTe, K CHJIbHOMY DPAacCEesiHHIO, OTBETCTBEHHOMY 3a MaJleHHE 3€pKaJbHOro oTpakeHus. [Ipu
ob6myuennn 3ueprueii 100 k9B oCHOBHBIEC CTPYKTYpHBIE U3MEHEHUS TPUXOJIATCS HA MOJIOKKY, B
JAHHOM Cllydyae KOHIIGHTPAlUs WMIUIAHTHPOBAHHBIX HOHOB B BEpPXHEH YacTH IUICHOYHOU
CTPYKTYpbI 3HAUUTEIHHO HUKE, YEM B MPEABLAYIINX CIy4asX.

WHTepec K MHOTOCIOWHBIM PEHTTEHOBCKHUM 3€pKajiaM Ha OCHOBE OCpWILTUS W aJTIOMHHUSA
BbI3BaH KakK pa3 pa3BuTueM paboT B 00JaCTH AMATHOCTUKH JIAOOPATOPHOU U COJIHEYHOMU IJIa3MbI
[10, 11]. TpeGoBanusi K OTpa)kaTeIbHBIM XapakTepucTukam M3 B Takux paboTax MOCTOSHHO
noBplmaroTcs. Mcmonp3oBaHue JaHHBIX MaTepuaqoB B M3, ONTUMH3UPOBAHHBIX MOJ
XapaKTEpHBIE ISl UCCIIEAOBAHMS IJIa3Mbl JJTMHBI BOJH, TO3BOJISICT YAOBIETBOPUTH TPEOOBAHHIM
Oylarojapsi YHUKQJIbHBIM ONTHYECKUM CBOWCTBaAM Oepwius U amomuaus [12]. Ha manabId
MOMEHT HanOoJiee MepCcreKTUBHBIM [ paOoThI Ha ITHHE BOJIHEI 17.1 HM (JIMHUS N3TTy4YEeHUS HOHA
FeIX, coorBercTByomas Ttemmeparype 1.3-10° K omHOro W3 aHOMAIbHO HArpeThIX CIOEB
comHeyHOU atMocdepsnl) sBisiercs M3 Be/Al ¢ 6apeepubim cinoem Si [13]. Tak kak TOMITUHBI
cinoeB B M3 Maibl M COCTaBISIIOT €IMHULBI M JIOJIW HAHOMETPOB, a Pe3KOCTh MHTep(dericoB
KPUTUYECKH BIMAET HA PEHTTCHOONTHYECKUE XapaKTEPUCTHKH 3€pPKal, U3ydeHUE CTaOMIbHOCTU
naHHoro tuna M3 Kk BHemHUM (aKTopaM — BpPEMEHHOMY, TEIUIOBOMY U pPaTUAllMOHHOMY
BO3/ICUCTBUAM, CIOCOOHBIX MPUBECTHU K JACTPAJAINN ONTHIECKUX U CTPYKTYPHBIX CBOWCTB TaKHX
3epKajl, UCHOJB3YEeMbIX B TOM YHCJIE U B YCIOBHUSX KOCMOCA, MPEICTABIAETCS aKTyalbHBIM.
HccnenoBanne BpeMeHHOW M TepMmuyeckor cradmisHocTH M3 Be/Si/Al mpoBonmnocs B [13],
OJIHAaKO CTa0MIBHOCTH JAaHHOTO M3 IpH BO3JEICTBUH Ha HErO HOHU3UPYIOLIUX U3TYYCHUI HUKEM
HE U3y4yanach.

M3 Be/Si/Al u3roraBiuBainch METOJJOM MarHETPOHHOTO PACTIBUICHHUS MTPU TIOCTOSHHOM TOKE
(1=0.6 A) B cpene uncroro Ar (99,999) npu nasnenuu ~0.1 Ia. 3epkaiia ocax1aInuch Ha TIAKUE
(BemMYMHA  CpeAHEKBAJpaTUYHOW  mmiepoxoBatocTd ~0.2 HM) KpEMHHUEBBIE  IJIACTHHBI,
pUMEHSEMBIE B MEKPOAJIEKTpOHHUKE. CTPYKTypHBIEC TApaMETPhI 3€pKajl ONPEAEISIIICh METOIOM
MOJITOHKH KPUBBIX OTPAXEHUS, CHATHIMU Ha JuinHaX BOIH 0.154 HM 1 17.1 HM ¢ UCHIOIB30BaHUEM
OporpaMMbl Ui pePIESKTOMETPUYECKOH  PEKOHCTPYKLIMH  MHOTOCIOWHBIX  CTPYKTYp
«Multifitting» [14]. W3mepenuns na anuHe BonHbl 0.154 HM HNpPOBOIMIKCH HA J1aOOPATOPHOM
mudpaxromerpe Philips X'Pert PRO.

O6nyuenue M3 Be/Si/Al nonamu He* ¢ sneprueii 100 k3B u sxcnozunuonnsivu go3mu 0.1, 1,
4,7 u 10-10%° cm npoBoaMIOCH HAa MOHHO-Ty4eBoit ycTaHoske MJTY-200 (HUDOTU HHI'Y). [Tpu
o0JIydeHUM /1032 W3Iy4eHHs Habupajiach 3a CUET IOBBILICHHS MOIIHOCTH HCTOYHUKA, BpeMs
HKCIIO3UIIMU COCTABUIIO 8§ MUHYT, HarpeB 00pa3ioB mpu 3ToMm He npesbiman 100 °C. Jlapnenue B
KaMepe YCTaHOBKM obecneunBanoch nopsaka 10~ Ila. Tlepen o6mydeHreM IPOBOAMICA pacyeT
pacripenienieHusi BEIOUTBIX aTOMOB M CTPOMIICS TPOQIIb paclpeneeHus] UMIUIAHTHPOBAHHBIX
roHoB He™ ¢ mpumenenuem nporpammsr SRIM.

Pe3yabTarsl

[lepron u WHIMBHIyaJbHBIC TOJIIMHBI MaTepuaioB wuccienyembix M3 Be/Si/Al Gbun
BbIOpaHbl B COOTBETCTBUH C YCIOBHEM MakcuMu3auuu kodddunrenta orpaxenus (R) Ha miune
BOJHBI 17.1 HM, aHanoruyHo B [13]. Takum ob6pazom, neprox M3 cocraun d=8.6 HM, KOTUYECTBO
nepuogoB N=60. Tommumusr Be, Si u Al cocrasumu 3.9, 1.2 u 3.5 uMm, cootBercTBeHHO. s
UCCIIElyeMbIX O00pa3lloB HW3MEPEHbl YIJIOBbIE 3aBHUCUMOCTH KO3 (UIMEHTa OTpaKeHUs
MHOTOCJIOMHBIX 3epKas Ha juinHax BoyH A=0.154 um (puc. 1(a)) u A=17.1 um (puc. 1(6)) go u
nocie o0IydeHusl.
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Puc. 1. I3mepeHHbie yriioBbie 3aBUCUMOCTH K03 dunuenra orpakeruss M3 [Be/Si/Al]so Ha
nHe BostHbl 0.154 uMm (a) u 17.1 um (6) 1o u ocie o6nyvenus nonamu He™ ¢ sueprueit 100
k3B npu dumroencax 0.1, 1,4, 7 u 10-10%° e,

Yron ckonbxeHus, °

W3 cpaBHEHHS KPUBBIX OTPAa)KEHUS, MPUBEACHHBIX Ha puC. 1(a), BUIHO, UTO 3aMETHBIE
W3MEHEHHs HAYMHAIOT HAGMIoAal0TCa y 06pasiia, 06ydeHHoro noHamu ¢ dironcom 4-10%° cm?
(mpu 10 cM? — makcuManbHBIe M3MeHeHus). IIpu 5TOM H3MeHeHHs BUIHBI HA y4acTKaX KPHBOIA
OTpa)KeHHMsI MEXJy OOJacThI0 KPUTUYECKOIO YIjla U IEepBOr0 Op3ITOBCKOrO MHUKA U MEXKAY
NEPBBIM U BTOPHIM IMHUKAMH, YTO CBUAETEIBCTBYET O CTPYKTYPHBIX HAPYIIECHHUSIX BOJIN3U BEpXHEH
rpaHuibl 3epkaina. [pu 3ToM nosokeHre caMux MUKOB U COOTHOIIEHUE UX BHICOT HE U3MEHHIIUCD.
DTO rOBOPHT O TOM, UTO 0OIydeHre HoHaMU He' He prBesio HU K U3MEHEHHIO TOJIIIMH CIIOEB, HH
K YXYJIEHUIO PE3KOCTU MEXCIIOEBBIX I'PaHuI] B OCHOBHOM 00beme M3. IIpu cpaBHEHUH YIIIOBBIX
3aBUCUMOCTEH KO3 pULMeHTa OTpakeHHsl, U3MEPEHHBIX Ha JUIMHE BOJHBI 17.1 HM, 0 U mocne
obnyyenus (puc. 1(0)), aHamormyHO wW3MepeHUsM Ha anuHe BowHBI 0.154 HM, 3ameTHBIE
M3MEHEHHs HAYMHAIOT HAGJII01aThCs TONBKO ¢ 06pasiia, 00IydeHHOro HoHaMu ¢ diroeHcom 4-101°
cm2. Tlo puc. 1(6) Takke BHAHO, 9TO B ciiydae Hanbombimero ¢pmoenca (10 cm?) kodpdumument
OTpaKE€HUs HCCIeayeMoro 3epkana ynan ¢ 61% no 41%. B Bugy HEM3MEHHOCTH TMOJIOKEHUS U
COOTHOILIEHUSI BBICOT OpPATTOBCKUX MUKOB HAa KPUBBIX OTPAKEHUS, CHATHIX HA JJIMHE BOJHBI
JKECTKOTO PEHTIC€HOBCKOI'O M3JIY4E€HHs, U OTCYTCTBHMsI Ha HUX IPU3HAKOB, COOTBETCTBYIOLIMX
W3MEHEHUSIM CTPYKTYphI 3€pKajia u3-3a OTkura, ormeueHueie B [10] (B mporiiecce oOmydeHus
Temneparypa obpasios He npesbimana 100 °C), crienan BBIBOJ, YTO TaKOE€ MaJIeHHE OTPAXKEHUS
CBSI3aHO C YBEJIMUEHHUEM TOTJIONIEHHsI BHYTpU M3 13-3a BHEIpEHUS B HETO OOJIBILIOTO KOJIMYECTBA
aToMoB He 1 nmepemMernBaHus coeB B €ro MpUIIOBEPXHOCTHON 00JIaCTH.

Jlst uccneayemoro M3 Be/Si/Al Takxke npoBOIHIOCE MOJIETMPOBAHNE BHEAPEHHs HOHOB He™
B CTPYKTYpY 3€pKaja, U CTpowics Npopuib paclpeleleHUus] UMIUIAHTUPOBAHHBIX HOHOB B
nporpamme SRIM. Ha puc. 2 npuBeseH npumep KapTUHBI pacHpeesieHNs BBIOUTHIX aTOMOB U
npoduiIb pacrpesieieHNs UMILTAHTUPOBaHHBIX HOHOB He* ¢ sneprueii 100 k3B npu dmoence 101°
cm2. Tak Kak MaKCHMaTbHOE KOJIHYECTBO CII0EB, KOTOPOE BO3MOKHO 3a71aTh B mporpamme SRIM,
He npeBbimaet 50, To A OIEHOYHBIX pPAacueTOB HIDKENEXAallue CIOM ObUIM 3aMEHEHbI Ha CIIOH
KPEMHHUS, YTO MO3BOJISIET TPOBECTH KAYECTBEHHYIO OI[EHKY Ha0JII0/1aeMbIX 3aKOHOMEPHOCTEH.
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Puc. 2. KapTunsl pacnpeiesnieHust BBIOUTBIX aTOMOB (@) ¥ Ipo(uiIb pacrpeeIeHus
UMIUTAHTHPOBAHHBIX HOHOB (0) 11st ciydast umiuiantanuu He' ¢ sueprueit 100 k9B nipu
dmoence 10 cm? B M3 [Be/Si/Al]so Ha mommnoxke Si.

W3 xapTUHBI pacrpeieleHus] BBIOUTHIX aTOMOB BHJIHO, YTO BOJM3HU MOBEPXHOCTH ABIKYLIHECS
aTOMBI MCIIBITHIBAIOT JIMIIL HEOOJIBIIOE OTKIOHEHHE OT MPSIMOJIMHEHHOIO JBU)KEHUS, TOI/1a KaK
JUTSL CITOEB, JIeKAIINX OJFKE K MOJUIOKKE, 3TO YCIOBHE Hapymaercs. ToT ¢GakT, 4T0 MaKCUMyM
pacripesiesieHUs] UMIJIAHTUPOBAHHBIX aTOMOB TIelIdsl HaXOAUTCS Ha IIIyOMHAx, MPeBBIIIAOIINX
TOJILIUHY CTPYKTYpbI, CBHUJETEIbCTBYET O OJAaronpusTHBIX YCIOBUSAX JJIi HOHHOIO
nepemenuBanusi. OCHOBHOE CKOIUIEHHE AE(PEKTOB CTPYKTYpPHI IOCIE 00IyUeHHUs HaXOAUTCS BHE
paboueit oomactn M3 (3pPeKTUBHOE YHCIIO TTEPUOJIOB, OTCUYUTHIBAEMOE OT MOBEpPXHOCTH M3),
KOTOpast y4acCTBYET B OTPAKEHUU MAJJAIOILEr0 U3JIyYeHHUs.

[To naHHBIM PEHTTEHOBCKOM pedaexToMeTpuu Ha JuyinHax BoH 0.154 aM 1 17.1 HM 1 ¢ yueTom
paccuutaHHoro B nporpamMme SRIM pacnpeneneHuss BBIOUTBIX aTOMOB M Mpo¢uis
pacopenenenns HMMIUIAHTUPOBAaHHBIX HOHOB, IPOBEJEHA IMOJArOHKA KpPUBBIX OTPAXEHUS B
nporpamme Multifitting. OcHoBHBIME MaTepuanamu B uccienyemom M3 sBisitorest Be u Al. Croit
Si MeXay HUMH BBITIONHAET POJIb MPOCIONKH, CTIIAXKHUBAIOWIEH rpaHuIly (IpedoTBpaliaeT pocT
kpuctamuToB B Al). Hamnyudinee cornacoBaHue SKCHEPUMEHTANIbHBIX U MOJEIBHBIX KPHUBBIX
Ha0JII0/1aeTCsl B cllydyae, eClid B MOJIENH 3aJaTh 4 HapyIIEHHBIX BEPXHUX MEPUOJIa C TOIIUHAMUI
CJIOEB B HUX, OTJIMYAIOLIUMHUCS OT TOJIIMH CJIIOEB B OCHOBHOM CTPYKTYpPE 3€pKaJla, U BHEIPCHHbIE
B KaXJIbIH U3 cioeB 3epkasia arombl He. CornacHo ganHbIM MosienpoBanus B SRIM, nanbonpas
KOHIIeHTpauusi aromoB He HaGmonaercs BOmu3u Si mouioxxku. Ilpu 3Tom nuk pacnpeneneHus
MMIUTAHTHPOBAHHBIX HOHOB, KaK MOKa3aHo Ha puc. 2 (0), nexxuT Ha rinyorHe 700 HM, TO eCTh BHE
MHOT'OCJIOIHOTO 3epKaja, cyMMapHas TOJIIHMHA KOTOporo coctapiseT okoio 500 uMm. Takxke Ha
KapTHHE pacrpeiesieHus: BBIOUTBIX aTOMOB, H300paKeHHOM Ha pHc. 2 (a), IPUCYTCTBYET 00J1acTh,
npejcTaBisiiomas co0oi KOHYC paccesHHsT aTOMOB B HAaIpPaBJICHUU IPOTHBOIOJIOKHOM
6omOapaupyromum nonam He u ¢ BepinHoi Ha TiyOuHe ~35 HM, YTO COOTBETCTBYET 4 meproamMm
uccinenyemoro M3. B uncno paccesHHBIX TakUM 00pa3oM aTOMOB BXOJAT Kak aToMbl He, Tak u
aTOMBI MaTEpPUAJIOB CJIOEB 3epKayia. DTH JaHHbIe MojenupoBanus B SRIM xopoiio cornmacyroTcst
C MOJenplo, TOCTpOeHHOH B  mporpamMe  Multifitting Ha  ocHOBe  pe3ynbTaToB
pedieKTOMeTpUUECKUX U3MepeHuil. Pe3ynpTaT 0THOBPEMEHHOM MOJATOHKHA KPUBBIX OTPa’KEeHUs
Ha JABYyX JuHax BoyH 0.154 um u 17.1 HM ans cinydas obpasia ¢ Hanbobliei 10301 00 TydeHUs
IIPUBE/IEH Ha pHUC. 3.

61



14
a) = DKCnepuMeHT 6) = DKCNEepPUMEHT
Mogenb 0,4+ Mogaenb

0,31

o
0,24

0,14

0,0

e r - T T T T 1
0.0 0.5 1.0 15 2.0 70 75 80 85 90
Yron ckonbxeHus, °© Yron ckonbxeHus, °©

Puc. 3. Pe3ynbpTaT 0JHOBpEMEHHOM MOJTOHKH YIJIOBBIX 3aBUCUMOCTEH KO3 dUIIMeHTA

OTpaKEHHsI, U3BMEPEHHBIX Ha JABYX AnuHax BoiH 0.154 um (a) u 17.1 um (6) s oOpasua,
o61yuennoro nonamu He* mipu pmmoence 10 M. CumBonbl — sKcriepuMeHTaIbHbIE JaHHbIE,

CIIIOIIHBIC KPUBLBIC — PE3YJIbTAaT MOJACIUPOBAHMA.
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HccnenoBanue oTpaxkaTebHBIX CBOMCTB M CTPYKTYPHBIX IAPAMETPOB MHOTOCJIOMHBIX

PECHTI€HOBCKHUX 3€PKaJl HA OCHOBE IIapbl MaTepuajioB Ru/B

[TamouraukoB P.A.*, TTonkoBuukoB B.H., Uxano H.U., IMapaxun C.A.

HNucturyT pusuku mukpoctpyktyp PAH, yin. Akagemudeckas, a. 7, 1. Aponuno, KcroBckuii p-
H, Hmwxeroposckas o61., 603087

*shaposhnikov-roma@mail.ru

OJHUM M3 JUala30HOB JUTMH BOJIH, PEACTABISIOMINX B HACTOSIIEE BPEMsT HanOOIIb IITHiA
MHTEPEC, SIBISIETCSA CHEKTPaJIbHbIN nuana3oH 6.65 — 9 HM. OTo CBA3aHO C TeM, YTO Ul JaHHOU
CIIEKTPAJIBHOM 00JIACTH CYIIECTBYET Ps/l BXKHBIX IPUKIAIHBIX 3a1a4. Harpumep, IpoeKInoHHasT
aurorpadust  CICIYIOIIEr0 MOKOJICHHS, PEHTreHO(MIyOPECIeHTHBIM aHamu3, pa3paboTka
MOHOXPOMATOPOB JIJIs CTAHIIUI CHHXPOTPOHHOIO M3JIy4EHHUsI, PEHTTE€HOBCKask criekTpockomnusi. C
TOYKH 3PEHHUs TOJYYCHHUS MAKCHMAIbHBIX KOA(PPHUIMCHTOB OTPAXEHHS B YKa3aHHOM
CMEKTPAJIbHOM JMana3oHe JyYIIMMHU CTpyKTypamu siBisitoTes La/B, La/B4C, Ru/B, Ru/B4C (puc.

1).
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Puc. 1. Teopernueckas 3aBUCUMOCTb KO3(DPUIIMEHTA OTpaXEHUS I UJI€ATbHBIX 3€pKall
HopManbHoro mafgenus La/B, La/BsC, Ru/B, Ru/B4C B nnamasone 6-9 HM.

Pacyer mokaspiBaeT, 4TO WCIONb30BaHHE Oopa B KauecTBe CIa0OMOIIIONIAIOIIETO
MaTepuaia B CTPYKType MO3BOJIAET MOTYyYUTh Ooniee BBICOKHME KOA(DDUIIMEHTHI OTPAKEHHUS, YeM
MIPU UCTIOJIb30BaHUU KapOua Oopa.

B paGote mpuBOASTCS pE3yNbTaThl WCCIACAOBAHUS OTPAKATEIBHBIX XapaKTEPUCTHUK H
CTPYKTYPHBIX TIapaMeTPOB MHOTOCIIOWHBIX PEHTTEHOBCKHUX 3€pKaJl HA OCHOBE TMapbl MaTepuaIoB
Ru/B, ontumu3npoBaHHBIX Ha pabouuii AuanazoH ;H BoJH 6.7 — 9 HM. [loka3aHo, 4To JaHHBIC
CTPYKTYPHI SIBISFOTCSI XOPOIIIel albTepHATHBOM CTPYKTypaM Ha OCHOBe map martepuanos La/B.

B xone uccienoBanus ObLT CHHTE3UPOBAH psiji 00pa3IOB C Pa3IMYHON JOJIeH PyTeHHUS B
Hepro/ie C IENbI0 ONTHMHU3AIMKA CTPYKTYPHBIX MMapaMeTpoB Ui MOJYYEHUS MaKCUMalIbHOTO
k03¢ purmenta orpaxkeHus. CTpyKTypHbIE TapaMeTPbl OMPEACISUINCH 110 Pe3yJIbTaTaM MO OHKH
IKCIIEPUMEHTAIBHBIX KpUBBIX B mporpamme Multifitting. Kpusble cHUManuch 1t JUTMH BOJTH A =
0.154 um, A = 0989 um u A = 1.759 um. Ilo sKcrepUMEHTaIbHO U3MEPEHHBIM 3aBUCHMOCTSIM
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K03 uIMEeHTa OTPaKEHUS OT YIJla CKOJBKEHHS HM3ITydeHHsI ObLTM BOCCTAHOBIICHBI 3HAYCHUS
MEKCIIOEBBIX IIEPOXOBATOCTEN, U3 KOTOPBIX CIEAYET, UYTO MepexoaHasi 0061acTh Ha rpanuie B-Ha-
Ru sBasiercst 6omee mpotsokenHol (0.6-0.7 aMm), uem Ha rpanune Ru-aa-B (0.2 am).

Taxke B xone paboThl OBLJIO MCCIEIOBAHO BIMSHUE OaphepHBIX CIOEB YIiepoaa Ha
BEJIMYMHY MIEPEXOAHbIX oOnacreii. JlobaBineHue yriepoaa Ha ciou 6opa (ctpykrypa Ru/B/C) e
NPUBEJIO K YIYYIICHHIO TPAHMIBI, B TO BpeMsi KaK HAaHECCHHE CJIOCB yriepoja Ha pyTCHUH
(ctpykTypa RU/C/B) m03BONMIO CYIIECTBEHHO CHH3HTH BEIHUYMHY IEPEXOAHON 00IacTH €O
HayeHu# 0.69 um 1o 3nadenunii 0.37 um. Tonmmna cinoeB yriaepojia npu 3ToM coctasisuia 0.33 HM.

Ha pucynke 2 npuBeneH YUCICHHBINA pacyeT 3aBUCUMOCTH K03 duiineHTa oTpakeHus ot
yIila MajieHus U3JIyuyeHHsI Ha JUIMHE BOJIHBI A = 6.65 HM JUIsI MHOTOCIIOWHOTO 3epkana Ru/B ¢
OapbepHBIMU CIIOSIMH yTJIEPOAA C YYETOM IIOJYYCHHBIX 3HAYEHUH BEITMYMHBI TEPEXOIHBIX
obnacreit. Yncno mepruoaoB B pacuete 06110 BeIOpaHo N = 250.

— 6.65 nm, Fit
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0,5 1
0,44
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Puc. 2. Teopernueckas 3aBUCHUMOCTh KO3(PQPHUIMEHTa OTpaK€HUS OT YIJla NaJeHUS
U3Iy4eHUs] Ha JUIMHE BOJHBI A = 6.65 HM s MHorocioiHoro 3epkana Ru/C/B ¢ yderom
MOJIyYEHHBIX CTPYKTYPHBIX ITapaMeTpPOB.

W3 npencraBneHHOro rpaduka BUIHO, IPU UCIIOIB30BAaHUH CTPYKTYP Ha OCHOBE PyTEHUS
u 60pa ¢ MPUMEHEHNEM METOJIMKN OapbepHBIX CJI0EB Ha JJMHE BOJHBI A = 6.65 HM MOXeT ObITh
noydeH koddduiumeHt otpaxkeHuss R = 68.9%, uyTo mpeBOCXOAUT MOJY4YeHHBIM paHee B [1]
koadurment orpaxenuss R = 64.1% nnsa LaN/B ctpykryp. Takum oOpazom, HeCMOTpsI Ha TO,
yTo uAeanbHble Ru/B cTpykTypbl B CHIIy CBOHMX ONTHYECKUX XapaKTEPUCTHK TEOPETHUECKU
00Ja/1al0T MEHBIIUM 3HaYEHHEM KO3(PUIIMEeHTa OTpaXKeHHUs] B OKPECTHOCTH JITMHBI BOJIHBI 6.7
HM, 4yeM La/B cTpykTyphl, K03()PHUIMEHT OTpa)k€HUs, KOTOpPbI MOXET OBITh MOJy4YeH
HKCIEPUMEHTAIBHO I CTPYKTYp Ha OCHOBE PYTEHUs, OKa3bIBAE€TCA BBIIIE, UEM UIS CTPYKTYp Ha
OCHOBE JIaHTaHa, B CUJIy MallbIX 3HAU€HUI BEIMUYMHBI NMEepexXoAHbIX obnacteit. CienoBaTenbHO,
Ru/C/B MP3 MoryT iBISIThCS IEPCIEKTUBHBIMHU JJIS1 UCTIOJIB30BAHUSI X B KAUECTBE OTPAKAIOIINX
AJIEMEHTaX B ONTHYECKHUX CXEMaxX B CIIEKTPAJIbHOM AMarna3oHe 6.7 — 9 HM.

[1] D. S. Kuznetsov, A. E. Yakshin, J. M. Sturm, R. W. E. van de Kruijs, E. Louis, and F. Bijkerk,
Optics Letters, 40 (16), 3778-3781 (2015). DOI: 10.1364/0L.40.003778
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Mmnorocaoitnbie cTpyKTYpbl NiMO0/C ni1s1 3epkaJt rééesieBckoro
THIIA

K.B. ypos, B.H. [TonkoBuukos, A.Jl. Axcaxansx, H.W. Uxano

Hnuemumym guzuxu muxpocmpyxkmyp PAH

Juist nenei KoyutuMaruy U POKYCHPOBKH PEHTTEHOBCKOTO Iydka B Au(pakToMeTpax, mpruoopax
PEHTTeHO(IIYOPECIICHTHOTO aHaln3a W APYroil PEeHTTEHOBCKOW ammaparypbl TEXHHYECKOTO U
HAYYHOTO TIPUMEHEHUs TUpUMeHsSIoTcs 3epkana [ebems. Illupoko wucmonb3yeMoit mapoi
MaTepUaIoB MPU U3TOTOBIICHUU TaKUX CTPYKTYp siBisieTcst W/Si. Takoe oTpakaroliee MoKpbITHE,
OJIHaKoO, o0yiajaeT cpeHuM KoapduiueHToM otpakenus =~ 70 %, a mojaBieHne NapasuTHON B
nanHoM cirydae Cu K muauu o otHomreHuto k padbodeit Cu Ko muHMM SBISICTCS HETOCTATOYHBIM
JUIS TIPaBWJILHOW WHTEPIpETAllMd JAHHBIX Ha AudpakTrorpamMmmax. B pamkax maHHON paOOThI
uzyuersl NiIM0o/C mMHOTOCITOMHBIC 3epKaia, [0 pacdyeTaM peraroliue 0oe 3t mpodsems (puc. 1).
HccnenyroTest onTuManbHble MapaMeTpbl HAIMBUICHHWS MHOTOCIONWHBIX MOKpbITUE NiMo/C, a
TAKXKC BJIMAHUC OTKHIA IIPU PA3JIMYHBIX TEMIICPATypax Ha UX OTPAXKATCIBbHBIC U CTPYKTYPHBIC
XapaKTEPUCTHKH.

—=— Ni/Si
] —4a— NiMo/Si
96 NiMo/C
] —*— W/Si
92 //’%H\‘\'\.\‘
=3 1 _
- 88 - -
S 84-
[S] ]
Q
= 801
o J
76
72 4
68

0:2 0:3 0:4 0:5 0:6

Proportion of thickness of Ni or Ni(80)Mo(20) in the period, r.u.
Puc 1: PacuetHbie K03 PUIIMEHTHI OTpakeHUs B IEpBOM Nopsiake Audpakmuu Ha A = 0.154 am
JJI pas3/IMYHBIX IMap MaTeprajioB

[1] H. G&bel // J. Phys. D: Appl. Phys. Vol. 28, A270 (1995).
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Merton nu¢pepeHuMAIbHON CbEeMKH B PEHTIeHOrpapumn

Banyxo W.H., Tymuuk 10.1.}, Konpuesckuit H.H.*

! Hayuno-uccredosamensvcrkoe yupescoenue «HMucmumym npukiaOHulX Qusuueckux npooiem umeHu
A. H. Ceguenko» benopycckoeo 2ocyoapcmeennozo ynusepcumema, Mumnck, benapyce
* kolchevsky@amail.com

Memoo ougghepenyuanvroli cvemky NO NOTYHEHUIO UZ00OPANCEHUL 00BEKMO8 8 PEHM2eHOBCKUX TYYaX UCCIe0yemcs
IKCNEPUMEHMATLHO U MeopemuyecKy. Bulnoanenvl sKcnepumeHmanbHvle uccied08aHus no NOAYHYEHU U300PaACeHUll
Cemox, 8 3a8UCUMOCIU OM Y2id NO8OPOMA OMHOCUMENbHO PEHIM2EeHOBCKO20 NYUKA, MemOoOoM Ougddepenyuanvhoi
cvemku. Paspabomana npocpammmoe obecneuenue «X-ray Boxy 0na  molenuposanus —pacnpeoenenuil
UHMEHCUBHOCINU PEHMEEHOBCKO20 U3NYUEHUs HA OemeKmope 8 3a6UCUMOCIU Om NApamempos u yeia noeopomd
NPAMOY20IbHbIX NAACTHUH, MemMO0OoM OUPpeperyuaibHol coeMKil.

Meton muddepeHIaTbHON ChEMKH NpPEACTaBIseT CcoO0OH moiaydeHHe HU300pakeHuH
CJIa0OMOTIIOMAONINX PEHTTCHOBCKOE M3JIy4eHHE OOBEKTOB, TPH HW3MEHEHHH YIJIOBOTO
HOJIOXKEeHUs o0bekra, u QopmupoBanue auddepeHunanbHoro H3o0paxeHus. Meron
muddepeHnaIbHO  CheMKH HampaBlieH Ha OOHapyKeHHe TpaHHull OOBEKTOB, KOTOPBIC
CYLIECTBEHHO M3MEHSIOT IPOIyCKaHWE TIpU YIJIOBOM HOBOpoTe 0OBEeKTa. B  ocHoBe
pazpabortaHHOi mporpamMmbl  «X-ray BoX» sexuTr pacder u300paKeHUH  METOJIOM
TupdepeHaIbHOl  CheMKHM B NPUOIMKEHUHM TIEeOMETPUYECKOM ONTHKH, YYUTHIBAeTCA
ocnaleHne HHTEHCHBHOCTH 32 CUET IMOTJIONICHHS MaTepHaIoM 00bEKTa.

Pesynprupyromue un3o00pakeHusi, MOJIY4YE€HHble MeTOJOoM Ju((depeHIaTIbHOH ChEMKH,
colepKaT JOIMOJIHUTENbHBIE Oeible M YepHBIE 3JEMEHTHl H300pakeHUs, YTO OOBSCHIECTCS
HAJIMYMEM TOJOXKHUTEIbHOM M OTpHULATENIbHOW 4YacTH rpaduka pacnpenesieHus pa3HOCTHOM
MHTEHCUBHOCTH. Hanmnune OenbIX W YepHBIX JIEMEHTOB YBEIMYMBAET KOHTPACT U300pakeHUs U
0OHapy’KUBAET JIOKAJIbHbIE TPAHULBI 00bEKTA. BBINOIHEHBI SKCIIEpUMEHTANIbHBIE HCCIIEI0BAHUS
10 TIOJTYYEHHUIO M300paXEHWH CETOK B PEHTICHOBCKHUX JIydaX METOJOM Iu(QepeHInaTIbHONR
CBhEMKH, B 3aBUCMOCTH OT yTJIa IOBOPOTA.

Y, MKM

Al, OoTH. en.

00 1 ooo 3 SOC A

Puc 1: Pesynbratel paboTsl nporpammsl "X-ray Box" u skcriepruMeHTaIbHbIE H300pakeHusl.
baarogapHocTu

Pabora wactuuHo noanepxkana MunuctepcTBoM obpazoBanus PecniyOnnku benapyck B pamkax
3amaaus  3.12 TTIHW "Mexanuka, MeTauTyprusi, JIUAarHOCTHKA B MAIIMHOCTPOCHUU',
noanporpamMma "TexHuueckast IuarHoctTuka"
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HIupoKoNnoJOCHBIN UCTOYHUK PEHTI€HOBCKOI0 U3JIyYeHUs

Banyxo W.H., Tymuuk 10.1.}, Konpuesckuit H.H.*

! Hayuno-uccredosamensvcrkoe yupescoenue «HMucmumym npukiaOHulX Qusuueckux npooiem umeHu
A. H. Ceguenko» benopycckoeo 2ocyoapcmeennozo ynusepcumema, Mumnck, benapyce
* kolchevsky@amail.com

Paccmompen memoo ¢popmuposanua wupoKonoiocHO20 UCMOYHUKA DEHM2eHO8CKO20 U3NyyeHus. BuinoaneHvl
YucieHHble paciemsl No hopMUpOBaHUI0 WUPOKONOIOCHbIX UCMOYHUK08. Paspabomano npoepammnoe obecneuenue
10 MOOETUPOBAHUIO MHO2OMDOKYCHBIX UCMOYHUKOS PEHMeeHO6CK020 usnyuenus «X-ray Multi Tubey. Bunoanerno
IKCNEPUMEHMATLHOE MOOEIUPOBAHUE WUPOKONOIOCHO20 UCIIOYHUKA PEHINCEHOBCKO20 USNYYEHUS. .

@opMHUPOBaHUE HIMPOKOIIOIOCHBIX HCTOUYHUKOB IPEJCTAaBIsAET co00M 3amady, B CIEACTBUU
peLeHHs] KOTOPOH MOT'YT OBbITh CO3[aHbl HOBbIE€ KOHCTPYKTUBHO U MPUHIMIINAIBHO UCTOYHHUKH
JUIA pa3iMYHOTO TPHMEHEHHs, a TakKe MOTU(PHUIMPOBAHBI M YIYYIICHBI CYIIECTBYIOIINE
UCTOYHUKU. Takue IIMPOKONOJIOCHBIE HWCTOYHUKUA PEHTICHOBCKOIO M3JIY4YEHHMsS MOTYT
NPUMEHSTHCS JJIS 3a/1a4 PEHTIeHOBCKOW audpakimu, merona Jlays, peHTreHo(ryopecieHTHBIX
METO/I0B U 1IBETOBOM peHTreHorpapuu.

DopMHUpPOBAaHHE CIEKTpa MIMPOKOIOJIOCHOTO MCTOYHUKA OIMCBHIBACTCS CYMMHMPOBAaHHUEM
CIIEKTPOB:

1(A) = Zl(l) ZkZ (’1 ’10'), (1)

rie Ki Zi — mpou3sBeieHre KOHCTAHT, B 3aBUCHMOCTH OT 3a/IaHHBIX apaMeTPOB I-TOH KOMITOHEHTHI
U HE 3aBHCAIIMX OT JUIMH BOJIHBIL, Aoj — HayalibHas JJIMHA BOJIHBI, JUIS I-TOM KOMITOHCHTBI
UCTOYHUKA.

Takum 06pa3oM, CyMMHPOBAHHE CIIEKTPAIBHBIX HHTEHCHBHOCTEW PUBOJIUT K MX CMEUICHHUIO,
U C TOYKU 3pEHMs L[BETOBOH peHTreHorpaduu, MHUPOKOMOIOCHBIH MCTOYHHK PEHTTEHOBCKOIO
W3IIYYCHHUS TpENCTaBisieT coOoi «Oenblit» wucTtounuk. CremoBarenbHO, (OpMUPOBAHUE
HIMPOKONOJOCHOIO MCTOYHMKA 3aKJII0YAeTCs B CMELICHMH WHTEHCHUBHOCTEH TakuM o0pa3oM,
YTOOBI B pe3yJIbTaTe MOITYYEHUS HHTErPATbHOIO [[BETA OH ObLIT «OEIIbIM.
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Puc 1: ®opMupoBanne NIMPOKOIOIOCHOTO UCTOYHUKA PEHTITE€HOBCKOTO U3IyYEHUS
baaroxapHocTu
Pabora yactuuHo noanepxana MunuctepcTBsoM obpaszoBanus Pecnyonuku benapych B pamkax

3aganus  3.12 [TIHM "Mexanuka, MeTalayprusi, JIUarHOCTHMKa B MAaIIMHOCTPOEHHH'",
noanporpamMma ""TexHuueckass AMarHocTUKa"
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MHoroc/10iiHbIe 3epKaJjia Ha OCHOBe PyOMIMs VISl PEHTT€HOBCKOI0 IMana3oHa
u3iayudenus 4=11.4-17 um

M.A. Smumkosal?, B.M. SImmunkos?

Y Unemumym nazepro-gusuueckux uccnedosanui, @I'VIT « POAL-BHUUI Dy, 2. Capos

2usuveckuti paxynomem u gunuan 6 2. Capos, MI'Y um. M.B. Jlomonocosa

B pa60Te HCCICAYIOTCA MHOT'OCJIOMHBIE PEHTICHOBCKUE 3€pKajia pasIM4YHOIo coCTaBa. C
IIOMOIIBIO T'CHECTUYCCKOI'0 ajIrOpUTMa I KaXXAO0Iro 3€pKajla pC€allM3yCTCs IMOUCK OINTHUMaJIbHBIX
TOJIIIUH CJIOCB IIPU MAaKCUMH3ALINH OTpamaTeanoﬁ CIIOCOOHOCTH.

KiarwueBble cioBa: PCHTICHOBCKOC M3JIYUCHUC, MHOT'OCJIOMHBIC 3CpKajia, IMOKa3aTcib
MMPCJIOMJIICHUA, OTPAKATCIIbHAA CHOC06HOCTB, TeHETHYCCKUI AJITOPUTM

TexHosornueckuii nporpecc B 001aCTU YIpaBIE€HUS MSITKUM PEHTTEHOBCKUM U3ITy4YEHUEM
TpeOyeT TMOCTOSIHHOTO COBEPIIEHCTBOBAHME ONTUYECKUX XapaKTEPUCTUK MHOTOCIOWHBIX
pertreHoBckux 3epkain (MP3). Ognako BbIOOp 3(D(PEKTUBHBIX MHOTOCIOWHBIX PEHTIC€HOBCKHX
3epKajl 3aBHCUT OT KOHKPETHOI'O CIIEKTPAJIbHOIO JUana3oHa W3IY4YeHHs, MOITOMY Pa3yMHO
OPUEHTUPOBATHCS HA COBPEMEHHBIE PEHTI€HOBCKHE UCTOYHUKHU.

OaHMMM U3 TaKUX UCTOYHHUKOB SIBJISIOTCS IJIa3MEHHBbIE HICTOYHUKH HAa OCHOBE KCEHOHA U
oyioBa ¢ JiMHOM BoyiHBI 11,4 HM u 13,5 HM, COOTBETCTBEHHO, HCIIOJIb3yEeMbIE B HHTEpECcax
COBpeMeHHOM ymrorpaduu. Taxke MHTEpEC MPEACTABIACT PEHTTeHOBCKast acTpoHoMusi CoJHIIa
(A=17,1 um) [1].

B N®M PAH r. Huwxnauit HoBropoa npoBouiMch UCCIAEA0BAHUSI MHOTOCIOMHBIX 3€pKal
HA OCHOBE MTTPUS ISl CIEKTpalbHOTO Auama3oHa 8-12 HM [2], a Takxke uccnemoBaHus RuU-Sr
3epkain Juist oonactu 9-12 um [3]. CoBpeMeHHbIE IEPHOJUUECKUE 3epKalla Ha OCHOBE CTPYKTYpPHI
Mo-Si yxe mpoIeMOHCTPHPOBAIH CBOKO MEPCIEKTHBHOCTD [Uisi padoThl oT 12,4 uM 10 30 uM [1,
4]. TeopeTnueckuii mpeen OTpaxaTesIbHOM CIOCOOHOCTH U1l TAKUX 3epKail cocTaBisieT 74% [4].
[Ipenmonaraercsd, 4To 3€pKajo HIealbHOE (CIOU IJIAJKHUE, OTCYTCTBYET IIEPOXOBATOCTh U
nepexojHas o0nactb Mexay ciosimu). s obmactu A=17,1 HM Hamboliee MEPCIEKTUBHBIMU
cuntarorcs Be-Si-Al 3epkana ¢ MmakcumanbHbIM K03 durmeHToM otpakenus 61% [1].

B nannoit pabote ObUT peann30BaH reHETUYECKUM aITOPUTM ONITHMHU3AIMOHHOTO MOUCKA
TOJIIMHBI TOKpEITUIt MP3 1111 MakcuMu3anuu kosduirenta otpaxenus. [lanee 6bu1 mpoBeeH
NOUCK HauboJiee MepCreKTUBHOW Mapbl MaTepUasoB JJs CHHTE3a MHOTOCIOWHOM CTPYKTYpBHI.
Be10op napel MaTepuasioB, Kak IpaBuiio, 00YCIIOBJIEH PE3KHM CKaYKOM B JICHCTBUTENILHON YacTH
K03 uIIMeHTa MPETOMICHUsI TpU ClIabOM TOTJIOUIEHUH Ha WHTEPECYIOUIeM AHMara3oHe JUINH
BomH (A=11,4-17 ©M), YTOOBI KAk MOXHO OOJIbIIE H3IYUYECHUS TMPOXOIHIO «BLIYOb)»
MHOTOCJIOMHOUN CTPYKTYPHI.

B xonme moumcka ObuUIO mMpoBeAeHO HAOMIOJACHWE — pPYOWAMI TIOKa3ajl CBOWCTBA
CJ1a00TOIIIOIIAOIIEro MaTeprana, a napa Jjs Hero Obula BhIOpaHa U3 CIEIYIOMIUX MaTepPHUAaJIOB:
Al 1 Ru. Takum oOpa3oM, HHTEpeC MPEACTABISIOT 3epkaia ¢ nmokpeituem Al-Rb u Ru-Rb.

Hwxe B Tabnune 1 mpencTaBieHbl pacyeThl MAaKCUMAIBLHOTO KO3((UIIMEHTa OTpaXeHUs
Al-Rb u Ru-Rb 3epkan Ha mmmne Boibl A=11,4 HM; 13,5 HM; 17 HM, ONTUMH3HPOBAHHBIC C
MIOMOUIbI0 T€HETUYECKOIO AITOPUTMA, NPU HOPMAJIBHOM S-TIOJISPU3ALMOHHOM H3ilydyeHuu. [lo
UTOTY TPOBEIEHHOTO CPAaBHUTENBHOTO aHajiu3a pe3yJbTaTOB OIYOJMKOBAHHBIX padOT U
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pe3yJIbTATOB HACTOSIICH padOThl, B TaONWIE TAaKXKE YKa3aHbl TCOPETHYCCKHE IPEIeibl
OTpakaTeIbHOM CITOCOOHOCTH 3€PKaJI, UCIIONB3YEMbIX Ha JaHHBIA MOMEHT B oOnactu 1=11,4 HMm;
A=13,5 aM u A=17 HM.

Tabnuna 1 - OrpaxkarenpHas ciocooHocts MP3

. CrnexTpasibHast
KoncTpykuus TeopeTnueckuil mpeaen OTpaKeHUs Hctounnxk
CEJIEKTUBHOCTh
3epKaa Ruaxe FWHM, v JIAHHBIX
Oobnacte A=11,4 am
62%
Ru-Y (ITpakTuueckuii pe3yabTar 56%) ~0.35 [21
~73%
Ru-Sr (ITpaktuueckuii pe3yabTar 62%) ) [3]
Ru-Rb 75% 0,44 JlanHas paboTa
Oo6nacte A=13,5 M
Mo-Si 74% 0,58 [4]
. 75%
Mo-Be-Si (IMpaktuueckuii pesyabTar 72%) 0,56 [4]
Ru-Rb 78% 0,54 Hannas pabota
Obnactb A=17 HM
Be-Si-Al 61% 0,40 [1]
Al-Rb 83% 0,20 Hannas pabota

Kak BugHo u3 tabmnmisl, 3epkaia Al-Rb u Ru-Rb umerot Gosee BbicokHii TeOpeTHUSCKHIA
npeieNn OTpakaTeIbHOW CIIOCOOHOCTH MO CPaBHEHHIO C MCIOJIB3YEMbIMU 3epKajlaMu. A BBUILY
3HAYUTEILHOTO KOJIMYECTBA 3€PKaJl B ONTUYECKOW CUCTEME Pa3IMYHbIX TEXHUYECKHX MPUOOPOB
¥ YCTaHOBOK yBeIHYeHUE Koo punmenTa orpaxxennss MP3 naxe Ha HECKOJIBKO IPOLIEHTOB MOXKET
MPUBOAUTH K CYIIECTBEHHOMY SKOHOMUYECKOMY 3P DEKTYy.

Cnucok JiuTeparypbl
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OcodenHocTy MOP(}0JIOTMH U COCTABA KAMHEH B OPraHu3Me
YyeJioBeKa NMPHU MCCaeJ0BAHMH MEeXaHN3MOB MX 00pa30BaHUA

WN.T. Oesukosal, JI.A. 3omoros!, B.E. Acagunxos?, K.A. IIpycakos?, JI.B. bacmanos?,
J.H. Xmenennn®, O.M. Xuranuna®, B.B. JIa6uc®

Y HUI] «Kypuamosckuii Mncmumymy, 119333 Mockea, Poccus
2 @I'BY OHKI] @XM um. FO.M. Jlonyxuna ®MBA Poccuu, 119435 Mockea, Poccus
8 ®I'BOY BO «Poccuiickuii yHugepcumem meouyunsly Munzopasa Poccuu, 127006 Mockea, Poccus

[Iporiecc kamMHeoOpa3oBaHMUA B OPraHU3ME YEJIOBEKAa OCTACTCS HE O KOHIIA M3YYEHHBIM, YTO
TpeOyeT NPOBeCHNS KIMHUYECKUX 1 Ja00paTOPHBIX HCCIel0BaHUN ¢ (YOPMYIUPOBAaHUEM HOBOU
KOHIICTIIUM MEXaHW3Ma BO3HMKHOBEHHsS W (OPMHPOBAHUS LIEHTPOB KpUCTaUM3anuu. Panee
MEXaHU3M KaMHEOOpa30BaHUs PAacCMaTPUBAJICS KaK BPOXKICHHOE 3a00JIeBaHUE, CBA3aHHOE C
MATOJIOTUEH TPOTOKOB B CTPYKTYpe caMux kene3. Ha ceromHsmHuii JeHb, MOJA00HBIC
MOP(OJIOrHUECKUEe U3MEHEHUSI BPOXKIEHHOIO XapakTepa MOTI'YT ObIThb pacCMOTPEHBI C MO3ULIUU
BHYTPUYTPOOHOTO (OPMHPOBAHUS SHAOTCHHOW OakTepHanbHON WHQEKINH, OCI0KHEHHON
MUTpalyell aHTUTeHHbIX CTPYKTYP, HHULUHUPYIOLIUX 00pa3oBaHKe LIEHTPOB KpHcTau3anuu [1].
Hacrosimass paborta mocBsimeHa HW3y4eHUI0 MOP(OIOTHHM M COCTaBa KaMHEH, MOJy4YEeHHBIX B
pe3yJIbTaTe XUPYPrU4eCKUX BMEIIATEIbCTB IO IOBOJAY CHANOIMTHA3a W XoJsenuThasza. s
U3y4eHHs TaToreHe3a KaMHeoOpa3oBaHMS IPHMEHSUIM PEHTTEHOBCKYI) MHKPOTOMOTpadwuio,
PEHTIeHO(UIYOPECLEHTHBIH aHalINu3, IPOCBEUYHBAIOLIE-PACTPOBYIO IEKTPOHHYIO MUKPOCKOIIHIO U
MHUKPOAHAaJIN3, PAMaHOBCKYIO CIIEKTPOCKOIIHIO.

Bo BHYTpeHHel CTPYKType KaMHel 0OHapy»KeHbl HAHOYACTHUIIBI TAKUX METaIoB Kak Ti, Zn, Pb,
Mo (Puc.1).
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Puc. 1. Cnektpsl (iyopecleHIINN U KapThl pacHpeieiiCHHs 3JICMEHTOB YacTHIl: (a) JKEITYHOro KaMHs; (0) KaMHs
CJIFOHHBIX JKEJIe3.

[IpenmnonoXuTeabHO, HAHOYACTUIBI METAJIOB MOTYT OBITh CTPYKTYPHBIMH KOMIIOHEHTaMHU
LHEHTPOB KPUCTAUIM3AIMM WJIM BCTPAUMBATBHCS B YCIOBUAX XPOHUYECKOTO HHIAOTEHHOIO
BOCHAJICHUA B COCTAB AHTUTCHHBIX CTPYKTYpP, B KOMILICKCE C OEIKOBBIM M 6aKTepI/Ia.]'IBHI)IM
KOMIIOHEHTaMH.

BaarogapHocTun

PaGora mpoBeneHa B pamMKax BBINOJHEHHS TOCYIapCTBEHHOTO 3aqaHus HaruoHanbHOTO
HCCIIEIOBATENIBCKOTO eHTpa «KypuaTOBCKUI MHCTUTYTY.

[1] V. Labis et al. Int. J. Mol. Sci. 2023. V. 24. 1. 11. P. 9678. DOI: 10.3390/ijms24119678.
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MHoroc/10liHble pEHTTeHOBCKHE 3epKaJia Ha 0CHOBe mapbl MaTepuajioB B/C nas

CIeKTPAJIbHOIO Auana3oHa 67 — 90 A

[TamouraukoB P.A.*, TTonkoBuukoB B.H., Uxano H.U., IMapaxun C.A.

HNucturyT puszuku mukpoctpykryp PAH, yn. Akagemudeckas, 1. 7, 1. Aponuno, KcroBckuii p-
H, Hmwxeroposckas o61., 603087

*shaposhnikov-roma@mail.ru

Huana3on jquH BojH 67 — 90 A npeactaBisieT MHTEPEC I Pa3IMYHbIX MPAKTUYECKUX
MPUIOKEHUH, TPeOYIOIIHUX KaK BHICOKOTO 3HAUCHUS K03 duimeHTa oTpaxkeHus (peHTTeHOBCKas
autorpadusi), TaKk M BBICOKOH CHEKTPAaTbHOM CEIEKTHBHOCTU  (CIIEKTPOCKOIHMYECKUE
npunokenusi). [lpm 3TOM TpaaMIIMOHHO MPH BBHIOOpPE MAaTEpPHANOB JJs MHOTOCIOMHOTO
PEHTTEHOBCKOTO 3epKajia UCXOAT U3 MPaBUia, B COOTBETCTBUE KOTOPOMY CHaydaja BhIOMpaeTcs
MaTepuain, oONajaronvii HAaUMEHBIINM TIOTJIONIEHHEM B 3a/IaHHOM CHEeKTpaJbHOW 005acTH
(cmeficep), a B mapy K HeMmy BbIOMpaeTcsi maTepuan, oOecreyrBaroniiii HanOOoNbIINH CKadyoK
JUAJICKTPUYECKOU poHuiiaeMoctu (abcopoep). B nuamazone nun BoiH 67 — 90 A ¢ ontuueckoii
TOYKH 3PEHUS JIYUITUM CIa00IOTIIONIAIONIMM MaTepruaioM sBisieTcst 6op. B kadectBe abcopbepa
B IIapy K HEMY OOBIYHO BBHIOMPAIOT JIaHTaH, pyTeHui, MO0 aeH. O HaKo, TEOPETUUECKUN pacueT
MIOKAa3bIBA€T, YTO IEPCIEKTUBHOM Iapold MaTepuasoB, JUIsl MU3TOTOBJIEHUS HA €€ OCHOBE
MHOTOCJIOMHBIX PEHTI€HOBCKHX 3€pKall, ONTHMHU3WPOBAHHBIX Ha YKa3aHHBIA CIIEKTPaJbHBIN
Janas3oH, sBisgercs napa oopa u yriepona. Hecmorps Ha ciiaOblii ONTHUECKUN KOHTPACT MEXAY
0O0pOM U yIJIepoJI0M, BBUY MAJIOTO IOTJIOIEHHsI 000MX MaTepHalioB JaHHAs CTPYKTypa o0janaer
BBICOKHM 3Ha4eHUEM KOA(PHUIIMCHTA OTPaKECHUS B OKPECTHOCTH JITTMHBI BOJIHBI 67 A (pUCYHOK a),
a TaK)K€ BBICOKOM CIIEKTPabHOM CEIEKTUBHOCTHIO (pucyHOK 1b). Pacuer Oblm mpoBeneH st
U/ICTbHBIX 3epKal HOPMAIBHOTO Ta/ICHHs C HYJIEBBIM 3HAU€HHEM MEXKCIIOCBOM MIEPOXOBATOCTH
Y TaOJIMYHBIM 3HaYE€HUEM TJIOTHOCTU MaTepuaioB. Uucio neproioB B pacyete Obu1o BeIOpano N
= 250. WccnenoBaHHi0 MHOTOCIORHBIX PEHTTCHOBCKUX 3epKall Ha OCHOBE mapsl Matepuanos B/C
MOCBsIIEHA JaHHas padoTa.
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Pucynoxk 1. 3aBUCUMOCTb TEOPETHUECKOTO KOAPPHUIIMEHTa OTPAKEHUS MHOTOCIIOMHBIX
ctpyktyp B/C, onTHMU3MpOBaHHBIX HA TUANa30H JIMH BOJH 67 — 90 A.
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MHorocoliHble peHTTeHOBCKHE 3epKaJia Ha 0CHOBe nmapbl MaTepuaoB Cr/V mis

CNEKTPAJIbHOI0 Auana3zona 24.2 — 27.3 A

[TamouraukoB P.A.*, TTonkoBuukoB B.H., Uxano H.U., IMapaxun C.A.

HNucturyT pusuku mukpoctpyktyp PAH, yin. Akagemudeckas, a. 7, 1. Aponuno, KcroBckuii p-
H, Hmwxeroposckas o61., 603087

*shaposhnikov-roma@mail.ru

Juanazon nnuH BonH 24.2 — 27.3 A nipeacTaBisieT co00i HHTEPEC B CHITY MaJIOTO
HOTJIOUIEHUS] PEHTI€HOBCKOTO M3JIy4€HMsI BOJOU (Tak Ha3bIBA€MOE, OKHO IIPO3PAYHOCTH BOJbI),
4TO UMEET OOJIbIIOE 3HAUYEHHUE IS OMOJOTMYECKHX WCCIICAOBAHUM, JUISl MPOBEICHHS KOTOPBIX
HE00X0IMMO pa3padaThiBaTh COBPEMEHHBIE MUKPOCKOIIBI, ONTHYECKIMHU JIEMEHTaMHU B KOTOPBIX
ABJIIIOTCS. MHOTOCJIONHBIE peHTreHoBckue 3epkana (MP3). Ilpu 3tom, cuiny cBOMX ONTHYECKHX
XapaKTEepUCTHK, €AMHCTBEHHBIN 3JI€MEHT, KOTOPbI MOKET OBbITh MCIIOJIb30BAaH B KayecTBE
jerkoro Marepuana B MP3, onTUMU3NPOBAHHBIX HA JAHHBIN CIEKTPAIBHBIA JUANa30H, SABIIACTCS
BaHaauil. TeopeTuueckuii pacyeT NOKa3bIBAECT, YTO JYYIIMM MaTEpHaIOM B Mapy K BaHAIHIO
ABIIIETCS XPOM, B CIIEACTBHE YEro BO3HUKAET 3aJay4a 110 U3YyYCHHUIO CTPYKTYPHBIX I1apaMETPOB U
oTpaxarenbHbIX Xapaktepuctuk Cr/V crpykryp. B nmanHOW pabore moka3aHO, 4TO JaHHbIC
CTPYKTYphI 0071a/1at0T OOJIBIIMMU 3HAYCHUSIMH TIEPEXOHBIX CI0eB (Ha YpoBHE 5-6 A) Ha 0Oenx
IPaHMIIAX, YTO OKAa3bIBAET CEPbE3HOE BIMSIHME HAa KOA((UIMEHT OTpa)KeHUs. AHAJIN3 KPUBBIX
T PY3HOTo paccestHus M0Ka3al, YTO OCHOBHON BKJIaJ B (POPMHUPOBAHNE MEKCIOEBON IPAHUIIbI
BHOCUT IIE€PEMELIMBAHUE CIIOEB, a HE TE€OMETPUYECKUE ILIEPOXOBATOCTH. [l ymeHbleHus
BEJIMYMHBI IEPEXOAHBIX 001acTeil Obula IPUMEHEHa METOIMKA HaHeCEeHUs OapbepHBIX ciioeB. Tak,
HaHECEHHUE MPOCIIOEK Yriaepo/ia TOMIIUHOM mopsiaka | A Ha 006€ rpaHHIlbl TO3BOJIUIIO YMEHBIITUTh
HIMPUHBI MEPEXOAHBIX OOJacTe N0 BEIMYMHBI Hopsaka 3 A Ha kaxnoil rpanuue. JlaHHas
METOJIMKa MoKa3aja CBOI0 3((HEKTUBHOCTh KaK JJISl CTPYKTYpP € OOJIBIIMMHU MEpUOJIaMH, IOPSAIKa
30 A, Tak u U1 KOpOoTKOnepuoaHbIX 3epkai ¢ d = 12.36 A. Kpusas 3aBucuMoct koddduimenta
OTpaXKEHMsI OT YyIJIa CKOJBKEHHUS M3JIyueHUs Ha JJuHe BOJHBI 1.54 A moka3aHa Ha pucyHke 1.
TakuM 006pazoM, MOXKHO 3aKITHOUYHUTh, UTO JAHHBIE CTPYKTYPbI MOTYT OBITh IPUMEHEHBI B KAUECTBE
OTpakaTeJIbHBIX JIEMEHTOB JUIsI MUKPOCKOIIMYECKHUX MCCIIEIOBAHNM.
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Pucynok 1. 3aBucumocts ko3 durenta orpaxenus: Cr/V 3epkana ¢ nepuogom d = 12.36 A ot
yIJIa CKOJIBKEHUS U3JTy4€HUs Ha JJIMHE BOJIHBI 1.54 A.

Pabota BeImonHeHa npu moanepxke rpanta PH® Ne 21-72-30029.
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IIpumeHeHue HelpoceTel 1isi 0€3MO01eJIbHOI0 pellieHus1 00PaTHOM
3a/1a4M MAJIOYIJIOBO PEHTI€HOBCKOM pedieKTOMeTPUHA
MHOTI'OCJIOMHBIX CTPYKTYP

benos C.A.

OOwepacnpocTpaHeHHBIM OAXO0I0M K 00pab0TKe JaHHBIX MaJIOYIJIOBOI pEHTT€HOBCKOM
pednexkromerpun (XRR) siBasiercst 3agaHue MOJAENHM CTPYKTYpBI, pelIeHHE A He€ MpsMon
3a7iauu (pacy€T KpUBOM pedIeKTOMETPUN) U MOJrOHKA PACCUUTAHHON KPUBOM O] SKCIIEPUMEHT
IyT€EM BapbUPOBaHUS MapaMmeTpoB Mojenu. CKOpocTh M CXOJUMOCTh IIpolecca IMOATOHKU
KPUTUYECKH 3aBUCUT OT IPABUJIbHO 3a/laHHON (HAa OCHOBAHMM AIPUOPHBIX JaHHbIX) Ha4aJIbHON
Mojenu. B mocienHue rojbl MCKYCCTBEHHBIE HEHPOHHBIE CETH CTald MHOT00OEHIAOIUM
MHCTPYMEHTOM JIJIsl aHaJIM3a PEHTT€HOBCKUX AaHHBIX. OHU cOCOOHBI 00pabaThIBaTh OOLIMPHBIE
U CIIOKHbIE HAOOpbl JAaHHBIX, YTO JENaeT MX WUACAIbHBIMU JUIsl aHajdu3a COBPEMEHHBIX
PEHTTEHOBCKUX JKCIEPUMEHTOB C BBICOKMM YIJIOBBIM Pa3pelIEHUEM U BBICOKMM OTHOIIECHUEM
curHai/myMm. OHU Takke CHOoCOOHBI MCCIIENOBaTh BHYTPEHHUE 3aBUCHMOCTH M KOPPEISIUH B
JAHHBIX, YTO MOJKET IPUBECTH K IOJYy4EHHIO OoJiee TOYHBIX M CTAOMIIBHBIX DPE3YJIbTaTOB.
HckyccTBeHHbIE HEHPOHHBIE CETH MOT'YT ObITh O0yY€Hbl HA OCHOBE CUHTETHUECKUX JAHHBIX, YTO
HO3BOJISIET M3Yy4aTh Pa3jIM4Hble KOH(MUIYypaluu oOpa3lioB M YCIOBUS 3KCIepHMeHTa. B srom
UCCIICIOBAaHUU MBI IIPEJUIaraeM MoAXo1 K 0€3MOJeIbHOMY KCIIPECC PELICHUI0 00paTHON 3aauu
XRR mna knacca marepuasgoB — MHOTOCIONHBIX CTPYKTYp (C yHMciIoM ciioeB 10 3), ¢
MCIIOJIb30BaHUEM aHCaMOJIsi UCKYCCTBEHHBIX HEMPOHHBIX CETeH, C MPOJABUHYTONH apXUTEKTYpOil
GRU (Gated recurent unit). B Hamem mnoaxoje mpeaiaraercs HUCHOJIb30BaTh HCKYCCTBEHHbBIE
HEHpOHHBIE ceTH, 00ydyeHHble Ha MaccuBe cuHTeTHueckux (400 000 mpumepoB) KpHUBBIX
pedaexTomMeTpuun, Uil YraaplBaHus HadaJbHOM MOJEIM CTPYKTYphl (KOJUYECTBO CIIOEB,
IUIOTHOCTH, HIEPOXOBATOCTH, TOJILIMHBI) O€3 NCIOIB30BaHUs alpuopHON UHpopManuu. JJaHHbII
HOJX0/ HEOOXOAUM B CUTYalMsIX, KOT/Ia YUCIIO CJIOEB B IUICHKE, a TaKXKe X IMpearoiaraeMble
napaMeTpbl 3apaHee HEM3BECTHHI. Takoe 4acTo MPOUCXOIUT, KOTa BCIEICTBUE TEXHOIOTHYECKUX
WK PU3NYECKUX OCOOCHHOCTEN MPOLECCOB OCAXKIACHUS B CUCTEME HEKOHTPOJIUPYEMO BO3ZHUKAIOT
NEPEXO/IHbIE CIIOU: MEXAY IMOAJIOKKONW U IUIEHKOM, MEXAY CIOSAMU Pa3InYHBIX MaTEpUaJIoB U
MEXKy IIJIEHKOU U CPEION.

Ham noaxos mo3BosiseT NpeasiokuTh HadallbHOE NPUOIMKEHUE IapaMeTPOB CHUCTEMBI
JUIS IIMPOKOTO Jiarna3oHa TOJIIUH, IVIOTHOCTEN U MHTep(eiicoB 6e3 NCIOIb30BaHUs KaKUX-TH00
anpUOPHBIX JaHHBIX 00 oOpasie. 3aTeM UCHOJb3yeTcs KJIACCUUYECKOE PelleHue MPsSMOM 3a1auu
PEHTI€HOBCKOW pe(dIeKTOMETpUM W YTOYHEHHE [1apaMeTpPOB MOJAEIH IyTeM IOATOHKU
paccuMTaHHOM KpHBOW IO 3KCIEpUMEHT. Bo3MoXHOCTH pa3pabOTaHHOrO —aJropuT™Ma
IPOIEMOHCTPUPOBAHBI HA IPUMEPE MHOTOCIOMHBIX CTPYKTYp C OOIIMM KOJMYECTBOM CIIOEB HE
npesblatomux  Tpu. [lpoBeneHsl TecTel Helipoceth Ha BblOopke u3 mnoutu 800
HKCIIEpUMEHTANIbHBIX KpUBBIX. Pa3paboTanHas cucrema oOmnagaer (yHKIMEH BU3yalU3allH
BHYTPEHHET0 MPECTABIECHUS AAHHBIX, YTO NMPEAOCTABISIET TMOHATHOE OOBSACHEHUE MPUHATHIX
HENPOCETHIO PEIIECHUH, TI03BOJISAA TMPOBEPUTH UX JOCTOBEPHOCTH. BBIIO MPOIEMOHCTPUPOBAHO
MPEUMYIIECTBO HCIOJIb30BAaHUS HEHpPOCETEeBOr0 yraJblBaHWsS HAYalbHOM MOJAENu Tmepen
KJIACCUYECKUM 3aJaHheM e€ BPYUHYIO Ha OCHOBE JAHHBIX TEXHOJOTHYECKOM CIerU(pHUKAIHH.
HeiipoceTh Mmo3BOSIET KOPPEKTUPOBATh IpyOble OMIMOKM B MOJENH, CBSI3aHHBIE C HAJIMYUEM
HEYUYTEHHBIX MEPEXOIHBIX CJIOEB ellle Ha ATamne ee Bbioopa. CKOPOCTh U TOUHOCTh CXOAUMOCTH
JAIBHENIIET0 KJIACCUYECKOr0 YTOYHEHHMs IapaMETPOB yJIydlIaJUCh B CIy4yae MCIOJIb30BaHUS
HEHPOCETEBOr0 YraJblBaHUsI HAYaJIbHOW MOJIEIIH.
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MHoOropyHKIIMOHAJIBHBIN JJA00PATOPHBIN PEHTI€HOBCKHUMA CTEH/I
JIJISE TECTUPOBAHUS 3JIEMEHTOB JIJIfl POCKTUPYEMbIX
CUHXPOTPOHHBIX CTAHUUMI

A. 10. Ceperun, 1O. A. Bonkosckuii, B. A. Xepnosa, M. C. ®onomemnikun, 1. A. IIpocekos, HO.
B. ITucapesckuii, A. E. biaros, M. B. KoBanpuyk

Y HUI] «Kypuamosckuii uncmuntymy

CozaHue HOBBIX M MOJEpPHU3ALUS CYIIECTBYIOIIMX HCTOYHUKOB CUHXPOTPOHHOIO
u3nydeHus [ 1] cTaBuUT 3a1a4u 110 CO3JJaHHUIO HOBOM Hay4yHO-UCCIIE10BATEIbCKON HHYPACTPYKTYpPHhI
Y TIOATOTOBKU COOTBETCTBYIOIIMX BHICOKOKBATM(HIIMPOBAHHBIX CIICIIHATICTOB.

BMmecTte ¢ TeM B 1ensX 3KOHOMHMM BpeMsi pabOThl MCTOYHMKOB CHHXPOTPOHHOTO HU3JITy4EHUS
1eJ1ecO000pa3HbIM SIBIISIETCS MPEABAPUTEILHOE TECTUPOBAHUS MAKETOB Y3JIOB U 3JIEMEHTOB
PEHTI€HOOINTHUECKUX CXEM JJIsl MOJEPHHU3aLUM CYIIECTBYIOUMX MU NPOpabOTKH KOHLEHIMHA
IPOEKTUPYEMBIX CUHXPOTPOHHBIX CTAHIIMI Ha 1a00paTOPHBIX UCTOYHUKAX.

Jis pemienust 3toi 3a1aun B KypyaroBckoM KOMIUIEKce KpucTauiorpaguu U (pOTOHUKU CO3AaH
MHOTO(QYHKIIMOHAIbHBIA  JIaDOpAaTOpPHBIA  PEHTIeHOBCKUM  cTeHA. [laHHas  ycTaHOBKa
npezicTaBisier co0oiM TMOKMM  HcClieoBaTeNIbCKUH HMHCTPYMEHT, Ha KOTOPOM BO3MOXKHA
peanu3anys MUPOKOIo KJIacca IKCIEPUMEHTAIBHBIX METOA0B. MOylIbHAss KOHCTPYKIIMM CTEHIA
BKJIIOYaeT B ce0s COBOKYNHOCTb KaK YHMBEPCAJIbHBIX (YHKIMOHAJIBHBIX Y3J0B (OJI0K
MOHOXpOMAaTH3a1NH, (POKYCUPOBKH U T.JI.), TAaK U HAOOP Y3KOCTICIIUATH3UPOBAHHBIX MOTYJICH, YTO
IIO3BOJIIET IIOACTpauBaThb CXEMY IIOJ 3ajadd dKcrepuMmeHTatopa. KOHCTpYKTHBHO cTeH[
BBITIOJIHEH B BHUJIE HECKOJIbKMX ONTHYECKUX CTOJIOB (00ImIeH riomaapio 4.5 M2) ¢ MOTHOCTHIO
aBTOMATH3UPOBAHHOM FOHMOMETPUYECKON CUCTEMON U HAOOPOM JI€TEKTOPOB BHYTPH 3aIlUTHOIO
KOXKyXa Ha €IMHOM omope ¢ cuUCcTeMOW maccuBHOM  BuOpomzosauuu. Cucrema
aBTOMATU3UPOBAHHOIO YIIPABJICHUS PEAIM30BaHa HA OTKPHITOM IIPOrPAMMHOM UHCTPYMEHTApUU
Sardana, mMpPOKO TNPUMEHAEMOM Ha COBPEMEHHBIX CHHXPOTPOHAX, M OOECIICYHBAIOIINM
yJaJeHHBIA A0CTYN K 00opynoBaHMio. JlaHHas cucTeMa MO3BOJISET PellaTh BaXXHYIO 3a/ady 110
yaJe€HHOW MOArOTOBKY HayUHBIX KaJpOB IIyTEM KaK UMUTALIMHA CHHXPOTPOHHOT'O SKCIIEPUMEHTA,
TaK U IPOBEJEHUS NPAKTUUECKUX 3aHATHI.

Pe3ynbrartel NpOBENEHHBIX Ha CTEHAE MCCICAOBAaHUM ITOKA3bIBAKOT IIMPOKHE BO3MOKHOCTHU
YCTaHOBKH I10 MPOBEACHUIO TUarHOCTUKHU 3JIEMEHTOB PEHTT€HOBCKOM ONTHKHU.

Pabora BemonHena B pamkax Cornamenusi ¢ Munodpuayku PO ot “28” utons 2024
r. Ne 075-15-2024-637.

[1] M. B. KoBanbuyk, A.E. bnaros, O.C. Hapaiikun u np. Kpucramnorpadus. 67, 5 (2022)
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Teopernyeckuil aHAJIU3 BJUSHUSA TEXHOJOTHYECKUX OTKJIOHECHU M
NP M3TOTOBJIEHUH IJIAHAPHBIX COCTABHBIX MPEJTOMJISIOIIAX JIMH3
HA (POKYCHPOBKY IIyYKOB CHHXPOTPOHHOI'0 U3JIYYEeHHUS

A.B. AneKcaanOBl, I1.A. HpOCCKOBl, M.C. ®onomemkun’, B.I'. KOHl, A 1O. CepéFI/IHl,
FO.A. Bonkosckuiil, A.B. Msikonbkux?, K.B. Py,[[eHKOZ, B.A. FOukun®, A.A. CHHeréB4,
10.B. Iucapesckwuiil, A.E. bnaros!, M.B. Kopanpuyk®

! Hayuonanvmuiii uccredosamenvckuii yenmp «Kypuamoeckuii uncmumymy

2 dusuro-mexnonoeuveckuti uncmumym um. K. A. Banueea PAH

3 Uncmumym npo6iem mexnono2uu MuKposieKmpoHuKy u ocobouucmvix mamepuanos PAH
* Banmuiickuil gpedepanvuwiil ynusepcumem um. M. Kanma

@®oKycupoBKa Iy4KOB CUHXPOTpOHHOro u3nydeHus (CH) B HaHOMETpOBBIil NTONepevHbII
pa3Mep — OJHO U3 KIIOUEBBIX HAIPABJIECHUH COBPEMEHHONW pPEHTICHOBCKOW ONTHKH.
Hcnonp3oBanue chOKYCHPOBAHHBIX ITyYKOB ¢ HaHOMETpoBBIM (MeHee 100 HM) momepeyHbIM
CCUYECHHUEM OTKDBHIBAET HOBBIE BO3MOXHOCTU JJII HCCIEJOBAHMs CTPYKTYpPbl MHKpPO- U
HAaHOOOBEKTOB OJlarofjaps MNOBBILIEHUIO JIOKAJIBHOCTH IPOBOAMMBIX HCCIENOBaHUM U Ooiee
BBICOKOW MHTEHCHUBHOCTH MaJAOLIero Ha oOpaszer u3nydeHus. Kpome Toro, ucrosib30BaHHUE
HaHO(OKYCUPYIOUIEH PEHTTEHOBCKOM ONTUKH MO3BOJISET MOIY4aTh YBEJIUUYECHHbIE N300paKeHUS
KapTUH paccesiHUd 3a CYET KOHEYHOM YIIOBOM pPacXOAMMOCTU C(HOKYCHPOBAHHOIO ITyuKa.
CeroiHst pa3BUTHE TOJIX0J0B K HAHOPOKYCUpOBKe mydkoB CU sBIsieTCS OQHON M3 BaXKHEUIITHX
3aJa4 B CBSI3M C 3alUIaHUPOBaHHBIM B Poccum crpoutTenscTtBOM ncTtouyHukoB CH HOBOrO
nokosieHus [1].

OnHuM 13 3QGEKTUBHBIX U MEPCHEKTUBHBIX CIOCOOOB pealu3aluyd HaHO(OKYCHPOBKH
nyukoB CHU sBisiercs HCNONb30BaHHE IUIAHAPHBIX COCTABHBIX IPEJIOMIISIONIUX  JIMH3
(CTLT) [2, 3], wsroraBimMBaeMbIXx M3 MOHOKpHCTaIMYeckoro kpemuusi [4, 5]. IlpumeHenue
TE€XHOJIOTUIl MUKPOCTPYKTYPUPOBAHMS IOBEPXHOCTH KPEMHUS MTO3BOJIET CO3/1aBaTh IUIaHApHbBIE
CIIJI ¢ mapaGonuueckuM npoduiem aneptypoir 50 MKM U MeHee, clocoOHbIe (OKYCHpOBATh
ny4dok CH 10 nonepeuynoro pasmepa meree 100 am [6].

B mpouecce TpaBiaeHHS KPEMHHEBBIX CTPYKTYp KpPHUTHYECKHM BaXKHBIM SIBIISIETCA
coOroieHre BBICOKOM TOYHOCTH (hopMHpOBaHUS 3aJjaHHON reoMeTpuueckoil popmel. M3BectHo,
yro B mporecce usrotorienuss CITJI moxer HaOMr01aTHCSI HAKIIOH OOKOBBIX CTEHOK CTPYKTYpPBI
anemenTa CIIJI, BbI3BaHHBIM TEXHOJIOIMUYECKHUMU OCOOEHHOCTSIMH INIYOOKOIO aHH30TPOIHOIO
TpaBlieHUs] KpeMHus [7, 8], 4To MPUBOIHUT K MCKAKCHUIO 3alaHHON (DOPMBI 10 Mepe U3MEHEHUSI
TIYOUHBI CTPYKTYPBI. [1010KUTENBHBIN WM OTPUILIATEIHHBIN HAKJIIOH OOKOBOM CTEHKH MTPUBOIAUT
K YXOZy pazMepa (OTKIOHEHHIO OT UIealbHOM napabonnyeckoi popMbl) O TIIyOMHE CTPYKTYPHI.
Takue nckaxeHus: MOT'YT IPUBOJIUTH K MOSIBICHUIO abeppaniuii mpu HaHopokycuposke myuka CH.

B noxnane mpencraBiieH aHaNIM3 BIMSHUSA TEXHOJIOTMYECKHX OTKJIOHEHHWH TOIIOJIOTMH
kpeMHueBbIX 1aHapHbIX CILJI Ha ux ¢pokycupyrolire CBONCTBA U TPOBEIeHA OLIEHKa TapaMeTpOB
TEXHOJOTMYECKUX OTKJIOHEHWH, BO3HUKAIOIIMX NpH u3rorosneHnn mnaHapHeix CIUI, npu
KOTOpBIX cdokycupoBaHHb mydok CU moasepraercsi HE3HAUMTENbHBIM H3MEHEHUSIM IO
CPaBHEHHIO C TEOPETUUECKUM HJIealIbHBIM citydaeM (0e3 oTkiaoHeHui). [TpoBeieH psii yucieHHbIX
pacyeToB B paMKax TEOPHU BOJHOBOI onTHkH [9-12] u ux cpaBHEHHE C IKCHEPHUMEHTATbHBIMU
JAaHHBIMHU.

DKcrepuMeHT MpOBeACH Ha cTaHIuU «PeHTreHoBckas Kpuctauiorpadus u gusndeckoe
marepuanosenenue» (PK®M) KypuyaToBckoro HCTOYHHMKA CHHXPOTPOHHOTO —U3JITy4EHUS
(KNCH-Kypuatos). ®okycuposka nmyuka CH npoBoauiach ¢ ucnoiab3oBanueM miaHapabix CILI
u3 kpemHus. Mcnons3oBannas B akcniepumente CILIJI cocrosina u3 26 anemeHToB ¢ anepTypoi 50
MKM, JJIMHOM 102 MKM U parycoM KpUBH3HBI 6.25 MKM. DKCIIepUMEHTalIbHbIE 1aHHble (puc. 1a)
JIEMOHCTPHUPYIOT Haiuuue adeppaluii U HEe3HAYUTEIbHOE CMEIIeHHE (POKYCHOTO PacCTOSIHMA,
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BBI3BaHHBIC HAKIOHOM OO0KOBOW creHkn moBepxHoct CIIJI. [lns oneHku mapamMeTpos
OTKJIOHEHMS TPOBEICHO YHCIEHHOE MOAEIIMPOBAHNE KaK B CIIy4ae OJHOMEPHOIO, TaK U B CIIy4ae
JIBYMEPHOI'O paclpeesIeHUs] HHTEHCUBHOCTH Ha JIETEKTOPE.

Jlns  mnpoBeneHUsT YMCIECHHBIX pPacyeTOB  HCIONb30BAJACh MOJEIb, B  KOTOpPOM
npesioMysitonias moBepxHocTh 3yieMeHToB CIIJI ommchiBaeTcst SKBUIMCTAHTOM mapabosbl. B
paMKax Takol MoJielnHM HakJIOH OOKOBBIX CTEHOK OIMCHIBACTCS B BHJE IUIABHOTO M3MEHEHUS
OTKJIOHEHUS OT 3a/laHHO# Gopmbl 1o riryoune snementoB CIUL [Ipumep pacuera asist TO4€YHOTO
ucrounrka CH u yxona pazmepa Ha 500 HM npencrasieH Ha (puc. 10). 3 pucyHka BUIHO, YTO
Jlake HE3HAYUTEIbHOE OTKJIOHEHHE OT 3aJaHHOH (OPMBI MOXKET HMPUBOIUTH K OTHOCHUTEIHHO
CUWJIbHBIM abeppauusaM cHOKyCHPOBAHHOTO MyUKa.
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Puc 1: Pacnipeienenne MHTEHCUBHOCTH B OKPECTHOCTH (POKYCa: IKCIIEPUMECHTAILHBIC
JaHHbIE (a), pacyeT g TOYeYHOr0 UCTOYHUKA U yxoja pa3mepa snemenToB CITJI na 500 um (6).

Pe3ynbrarhl pac4eToB ¢ MCIOJIB30BAHUEM YHCICHHOW MOJEIN Ka4YECTBEHHO COIIACYIOTCS
C DKCIIEPUMEHTAJIbHBIMU JAHHBIMHU, YTO IOATBEPHKAAET aJ€KBATHOCTh UCIOIb30BAHHON MOJEIH.
Hcnonb30BaHHE YHUCIEHHOTO MOJEIMPOBAHUS II03BOJIAET BBIABIATH INPUYUHBI OTKIOHEHUS
pacripesie/leHus] MHTEHCUBHOCTH B OKPECTHOCTH (hOKyca OT TeOpeTH4ecKHX 3HaueHui. Takum
0o0pa3oM, HCMOJIb30BAaHHBIA MOAXOA B JajJlbHEHIIEM IO3BOJIUT JIy4ylle HPOrHO3UPOBATH,
UJCHTU(GHUIMPOBATE M YCTPAHATh BO3MOXKHBIE IPOOJeMbl, cBA3aHHbIE ¢ (okycupoBkoil CU c
ucnoip3oBanueM 1tanapasix CITJI u3 kpemHus.

Pabora BeimosHena B pamkax Corsamennss ¢ MunoOpHayku P® ot “28” uions 2024 r.
Ne 075-15-2024-637.
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CHHXPOTPOHHAS IMATHOCTHKA MHOTOCJIOHHBIX PeHTreHOBCKUX 3epkaJ W/SI

B. A. XKepnosa!, A. JO. Ceperun?, 10. A. Bonkosckuii!, M. C. ®onomemxun?, I1.
A. TIpocexos!, B.H. ITonkosuukos?, H.W. Uxano?, IO. B. Iucapesckuii’, A. E.
Bnaros!, M. B. KoBanpuyk!

YHUI] «Kypuamosckuii uncmumymy
2H®OM PAH

Bricokne TpeOoBaHUS K ONTHKE [JIsI CHHXPOTPOHOB 4-rO TOKOJCHHS U
Ja3epoB Ha CBOOOJHBIX 3JIEKTpoHax [l] TpeOyroT COBEpIIEHCTBOBAHUS METOJIOB
U3TOTOBJICHUSI M JUAarHOCTUKH  PAJAHAIMOHHO-CTOMKUX  MHOTOCJIOWHBIX
PEHTIeHOBCKUX 3epKai. OnHOM U3 3(pPEeKTUBHBIX ap MaTEPUAIOB, IPUMEHIEMBIX
Ut (GOPMHUPOBAHMSI MHOTOCIIONHBIX OTPaXAIOMINX MOKPHITHIA JJI1 PEHTT€HOBCKHIX
3epkai, spisgercs cucrema W/SI [2, 3].

B Hactosimield paboTe MpeacTaBiI€HBl PE3yJbTaThl CHHXPOTPOHHBIX
UCCIIEJOBAaHUM CTPYKTYPHBIX OCOOEHHOCTEH MHOTOCIOMHBIX PEHTI€HOBCKUX
3epkait W/Si. O6pa3iipl pecTaBisuii COO0H MHOTOCIIOHHYIO CTPYKTYPY Ha OCHOBE
100 oucnoeB W/Si Ha maccuBHOM Si MOAIOKKE. DKCIIEPUMEHTHI TIPOBOIMINCH Ha
ctanuun PK®M cunxporponHoro wucrounnka «KHWUCH-KypuatoB» HUILL
«KypuaToBCkuii MHCTUTYT» ¢ dHepruei uznydeHus 12 kaB. Ha ocHoBe maHHBIX,
MOJIYYCHHBIX ~ METOJaMU  PEHTICHOBCKOM  pedIEeKTOMETpUHM U CTOSUYUX
PEHTI€HOBCKMX  BOJIH, OBUIM  BOCCTAHOBJIEHBl NpO(HIM  pacupeneseHus
DJICKTPOHHON IUIOTHOCTH W mpodwim pacnpeneiacHus snemeHtoB W u Si 1o
riyouHe 3epkai. Ha OoCHOBE MOJydeHHBIX JAHHBIX ObLIM YTOYHEHBI 3HAUCHUS
TOJIIMH M TUIOTHOCTEM CJOEB, TOJYy4YEHHbIE paHee Ha JIa0OpaTOPHOM
nudpakToMeTpe, a TakKe MPOBEJEHA XapaKTepH3alus MEXKCIOEBbIX TpaHUll U
pacnpeiesieHus: AJIEMEHTOB B OUCTIOSIX.

[IpoBeneHHble HCCNEAOBAaHUS MO3BOJMIN TMOJIYYUTh HHGOpPMALU0 00
OCOOCHHOCTSIX CJIOEBOM OpraHu3allid MHOTOCJIOMHOIO TMOKPBITUS 3€pKal U
MPOBECTH OIEHKY 3(P(HEKTUBHOCTH HMX PAOOTHI Ha UCTOYHUKE CHHXPOTPOHHOTO
U3ITyYEHUSI.

Padora Beinmosinena B pamkax Corsamenust ¢ Munoopuayku P® ot “28” uions 2024
r. Ne 075-15-2024-637.
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MOI[GJ'II) pacnpeacJaceHus TOJMUHbI TOHKUX INVICHOK IIPH
MAarda€TpoHHOM HallbIJICHUH

C.M. Munees?, K.B. Jlypos?, B.H. ITonkoBHuKOB?

Y Huowcezopoockuii 2ocyoapcmesennviii ynusepcumem um. H.H. Jlobauesckozo
2 Uncmumym guszuxu muxpocmpykmyp PAH

[Ipy HEOOXOOUMOCTH MOJYYEHHs 3aJaHHOTO PACIpPENESICHUS TOJIIUHBI TOHKOW
IVIEHKW HAa TOMJOKKE TMpPU MArHETPOHHOM  HANBUIEHUH MPUMEHSIOTCS
MeTaJIIM4ecKue auadparMbl, OrpaHUYMBAIONINE O0JIACTh MPOXOXKIACHHS MOTOKA
YaCTHI] BEIIECTBA U 3aJa0LIUE TUIOTHOCTh IOTOKA KOHJEHCATa.

B cBa3u co cnoxkHOCTBIO [l] (KOMIUIEKCHOCTBIO) KapTHUHBI IKEJIa€MbIX
pacnpeneNeHnil SKCIIEPUMEHTANIbHOE MOoJdy4YeHue (opMbl Auadparmbl sIBISETCA
BpeMs- W  MAaTepuajgo3aTpPaTHbIM, YTO OCIOXHSIET NPOLECC IOIYyYEHUs
pacrpeneseHusl.

Hanuune maTeMaTHyeckod MOJENH, CIIOCOOHOW mpeackasaTh (popmy auadpparmbl
IIPY IPOTPAMMHOM IIPOCYETE IPOLECCA OCAKACHUSA YaCTUL[ MOXKET 3HAYUTEIIBHO
COKpAaTUTh 3aTPAThI HA MTOJIy4€HNE HEOOXOAMMOIO PACIIPEACICHUS.

B pamkax HacTosiel paboThl TPEACTABISIETCS PUMEP MAaTEMATUUYECKON MOJIENH U
ee MPUMEHEHHs B paMKaX IPOrpaMMbl U BBIYMCIEHHS] KapTUHBI paclpeAesICHUs
TOJIIIMH TOHKOW TIUIGHKM Ha TMOBEPXHOCTH TNOMJOXKKH IPU MArHETPOHHOM
HaIIbUICHUH.

[1] Aypos, K.B. BeicokorpanuenTtHas achepusaius noaI0KeK TOHKOTUIEHOUHBIMH HOKPBITHSIMU
Al/Si / K.B. [Iypos, C.M. Mumnees, B.H. IToakouukos, H.M. Uxano // KypHan TexHuYeCKOi
¢uzuku. — 2024. — T. 94. — Bem. 8. — C. 1288-1294.
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ITosiupoBKa MOBEPXHOCTH 3J1eMeHTOB MaTpubi MEMC
MHUKPO3epPKaJI U3 AJTIOMHUHHUS C TEXHOJOTHYECKUM MOKPbITHEM M3
aMmop(¢HOro KpeMmHusl
M.C. Muxaiinenko®”, A.E. ITecros, H.W. Uxaino?

Y Unemumym gusuxu muxpocmpyxkmyp PAH, yn. Axademuueckas, 0. 7, Huowenuii Hoszopoo, 607680.
*mikhaylenko@ipmras.ru

B pamkax pa®oTel HaJ OeciIa0IOHHBIM PEHTTEHOBCKUM JIUTOrpaoM ISl JUIMHBI
BosiHBI 13.5 HM Obuia BbeIOpaHa [JOCTYIMHAs Ha pPBIHKE CHCTEMa MHUKPO3EpKal,
npeHa3HaueHHas JUIsl UCTOJIb30BaHus B OecuiabmoHHbIX TuTorpadax. [lo coBokynHocTr
apaMeTpoB, B TOM YHCJIE U BO3MOKHOCTH JIETKOM BBIEMKH U YCTAaHOBKHM MHKPOCXEMBI B
IUIaTy KOHTPOJIJIEpa, YTO MO3BOJISET MPOBOJUTH MHOTOUMCIICHHBIE SKCIIEPUMEHTHI, ObLia
BbiOpana mukpocxema DLPLCR6500EVM or xomnanum Texas Instrument. Pazmep
MUKpoO3epKana (MUKcelsisd) BbIOPAaHHOM CHUCTEMBbl MHMKpPO3EpKall COCTaBJSIET 7.56 MKM
(puc.la). OmHaKo UCXOHAS IEPOXOBATOCTH MOBEPXHOCTH MHUKCENS Ha ypoBHe 1.7 — 2.5
HM (puc.10) Mo3BOJSET MOMYYUTh 3HAUeHHE KoddduinenTa orpaxenue ne o6omnee 1.5 %
oT MHorocloifHoro 3epkana Mo/Be/Si, HanbuiéHHoro Ha MaTpuiy. s criaxuBaHUS
IIEPOXOBATOCTH MOBEPXHOCTH OBLIO MPEAJI0KEHO MPUMEHUTh METOJUKY ONUCAHHYIO B
pabote [1], TO ecThb MHOTOKpaTHOE HANbUICHHE TOHKOH IIEHKH aMOpP(HOTO KPEeMHUS
tonmuHoW 200 HM ¢ mocineAyroomeld IOJUPOBKOM YCKOPEHHBIMHM HOHAaMH aproHa ¢
sueprueii 800 5B u mnotHocThIO Toka 0.7 MA/cM?. B pesymbraTe 4eTBIPEX HTepaiuii
yAQJIOCh TOJIYYUTh IIEPOXOBATOCTh MOBEPXHOCTH TMHUKceneil Ha ypoBHe 0.3 uM (puc.l.r),
YTO TIO3BOJIUJIO MOBBICUTH 3HAUCHHE KoddduimenTa otpaxenus 10 22.5% (pucl.B).
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Puc 1: a) ACM xanp 20x20 mxMm ¢pparmMenTa Matpuisl Mukposepkai; 6) ACM kaap 1x1 Mxm
MCXO/IHOM MOBEPXHOCTHU MHUKCENS; B) YTIIOBask 3aBUCUMOCTH KO3 (UIIMEHTa OTPaXKEHUs 3epKajia
Mo/Be/Si, HanlbUIEHHOTO Ha MOJMPOBAHHYIO MOBEPXHOCTH; T) ACM kaap 1x1 Mkm

MOJIMPOBAHHON MOBEPXHOCTHU MUKCEIIA.
[1] Mikhailenko M.S et al.. Effect of ion beam etching on the surface roughness of bare and silicon covered
beryllium films // Surface and Coatings Technology. Volume 311, 15 February 2017, Pages 351-356
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