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BBepeHune

Ucrounuku cuaxporpornoro manydenuss (CU) u pent-
ICHOBCKHE Jiasepsl Ha cBOOOIHBIX 3jiekTpoHax (JICD) siB-
JIIOTCS YHUKAJIBHBIMI HHCTPYMEHTaMH, 00€CTIeYNBAIONTIMHI
Ype3BHIYANHO SIPKOE PEHTTEHOBCKOE H3JIy9YEHHE, KOTOpOe
MO3BOJIAET HAOJIONaThb MAaTEpUI0 C aTOMHBIM IPOCTpaH-
cTBeHHBIM pasperucHreM [1]. CHHXPOTPOHHbBIC MCTOYHUKU
CBETa COCTOAIT M3 LIUPKYJISAPHBIX YCKOPUTEJICH 3JIEKTPOHOB
¢ BbiBoioM CH M3 NMOBOPOTHEIX MarHUTOB M OHOYJIATOPOB.
PentrenoBckne ycranoBku JICO ocHOBaHBI Ha JIMHEHHBIX
YCKOPHTEJISX JIEKTPOHOB M TEHEPUPYIOT Oojiee KOrepeHT-
HBIC ¥ OoJiee KOPOTKHE MMITYJIBCHI, TOAXOMSAIIHAE T DKCIIe-
PUMEHTOB C BPEMEHHBIM Pa3pEIICHUEM.

OCHOBHOE pa3jn4nie MEXOy ABYMS THIIAMU YCTAHOBOK
3aKJIIOYAacTCsl B CUJIC TOKA M JUINTEJIbHOCTU MMITYJIbCa: B TO
BpeMsl KaK CHHXPOTPOHBI MMEIOT NHUKOBHIC TOKH Ha 3JICK-
TPOHHBIN crycTok nopsaaka 10 A ¥ IIMTEIbHOCTh UMITYJIbCA
B JIECATKH MUKOCEKYHJI, peHTreHoBckue JICO obecnieunBaor
MIMKOBbIE TOKH B KA M JUINTEJIbHOCTb UMITYJIbCOB Ha YPOBHE
(emMTOCEKYH.

JICO reHepupyloT HU3JIyYC€HHE CO 3HAYUTEIbHO Oosiee
BBICOKUMH YPOBHSIMM MOIIHOCTU M MEHBINEH 3HepreTude-
CKOH IIMPUHOM IOJIOCH MPOITyCKaHus, yeM yctaHoBku CU:
B TO BpeMmsa Kak peHTreHoBckme JICD moryr obecneunTtsb
SHEPIUI0 MUMITYJIbCa Ha YPOBHE MJ M OTHOCHTEJIBHYIO HIU-
puny mosiockl 10™* | CHHXPOTPOHBI JAI0T SHEPTHIO UMITYJTb-
ca nJ ¥ HaMHOro OOJIBLIYI0 OTHOCHUTENIBHYIO HPOIYCKHYIO
CrocoOHOCTb. B 1esioM nukoBas IPKOCTb H3JIy4EHUs, CO-
3naBaeMoro peHtreHosckumu JICD, HaMHOro Bbllle, 4eM
NoJTy4aeMasl Ha CHHXPOTPOHHBIX ycTaHoBKax. Hampumep, Ha
HOBOM mcrouHuke ,,Cupuyc‘ B Bpasmibckoil Jaboparopun
CU (LNLS) my4ox gocTuraeTr nepBoro KpUCTaUTHYECKOro

MOHOXpOMaTopa C MOIIHOCTbIO MeHee 7W U pasmepoMm
1.5 x 2.6 mm. IIpn moyTn HOPMAIIPHOM MaICHUN IIJIOTHOCTD
MomHocTd Menbie 2.5 W/mm? [2]. B To e Bpemst Ha uc-
TouHuKe KorepeHtHoro cseta Linac (LCLS) HarmonanbHoit
yckopurenbHoil 1adoparopun SLAC JICD mmeer 3HEpruio
UMITYJIbCa OKO0JIO 2mlJ, momepedHslii pasMep MATHA OKOJIO
150 ym u murensHOCT, MMIyJbca okoso 100 fs. Pacuer
YCPEOHEHHOT'O IOTJIOIIEHHOTO TEeMJIOBOro MOTOKa BO BpeMsl
UMITysIbca jaeT Besmuuny 4 - 1013 W/m? [3].

Tem He MeHee y CHHXPOTPOHOB €CTh CBOM IIPEUMYIIECTBa:
BO-TIEPBBIX, OHM O00ECIEYNBAIOT IOpasfgo Oosiee BBICOKYIO
YacTOTY IIOBTOPEHHUS, YeM peHTreHoBckue JICD, 4To BbIron-
HO I MHOTHX 3KCIlepuMeHTOB. [IpuHMMas BO BHUMaHHE
OoJiee BBICOKHE YaCTOTHI MOBTOPEHHUSI M O0JIee JTUTESIIbHBIC
HMITYJIbCHl HA CHHXPOTPOHAX, PA3JIMYAS B CPSIHEH SIPKOCTH
CTaHOBSITCSI TOPA30 MEHEEe BBIPAKCHHBIMH, Y€M B ITHKO-
BBIX 3HAYCHUSX SPKOCTH. Elle OTHO NpenMymiecTBO CHH-
XPOTPOHOB CBSI3aHO C JIOCTYIHOCTBIO I IHOJIb30BATEJICH.
INockosbKy CHHXPOTPOHOB HamHoro Gospine (6osee 50 mo
BCeMy Mmupy), 4eM peHtreHoBckux JICD (ot 5 mo 10), u
MIOCKOJIBKY KaXIBblil CHHXPOTPOH HMeeT Oosibllle KaHaJIoB
(mpumepso 10 50), yem penrtrenoBckue JICD (mpuMmepHO
no 10), mocTyn K CHHXPOTPOHAM TOPAaso IMpOIIe, YeM K
peraTtreHoBckum JICO.

MO)XHO CKa3aTb, YTO M CHHXPOTPOHBI, 1 PEHTICHOBCKHUE
JICD aBnsiroTcst OeClIeHHBIME HCCIIEI0BATEILCKUMU HHCTPY-
MEHTaMH, CIIOCOOHBIMH HaOJIIONATh MaTepUI0 C IPOCTPaH-
CTBEHHBIM pa3peniecHueM Ha aTOMapHOM ypoBHe [4].

OpHako ONHMM WU3 MPEHATCTBUI HOCTABKH OOJIBIIOTO
notoka (otoHoB CU Ha 3KCIEpUMEHTATbHYIO CTaHIMIO
C MHUHUMaJIbHOI TOTeped SBJISIETCS TEepMOMEXaHMYecKast
nehopManusi ONTHYECKUAX JIEMEHTOB, BBI3BaHHAsT OOJIBLION
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TeIUI0BOi Harpyskoil. Llembio o03opa siBisieTcsi ommcaHue
METO/IOB KOMIICHCAIIMM TEPMHUICCKUX Ae(hOopMariiii.

1. TepmoHarpyskm

YacTo nepBbIM ONTHYECKMM 3JIEMEHTOM, MOIBEPracMbIM
MOIIIHOM TENJIOBOI Harpyske, sBJIIeTCS MOHOKpUCTaJIJINYe-
CKMI MOHOXpPOMATOp.

M3-3a BEICOKHX TEIUIOBBIX HArPy30K B KpHCTaJIJIe BO3HH-
KalOT TPU Pa3jIMYHbIX BUJA MCKaXXeHWi. Bo-mepBhIX, mmeer
MecTo o0lIee WCKPHBJICHHE KPHCTalla, BHI3BAHHOE TEILIO-
BBIM pacIIPeHUEM BEpPXHEH 4acTh KpHCTajlla B HaIlpaBlie-
HUH, MApaJUIeJIbBHOM ITOBEPXHOCTH. Bo-BTOpBIX, 00Opasyercst
TEIUIOBOU OYrop, BBI3BaHHBI TEPMHYECKHM paCIIMPEHUEM
KpPUCTaJUla B HAIpPaBJICHUH, NIEPICHANKY/IPHOM IOBEPXHO-
ctu. Tperuit BUN HCKaXeHU — W3MEHEHHE pAcCTOSHHUSA
MEXIY IUIOCKOCTSMH KpUCTajUla y €ro MOBEPXHOCTH H3-
3a TEIUIOBOI'O PACIIMpeHHs. DTO IPHUBOAUT K H3MEHEHHIO
SHepruu AudparupoBaHHBIX (OTOHOB [5].

B TUmIyHOM IBYXKPUCTAIILHOM MOHOXPOMATOpE HA CTaH-
o CH mepBBIil KPUCTAJITT BRIOMPACT JKEIaeMyl0 SHEPTHIO
PCHTICHOBCKOTO HM3JIyYCHHs, a BTOPOM KPHCTasUl NepeHa-
MpaBsieT cOPMHUPOBAHHBIN ITYYOK B HAIPABJICHUH SKCIIC-
pUMeHTabHOI cTanimu (puc. 1). Tpu 9TOM mepBbli Kpu-
CTaJul morvionmaeT OOJbIIYI0 YacThb Majalolleld MOIIHOCTU
HOJIUXPOMATHYECKOTO U3JTyYeHUS.

Kax cienctBue TEIIOBBIX MCKa)KEHWIA, CO3IaBaeMBbIX I'pa-
IACHTaMU TEMIIEPaTyphl B NIEPBOM KPUCTAJIe-MOHOXPOMa-
TOpe, CHJIPHO KOJUIMMHPOBaHHBIA MagalolHUil PEHTTCHOB-
CKHMH MYYOK IT0CTIC OTPKCHHUSI OYAET PacXOIUThHCS, TaK YTO
(OTOHBI pasHBIX PHEPrHil OyIyT UMETh pa3HbIC HalpaBJie-
HUs, ¥ BTOPOIi KPUCTAJLT OOJIbIIE HE CMOKET OMHOBPEMEHHO
orpasuth Bce perrrenoBckue jtyuu (PJT), mupparunpoBansHbie
Ha IepBOM Kpucrasuie (puc. 1).

CrenoBaTesIbHO, TPONYCKHAss CIIOCOOHOCTb ABYXKPH-
CTaJIBHOIO MOHOXpOMaTropa OyneT CHIKEHa Ha OIMH WA
nBa mopsimka [7]. Takum oGpasoM, 3amada COCTOHT B TOM,
9To0Bl HAWTH WHKCHEPHBI MyTh K PENICHHIO, CIIOCOOHO-
My MHHHAMH3UPOBaTh MOTEPH WHTCHCHBHOCTH, BBI3BaHHbIC
TEPMUYECKIMHU JieopMarssMi MoHOXpomaropa. OpHako,
MPEeKIe BCEro, HEOOXOMUMO yMETb U3MEpPHUTh 3TU Jedop-
MAIIUH.
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Puc. 1. MiutocTpamwsi BJMSHAS TEIUIOBBIX HCKA)KCHNH Ha WH-
TEHCHBHOCTb [BYKpaTHO AW(parupoBaHHOro mydka (/ — mosm-
xpoMaruueckuil mydok CH, 2 — wmpeanpHBI NMEpBBIA KpUCTAILT-
MOHOXPOMATOp, 2’ — IepBblil KPUCTAII-MOHOXPOMATOP C TEILIO-
BBIM ,,;OpOOM*, 3 — BTOpOIi KpUCTa/UI-MOHOXpOMATop) [6].

2. MerTtponorusa

N3meneHne ¢opMbl MOBEPXHOCTH KpHUCTaJla 3a CYET
TEPMUYECKHX AedopMaLuii 1 HCKaKeHUE 00beMa KpHUCTalIa
(TEerUIoBO#l CTpecc) MOTYT B Cily4ae BBICOKOW TEIJIOBOM
Harpyskd 3HAYUTEIbHO HM3MEHHUTH IU(PpPaKIUOHHBIE CBOU-
CTBa KpHCTaJl/la U, CJICJOBATEIbHO, IPUBECTU K YIIUPEHUIO
PEHTIeHOBCKON KpuBoii KadaHus. [loaTomy Oosblnas dacTb
BCEX HCCIICNOBAHNA KPUCTAJUIOB IIPH BBICOKOW TEILIOBOM
Harpyske MpOBOIIIIACH MOIEIIMPOBAHNEM C HCIIOJIb30BAHH-
eM Merofa KoHewHbix astemenToB (MKD) nedopmarmon-
HOTO TOJIS B TEPMOWCKaKCHHOM KPHCTaJUIe M CpPaBHCHHEM
€ro pe3yJIbTaTOB C KPUBOW KadyaHWsl JBOMHOIO KpUCTasUIa-
MOHOXpPOMAaTOpa, KOTOpas MpPEICTaBJIseT COOOI CBEpTKYy
KPHUBBIX KauaHHUS IIEPBOT0, MCKa)KEHHOTO KPHUCTaJLIa, W BTO-
poro, cosepieHHOro kpucrauia [8-11]. Dra cBepTka maer
MHTErpasl mo Imiomanu ciefa mydka (beam footprint) c
HoTepelt Bcex JeTasieil CI0KHOTO paclpeesIeHUs TEIJIOBBIX
HACKa)KEHUI.

Pemenne mpobGiiempl 3HaUMTENIBHO OOJIerdaeTcss Mpu W3-
MepeHnH (OpMBI TOBEPXHOCTH MCKaKEHHOTO KpUCTaJUIa in
Sity T0J], BBICOKO TEeIJIOBOI Harpy3Koil.

CymecTByeT HECKOJIBKO TOAXOIOB K BU3YyaJIM3alluU UCKa-
YKEHHBIX NMOBEpXHOCTEeH. IInockocTHOCTL OTpaxkaromeil mno-
BEPXHOCTH MOYXHO OLICHUTh C TOYHOCTBIO 10 MUKpOpagraHa
Ha OOJBIION IIOmMAaH, WMCHOJIBb3YSl ONTHYECKHEC METOMH,
Takue, Kak npoduinposanue aymHHBIX Tpace (LTP) [12].
OT1oT MeTon obecreunBacT MPEBOCXOMHYIO TOYHOCTH OIpe-
nesieHnsi (JOpMBbI TTOBEPXHOCTH, OTHAKO OH IPENOCTaBIISCT
nHpOpManuio TONMBKO BAONH JMHWW. [loaToMy mosydeHHe
nH(popManuu o BOJHOBOM (ppoHTE, c(hOPMHUPOBAHHOM MH-
¢paxkumeit PJI Ha kpucrasie, MOOBEpPrHYTOM TEIUIOBOMY
yaapy, aBysgercd 6osiee 3QPEKTUBHBIM CIOCOOOM ompene-
JIeHUs TepMHYecKuX Aedopmanuii.

HaTtauk BoiHOBOrO (ppoHTA SIBJsIETCS OMHUM U3 d(hhek-
TUBHBIX 3JIEMEHTOB CHCTeMbl MeTposiormu. Ero 3amada —
U3MEPUTh KPUBHM3HY BOJIHOBOrO ()pOHTAa M MepenaTb 3TH
u3MepeHus Ha obpabateiBatomee ycTpoiicTBo. CyliecTByeT
GosblIoe pasHOOOpasye TaTYMKOB BOJHOBOro (ponTta [13].
Cpenn Hux — paruuku llaka-Taptvana [14], a Takxke
maT4uKd, ocHoBaHHBIe Ha 3¢derre Tampbora [15], peHr-
FEHOBCKHUX criekiax [16] u nruxorpaduu [17]. Hampumep,
B pabore [18] wmccrenoBaioch BIIMSIHEE TEIUIOBOTO yaapa
Ha XapaKTEPUCTUKH JBYXKPUCTAJIBbHOI'O KPEMHHUEBOIO MO-
HOXpOMaTopa € IMOMOIIBIO ABYMEPHOIO HHTephepoMeTpa
TanpboTa.

IlepeuncrieHHbIE BbIMIE AaTYMKH BOJHOBOIO ()POHTA, KaK
MIPaBUJIO, O0ECHEYMBAIOT HM3MEPEHUE BOJIHOBOrO (hpoHTa
TOJIbKO IIEPHOOUYECKA U OOBIYHO HMHBA3UBHO, IpepbIBasi
9KCIIEPUMEHT U pacTpaunBasi lileHHoe BpeMs. HenHBasuBHble
U3MEPEHUs. MOXKHO OCYHIECTBUTH Pa3JIMYHBIMH CIIOCOOAMH.
Hanpumep, aBrops! paboThl [19] MpeiioKuim MeTon KapTa-
pOBaHMA TPEXMEPHOI'O UCKAKEHUS KPUCTAILIA, HAXOAALIETO-
Cs1 IOl BO3ACUCTBHEM TEIJIOBOTO ynapa. MeTon aHaJIorHIeH
Merony Ilaka-I'apTmaHa ¥ OCHOBaH Ha HJEe€, YTO UCKAKEH-
HOH OTpa)KalolEeH IOBEPXHOCTU COOTBETCTBYET €€ UCKAXKCH-
Hoe u3obpaxceHne. Metajumndeckast Macka 2 (puc. 2) uMeer
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Puc. 2. IpuHimnuanbHas cxeMa M3MEPEHHs TEIUIOBOrO yaapa:
1 — pCHTreHOBCKHMU ITy4OK, 2 — MeTa/UTMdecKass Macka, 3 —
I3C xamepa, 4 — u3obpaxenne macku [19].

Pl PAaBHOMEPHO PACIOJIOKECHHBIX OTBEPCTHH, CO3TAIONINX
MAacCHB CBETOBBIX TOYEK C ITOMOIIBIO MJIOCKOIO MCTOYHHKA
CBETa, PacloJIOKEHHOI0 32 MacKoil. CBeT OT MaccuBa TOUEK
OTpaKaeTcsi OT IOBEPXHOCTH KPHCTAUIAa U (PUKCHpyeTcs
I13C-kamepoit 3. B skcmepuMeHTe OTBEpCTHS B Macke
uMmenu guamerp 0.3 mm M pacnosarajauch Ha PacCTOSHUM
1.5mm npyr ot gpyra Ha miomanu 100 x 100 mm. Kanpsr
n3o0paxkeHus 4 ObUIM NPOAHAIM3UPOBAHBI C IOMOLIBIO
nporpammer  Centroid [20]. Drta mporpamma BBIMHCISIET
MOJIOXKCHUE [EHTPa TSHKECTH KaKIOH CBETOBOW TOYKU Ha
n300pakeHUM.

3. MeTtogbl KOMNeHcauum
TepMOHanpsaXXeHuii Ha nctouHnkax CU

Kak YKa3bIBaJIOCh BBIIIE, BO3[ICMUCTBUEC UHTEHCUBHOI'O my4-
ka CU na peHTFeHOOHTI/I‘{eCKI/Iﬁ QJIEMEHT MOXKET IPUBECTU
K IOABJICHUIO Ha €ro MOBEPXHOCTU TEPMUYCCKOI'O ,,rop6a“.
Ero KpUBU3HA ) Yy BCPHIMHBI HE 3aBUCUT OT TOJIIIWHBI
O6quaeMOI‘O QJIEMCHTA WU JACTCH BBIPAKCHUEM

x ~ aQ/k, (1)

e @ — ko3hduimenT Temmosoro pacumpenus (K1), k —
TertonposomHoct [W-cm~!-K~1] pentrenoontuyeckoro
aneMeHTa, Q — IJIOTHOCTh BHeprud mydka CU, morio-
menHoii 3rementoM [W-cm™2]. TIpu 3TOM yCpeIHEHHBII
1o ,,ropOy* yrojl HaKJIOHAa OTPAKAIOIUX IUIOCKOCTEH Abyyer
(0OBIMHO Ha3BIBaeMEI OMIMOKOM HAaKJIOHA) OyneT

AByyer ~ 2AL, (2)

rae AL — TmpoTsSHKEHHOCTh TEPMUYECKOTo ,,ropba“ B TIoC-
KOCTH TU(PaKITATL.

Jst mpoctoil Mofenu (KpUCTaJUTHYECKHi OJIOK, Harpe-
BAaCMBIil CBEPXY M OXJI&KIAEMBI CHH3Y), B KOTOPOM BCSI
MOIIHOCTh TOTJIomaeTcss Ha moBepxHOocTH, CyOO0OTHH W
ap. [21] mokasand, 4To OmKMOKA HAKJIOHA MOBEPXHOCTH A0
naetcs (Gopmysoit:

AOpyer = F (a/ k) (T)Q’ (3)
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rie F — koHcTaHTa, 3aBHCSIIAs OT TEOMETPHU TU(PaKIHH,
pasmepa ciefa mydka u crocoba oxsaxaeHns [22].

U3 ¢opmynsl (3) ciemyer, 9TO yMEHBIICHHE OLIMOKH
HaKJIOHa BO3MOKHO IOCTHYb HECKOJIBKUMU CIIOCOOAMMU:

1) momobpaTh MaTepra PeHTIeHOOTHYECKOTO JICMEHTA
¢ MUHMMAJTbHOW BEJIMYMHOM oTHOWEHHs o/ K;

2) monoOpaTh ONTHMAJIBHBIN PEXKUM OXJIKICHIST PEHTIe-
HOOIITHYECKOTO 3JIEMEHTa;

3) YyMEHBUIUTH ILUIOTHOCTD TOTJIOMIEHHON MOIIHOCTH ITy4-
ka CH peHTreHOONTHYECKUM 3JICMEHTOM.

3.1. Mop6op marepuanos

B 1986T. 6bUTO mpensIokKEeHO UCIOJIb30BaTh 0COOHIE Tep-
MHYECKHE CBOICTBA aJIMa30MOMOOHBIX MOIYIPOBOIHHUKOB,
TaKNX, KaKk KPEMHUI W TepMaHuii, y KOTOPBIX Koa(duim-
€HT TEIUIOBOIO pAaCIIMpeHHsl NPH HU3KHX TeMIlepaTypax
HEePEXOIuT Yepe3 Hysb (puc. 3), U TEIUIONPOBOIHOCTh 3Ha-
YUTEIbHO YBEIMYMBACTCS IPH KPUOTCHHBIX TEMIepaTypax
(tabm. 1) [23,24]. O6a 3Ti n3MeHeHHs: CBOKCTB OJiaronpu-
ATHB JUIA ONTHKM TIPH BBICOKHX TEIUIOBBIX Harpyskax M
MIPEZICTABJIAIOT COOOH HACTOAIMI MORAPOK IPHPONBI €cTe-
CTBOHCIIBITATENIO [7].

Kpemumii 1 repMaHunii ycHnemHO HCHONIB3YIOTCSI B PEHT-
TCHOBCKOW ONTHKE. MOHOKpPHUCTAJUTBl KPEMHHS IPUBJICKa-
TEJIbHBI TE€M, YTO OHM MMEIOT IOYTH HJCAIbHYIO KpHCTall-
JIMYECKYIO PEHIETKY, KOMMEPUYECKH JOCTYIHBI B OOJIBIINX
KostdecTBax [25].

OnHako MHOTHE MPHJIOKEHUs (HAOpUMep, MOHOXpPOMa-
Tu3auus usnydeHuss JICO ¢ odeHb BBICOKOW cpenmHEdl u
MIMKOBOIM MOMIHOCTBIO) TpeOyroT Gostbineil 3¢ ¢eKTHBHOCTH,
YeM MOKET 00ecreunTh KPEeMHHI: TPO3PaYHOCTH /ISl PeHT-
TeHOBCKHUX JIy4Yeil, YCTOMYNBOCTH K pagualliOHHOMY ITOBpe-
KICHUIO, MEXaHUIECKON NPOYHOCTH, BBICOKOTO KO3((uIm-
enra orpaxkeHus PJI B reomerpun bparra m Temsonposon-
HOCTH. B Takmx cirydasx NMpeArodYTUTESIbHBIM MaTepHasioM
ABJIICTCS ajiMa3, TaK Kak OH IPEBOCXOONT KPEMHHiIl CBOCH
HENPEB30WAECHHON pagualiOHHOW CTOMKOCTBIO, Ha MOPANKA

T 7T T
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50 100 150 200 250 300 350 400
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Puc. 3. Koah¢uimeHT TemioBoro pacimpenusi KpeMHHsI 1 TepMa-
Hus. g KpeMHHS KO3(OUIMEHT TEIUIOBOrO PacIIMpeHus paBeH
Hymo npu 125K [7].
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Tabnuua 1. CsoiictBa anmasza Ila, Si u Ge, BakHbE A
PCHTTCHOBCKHX MPUIOXKeHHil [25]

Marepnan Ammas Ila Si Ge
AtoMmHBIIT HOMep Z 6 14 32
Koaddumment nornomennsi, u, 14 143 350

(E = 8keV) (em™!)

TerutonpoBomHOCTS, K, 20-25 1.5 0.64

npu 297K (W-em™!- K1)

TerutonpoBomHOCTS, K, 150 3.25 232
IIPY HU3KOU TeMIlepaType (80K) | (80K) | (100K)
(W-em™ 1. K™
Koaddunument temmosoro 1 24 5.6
pacmmpenusi, @ 297 K
(W-em™ 1. K™

TlokasaTenp KavecTBa, 36—250 0.44 0.03

100 x «x/ua npu 297K (MW)

fosiee BBICOKOH TEILIOMPOBOTHOCTBIO [26], MajbiM Ko3(-
¢unentoM TerioBoro paciuupenust [27] u mourn 100%-
HOIl OTpaXkaTeJIbHON CIIOCOOHOCTBIO B 00/1aCTU OP3rroBCKOi
mudpaxiumn [28] (Tabs. 1).

JONOJTHATEIIBHBIMA OJIArONPUATHBIMA CBOMCTBAME aJIMa-
3a fABJIAIOTCA KaK €ro BBICOKHH MONY/Ib YIPYrOCTH, TaK U
NPOYHOCTD Ha u3jioM. CpefHee 3HAUYCHUE MOMYJIS YIIPYTOCTH
anmvasa cocrasisieT 1035 GPa no cpaBHeHHMIO co 3HaYEHHEM
191 GPa pns kpemuud. Ilpu xoadduuueHTe aHU30TPONUU
1.21 momynp FOHra anmasa 10cTaTOYHO IMOCTOSTHEH BO BCEX
HANpaBJIeHUsIX (V11 KpeMHHsT KOI(G(UIMEHT aHM30TPOINI
paBeH 1.44). Taxkoe YHHKaJbHOE COYCTAHUE BBIIAIOIIUXCS
CBOICTB e1aeT ajMa3 Hanbosiee MHOTOOOCIIAIOIIIM MaTe-
pUaJIOM U1 IPO3PavHBIX, YIPYI'UX KOMIIOHEHTOB PEHTIre-
HOBCKOH ONTHKU C BBICOKMM pa3pelleHHeM, COXPaHSIOMNX
BOJIHOBOU (D)POHT, UTO HEOOXOIUMO JJIsi SIPKOTO U BBICOKO-
KOT'€pPEHTHOI'0 HCTOYHUKA CBETa CJIEAYIOLIEro IMOKOJICHUS,
Takoro, kak JICD [29].

st ciydasi ciMMeTprvHoro bparra morsionieHHass Mom-
HOCTh PEHTI€HOBCKOro m3ydenusi (P,) ompenmesnsiercs Kak:
Pa = Poexp(—ut/sinfg), rne P, — mapapomias Ha KpH-
CTaJUT MOINHOCTb, { — JIMHEUHBIA KO3(HUIMEHT MOrjo-
meHus, t — TonmmHa Kpuctayuia, Og — yron bpoarra.
Takum o6pa3oM, MokasaTesb KayecTBa, XapaKTepU3YIOLIUiA
HEBOCHPUAMYHMBOCTb KPUCTAJUIA K TEPMOHATPY3KaM, MOYKHO
OMpEEIUTh Kak K/ (ap), KOTOpPBIiA yKa3aH B Tabu1. 1 s pas-
JIMYHBIX MarepuajioB. IIpn KoMHaTHON Temmeparype 3TOT
MOKa3aTesib KadecTBa /Ui ajiMa3a Ha [Ba MOpsAKa BBHIIIC,
4eM y KPEeMHHUSL.

BonpmMHCTBO MOHOKPUCTAJJIOB IPUPOJHOIO ajiMas3a OT-
HOCATCSl K THIY la ¢ KOHIeHTpanmeil a30Ta OT HECKOJIBbKUX
HECSATKOB O HECKOJIbKUX COTEH YacTeil Ha MWJUIMOH, B TO
BpeMsl Kak MOHOKpHCTa/uIMueckuil anma3 Ttuna Ila mmeer
HeOOJIbIIoe KOJMYECTBO a30Ta (MEHEe ICCSTH 9acTeil Ha

MIJUTHOH). MOHOKprCcTa/UT aMasa Tuma Ila xpaiine pemko
BCTpEYaeTCs B IPHUPOMAC; OH COCTABJISICT, BEPOATHO, MCHEE
2% cyIiecTBYIOIIMX MPUPORHBIX anMasoB [30]. B Hacrosimee
BpeMsl CUHTETHYECKHE MaTEePUaIIbl TI0 CTPYKTYPHOMY COBEp-
LIEHCTBY IPEBOCXOMAT JIy4llle NPHPONHbIE MaTepHasbl Ha
HECKOJIbKO MopsiaKoB [31].

B mocnename rombl MOHOKPHCTAJTMYECKHN ajiMa3 He ObLT
MIPEANOYTUTESIBHBIM MaTePHaIOM ISl PEHTT€HOOITHIECKIX
9JIEMEHTOB H3-32 €r0 HHU3KOTO COBEPIICHCTBA M MaJIbIX
pa3mepoB. Pasmep onTUYecKoro 3jeMeHTa (HampuMmep, Mo-
HOXPOMATOpa) MOXET ONPEIEeISITh IUIOManb cedeHusi cdop-
MHPOBAHHOTO UM PEHTI'C€HOBCKOTO IyYKa U, CJIEOBATEIIBbHO,
JIUIMUTHPOBATh pasMep ucciegyemoro oobekrta. Iloatomy,
HECMOTpsl Ha MpUBJICKAaTEJbHbIE CBOWCTBA aiMasa, MJif
MIPOM3BOJCTBA OOJIBIIMHCTBA PEHTICHOBCKUX ONTHYECKHUX
3JIEMEHTOB B OCHOBHOM HCIIOJIb3YeTCsl KPEMHUIL.

3.2. Mopbop oxnaxpgaloWwmx XULKoOCTEN

Haubonee pacnpoctpaneHHbll criocod 60pbOB C Tep-
MOHAIIPSHKEHUSAMH B TaKHX ONTHYECKHX 3JIEMEHTaX, Kak
MOHOXPOMATOPHI U 3epKaJjla, SIBIACTCH UX OXJIaXICHHUE KU/-
KOCTAMU. MexaHnu3Mbl OXJIQKICHUSI OCHOBAaHbI Ha KOHBEK-
THUBHOM TEIUIOOOMEHE IOTOKAa KUAKOCTH C IOBEPXHOCTHIO
PEHTTEHOONTHYECKOTO JIeMEHTa.

BonsiHoe oXJakaeHHe B HACTOsIICe BpEMs SIBJISCTCS
HanboJiee PacIpOCTPaHEHHBIM METOIOM YHaJCHHs Telula
OT PEHTI'CHOBCKHMX ONTHYECKUX KOMIIOHEHTOB. AJIbTepHa-
TUBHBIA TIOXO[ 3aKJIIOYaeTCsd B HCIOJIb30BAHUM JKUOKUX
METaJUIOB B KauecCTBE XJIalareHTa [l KOMIIOHEHTOB PEHT-
IeHOBCKOM onTukd. Kupkue MeTauisl 00ecleunBaloT 3Ha-
YuTESIbHOE YiydlleHHe S(P(EKTUBHOCTH OXJIAKICHUS IIO
CPaBHEHHUIO C BOHOH OJlarogaps CBOUM TEIUIOBBIM U ¢u-
3MYeCKUM cBoHCTBaM. JKuJIKHEe MeTaulBl, Kak IpaBuJIo,
00J1ajaloT BBICOKOH TEIUIONPOBOAHOCTBIO, OOJIBIION 00b-
€MHOHM TEIUIOEMKOCThIO M HIMPOKHAM JIWANa30HOM Paboumx
Temneparyp. Bucmyt, 010BO, JUTHH W WHAWHA SBIISIOTCS
OTVINYHBIMH OXJIXKTAIONIUMHA JKIAKOCTSIMH, OCOOCHHO JIU-
THii, C €r0 OYEeHb BBICOKOH TEIUIONPOBOAHOCTBIO M OYCHb
BBICOKOH YHEJIPHOM TEIUIOEMKOCTBIO Ha EIMHHMIYy OOBeMma.
OnHako 3TH YeTHIpE BEIecTBa OBUIM OTKJIOHEHBI M3-332 MX
YMEPEHHO BBICOKMX TeMIeparyp IutaBieHus. Cremyronme
IBa, HATPUH M KaJMil, TaKKe SBJISIOTCS OYCHb XOPOIIH-
MH OXJIQKTAIONMMH JKUAKOCTAMH. VIX nmama3oHsl pabodmx
TeMIIepaTyp MeHbIe, YeM y HpedblIyluX KaHAugaToB, HO
BCE K€ JOCTaTOYHO BEJIMKU, U €CJIM Obl He OBbLIO JIydlIero
BapuaHTa, OHU ObuUIM OBl IEpPBBHIMHU KaHAMAATaMH Ha POJIb
MIPEIOYTUTEIIbHOI OXJIaXKaalommel *uakoctu. X riiaBHbIN
HEJOCTaTOK B TOM, YTO OHH CHJIbHO B3aHMOJIEHCTBYIOT C
KUCJIOPOZIOM U BOHOI M, TakuM 00pa3oM, IPecTaBJAIOT
BO3MOXKHYIO ONACHOCTb BO3TOpaHUs M TPeOyIOT CIelHalb-
HBIX Tponenyp obpamenud. Kugkumit pyounuii obsamaeT
BCEMH HEOOXOMMMBIMU XapaKTEPUCTHUKAMH Uil CO3TaHUS
OTVINYHOM OXJIAXKIAIONICH JKUIKOCTH, 1 €0 MOYKHO OBUTO OBl
paccMoTpeTh, eciu Obl OH He OBUT TaKuM JOpOruM. [asutwii
W 1e3uil UMEIOT BIIOJIHE IpHEMIIEMbIC TEMIIEPaTyphl ILIaB-
JICHUS], YyTh BBIIIC KOMHATHOI TEMIEPaTypbl, U XOPOIIYIO
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TeIUTONPOBOAHOCTb. ['ayummii OpUT BEIOpAaH BMECTO IIC3UST W3-
3a ero ropasno 0ojiee BBICOKOH Y/IEIBbHOH TEIUIOEMKOCTH Ha
eIUHUIYYy Oo0beMa, JIy4IIero AWarna3oHa paboumx Temmepa-
Typ, ropas3no 0ojiee HU3KOTO AAaBJICHNUS ITapoB, U €ro TOpasio
MEHEee PEaKTHBHBIA XapakTep IPH BO3NCHCTBAM KHCIOPOMA
u Bomel. Huskoe maBjieHME mapa O4YeHb BaKHO IpU padboTe
B Cpefie C BBICOKMM BakyyMoM. PTyTp Obuta OTBeprayTa
M3-32 €€ IUTOXOH TEIUTOMPOBOTHOCTH, HHW3KOTO JHAana30Ha
paboumx TemrepaTyp W OYEHb BBICOKOT'O IaBJICHHS Iapa.
YTeuka B KOHType PTYTHOTO OXJIaXKICHHS OyIeT cepbe3HON
Ia)e MPY KOMHATHOM TeMIiepaTtype U O4eHb Cepbe3HOH MpH
MOBBHIIICHHBIX TEMIIEpaTypax.

HaunbGonee wMHoroobGemammeil  KUIKOMETALIIAYECKON
OXJIaXKMAIomel  KUAKOCTBIO, UACHTH(UIMPOBAHHOH Ha
CErOMHALIHUN JI€Hb, ABJIACTCA XUIKUN TaJuIMii, KOTOPBIH,
MO-BUAMMOMY, OOJlaaeT BCEMHU jKEIaeMbIMU CBOICTBaMHU
W HauMCHBIIUM KOJIMYCCTBOM HEXKEJIATEJIbHBIX CBOMCTB
WCCJICAOBAHHBIX KUAKUMX MeTa/UtoB. IloMMMO 0cCOOBIX
CBOMCTB MKHUIKUX METAJUIOB, KOTOPHIE IEIA0T UX XOPOLINMU
TEIJIOHOCUTEISIMY, OYEHb HHU3KOE [aBJeHHE MapoB B
HIMPOKOM JHana3oHe pabouux TeMIepaTyp AeJlaeT >KUAKUN
TAUIMA  HWICaJIbHOM  OXJIAUKMAIOMIEH  KUIKOCTBIO  JUIA
HCIIOJIb30BAHHSI B YCJIOBUSIX BBICOKOTO Bakyyma [32).

Kunxumii rajumii UMeeT OTHOCUTENBbHO Xopounune (u3u-
YecKHe CBOHCTBAa IO CPaBHEHMIO C BOIOW, 4YTO HeJjlaeT
€ro MCIOJIb30BaHHE B KA4yeCTBE OXJIAXKHAIOIICH >KHIKOCTH
MpuBJIeKaTeIbHBIM. Kpome Toro, rayuimii CTaHOBUTCS KUI-
kuM nipu 29.8°C, u, Korga OH CIUIaBJIAETCA C MHAMEM M0
ero 3BTekTnYeckoil popmer (76 mass.% Ga—24 mass.% In),
TeMreparypa IUIaBjIeHus cHmxkaercs: 1o 16°C, u oH cTaHo-
BUTCS KHUIKAM IIPH KOMHATHOHM TeMmmeparype. JlaipHeiinee
crutaBiienne rayums ¢ Sn u Zn (61 mass.% Ga, 25 mass.% In,
13 mass.% Sn u 1 mass.% Zn) cHwkaeT Temneparypy IJaB-
sennst mo 10°C [33].

B pacderax mckaxeHWi mTu(PaKIIMOHHOTO KPUCTAIIIA OC-
HOBHBIC Pa3JIMIUs JUI Pa3HBIX OXJIAKTAIOIMNX KUTKOCTEH
CBSI3aHBI C Pa3HBIMH 3HAYCHUSAMH KOA(DPHUIMCHTA TEIUIO-
nepenaur h. DTOT mapakmerp, 3aBUCAIIMA OT MOJEIU
OXJIQXKICHNSI, OIMCHIBACT KOJIMICCTBO TEIUIa, KOTOPOE Iie-
penaercsi OXJIAKIAIONICH JKUIKOCTBIO Ha EIMHUITY IJIOMAIN
TBEP/IOro TeJia Ha Ipajlyc TeMreparypst [7]:

h — Al k/d + A2(ko.écg.4/d0.2v0.8)vo.8’ (4)

e K — TeIIONPOBOIHOCTh OXJIAXKIAIOUICH KUIKOCTH,
C, — oObemHas TemI0eMKOCTb, V — CKOPOCTb OXJIaXKHa-
IolIeil JKUAKOCTH, U — KHHEMaTH4ecKas B3KOCTb, d —
paccTosiHMe, TTOAOOHOE T'MAPABJIMYECKOMY OHaMETPy OXJIa-
KIaoIero KaHana, Aj, a Ay — ko3 (HLIUEHTE, T03BOJIsA-
IOIHE SMITMPUYECKH YIUTHIBATD FEOMETPHIO OXJIAXKIAIOMINX
KaHaJIOB.

IlepBblii WwieH mpencTaBisieT cOOOH KOHCTAHTY, 3aBUCH-
IIyI0 OT TEIJIONPOBOTHOCTH KUIAKOCTHA M (POPMBI OXJIaXKa-
IOINNX KaHajoB. BTopoil wieH sBisercs (yHKIuei MHOTHUX
MEPEMEHHBIX W MMEET IOYTH JIMHEHHYIO 3aBUCHMOCTH OT
ckopocTH )uakocTi. O4eHb HU3Kask TEIJIONPOBOIHOCTD BO-
OBl TI0 CPaBHEHHIO C TJUIEM JejiaeT h oueHb MajibiM JIst
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Tabnuua 2. CpaBHeHHE TEIUIONEPENAIONIMX CBOMCTB JKHIKOIO
raJUInsi, BOIbL, JKUIKOTO a30Ta M JKHJIKOTO MpONaHa

Bemectso k [W/(em:K)] | C, [J/em?®] | kK*6Cv%4/v*®
Ga(50°C) 033 222 90.0
H,0(20°C) 0.006 4.19 5.34
N, (—170°C) 0.0014 1.60 457
C3Hg(—170°C) 0.0020 1.40 1.38

IIpuMmevanue. K— TEUIOMPOBOTHOCTD OXJIAKIAIONIEH KUAKOCTH, C,) —
00beMHasl yaeJsbHast TeIJIOEMKOCTD [5].

BOJIBI IIPY MaJIbIX CKOPOCTSIX MOTOKA; TAKMM 00pa3oM, Bozia
ABJIIETCA IUIOXOH OXJIaXKHaloled XUAKOCTbIO NPHU HU3KUX
CKOpPOCTAX MOTOKA. IIpyu BEICOKHX CKOPOCTAX OTOKA BTOPOM
WICH NOMHHHPYET, HO U 371ech h JuId rayums mpomosnKaeT
OBITh 3aMETHO BBILIE, Y€M 71 BOBL

B Tab:1. 2 nepeuncsieHbl BaKHbIE TEIUIOBBIE CBONMCTBA 1A
rajuldsi, BOAbL, XUJIKOIO a30Ta U MUAKOro npomnaxa. Iauimit
Ha CErofHAIIHMIA JIeHb siBIAeTcd Hambosee 3(PPEKTUBHBIM
TEIJIOHOCUTEJIEM B 3TOM rpynmne. JKuaxuil a3oT u KUIKAH
IIPOIaH ABJIAIOTCA OXJIAXKIAIOIUMY XKUAKOCTAMY IIPU A0OCTa-
TOYHO HU3KUX TEMIIEpATypax U MOTYT MCHOJIL30BaThCSA JJIS
oxyakneHna kpemaus no 125 K. Ilpm aroit Temmeparype
KO3()(QULIMEHT TEMJI0BOIO PacUIMPEHHs] KPEMHHs IPOXOIUT
4yepes HyJlb, a TEIUIONPOBOAHOCTb YBEIMYUBAETCA B YEThIpE
pasa. Ilpu temneparypax okoso 125K kpucramn kpeMmHus
O4YeHb YCTOHYMB K TEIUIOBBIM HCKAXEHHAM M MOXET OTBO-
JUTb OOJIBIIOE KOJIMYECTBO TEIJIA OT CBOEH IOBEPXHOCTH
¢ HeOOoJbIIUMU TEIJIOBbIMU IpagueHTamu. Puc. 4 wwmo-
CTPUPYET 3TH OCOOEHHOCTH KaK MJIi KPEMHHUEBHIX, TaK H
11l FepMaHUeBbIX KpUcTayl10B. OCHOBHOE pa3jinuue MEKIy
JKUJIKUM a30TOM M JKHIKMM IIPONIAHOM B KayecTBE XJIaJ-
areHTOB 3aKJIIOYaeTcA B MX IIOJIE3HOM [HMala3oHe Pabouux
Temieparyp. s xkupkoro aszora mpu 1atm pauanasoH B
14K (63—77K) 3HauMTEIbHO MEHBIIEC IO CPABHEHHIO C
pabounm nuanasonom 145K (86—231K) puist nmponana. 3to
pasJyiMuKe OYeHb BaXKHO, €CJIM TPEOYETCs: OTBOAUTD OOJIbIINE
TEIJIOBbIE HATPY3KHU.

Ipenesns! 3¢ dexTUBHOCTH KPEMHUEBOIO MOHOXPOMATOPa
C KPUOT'€HHBIM OXJIaXKIE€HUEM OBUIM U3y4eHbl TEOPETUYECKU
¢ nomouipio MKD [10,30,34]. Bruta mocrpoeHa 3aBUCHMOCTb
CpeIHEKBaipaTUYHON OIMMOKYU TEIUIOBOI'O HAKJIOHA KPUCTAJI-
Jla KPEMHHUsSI B 3aBHCHMOCTH OT IIOIVIOLIEHHOH MOLIHOCTH
npy pasiMYHbIX yriiax bparra (puc. 4) st sKkcnepuMeH-
tampHON JiuHMM UPBL6 EBpomneiickoro neHTpa CHHXpO-
tpouHoro n3nydenusi (ESRF) [10]. Jlerko ompenenuTs, riae
HaxoiATcs pabovyue TOYKM KPHCTa/Ula KPEMHHUs IIPU TOKE
anexTporHoro mydka 200 u 300 mA.

MO)XHO BBIIESIUTh TPU OOJIACTH MOLIHOCTU U3JIyYe-
Hus [10,30,35]:

1) nuueiinas obacTs: B 9T0M obsacTy ommrOKa TeMiepa-
TYPHOI'O HAaKJIOHA JIMHEWHO IPONOPLMOHAJbHA NOTpedisie-
Moii MomHOoCTH. Temmeparypa kpuctayia meree 125 K.
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Puc. 4. CpennexBanpartiyHasi ommMbKa TEMIEPATypHOTO HAKJIO-
Ha 6 KpucTajUla KPeMHHUS, OXJIAXKIAEMOIrO JKHIKUM a30TOM IIpU
HEepPEeMEHHOIl TelyIoBoil Harpyske P mpu pasHeix yriax bparra
6 (I — 231°, 2 — 20.1°, 3 — 16.0°, 4 — 123°, 5 —
102°, 6 — 94°, 7 — 6.6°). A — smHeliHas oOiacth, B —
nepexonHast 001acTs, C — HesMHEHHasi 06J1acTb (CM. HOSICHEHHS
B tekcre) [10].

2) mepexoqHasi 00JIACTD: TeMIepaTypa KpucTawia Si, Ipu
KOTOPO#l KO3((HIMEHT TEIJIOBOTO PACIIMPEHHsT paBeH HY-
o, cocrabisger okoino 125K. B astom ciydae ommbxa
TEIUIOBOI'0 HAKJIOHA MUHUMAJIbHA.

3) HesuHeliHasi oOsacTh: OMMOKAa TEIUIOBOTO HAKJIOHA
OBICTPO YBEJIMYMBACTCS C MOINHOCTBIO, a TeMIepaTypa
kpucrasta — Goee 125K [30].

[ony4deHHble pe3ysbTaTel YIOOHH! Uil Pa3pabOTKU U OIl-
TUMHU3ALUA MOHOXpOMATopa Ha Kpucraiwie kpemuus. Mmes
COCTOUT B TOM, 4TOOBI HE paboTaTh B HEJIMHEHHON 00IacTH.

[ToBepxXHOCTb ~ KPUOTEHHO-OXJIAKIAEMOIo  KpHUCTaslla
KPEMHHsI BOTHYTa TIPH HU3KOH TEIUIOBOM HArpyske (4ro
COOTBETCTBYET OTPHUIIATECIIbHBIM 3HAYCHHUsM IapamMerpa «
Ha puc. 4), BBHIIYKJIA IPH BBICOKOM TEIUIOBOM HArpyske
U MMeeT CJIOKHYI0 (OpMy, B CpPEIHEM IOYTH ILIOCKYIO,
npu cpefHed TertoBoit Harpyske [11]. deranshas ¢opma
TepMHUYeCKH Ae(OPMUPOBAHHOTO KPUCTaUla KPEeMHHS
CYLLIECTBEHHO BJIMSIET Ha BOJIHOBOM ()POHT ITy4Ka Ha BBIXOME
MoHoxpoMaropa. Ilapamnenbhbii mydox PJI mMoxer crath
CXOmsIUMCs (PacXOMISIIIUMCSI) TIPH TEPMHUIECKOi aedopma-
LMK KPUCTaJlIa B BOTHYTYIO (BbIMyKITyi0) opmy [10].

Paszsmuaror fBa crocoba B3auMOAEHCTBHS OXJIAKAAOIIEH
’KUIKOCTU C PEHTI'€HOONTHYECKAM HJIEMEHTOM — IPSIMOU
U KocBeHHbIM. Ilpu mpsiMOoM (BHYTPCHHEM) OXJIAKICHHU
JKHIKOCTD OXJIAXIACT HEMOCPEACTBCHHO CaM 3JIEMEHT; MPH
KOCBEHHOM (KOHTAKTHOM) OXJIXKICHUH BBHIICISIEMOE B 3JIe-
MEHTE TEIUIO OTBOIUTCS OXJIAKTAIOIINMY OJI0KaMH, KOHTaK-
TUPYIOLIUMHA C HUM.

3.3. [pamble meToabl oxnaxaeHusa
Kpuctanimyeckmx MOHOXpoMaTopoB

Tpu HauGosiee pacmpoCTpaHEHHBIE T€OMETPUM TIPSIMOTO
OXJIQXKICHHUsI TIOKa3aHbl Ha puC. 5. OXJIaKICHUE HIDKHEH
HIOBEPXHOCTH IUIOCKO# IJIACTHHBI (T€OMETPHS TIIOCKOM IIa-
crunbl) (puc. 5,a) — caMblil IPOCTOI U PacIpOCTPaHEH-

.
.
s

777777
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Puc. 5. CxeMbl Tpex pacIpOCTpaHeHHBIX TEOMETpPHil MPSMOro
oxJtakaeHus [5] (CM. HOSICHCHHST B TEKCTE).
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%

RN

Puc. 6. Cxema mpsIMOro OXJIXJICHHsS MNEPBOro IUICYa [BYX-
KPHUCTAIBHOTO MOHOGJI09HOrO MoHOXpomaropa (I — mydok CU;
2,3 — mepBoe M BTOPOE IUIEYO MOHOXPOMATOpa COOTBETCTBEHHO;
CTpEJIKH [OKa3bIBAIOT HAIPABJICHAC LUPKY/ISUUN Bofbl) [37].

HBII ITOJIXOJI, UCIIOJIb3yeMBIil TaM, I TCIUIOBbIC HArpy3Kd
COCTaBJIAIIOT Bcero Heckombko W/cm?. Hampumep, B pa6o-
tax [36,37] mpsMOMY OXJIQXKICHHMIO IOABEPrajcsi HEepBbId
KPHUCTAJLT IByXKPUCTAIBHOr0 MOHOXpoMmaTopa (puc. 6). OH
COCTOUT U3 TOHKOCTEHHOH KpPEMHHEBOH ,KOpPOOKU“, THO
KOTOPOI NPUKJICCHO K BOISTHOMY KOJUICKTOPY M3 HEpIKaBelo-
el cranu; Bofa MojaeTcs 1o CTPYHHBIM TpyOKaMm, Harpas-
JICHHBIM TICPIICHANKYJISIPHO THUIBHOM CTOPOHE KPHCTAJIA.

OxJaxpaonme KaHajbl, pPAacIOJIOKEHHbIE HEeIoCpen-
CTBEHHO TMOf pabodyedl IOBEPXHOCTHIO MOHOXpOMATopa
(puc. 5,b,c), HamHoro sd¢exruHee. Takue KaHasbl, OYe-
BUIIHO, MOJDKHBI pacIoiaraTbcsi KaKk MOXKHO OJlke K Ha-
rpeBaeMoii moBepxHocTr. Ham kaHaiaMi HaXOOUTCS TOHKHIA
(4, cremoBaTesibHO, THOKHUIA) CIIOM Marepuasia, W3BECTHBIN
KaK ,,ropsidas CTEHKa™, KOTOPBHII HMeeT TeMIIepaTypHbIA
I'paMeHT IONepeK HEero W KOTOPBI, eCIM ero He KOM-
MICHCHPOBATD, MPUBEAET K IOSBJICHUIO BBITYKJION KPHUBU3HBI
ciost. Ilom kaHanmamu HaxomuTcsi OOJBIION TOJICTHIA OJIOK,
KOTOPBIA TOJDKEH MMETh 3HAYUTEJIBHO OOJIBIIYIO YKECTKOCTb
(TosmHY), YeM ropsiyasi crenka [38].

MoxeT cos3garbcd BIIEYAaTJIEHHE, YTO MCIOJIb30BaHUE
KPYIVIBIX OXJIAXIAIOMHX KaHaJIOB YMEHbIIACT MOBEPXHOCTD

JXypHan TexHuyeckol douauku, 2024, Tom 94, Boin. 1
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Puc. 7. Ilpensiaraemasi reoMeTpusi MUKPOKAHAIIOB: ¢ — KJIACCH-
qyecKkast KOHCTPYKIWUs, b — KOHCTpyKmus 2+1, ¢ — KOHCTpYKIHS
»COHIBIY“, d — KOHCTDPYKLWS ,,pebpo K pedpy™ [46].

»»KHAJIKOCTb-KPUCTAJUT  [UIsI OTBOIA TEIUIA, HO TaKasi TeoMeT-
pus QakTHYecKH yBesuuHMBaeT 3(P(eKTUBHYIO TeIulonepe-
madwy Ha 57% wum ymenpmaer AT MeXmy >KHUIOKOCTBIO H
KPUCTAJUIOM HA aHAJIOTWYHYIO BEJIMYUMHY IO CPABHEHUIO C
reoMeTpueil IJI0CKo MyiacTUHbL KaHasbl ¢ IpsMOyroibHbIM
npodmwieM MOryT eme OoJbllle YBEJINYMTh IUIOMIAIb TEl-
JIoOOMEHa: ,,oxJIaxaaomuii 3¢ ekt pedep”no3BoisgeT OTBO-
IOUTH Topasmo Oosbmie Terta s ¢pukcupoBanHoro AT, dem
B CJTy4ae IUTOcKoi reomerpun. Popma KaHaI0B, OKa3aHHAsI
Ha puc. 5, ¢, yBenuuuBaeT kK03 uimeHT Temnonepenadu B 5
pas. Takoil moIxo MOMOYKET YMEHBIIUTD pasMep TEIUIOBOTO
yapa 3a CYeT CHIDKCHHS CpeIHeil TeMIepaTyphl B BepXHel
YacTu Kpucraa [7].

B pabore [39] coobmanoch 0 co3MaHMd MOHOXpPOMATOpa
C TpsAMBIM BOISHBIM oOXJaxmeHuemM ¢ 11 HeOompmmMu
otBepcTusMu (uamerpoM 1.5 mm), IpOCBEepJICHHBIMA IO
IMIMpHHE KpUCTalla BOJIM3U ero ONTHYECKON OBEPXHOCTH.

Hdyis onTUMasbHOM TeIulolepeayn pa3Mepsl KaHaJIoB
MMEIOT TCHICHIMIO K yMeHblIeHno ($opmyna (4)), u usro-
TOBJICHHC KaHAJIOB CBEPJICHHMEM CTAHOBUTCS 3aTPYIHUTEIb-
HbM. [109TOMY KpeMHHEBBIiI MOHOXPOMATOP OOBIMHO COCTO-
UT U3 [BYX IOJIOBHH: JIMLIEBOI MaHEIH ¢ OXJIKAAIOMUMU
KaHAJIAMH U HIDKHEro omopHoro oosema (puc. 7,a). Conps-
raemple OJIOKU MOJUPYIOTCS HOCJE JII000H MeXaHWYecKOi
00paboTKH, YTOOBI 00ECNeUnTh IUIOCKUAE MOBEPXHOCTU IS
HOCIIeyIoIel MpoLeaypsl ckienBanust. B padore [40] Gbuto
MCCJIEIOBAHO UCIIOIBb30BaHNE B KPEMHHUEBBIX PEHTI€HOBCKUX
MoHOXpoMaropax MukpokanaiioB (MK) BomsiHoro oxsaxie-
HHS C pa3MepaMy, ONTUMHA3ZUPOBAHHBIMU [T 3P (EKTUBHOM
KOMIIeHCAllul TepMoHanpsbkeHuil. Takue kaHayiel OOBIYHO
uMeroT mupuHy okoso 40um um rnybuny 400um. MK
MOT'YT OBITH TIPOPE3aHbl AJIMa3HOH MHJIOH, 8 OHOPHBIA 00beM
00paboTaH ajMa3HbIMK KOHIIEBBIMU (hpe3aMu U KOPOHYATHI-
mu csepsiamu [41]. TTociae mexaHnueckoil oOpaboOTKH /iBe
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TIOJIOBUHKH COCOUHSIOTCS. [{J1s1 MpUMEHEHNH MOHOXPOMATO-
pa ¢ IpsAMBIM OXJIAXKICHUEM TpedyeTcs, YTOObl COeAUHEHNE
00J1aalo CICYIUMHA CBOMCTBAMI: MUHIUMAJIbHAsST nedop-
Manys, BbI3blBaeMasi B KpUCTaJUIe, paiuallioOHHast CTOUKOCTD
VI IJIUTENBHOTO CPOKa CIIY’)KOBl M I'epMETHYHOCTb IS
MPENOTBPANICHHS YTCUCK OXJIAKIAIOIICH YKUIKOCTH B BaKy-
yMHYIO cucremy [42].

B nmreparype cooOmanoch 0 HECKOJIBKMX METOHax co-
enuHeHns [43,44]. O6muM 1S Bcex CrocoGoB sIBIISIETCS TO,
9T0 OHH JeOPMUPYIOT KPHUCTAJUIMYECKYIO pelieTky [45].
3HavnTesbHbIC 1e(OpPMAIlId MOTYT OBITH BBEICHBI B KpH-
CTaJUI BO BPeMs €ro U3roTOBJICHUS U COSAUHEHMUS.

ABTOpBI paboThI [46] NPEIIOKIIA TPH HOBBIX KOHCTPYK-
mn MK u cpaBHWIM HX € ,KJIaCCHYECKOH“ KOMITOHOB-
koit MK. Jlm3aitHBl TOKa3aHbl CXEMaTW4eCKH Ha puc. 7.
OO6mas crpaTerus KOHCTPYKLUU 3aKJIIOYAeTCS B CHIDKCHUU
nehopManum, co3naBacMoil COSTMHEHNEM IBYX KPEMHHEBBIX
6J10x0B. Bee Tpu Monesn MK nokaspiBaloT MeHbIIEE YBEIU-
YeHHUE IUPUHBI KPUBOI KavaHWUsI.

YT00B yMEHBIINTD TUTONIANb edopMaryy, Obuta MpoTe-
crupoBana KoHCcTpykimst MK ,2+1“ (puc. 7,b). Unes kou-
CTpyKIH 2+1 COCTOUT B TOM, YTOOB! MCKJTIOUYUTD KOHTAKTHI
MEXIy OByMs peOpaMu M3 KaKIBIX TPEeX U YBEJIMYUTb Tpe-
The pedpo. YMEHbIICHHE IUTOMAaAN KOHTAKTa MEXKIY BYMS
o0beMaMi YMEHBIIIIIO TTOBEPXHOCTb Aedopmarmu. OmHUM
U3 TPEHMYIIECTB 3TOTO IIOAXONA SIBJISACTCS YBEJIMYCHHE
IIPOCTPAHCTBA JJIS IIOTOKA OXJIAXKAAIOIIEH HKUIKOCTH MEXKIY
pebpamu, UTO CHI)KAeT MOTPeOHOCTh B BBHICOKOM JaBJICHUH
’KUIKOCTH (BBICOKOE [IABJICHHE U3-32 PACXOfIa OXJIAKIAIOIICH
Cpemsl MOXET 1eOpMUPOBATh MOBEPXHOCTb KPUCTAIUIA).
Kpome Ttoro, nBa HeOospmux pebpa Mexmy Oosee IUpoO-
KUMHU pedpaMy yCHIMBAIOT KOHCTPYKLIMIO MOHOXpOMATopa.

Bropas mpemoxeHHass KOHCTPYKLHS COCTOMT M3 KJlac-
CHYECKOTO BEPXHEro M HIDKHEro OMOPHOro o0beMoB. s
yMeHbIIeHus nedopMalui KpeMHUeBas NepexoqHasl BCTaB-
Ka tommuHOW 0.5mm ObUla HOMemeHa MEXTy BEpXHHM
U HIDKHUM OIOpPHbIM oObemamu. PyHKIMA 3TOH cpemHeit
YaCTH COCTOUT B TOM, YTOOBI KOMIICHCUPOBATD M IOTJIOMIATD
HanpspkeHue. TpereuMm usaiinom MC Obuta  KOHIETIUS
,»pebpo k pedpy” (puc. 7,d). IIpenmyIiecTBOM KOHCTPYKIHI
,»pebpo K pebpy* sBiseTcss HeOosblas IJIOMAas KOHTaKTa
MEXIy BEpXHAM W HIDKHAM OObEMaMH KPEMHHS U OTCYT-
cTBUE OOKOBOH AedopmalumL.

U3 SKCrepuMEHTAJIbHBIX KPUBBIX KavyaHWS M MOMIEJICH,
NOCTpOeHHbIX MeTogoM MKD, criemyer, uTo mpefarae-
Mble KoHCTpyKimn MK mpencraBisiior co6oil 3HaYATETIbHOE
yayumenue. Knaccuueckas xonctpykuuss MK umena cpen-
Hee yBeJIMYCHHEe KPUBOW KadaHWsl MpuMepHo Ha 8 mrad mpu
UCIIOJIb30BaHUN QIOMUHUEBOrO TPHIIOS M CJIOA KPEMHHS
tonmmuaoi 1 mm Hag MK. Koncrpykiwmsa ,,pe6po k pedbpy™
CHIJKaeT 3TO 3HayeHue 10 Smrad, a 3a CUET yBEJIMYECHUS
cioss Hax MK mo 2mm ero MOXHO CHU3HWTHL O MEHEE
yeMm 2.5mrad. OgHako Ipy 3TOM MOBBIIIAETCS TEMIIepary-
pa pabodeil TOBEPXHOCTH W3-32 MEHBINEH 3(PPEeKTHBHOCTH
OXJIQXK[ICHHsI Ha HECKOJIbKO IpamycoB [46], B TO ke Bpems
CTJIaKMBast KOJICOAHWsT TEMIIePaTypBhL.
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Puc. 8. ¢ — cxema Momesm mrugToBoro oxsaxaeHusi (I — BepxHsisl IUIACTHHA KPEMHHMEBOIO MOHOXpoMaropa co mrudramu, 2 —
HIDKHMI OTOPHBIA 00beM, 3 — MeTauInueckuil nepxkaresb). CTpesikaMu IOKa3aHbl HAIpPaBJICHUs! BOASHOIO MoToka [52]. b — mpumep
KOHCTPYKLIMU BEpPXHEil IUTACTHHBI MOHOXPOMATOpa (CTPEJIKA YKa3bIBACT HAIPABJICHIC BOASHOIO IOTOKA) [53].

Hmst GoppOBl ¢ TEpPMOHAMPSHKEHUSIMA MOHOXPOMATOPOB
¢ MK B kauecTBe OXJIKHAIOMIMX JKUAKOCTEHl MCIOJIb3Y-
ercsi Boma [40,43,46,47) wm sxupkmii rayuain [33,48,49);
KPUOT€HHOE OXJIQ)KICHUE UCIIONb3yeTCs CPABHUTENIBHO pell-
Ko [50,51].

[Ipr wcmonb30BaHMM BOIBI B KAa4YEeCTBE OXJIAKNAIOMICH
KUIKOCTU CJIefyeT TaKKe PacCMOTPeTb INTH(TOBBIC Tel-
Joobmenunkn [42,52,53]. Ha puc. 8 mokazaHa Mopenb
IITU(TOBOrO OXJIAXICHHUA. 30HA OXJIAXKICHHUSA pas/iesieHa Ha
HECKOJIbKO f4eeK, BKMovaonmx Habop mTudros. IItud e
B siYeiKe MPEpPHIBAIOT IIOTOK BOJBI, 4 3aTEM CO3MIAIOT TYpOy-
JICHTHBI TOTOK VISl MOJTyd9eHUsi 6OJbIero kosdduumenta
TEIUTONePEIayH.

IIpu paspeseHun OoJBLION IUIOIIAAM OXJIAXKICHHUS Ha
MaJICHbKUE SYCHKH IOIXONSIIEro pasMepa He TOJIBKO IOf-
Aep)KuBaeTcsi HeOOJBIION IMepenaj JaBJICHUS W3-32 KOpPOT-
KUX IIyTeil IIOTOKa BOIbl, HO U BCS IUIOIIA[b OXJIAXKAACTCS
paBHOMepHO. D¢ eKT 3axkimodaeTcs B TOM, YTO MpU pe-
QIBHBIX JIABJICHUSIX CKOPOCTb IIOTOKA OXJIAXKAAIOIIeH >KUI-
KOCTH BOJIN3M TOpsiYeil CTEHKW Ha IMOPSIOK BHINE, YeM
CKOPOCTb, KOTOPYIO OOBIYHO MOXKHO HOJIyYHTh B KaHAJIaxX
¢ omHOpomHEIM TonepedHbM cedeHneM [38]. Koaddumment
TeIUTONIepeadl CUCTEMBbl IITHIPEBHIX sieek B 2—4 pasa
6onbme, yem y cucreMol MK mnpu Toil ke ckopocTu
xuaroctn (Kak ciemyer u3 ¢opmyisl (4), yem Gosbime
CKOpOCTB, TeM Gostblire KO3(pGUIMEHT TeIUIonepenayn).

[Ipouecc U3roToBsIeHUs KpUCTasla ¢ TYEUCTOH IWTU(TO-
BOH CTPYKTYpBI COCTOMT M3 JBYX 3TamoB. llepBblii 3aKimo-
qaeTcsd B M3TOTOBJIEHHM COTOBOM CTPYKTYphl IITU(PTOB, a
Apyrol — B COCIMHEHHM KPEMHHUCBBIX IUIACTHH. ABTOPBI
paboTsl [52] M3rOTOBHJIM MacCHBBHI INTH(TOB C ITOMOLIBIO
HECKOCTPYHHOI 00paboTKU. DTOT METON ABJIICTCSA IPOCTHIM
M HEIOPOTHM JIJIsl CO3/IaHUS HEerTyOOKHX KaHaioB. CpenHuii

mrameTtp mTrdToB — okosto 0.3 mm, BeIcOTa IITU(TOB OKO-
g0 0.2 mm, mar mtudToB okoso 0.5 mm. [na ckperieHns
KPEMHHEBBIX 00BEMOB HCIIOIb30BaIach IBTEKTHUKA Au/Si.

OxJtaknaeMbple KPEMHHEBbIE TOMJIONKKH JIJII MHOTOCJIOM-
HOH ONTHKH TaKXXe MOTYT OBITb W3TOTOBJICHBl C BHYTPCH-
anvu MK [41,54,55]. TlokasaHo, 9TO MPU 3TOM BIIHSIHHE
MOKPBITHSL HA TEMIIEPATypy H Ae(HOpPMAIUI0 He3HAYUTEIIBHO.
TerutoBoe HanpshKEHHE B MHOTOCJIOWHOM ONTUKE 3aBUCHUT OT
pasHUIBI KO3 HUIMEHTa TEIUIOBOTO pacimupeHust K Mexmy
MaTepUaJioM CJI0sl U MaTEePUAJIOM TIOJIONKKH, HO HE 3aBHCUT
oT pasHubl K Mexny pasHeMu moxpciosMu. B npunnmme,
9YTOOBI CBECTH K MUHAUMYMY TEIIJIOBOE HANPSKCHIE, MaTEPH-
aJT MOKPHITUS JODKEeH uMeTh K Grmke Kk K mommioskku u/vnn
MeHbImit Monysib IOHra [55].

3.4. KocBeHHble MeToabl oxnaxaeHus
KpUCTanInyecknx MOHOXpOMaTopoB

Pa3paboTka ONTHYECKUX JIEMEHTOB ¢ KOCBEHHBIM OXJIa-
*KJICHHEM OOBIYHO HAYMHAETCS C OLICHKH MX 9(p(PEeKTUBHOCTH
¢ momorsio MKD [30,35,39,56]. DddekTHBHOCTD OXTTak/Ie-
HUST 3aBUCUT HE TOJIKO OT KOd((HUIMEHTa TeIUIoepenayn,
HO TaKXe OT KOHTAKTHOTO TEILIOBOIO CONPOTHBIICHHS HA
[PaHUIIE MEXITY KPHUCTAUIOM M OXJIAKIAIOIIMM OJIOKOM.
TerutoBoe TIpaHMYHOE CONMPOTHBIICHHE, TPUXOMSIICECs Ha
CIMHMILY TIJIONIATN KOHTAKTa, ONPEE/IACTCS KaK OTHOIICHHE
CKa4Ka TeMIIepaTyphl Ha TPaHMIle pasena K TEMIOBON MOI-
HOCTH Ha €IMHUILY [UIOIIA/IA, HEPETEKAIOIIEH Yepe3 TPaHHILY
pasnena. TerwioBoe CONPOTUBIIEHAE B OCHOBHOM SIBJISIETCS
PEe3yJIbTATOM paccesiHusi pOHOHOB Ha TPAHMIIAX pasfiesia u3-
3a aKyCTHYECKOr0 HECOOTBETCTBHSI MEXIY PasHOPOIHBIMH
Mmarepuaiamu [57].

KitioueBBIME TIapaMeTpamMu, BJIMSIOMMMA HA 3TO TEILIO-
BOE KOHTAKTHOE CONPOTHUBJICHUE, ABJISIOTCS PUIOKEHHOE

XypHan TexHuyeckol dousukn, 2024, Tom 94, Boin. 1
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Puc. 9. Cxema OXJaX[IeHNA TBUIHOH ITOBEPXHOCTH IIEPBOTO
wie4a IBYXKPHCTAIbHOrO MOHOOJIOYHOTO MOHOXpoMmaropa (a) u
€ro TPEXCTOPOHHEro oxJyaxueHusi (b); I — MemHas MOMIOKKA C
KaHaJIaMH JUIsl MPKYJSILUA BOJIbL, 2 — cJioit 9BTekTuRM In-Ga [24].

HaByieHHE (KOHTaKTHOC NABJICHHE) M COCTOSIHHE IOBEPXHO-
CTH KOHTAKTHBIX TeJ Ha rpaHMIle pasiaeia [56]. Onrumab-
HbIe YCJIOBUS [IUI TEIUIOBOI'O KOHTAKTHOT'O CONPOTUBIICHUS
B BaKyyMe IIpH TeMIepaType OKpy)Kaiolleil cpembl Obun
noJtyueHsl B paborax [57,58].

1 IBYX compHKacaloluXcs HOBEpXHOCTEH, qaxe BU3Y-
IbHO OYeHb IVIAAKUX M IUIOCKUX, (paKkTH4ecKas IUIOLIA/b
KOHTaKTa 00bIMHO cocTaiisieT MeHee 10% ot obmielt morma-
au. IMeHHO B 3THX 00JIacTSX TEIUIO MepefaeTcsi OT OJHOTO
Tena K apyromy. Ilosromy m3-3a myTeil Temsonepenadw
NOTOK Tella B TeJaxX BOJM3M TPaHUIBI pas3feia Heomd-
HopopieH. 1 ToiTydeHus] XOpOIIero TEMIOBOrO KOHTAaKTa
Ha TpaHule MEXIy KpPHCTAUIOM W OXJI&XKTAeMBIM OJ10-
KoM 4acTo nomemaercsi ¢osbra In [59,60] nmm sBTEeKTHKA
In-Ga [24,59,61-63].

3.4.1. BoasaHoe oxnaxpeHue

B smreparype CyUIECTBYIOT OINMCAHHSI OXJIQXKIAEMBIX BO-
IO C THUIbHOM CTOPOHBI KpeMHHEBBIX [24,62,64] (puc. 9),
repMaHKEeBOro [65], aMasHBIX MOHOXPOMATOpOB [66,67], ¢
GOKOBBIX CTOPOH aJIMa3HOro MOHOXpomaropa [68], a Takxe
C TPeX CTOPOH KPEMHHEBBIX MOHOXpOMaTopoB [24] (puc. 9).

3.4.2. KpnoreHHoe oxnaxpaeHue

KoHcTpykimsa MOHOXpOMaTOpa ¢ KPUOT€HHBIM OXJIaXie-
HHeM [69] OGBIYHO MpenCTaBiseT coboil MPOCTOil MPsSMO-
YTOJIBbHBIN OJI0K KPEMHUS, 3aKaThlil MEXIY ABYMS MEIHBIMU
TerutoodMeHHuKamu [34,56,60,70,71] (puc. 10).

HaBnenue npwxuma B 5—10bar mocratounHo mnsg mo-
JIY4EHHUsI XOpOINEro TEIUIOBOro KoHTakTa (cM. [57,38]) m
He BBI3BIBACT 3HAYUTEJIbHOI medopManuy udparupyonmx
IIJIOCKOCTEH.

Ha rpannme Mexny KpeMHHEM M MEIbIO JUIS MOTyYCHHS
XOPOILEro TEeMJIOBOrO KOHTAKTa HMCIOJIb3YIOTCS [Ba Pa3sHBIX
METOla: B HEKOTOPBIX MOHOXPOMAaTOpaX MEXAy MEeIbIo
U KpeMHUEM BCTaBJisieTcsi MHAueBass (oJibra TONIIUHON
0.5 mm, u 3Ta Qosbra MOXXeT ObITh MOKPBITA IBTECKTUIECKIM
uHAMeM. B aTOoM ciyuae MemHble OXJIaKpaiomue OJIOKH
TOJDKHBI OBITH TOKPHITHI HUKesieM, 4ToObl In-Ga e mud-
(GyHaupoBan BHYTpb Megu. OTa ¢osibra yIydllaeT TeIlo-
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BOIl KOHTaKT W OJyiaromapsi CBO€ OTHOCHTEJILHO OOJIBIION
TOJIIIHE OrPAaHUYUBAET PE3YJIbTUPYIOINE HAMPSKEHUS U
nedopMmanuy, nepegaBaeMble KPEMHUIO IPU HU3KOM TeMrle-
parype. Ha npyrux MoHOXpomaropax HOBEPXHOCTH MEIH 1
KPEMHHUSI TOHKO OTIIOJIMPOBAHbI IO ONTHYECKOTO KadecTBa.
Hampumep, B ommcanHOM aBTOpaMu pabotel [72] momysie
MOHOXpOMaTopa pasMep Kpucramuia Si cocTaBisi 50 mm
B mmpuHy, 90mm B mmHy u 35mm B Tommuny. Jus
JOCTHKCHHUS XOPOLIEro TEIUIOBOI'O KOHTAKTA JIUCTHI MHIUS
ObUTM BCTaBJICHBl MEXHY KpUCTaUIOM M OJjiokamu. biioxu
MIPIKAMAINCH K KPUCTAJLTY HOKEBBIMH TPY>KHHAaMH, obec-
nednBasl [aBJIeHUE, MpUjIaraeMoe K IMEpBOMY KpPUCTAJLIY,
0.45 MPa.

B pabGore [56] ommcaHa KOHCTPYKIHsI y3j1a KOCBEHHOI'O
KPHUOTCHHOTO OXJIAXKICHHs Kpuctayuia kpemuus (puc. 10, a):
KpPHUCTaJUl HAXOAMUTCS MEXIY ABYMs MNPWXKATBIMH K HEMY
naseHneM okosio 0.4 MPa MenHbIME TEII0OOMEHHHUKAMI.
Kunkuil a3oT mpoTekaeT depe3 16 IMpAMOYroJIbHBIX KaHa-
JIOB BHYTPH OXJIQKIAIONICr0 OJIOKa C IUIOIMAbio ITOBEPX-
HOCTH OKoso 345cm?. PasMepsl KpUCTajljia COCTABJISIOT
60 x 24 x 40 mm. HeGomnpiyie 1 IJIOTHO PacHoOIOXEHHBIE
OXJIQJK/IAIOIME KaHATB TO3BOJISTIOT 3HAYUTEIIBHO YBEJIMYHUTD
IUIOIAb TEIIOOOMEHa, HO NPH 3TOM YBEJIMYMBAETCH CO-
MpoTHuBJIeHne NOTOKY. [103TOMy MpaBMIIbHBINA BEIOOP CTPYK-
TypHI KaHaJla BayKeH I 3(PEeKTUBHOCTHU TeIIONEpenayn, a
TaKXKe JJIsI CTaOMIBHOCTH CHCTEMbI OXJIAKICHUS (THIIMYIHbIC
pasMmepsl KaHajoB: TommuHa 1mm, Bbicora 8mm [73]).
ITockosibKy TEIIONpPOBOAHOCTL KpHCTajlla KPEMHHUS OYEHb
Boicoka npu 80K (T.e. B 1Ba pasa Bble, 4eM y MeaH),
a K03(pUIMEHT TemIonepeadd KUAKOr0 a30Ta JOBOJIBHO
MaJl, I Tepefady Telia TpeOyioTcs Oomplne IUIomany
noBepxHocTu. [ToaToMy M [JIMHA, W BBICOTA OXJIAXKIAIOMINX
0JI0KOB OObIMHO Oosibllle, 4eM Yy KpucTajula. Pesyibrar
MozepoBanuss MKD mokasan, 4ro Takass KOHCTPYKIMS
CIOCOOCTBYET OTBOYy TeEIIa OT IIOBEPXHOCTH KpPUCTAJI-
na [22).

MexaHndeckass BHOpanys SIBJIAETCS KPUTUYECKOH IIpo-
6JieMOIl 1711 MOHOXPOMAaTOPOB C KPUOTCHHBIM OXJIaXKICHU-
eM. OHa yXy[maeT OTHOIIEHHE CUTHAJ/IIYM U 3¢ ¢EeKTHB-
Hylo KorepeHTHOcTh Iyuka PJI. OOBMHBIME MCTOYHHKAMHU
BUOpanuii ABJIAIOTCA PE3KHUE U3TUObI MarkcTpasiel oxJIaxia-
oIell JKUAKOCTH M BOJHUCTHIE BHYTPEHHHE ITOBEPXHOCTH
THOKMX TPYyOOK, M30€XKaThb KOTOPHIX Ha NPAKTUKE CJIOKHO.
Bubpanmm MoryT ObITh MUHUMH3HUPOBAHBI JKECTKAM KpeTl-
JICHIEM MOHOXpPOMAaTopa, MHHUMH3ALIECH CKOPOCTH IOTO-
Ka, HCIOJIb30BaHMEM TMOKHX M IO BO3MOXHOCTH KOPOT-
KX IIJIAHTOB, TPABHUJIBHO COCTMHEHHBIX C MOHOXPOMAToO-
pom [60,72].

3.5. MpAmble N KOCBeHHble MeToAbl
oxnaxpgeHua?

Y kaxkgoro mogxoma K NPOEKTHPOBAHUIO OXJIAXICHUS
ONTHYECKOTO JIEMEHTa €CTh CBOM MPEHMYIIECTBA M HEMO-
ctatky [59]. PexxuM mpsiMoro OXJIaKICHHST MOXKET MOKa3aThb
JIydIliie Pe3YJIbTaTE, YeM PEXUM OOKOBOTO OXJIAXKICHUSL
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Puc. 10. ¢ — m3obpaxeHue KpHUCTaUla M €ro OXJAKIAOMMX OJI0KOB [56]; b — mpumMep cOOpKH OXJIKAAEMOrO MOHOXPOMATOpA.
1 — KpucTayUl KpeMHUsT; 2 — Me[Hble TeIUI00OMeHHMKH; 3 — maTuauk Temrepatypsl Pt 100; 4 — TpyObl M3 HepkaBelOIIEeH CTasId;

5 — KepaMHYeCKHe TEIUIOM30JISLHOHHbIEe UTACTUHBI [71].

OnHako CpaBHEHHE HEKOTOPHIX KPUTHYECKH Ba)KHBIX (hak-
TOPOB, TAaKUX, KaK KOMMEpYecKasg CTOMMOCTb, CJIO)KHOCTb
IPOU3BOJCTBEHHOIO IMpoliecca, MEPUON H3rOTOBJICHUS U
mpobyieMbl C MHUKpOBUOparmeil 10Ka3ajo, 4To pexuM 0o-
KOBOI'O OXJIOXHEHHS IOKas3aj JIy4ylIyl0 TEXHOJIOTHYECKYIO
paborocriocobHocTh [74,75). IleiicTBUTEIPHO, CHCTEMA C
KOCBEHHBIM OXJIQKCHUEM MMeeT psAf IpeuMmylnecTB. Bo-
HePBbIX, M3TOTOBJIEHHE KPHCTAUIOB C MPSIMBIM OXJIaXKIe-
HHEM HaMHOI'O CJIOKHee, OHO Oojiee TpyJOeMKoe M J10-
poroe. BrlpesaHue KaHAJOB OXJIaXHAIOLICH JXKUAKOCTH B
KPEeMHUH — OTHOCUTEJIbHO MeUIeHHbIH mpouecc. C apyroit
CTOPOHBI, KPHCTAJL/Ibl ¢ KOHTAKTHBIM OXJIQJKICHUEM OOBIYHO
HPEICTaBJIAIOT COOON MPOCThIe NPSIMOYTOJIbHBIE OJIOKH MO-
HOKPUCTAJJIOB KpeMHUsl. Bo-BTOPBIX, KpUCTAJLIBI C TIPSAMBIM
OXJIAXKIECHHEM TpeOyIoT BaKyyMHOI'O YIUIOTHEHHS COCIMHe-
HUSI KPEMHHI-MeTaJUTHIeCcKuil Kosiekrop [48,76]. B pabo-
Te [22] yIIOTHEHNsl U3rOTABJIMBAINCH U3 UHIUCBOI (OJIBIU
U METaUIMYECKHX YIUIOTHUTENbHBIX Kojer C-o0pas3Horo
ceueHnsd. OfHAKO IMKIMYECKOE W3MEHEHUE TeMIIepaTyphl
MO)XET IIPUBECTHU K MOTEPEe LEJIOCTHOCTH YIUIoTHeHuA. Kpo-
Me TOro, caM IIPOLIECC YCTaHOBKM YIUIOTHEHHs HEHaIeXeH:
00BIYHO TPeOyeTCs HECKOJIbKO IIOIMBITOK, IIPEKIe 4eM OyneT
IDOCTUTHYTO XOpolllee BaKyyMHOe YyIUIOTHeHue. Kpucrasn
C KOCBEHHBIM OXJIAXKICHHEM pelaeT npobjaeMy BaKyyMHOI
repMeTH3al|y, IIOTOMY YTO TPEOYIOTCS TOJIBKO YIIJIOTHEHUS
MeTaJI-MeTaJlJI, KOTOPBIE JIETKO BHIIOJIHAIOTCS.

3.6. ToHkui Kpuctann

CymiecTByeT TOAXON, OCHOBAaHHBI Ha WCIIOJIb30BAHUI
O4YeHb TOHKOIO KpucTajlla. B 3ToM cilydae TeIUIOBYIO
Harpy3skKy MOXKHO OIPaHHYWTh, HO3BOJIMB OOJIBINCH YacTH
mommaocty myyka CU He morsomatsca kpuctayiom. Kpu-
CTaJIJT IOJKEH OBITh OYCHb TOHKUM TSI MCIIOJIb30BAHUS MIPU
HU3KUX JHEPIusX M He JOJDKEH MoBepraThes Aedopmanum.
HenocraTtkoM sTOr0 MeTona SABJISIOTCS IPOU3BOICTBEHHBIC 1

UHXEHEepHbIe NMPOOJIeMBl, ¢ KOTOPBIMU MOXHO CTOJIKHYTbCS
IIPY U3TOTOBJICHUH U OXJIQKICHUH TaKOI'0 TOHKOI'O KpHCTal-
na [77).

B pa6orax [78,79] ommcaHa KOHCTPYKIHS MOHOXPOMATO-
pa ¢ KPHOTEHHBIM OXJIKJCHHEM, HCHOJIB3YIOIIasl CTpare-
THI0 TOHKOTO KpPHCTaJUTa, KOTopasi crocoOHa paboTaTh Ha
ncrousnkax CU mpm TOKax 3/IeKTPOHOB B HAKOMHTEJNIE 10O
300 mA. KimodoM k mpejpjiaraeMoil KOHCTPYKLUU SBJIAETCA
00paboTka MOHOOJIOKa KpHCTaJla KPEMHUS, B PE3yJIbTaTe
KOTOPO! OCTaeTcsi TOHKAas IUIACTHHA KPEMHHS TOJIIMHON
okoro 0.6mm, 3aKIOYeHHass MEXKAY [BYX OIMHAKOBBIX
0JI0KOB ¢ KOCBeHHBIM oxyaxkaeHueM (puc. 11). ITockosbky
KO3(QQUITMEHT TOTJIOMEHNST KPEMHHUS CTAHOBUTCSI OYCHB
MaJibIM IOpU BHICOKHMX 3Hepruax PJI, moctaToyHO TOHKWMIA
Kpucrajut 6yneT norjaomaTth TOJIBKO 4YaCThb MOINHOCTH IIa-
narorero mydka CU. [Ipyrum BaXHBIM (PaKTOPOM SIBJISIETCS
TO, YTO TEIUIONPOBOAHOCTL KPEMHHUSA MPU TEMIEpaTrypax
KHJIKOTO a30Ta HACTOJIbKO BBICOKA, YTO KPEMHHH MOXK-
HO OXJIAXHaTb HMOBEPXHOCTAMHM Ha HEKOTOPOM pPa3yMHOM
pPacCTOSIHUM OT TOHKOH 4YacTH KpucTawia. OxJaxgaiomme
KaHaJbl OBUIM IMPOCBEpJIeHBl B 00OMX OJIOKaX, MO3BOJIAS
KUJIKOMY a30Ty Teub momepek mnydka. CrermanpHoe C-
o0pasHoe KoJIblo 00pa3yeT YIUIOTHEHHE MEXIy IpyIIoil
U3 CeMU OXJIAKIAIOIIMX KAaHAJIOB U PAaCIpelesIUTEIbHBIM
KOJIIEKTOPOM OXJIaXKHatoIieil xuakoctu [78,79).

3.7. HaknoHHas reomeTpus oxnaxpgeHus
MOHOXpOMaTopoB

Ilocne BbIOOpa OMHOM M3 BO3MOXKHBIX CHUCTEM OXJa-
XKIeHns1 HanoOostee 3 QeKTUBHBIM CIIOcOOOM majTbHEHIIEro
YMCHBIICHAS! TCPMUYCCKAX HCKAKCHHUI ONTHYCCKUX 3JIe-
MEHTOB fBJIIETCSL PACIIMPEHHE O0JIaCTU 3aCBETKU HX IIO-
BEPXHOCTH PEHTTCHOBCKHIM ITyYKOM.

leomerpust KococmMMeTpudHOH udpakmmy Oblla HC-
nosb3oBaHa XoyHcapu [80] u  HasBaHa ,,HAKJIOHHOK®
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Puc. 11. Cxema OXJI@KICHUS TOHKOIO KPHCTAIAa KPEMHHUSL:
a — BWA C Topla, b — oOmmil BUJ MOJIOBUHBI MOHOOJIOKA, ¢ —
nonepedHoe ceveHne (/ — KaHAJIbl KPUOTEHHOTO OXJI&KICHUS,
2 — mudparuposansbil mydok PJI, 3 — mpomenmmii mydox PJT)
[77).

Puc. 12. Cxema ¢opmupoBanusi ciena myuka PJI B HakJIOHHOI
TEOMETPUH Ha MIOBEPXHOCTH KPHCTA/UIA (5 — Yrojl MeXmIy HopMa-
JIBIO K HOBEPXHOCTH KpUCTaJUIa U IUIOCKOCTbIO nudpakumu, O —
yroxa Bparra) [79].

(puc. 12). Takas ke reomerpusi Obula MPENIOKEHA Xp-
nu [81]. B HAKJIOHHO!M T€OMETPUH YIJIbI MAICHHAS IEPBUYHBIX
u oTpaxeHHbIX PJI paBHB, a yronm Mexay HOPMAabIO K
HOBEPXHOCTH M IUIOCKOCTHIO [ubpakimi paBeH [ (s
CHMMETPHYHOU U acuMMeTpu4HOM mudpakimu S = 0). 1o
03HAYACT, YTO TOJIbKO YacThb TEIUIOBOTO HCKAXCHHs OymeT

2 XypHan TexHudeckon cpusuku, 2024, Tom 94, Bbin. 1

JIeKaTh B TWIOCKOCTH Iu(pakimu. ClienoBaTebHO, MOXKHO
OXHUJaTh, YTO TOJIBKO 4acThb JII0OOH AedopManuy, BO3HUKa-
IoIel B pe3y/bTaTe BBICOKON TEIUIOBOM HarpysKH, IOJDKHA
BHOCHTD BKJIaJl B yIIMPEHHE KPHUBOii Kadanus [82).

B ciydae HaKkJIOHHOH TEOMETPUM IUIOHIA[AbL CJieda
MyYka Ha MOBEPXHOCTH KpHCTAJIa OIpelesseTcs Kak
A/ cosfsinfg, Tne A — IUIOMAAb TONCPEYHOTO CEUCHUS
nepBUYHOTO Iyuka. CIiemoBaTesbHO, HAKJIOHHASI TeOMETPHUs
[0 CPaBHEHUIO C CHMMETPUYHOM NU(paKIreil maeT BHIUT-
PHIII B IJIONIAAX 3aCBETKH B 1/ cos B pas.

VBenmueHne TUIOMIaay ciiena Myvka MOXKHO TaKKe MOJTy-
9UTh C MIOMOIIBIO acuMMeTpudHOn nudpakimu [83]. OnHako
CJIENyeT OTMETHTb, YTO HCIOJIb30BAaHUEC ACHMMETPHYHBIX
MOHOXPOMATOPOB BJleyeT 3a co00il YMEHbIICHHE TUana3oHa
nepectpoiiku sHeprud PJI m yBenmuenume moToKa (oTO-
HOB [8].

Bosee nmonpobHOE onucaHne HAKJIOHHOM TeOMETPUU MOXK-
HO HaiiTu B paborax [48,61,84-86].

3.8. Mertopgbl oxnaxpgeHusa 3epkan

Jis ymenblieHus MomuocTy yuka CH 1o Bo3aMo:xHOCTH
UCHOJIB3YIOTCS (PIUIBTPEL M aepTypHl O TOrO, KaK IydoK
HonajieT Ha MEepPBBI ONTUYECKUH 3JIEMEHT. DTOT ONTHYe-
CKHii 3JIEMEHT B OOJIBIIMHCTBE CJTy4acB MPeACTaBIsgeT coOoii
MOHOXPOMAaTOp C BBICOKOIl TEMJIOBOH HArpy3Kkoil, OObIY-
HO W3rOTABJIUMBAEMBIl U3 MOHOKPUCTAJIIMYECKOTO KpeM-
Hus. IlorsomaemMas MOIIHOCTb M TEIUIOBOH MOTOK MOTYT
OBITb 3HAUMTEILHBIMU, 1 MOHOXPOMATOP 4acTO MPUXONUT-
Cfl OXJIAKJAaThb KPHOI'CHHO. AJIbTEPHATHBHBIM IOIXOAOM K
KOHCTPYKLIMU COBPEMEHHOH 3KCIIEPHMEHTAIbHON CTaHLUU
ABJIACTCS WCIIOJIb30BAHIE 3EPKaJa CKOJIB3SAIIETO IMajeHUs
B KauecTBe MEepBOro omnrudeckoro ayementa [87]. OmHako
y 9TOro IOAXOfa €CTb HENOCTaTKU: OH BJIeUeT 3a CoOOM
IPOCKTUPOBAHNE, H3TOTOBJICHAE H YCTAHOBKY OXJIAXKIAEMBIX
3epKaJI, KOTOpbIe OOBMHO MMEIOT OOJBINME pasMepHl, Tpe-
OyIOT IUINTEJIFHOTO BPEMEHH M3TOTOBJICHUSI I MOTYT OBITH
JOPOTHMH.

Ho ectp u npenmymectsa [87]. XoTs TemioBas MOII-
HOCTb, TOTJIONIacMast IIEPBBIM 3E€PKAJIOM, MOXET OBITh BHI-
COKOI1, IOTJIOMAEMBIl TEIUIOBOH MOTOK HEBEJIHK, IIOCKOJIBKY
B OTIMYHC OT KPHCTAUIMICCKHX MOHOXPOMATOPOB PEHT-
TEHOBCKHE 3€pKajla IIePEXBATHIBAIOT IIYYOK IO MaJIBIMU
CKOJIb3AIIUMH yIJIaMU. DTOT (DaKT 3HAYUTESIBHO YIIPOLIAeT
TEpMOYIIpaBJICHAE 3epKajaMi KaK NEPBHIMH ONTHICCKAMU
asieMeHTaMu. Kpome Toro, wucrnosb3oBaHHE 3epKaJIbHOIO
MOAXOfla CHUKAaeT TEIUIOBYIO Harpy3Ky Ha KOMIIOHCHTHI,
PAacIIOIOKEHHbIC 32 3ePKaJIoM, IeJIacT BO3MOKHBIM TI0f1aBJIe-
HHE TapMOHHK U ()OKYCHPOBKY ITy4Ka, TO3BOJISET BHIOUPATH
SHEPTHI0 OTCEYKH 32 CUET HCIOJIb30BaHHUS Pa3/IMYHBIX TOJI0C
MaTepHaioB MOKPBHITUS WM YIJIOB CKOJIbKCHHS. Takum
00pa3oM, ecJIi ecTb BO3MOXKHOCTb Pa3paboTaTb MPOCTHIE,
HaJlC)KHBIC M SKOHOMHYHBIC 3€pKaja, MX IPEHMYIIeCTBa
MOr'yT II€PeBECUTb UX HefocTaTKu. Mcnonb3oBaHue 3epkana
B KadeCTBE IIEPBOTO ONTHYCCKOTO 3JICMEHTAa II03BOJIACT
PACIIOIOKUTD TOCTIC HETO OOBIYHBI KPEMHHUEBBI MOHOXPO-
MaTop C BOASHBIM OXJIAXKICHUEM, KOTOPHII HAMHOTO IpOIIe



18

B.B. Jlunep

(0)e) b

15 mm 4.8
_ | s :
I_L ___________________________ _._m
[\

g >
3 100
75 mm

Puc. 13. ¢ — koHCTpyKImst 3epKajia ¢ BOMSHBIM OOKOBBIM OXJIQXKICHHEM H ,,yMHBIMH BeIpesamu™ [89]; b — momepedHoe ceveHne 3epKaia
¢ Beipesamu [91] (I — mydok CU, 2 — 3epkaio, 3 — KaHaJIbl BOISHOTO OXJIAKICHHS! ).

B M3IOTOBJICHUH, COOpKe, OOCITY)KUBAaHUU UM SKCILTyaTalluH,
YeM €ro aHaJIor ¢ KPHOrCHHBIM OXJIAXKIeHHEM [59)].

BonsHoe oxnakneHue sBJSAETCS MPENIOYTUTESIbHBIM IS
OOJIBIIMHCTBA 3€pKaJl, UCIIOJIb3yeMbIX Ha ucTouyHukax CU B
Ka4yecTBe MEePBOro ONMTHUYECKOro dyieMeHTa [88).

KpeMmHueBble 3epkaja, OXJIaXOgaeMble MXHUIKAM a30TOM,
BCTpEYalOTC 3HAUUTEIPHO DEKe, HO BCE K€ CYIIECTBY-
ot [89,90].

TeroBast nedopmarnmsi MOXKET OBITH pasioKeHa Ha Je-
(dopmanmio u3ruba, BHI3BBAHHOI'O T'PAIUEHTOM TEMIIEPaTyphl
TI0 TJIyOuHe 3epKajia, 1 Ha Ae(opMaryIo ,,TelI0BOro KapTu-
poBanus™ [91], CO3MAHHOrO rPaIMEHTOM TEMIIEPATYPHI M3-32
HEpaBHOMEPHOTO TEIUIOBOI'O IIOTOKA BJIOJIb [UIMHBL 3epKaa.
Hckaxenns ,,TeIJIOBOTO KapTHPOBAHUS X MOXKHO CBECTH K
MHUHAMYMY ITyTE€M HACBINICHHSI BCEil JIMHBI 3epKayia Iajia-
oM mmyukom. Korma npoduiis MOITHOCTH PEHTTEHOBCKOTO
IyYKa [0 BCEil [UIMHE ONTHKHA OTHOCHTEJIBHO OTHOPOICH —
YCJIOBHE, KOTOPOE MOXKET OBITh BBIIIOJIHEHO BO MHOTHX CITY-
qasiX, HallpuMep, P UCIIOJIb30BAHUU [UIMHBI OXJIAXKICHUS,
MEHBIIIECii, YeM JUInHa ciiefia mydka [61,92] (puc. 13,a) —
U3rub MOMUIOKKH OCTaeTCsl OCHOBHBIM KOMIIOHEHTOM HCKa-
KEHHUS.

MOo:XHO IpecTaBUTb 3epKajlo, COCTOSAIUM M3 TpeX cer-
MEHTOB, B KOTOPOM LEHTpPAJbHBIl CEIMEHT HarpeBaeTcs
Iy4KOM, a [Ba [PYIHX CErMEeHTa OXJIAXKHAITCA y ero
oTpaxaronieil moBepxHocTU. LlenTpanpHas vacts aedpopmu-
pyeTrcsl B BHIIYKJIyIO (hOopMy, a [IBa APYTHUX CEIMEHTa, Oosee
XOJIOMHBIE Y OTpa)kalollell MOBEPXHOCTH IO OTHOLICHHUIO K
TBUIbHOM, CTAHOBATCS] BOTHYTHIMH. [1pn 1IpaBUIIbHOM ITPOCK-
TUPOBAHUH MOYKHO TOJTYYHTh TEPMOMEXaHUICCKH COATAHCH-
poBaHHOE 3epKajio 6e3 marmba. OXmaxaeHne OTpa)aromei
HIOBEPXHOCTH IO CYIIECTBY CO3[aeT TEILJIOBOH MOMEHT, IIpo-
TUBOIIOJIOKHBII TOMY, KOTOPBI CO3HaeTcsd LEHTPaJbHBIM
CErMEHTOM MOMJIONKKH. ABTOpBl paboTsl [59] HasBaim o1y
CXeMy U OCHOBaHHBIE Ha HEil BapHalluH, BOCCTaHABJIMBAIO-
IIHe JKeJlaeMyl0 CUMMETPHIO CHCTEMBI, METOIOM OOpaTHOTO
TEIUIOBOro MoMmeHTa. beuto ycranosieno [63,88,92], urto
I o0ecIiedeHusT HeoOXOMAMOTO OOpaTHOTO TEIUIOBOTO
MOMEHTa OXJIAKIAIOIHME OJIOKH MOJDKHBI PAacCIIofaraThCst

O03Kko K oTpaxawomeil mosepxHoctu. Kak u ciemoaio
OXHJIaTh, PACIOJIOKEHUE U INMPHUHA OXJIaXKAAIOMUX OJI0KOB
ABJIAIOTCS KPUTHMYECKMMH IapaMeTpaMH B 3TOH KOHCTPYK-
IIUY, TOCKOJIbKY OHU OHIPENEessIoT BEJIMYMHY OOpaTHOIro
TEIJIOBOT'O MOMEHTa, IPIJIOKEHHOTO K 3epKally.

UccnenoBanns nokasanm, 9To HeOOJIBbIINE ,,yMHBIE BBIpE-
3Bl BJIOJIb OXJIAXKIAEMBIX CTOPOH 3epkaia (puc. 13,b) moryr
yBEJIMYMTH 00paTHbIil n3rubdaonmii MmomeHr [4,88,92,93].

Ha ucrounnkax CU mMpOKO UCHONb3yeTcs OXJIaXKICHHUE
3epKajJl C MCIOJIb30BaHHEM METAJUIMYEeCKOHl BaHHBI C 93B-
TekTHKOH In-Ga B kadecTBe MexaHM3Ma TeIUIONEpeNadyd U
IUTaBy4eil Omopsl 0e3 NPHUJIOKEHUS K 3epKajly Harpys3ku
CO CTOPOHBI OXJIAXKIAIONIEro OJI0Ka U YCTpaHEHHs BIIMSHUSA
rpaBuTanuu [76,93,94].

IMepemava Temwia ot 3epkanma I (puc. 14,a) Mmoxer
OCYIIECTBIIATHCS Yepe3 TOHKUH cioit In 3 x oxJakmaembiM
6Ji0kaM 2, 3aTeM 4epes 3BTeKTUKY In-Ga B BaHHY 4 U, HaKo-
Hell, B OXJIAKIAIOIIYIO YKUIKOCTb, KOTOpasi UPKYJIAPYET 110
BCTPOCHHBIM B BaHHY OXJIKIAIOIIUM KaHasiam [94]. Ipyroii
crocob mepenady Tersia — vepes 3BTeKTUKy 3 (puc. 14, b)
U OXJI&)XKIaeMble BOION MEIHBIC IUIACTHHBI 4, BCTaBJICHHbIC
B JIBe KaHaBKH 10 Ookam 3epkaia I [76].

g Terulonepenaud TakKKe MOMKET HCIOJIb30BaThCs
Indalloy 51. OToT HepacTBOpuUMBII B BOfE CIUIaB Ipeq-
cTaBjiseT co0Oil MeTaJll ¢ MacCOBBIM IPOLEHTHBIM CO-
craoM Galn:Sn = 62.5:21.5:16, miotHOCTBIO 6.5 g/cm3,
teMnepatypoii miasiaerus 10.7°C u ¢ TenI0npoBOIHOCTBIO,
9KBUBAJICHTHOI HepikaBeromieii cram [95].

3.9. ApanTuBHOe oxnaxpgeHue

Hcnonb3oBaHne aganTHUBHOIO PEHTTEHOBCKOTO 3€pKasa
MO3BOJISIET OJHOBPEMEHHO pelaTh HECKOJIBKO 3aj1ay, a
MMEHHO KOMITCHCHPOBATh TEIUIOBYIO Ae(opMaIvio M mepe-
MEHHYIO KPHBH3HY /JIsl IpwiIokeHni (oxycnposku. M3-3a
MIPUCYIIEH el TMOKOCTH afanTHBHAs ONTHKA MOXKET MMEThb
MOJIC3HBIE W WHTEPECHbIE MPUMEHEHHS] B PEHTIC€HOBCKOM
000pYHOBaHUM, YTO JIETAET STOT METO OYEHb IpPHUBJICKA-
TesbHBIM [96).

XypHan TexHuyeckol cdouaukn, 2024, Tom 94, Boin. 1
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Puc. 14. CxeMbl oXJIa/IeHNs 3epKajla ¢ MCIOJIb30BaHueM BaHHbI ¢ In-Ga. a: I — 3epkaio, 2 — oxuyaxpatommue 6510ku, 3 — mpociioiika
In, 4 — BanHa c ’BTekTHKOI In-Ga, 5 — HampasyieHHe TUPKYIAMN BoAbl, 6 — mydok CU, 7 — PJI, oTpakeHHbIE OT HIDKHEH OBEPXHOCTH
sepkaiia [93]; b: I — 3epkano, 2 — nydok CU, 3 — sprekruka In-Ga, 4 — MejHasi IUIaCTUHA, OXJIAXKIAEMast BONOU, 5 — SJICKTPHYECKHUil

Harpesatens [94].

M3 noBopoTHOro MarHMuTa HakomuTesbHOTro Kosbiia CU
pacIpocTpaHsieTcsl B BUJIE IUPOKOTo Beepa JIydeid, KOTopble
COOMPAIOTCS] NEPBBIM ONTHYECKUM 3JIEMEHTOM 3KCIEPUMEH-
TaJbHOU cTaHIMHU. YTOOB MaKCHMHU3MPOBATh MOTOK, ITOJIE3-
HO YBEJIMYUTD JUIMHY 3€pKajla, a ONTUYECKAN AU3alHH MOXET
NoTpebOoBaTh, YTOOB! ONTHYECKAsH TIOBEPXHOCTD 3€pKaja Obl-
Jla yMHOM Oostee 1 m.

Hcnonp3oBanne O4eHb IUIMHHBIX 3€pKaJl, MOBEPKECHHBIX
GOJIBIINM TEIJIOBBIM Harpyskam, MPENCTaBiIsIeT CEPbE3HYIO
pobJieMy 711 MEXaHWYIECKOH KOHCTPYKIUH 3((EKTHBHOMN
cxembl oxjaxnaeHns. [lepeMeHHBI ciien myvka, 3HaYATEIb-
HO MEHBIIWH, YeM MJIMHA 3€pKajla, BBHI3bIBACT H3MCHEHHE
TEeMIEpaTyphl B TAHT€HIMAJIbHOM HallpaBJICHUU.

3.9.1. TemnepatypHble akTioaTopbl

PeanbHas cucrema oxmaxaeHus ObuUta paspaboTaHa U
MPOTECTHPOBaHA HA OCHOBE WJCH, OIMCAaHHOH B pabo-
Tax [63,97]. s mepeMeHHO# JUIMHBL ciiefia IMydYKa Ipu
U3MEHEHUH 3HEprur (POTOHOB HCIOJIb30BAIUCH HECKOJIBKO
IJIMH OXJIAXKIEHUs, a TakKe HECKOJIBKO I'MAPaBIMYECKUX
KJIAIAHOB TSI BKJTIOYCHHS/BBIKJIIOUCHUS ITOTOKA BOJIBL

B ympomieHHOM pelleHHH HMCHOJIb30BaJIOCh HATH KOHTY-
poB oxnaxaeHust [97] (puc. 15). 3epkano oxJaxmanoch
TOJIBKO C OTHOH cTOpoHBL. OHO MMeEeT Key100, PACIIOIOKEH-
HBIl B SMmMm OT IOBEPXHOCTH, B KOTOPOM HAaXONUTCH HB-
tekTuka Ga-In. Haceuka B 20 mm OT MOBEPXHOCTH HCIIOJIb-
3yeTcs MU YMCHBLICHHSI TCIUIOBOTO yrapa W YyIep)KUBaeT
3epKaJo.

B HekoTOphIX cCiIydasgx MOXET OBITb HEe Tak YI0OHO
HAMETb HECKOJIBKO OXJIAXKIAIONIAX OJIOKOB M HECKOJIBKO THJI-
paBJIMYECKUX KjlamaHoB. IloaTomy aBTopamm paGoTsl [63]
OBbLT MpEJIOKeH APYroil ajalTUBHBIA METON, OCHOBAHHBIH
Ha IPUHIMIE KCIIOIB30BAaHUS OJHOIO [JIMHHOTO OXJIAXK[a-
fomero OJ0Ka C KaXKHIOH CTOPOHBI 3epKaja C JrobaBJie-
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Puc. 15. PeambHasi cucreMa OXJIKICHHUS: 3€PKAIO Ha CBOEM
AepIKaTesie ¢ MAThI0 KOHTYpaMH OXJIaxaeHust [97].

HHEM 3JICKTPUYCCKHUX HarpeBaTesieil MeXIy OXJIaXKTalolIv-
MH OJIOKAMH W 3epKaJIOM, KOTOpbIC YMEHBIIAIN TeMIIe-
paTypHBIC T'PaJMCHThI, BBI3BIBAIOIINC HCKAXCHHE (HOPMBI
3epKasia. DJICKTPOHATPEBATEIN COCTOSIIM W3 psAfa SUYEcK,
pacIoyioKeHHBIX 110 Bcell IUIMHe 3epkana. B nampHeiimem
Meron mosyuns HasBaHue REAL (pe3ucTuBHBIN 271eMeHT
¢ peryampyemoil mimHO#) [76]. OxuaxneHue obecredn-
BAJOCh MEMHBIMH IUIABHUKaMu (WJIM JIE3BHSIMH), BCTaB-
JICHHBIMH B 3aIIOJIHGHHBIE 3BTEKTHKON TaJIIMA-MHIUA Ka-
HaBKU, IPOJIOKEHHbIE MO OOKaM 3epkana. PesucTuBHbIC
oborpeBaren OBUIM CBSI3aHBl C IEpefHEN YacTbhlo Kaxk-
IOro Jie3Bus Ha Oe30IacHOM PAacCTOSHHU OT IBTEKTUKH
(puc. 14, b).

3.9.2. MNbe3oaneKTpnyeckne akTioaTopbl

ITbe303/1eKTprIeCKuil  aKTIoaTop (MBE30aKTIOATOp) —
YCTPOHCTBO, HCIONB3YIONIEE CIHOCOOHOCTh MbE30KEPAMUKH
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Puc. 16. Cxema OXJaXgaeMoro agalTHBHOTO PEHTTEHOBCKOTO
3epkana; / — oOTpaxamommas IMOBEPXHOCTh 3epKaja, 2 — Ha-
NpaBJICHUC LUPKYJISIIUKA BOJbL, 3 — TICPBBI YPOBEHb KOPPEKLIMH,
4 — BTOpOIi ypoBeHb Koppekumu [99].

PacCIIMPATHCS MO BO3NEHCTBUEM 3JICKTPOCTATHUYECKOTO II0-
JIl U1l TCHEPUPOBAaHHS CHJIBI M TEPEeMCIICHUS] B MHUK-
pomerpoBoM muanasone [98]. Biaromapsi mpeumyiiectBam
IPOCTOI KOHCTPYKIIMY, JIETKOI'O Beca U OBICTPOro OTKJIMKA,
NbE303JICKTPUICCKAE MPUBOIBI HCIOJB3YIOTCS B MHKPO-
asieKTpoMexanndeckux cucremax (MOMC), mukpopoborax,
OMOMHKEHEPHU U MEIUIIMHE, a TAKXKe B 00J1acTAX yIpasJie-
HUA BUOpaImeil u nryMoM.

B pabore [99] Gblta omucaHa KOHCTPYKLHS afalTHBHOTO
3epKasa. 3epKaio ObUTO M3TOTOBJICHO M3 KapOwia KpeMHHUS
U OXJIAXIAJIOCh BOHNOHM MO BCell IJIMHE, Kak IOKa3aHO Ha
puc. 16. ®opma ero HMOBEPXHOCTH MOXET OBITH CKOPPEK-
TUPOBaHa Ha JIBYX ypoBHAX. [IepBHIil ypoBeHb B OCHOBHOM
UCTIONB3YeTCs IS TONyYeHHsI IepBoil rpy0oit (opMel, a
TaKke 111 POKYCHPOBKH, a BTOPOil YPOBEHb obOecreurnBacT
TOYHBIE HACTPOMKU M IONPABKM Ha TeMIEPaTYpHBIH Yroj
HakJIOHa. [IprBOIEI MOTYT OBITH NBE303JICKTPHICCKAMH WA
MAarHUTOCTPUKLIMOHHBIMA.

Kopriyc amanTmBHOTrO 3epkaia, ONMCaHHOTO B pabo-
Te [100], Gbi1 M3roToBJICH M3 rpaduTa U TOKPHIT Kap-
6unoM Kpemuusa TommuHOKH 0.1 mm. OTu ABa MaTepuasa
o0ecrieunBaloT XOPOMINi KOMIIPOMHCC MEXIY TEepMOMeXa-
HUYECKUMH CBOMCTBaMM M YHUCTOTON moBepxHocTH. Camo
3epKaJI0 COCTOSJIO M3 TPEX CErMEHTOB, IIOTOMY 4YTO Cer-
MEHTaIysl MO3BOJIAET CTPOUTh OYEHb MJIMHHBIE 3epKasla.
LenTpanbHbni cermeHT mmen amuHy 50 cm, KpaitHue cer-
MeHTH — 25 cm. [llupuaa 1 TommuHa 3epKaja COCTaBIISAIA
10 u 3cm coorBercTBeHHO. Kakmplil cerMeHT He3aBU-
CHMO YIIPaBJIsICA HAaOOPOM IIbE303JICKTPUIECKUX IPUBO-
IOB: Ba psfa HO TPH INPHBOAA Ul OOOMX KOHIIEBBIX
CEerMEHTOB M /B4 psjia MO0 NATb — JUIA IICHTPAJIbHOTO.
Ucnonb3oBanne AByX psIOB HPUBOIOB IO3BOJISICT PETYIIHU-
poBaTh HAKJIOH MEXTy cerMeHTamu. OXJaxIeHHE 3epKa-
Ja obecrieuMBaJIM /1B MEOHBIX OJIOKa C BOXSHBIM OXJIa-
KIEHUEM, PACIIOJIOKEHHbIE 10 00EUM IJIMHHBIM CTOPOHAaM
3epKasa.

B pa6ore [101] nepudepuitabii akryarop 4 (puc. 17) n
TOYECYHbIE aKTyaTOpbl 3, NMPHUKPEIUICHHBIE K THUIBHOH CTO-
poHe OepHIIMEeBON MOMJIOKKH, MOTYT M3MEHATH ee¢ (GopMy
U, CJIEI0BATENIbHO, (POPMY KPEMHHEBOro KpucTtayia /. Bo-
HOBOW (poHT aHam3upoBaics garynkoM llaka-I'aprmana.

| 1 2
V0000000000000 0000/

Puc. 17. Cxema amanTMBHOTO OXJIaKgaeMoro sepkana: | —
TOHKas! IUIACTHMHAa MOHOKPUCTAJUTMYECKOr0 KpeMHHs, 2 — KaHaJIbl
BOJITHOTO OXJIAXIEHUsA, 3 — TOUYEYHbIE aKTyaTophl, 4 — nepude-
PHMIHBILA aKTyaTOp, 5 — ocb cummerpuu [101].

4. MeTogbl KOMMEHcaLum
TepMOHanNpPsXXeHNil Ha NCTOYHUKaX
nca

Ha ceromuamzuii geHb OosbIIMHCTBO ycTaHoBkU JICO
paboTalOT B PEKHAME CAMOYCIUIMBAIOLIEIOCsS — CIIOHTaH-
Horo wm3iyvenns (selfamplified spontaneous emission
(SASE)) [102]. Wsnyuennme JICD mnpencrasisier co-
601 wmmmynabcel ¢ mmHOM BOMHEL A ~ 0.05 —0.16 nm,
nmrteabHocThio  ~ 10 — 100fs u  yryioBoit  pacxomumo-
cteio ~ 1 —3urad [103]. VMmysbel  XapaKTepU3yoOT-
csl MPAaKTHYECKH ITIOJHOM HPOCTPAHCTBEHHOW KOT'CPEHTHO-
CTBIO M BECbMa IIOCPEICTBEHHON BPEMCHHOI KOI'CpPEHTHO-
CTBIO, IPHUBOAAIICH K CIEKTPAIbHOH IIMPHHE HMITYJIbCOB
AE/E ~ 1073 [104]. Jlns 1OCTHXEHHUSI MOJNHOCTBIO Kore-
penrtroro JICD [105] Oblin npeuIoKeHbl CXeMbl caMo0T60-
pa (self-seeding) [106,107] ¢ kprCTaIIOM-MOHOXPOMATOPOM
MEXIy ABYMs CerMEeHTaMH OHAYJIATOpoB. [Ipu BcTaBieHHOM
MOHOXpOMaTope B cucteMy oHayJsaTopa cuektp SASE JICO
GUIBTpyeTC W TeHEePUpPYeTCs Y3KOIOJIOCHBINA HavabHbII
CHTHAJI, KOTOPBIA 3aTeM YCIJIMBACTCSl B MOCJICHYIOMINX Cer-
MeHTax OHAyJATopa. TakuM oOpa3oM, cxema caMooTOOpa
Pe3Ko yIydlaeT CHeKTpaJibHyIo pkocTh JICO.

JpyruM MCTOYHMKOM CBETa JUJISl MOJIYYCHHS MOJIHOCTBIO
KOTCPCHTHBIX HMMITYJIbCOB JKECTKOTO PEHTI€HOBCKOI'O W3-
JIy4eHUs] sSIBJIAETCA PEHTI'CHOBCKMII JIa3epHBI IeHepaTop
Ha CcBOOOmHBIX 3sekTpoHax [108], B KOTOpPOM HMITYJIbCHL
PCHTTEHOBCKOTO HW3JIyYCHUS] LUPKYJIMPYIOT B ONTHYECKOM
pe3oHaTope, 00pa3sOBaHHOM HECKOJIBKAMH OTPaKAIONIMMHU
KpucTayulamu. g pe3oHaTopa pasyMHOH IJIMHBI 4acToTa
MOBTOPEHUS 3JIEKTPOHHOI'O CI'YCTKa IOJDKHA OBITH OKOJIO
I MHz wm Beime. Ilpm sHEprum BHYTPHPE30HATOPHOTO
umiyibca okoto 800uJ u pamuyce myuka oxoso 50um
IIPU 4acToTe cJiefoBaHusA Ha ypoBHe MHz uHTeHCHBHbIE
UMITYJIbCHl PEHTTEHOBCKOTO H3JIy9eHHUs1 OyIyT cO3maBaTh
BBICOKYIO TEIUIOBYIO HArpy3Ky Ha KpHCTaJIJTMYCCKHE 3epKa-
aa [109).

ITo cpaBrenmoo ¢ ucrounnkamu CH TeIUI0BOH MOTOK,
cosmaBaemMblit mMiysibcamul JICD, MokeT OBITh Ha HECKOJIBKO
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NopsiAKoB Beme. HampumMep, B MCTOYHHKE KOTEPEHTHOTO
ceera Linac (LCLS) HarmoHaybHON yCKOPUTEIIbHOM J1a60-
paropun SLAC tunmussii JICD uMeeT 3HEPrHo UMITYIIbCa
okosIo 2 mlJ, momepeuHslit pasmep mATHa okosio 150 um n
AJITEeNIbHOCTh uMIysibca okojio 100 fs. Pacuer ycpennenHo-
ro IOTJIOIICHHOTO TEIJIOBOIO IOTOKAa BO BpEMs HUMITYJIbCa
JICD wmoker nate Bermumny 4 - 1013 W/m?2. Tlpu Takom
YpEe3BBIYANHO BBICOKOM TEIUIOBOM IOTOKE CYIICCTBYIONIHAX
METO/IOB OXJI&)KICHUSI MOXKET OKa3aTbCsl HE TIOCTATOYHO JIJIst
OTBOZAa OCTaTOYHOTO Teruia B 30He aeiictust JICO.

ToHKMIT MOHOKPUCTAJIJT KPEMHHUS B 3THX YCJIOBUAX YiKe He
a¢¢pexTuBeH, noroMy 4ro 10 IIMH SKCTHMHKUIUH, HEOOXOMU-
MBIX JI1 MAKCUMAJIbHOM OP3ITOBCKOM OTpa)aTesIbHOU CII0-
COOHOCTH, CPaBHUMBI C UIMHON (DOTOIOIJIOIIEHUS B KpeM-
Huu. Hanpotus, muid xpucraioB anMasa 10 IIMH 9KCTUHK-
UM COCTaBJIAOT mpuMepHo 1/10 myuHBI GoTomoroneHus.
HmenHo nmoToMy, 4TO B ajMase [JJIMHA SKCTUHKLIUKA HAMHOTO
MEHbIIE JJIMHBI OTJIOIEHNs, KPACTAJUIBI ajiMa3a 00J1afaoT
6m3koit k 100% OparroBckoil oTpaXkaTesIbHON CIIOCOOHO-
CTBIO Jla)Ke IIPU OOpPaTHOM pacCesHUU U OJNHOBPEMEHHO
00JIaaoT BBICOKOM PEHTTEHOBCKOI MpOo3pavHocThio [28].
OpHako M3roTaBIMBaTh TAKUE YJIBTPATOHKNE KPUCTAJLIAYC-
CKHMe KOMIIOHCHTH M 00pamaThesi ¢ HUMH 0e3 TOBPEeKICHUS
u gedopmManuy KprcTasia CJIOXKHO. Pelenne 3akmovaeTcs B
UCIIOJIb30BaHAY MOHOJIUTHOU KPHUCTAJUTMYECKON CTPYKTYPBI,
COCTOSIIIEH M3 TOHKOH MeMOpaHbl, CHAOXKECHHOH OKpYyKa-
IOIIMM TBEPABIM BOPOTHHKOM. Takasi KOHCTpPYKIWs obec-
NCYMBACT MEXaHWYCCKH CTAOWMJIBHBIA MOHTaX MEMOpaHBI
0e3 medopmanmit, mpu 3TOM obecreunBast APPCKTHBHBINA
orBox temwia [110]. ITostomy aBropsr pabotsr [111] wus-
TOTOBHJIM MOHOJIMTHBII JIBYXKPHCTaJIbHBIA MOHOXPOMATOD,
nepsoe 1wiedo kortoporo (P1) Hecmo ToHKyIO MeMOpaHy
(puc. 18). Monoxpomarop pasmepoM 5 X 4 x 4mm GbLT
BBIpE3aH U3 CUHTETHYECKH BBIPAILICHHOTO HeoOpaboTaHHOTO
anmMasa tuna Ila.

OnucaHHBIl ajMa3Hbli MOHOOJIOYHBIE MOHOXPOMATOpP
MOXXeT OBITh 3((EKTUBHO HCIOBb30BAH B YCTAHOBKAX Ca-
MOOTOOpa C OTHOCHTEIBPHO HU3KOH 4acTOTOH HMOBTOPEHHS
uMITysbcoB. Hipke mopora HMOBpeXneHHs] HU3Kasg 4acToTa
HIOBTOPEHUsI 00eCIeunBaeT BpeMs peJlaKcaluH IJIi MOHO-
XpoMaTopa, JOCTaTOYHOe I TOro, 4TOObl paccedTbh Tel-
JIOBYIO 9HEPIHIO, BHIIEJIAEMYIO IPEABIIYIIIM UMITYJIbCOM, U
BOCCTaHOBHTb CBOE HCXOTHOE COCTOSIHHE [0 IOCTYIUICHHUS
ciegyromero ummyiabca JICO. Onnako B ycraHoBkax JICO
C BBICOKOI1 YaCTOTO! IOBTOPEHNUS] MIMITYJIbCOB, PabOTAIONMINX
Ha ypoBHe YactoTsl MHz, y MOHOXpOMaTopa HeIoCTaTOuIHO
BPEMEHHU UIsl peJlakcalliy Iepen CICHYIONM HMITYJIbCOM
JICD [112].

Bpewmsi penakcanin MOKET OBITH OINMCAHO XapaKTEPHBIM
BpPEMEHEM PACIUIBIBAHUS TEMIICPATypPhl 32 CUET TEII000Me-
Ha At [104,113]:

2 2 2
Ar =r1/4a” =ricyp /4K, (5)
rae Cp — yneanaﬁ TEIUVIOEMKOCTb, K — TEIUIONPOBOI-
HOCTb, 0 — INIOTHOCTb KpHUCTaJLIa, rh — HOHepe‘IHHﬁ

pasmep HMIyJIbca.
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Tabnuuya 3. Kosp¢uumeHT JIMHEHHOrO TEIUIOBOTO PaCIIMPEHHS
ar - 10°, ynenbHas Temmoemkocts Cp (J-kg™'- K1), Terompo-
BOmHOCTh anmasa Tuma I (W-m™'-K™') [114] u xapaxtepHoe
BPEMsI OCTHIBAHUSL 7T B 3aBHCHMOCTH OT TEMIICPaTypbl T

T,K 100 200 300 400 600
ar, K™! 0.05 0.45 1.0 1.80 3.09
Cp, 29 214 514 854 1342

K 3050 | 1400 900 650 400
T, us 1.9 31.0 1158 | 2664 | 6802

Mpumevanue. Jymua Boansl 0.1 nm, orpaxenue (400); sHeprust um-
mysbea 557 uJ, monepeunsiit pasmep ummynbca ) = 480 um, IJIOTHOCTD
p =3.52g.cm™3.

IIpu nosbmnenuu temmneparypel oT 100 mo 600K Ten-
JIOEMKOCTb ajiMa3za Bo3pacraeT moutu B 50 pas, a Tem-
JIONIPOBOIHOCTh HajmaeT B 7.6 pasa (Tabn. 3), HO Bpems
TEIUI000MeHa (OCTBIBAHHSI) 7T TAKKEe PE3KO BO3PACTACT C
2 mo 680us. M3 Tabiumpl BHOHO, YTO [JIsl COKpAIICHUS
BPEMEHU OXJIAKICHUSA TT JKeJaTeJIbHO PaboTaTh IPH HU3KUX
TeMIlepaTypax, TaK KaK TEIUIOEMKOCTb B OTOM CJIydae
HEBEJINKa M TEeIJIONPOBOIHOCTD BhicOKast [104].

UNsnyyenne B EBponeiickom perTtreHosckom JICO
MPENCTaBJIIET CO00Il CEePUI0 WMITYJIbCOB JITUTEIIBHOCTBIO
~ 10 — 100 fs. ImmysbCchl CrpyHIMPOBaHbl B MAKETHI C AJIH-
TesmbHOCThIO 0.6 ms 1 yactotoit cienoBanust 10 Hz; xomave-
CTBO MIMITYJIbCOB B makeTe =~ 2700, a BpeMEHHOH HHTEpBaJ
Mexay HuMu Aty ~ 0.2 us.

K coxanenuto, BpemeHa Terioodmena 7t npu Tp > 100K
IIPEBBIIIAIOT MHTEpBajbl BpeMeHU Aty Mexmy HUMITyJIbcaMu
B makere Ha 1—3 mopsaka. [loaToMy Temmeparypa Kpu-
cTajula OyIeT HOBBILUATHCSA 3a BpeMsl BO3[NEHUCTBUS NaKeTa
HMITYJIbCOB Ha KPUCTaJLL, U TeIuIo OyfeT ycreBaTh paccachl-
BaTbCS TOJIBKO B IMPOMEKYTKAaX BPEMEHU MEKIy HaKeTaMH,
nockonbky 71 < 0.1s [104,113].

AsTops! pabots! [115] usy4yanu paboTy KPHOTEeHHO OXJ1a-
IaeMOro IByXKpHUCTaIbHOro Monoxpomaropa Si(111) ¢ uc-
HOJIb30BaHUEM UMITY/IbcOB SASE, MocTynaomux ¢ 4acToTo’
noropernst 2.25 MHz. Bruto mokasaso, 4ro nocie ~ 150
MMITYJIbCOB (YTO B JAHHOM CJIy4ac COOTBETCTBOBAJIO IIOJIHON
najaoiet sueprun ~ 50 mJ) mporyckaHne MOHOXPOMATO-
pa CHIDKaeTCsl IPUMEPHO B JIBa pasa.

Tem He MeHee B KauecTBe NEPBOIO MOHOXpOMaropa
KOHCTPYKLISL Ha OCHOBE ajMa3a C OXJIAKICHUEM JKUIKUM
a30TOM KaxeTcs Hambosee MHoroobOemarwomeil. Kpemnue-
BbIe MOHOXPOMATOPHI MOT'YT OBITh IIOJIE3HB B KaUeCTBE BTO-
PHUYHBIX ONTHYECKHUX 3JIEMEHTOB, PacIOJIOXKEHHBIX OJIKe K
9KCHEPUMEHTAJIbHBIM CTaHIUAM.

B ciyyae mcnosp3oBaHus 3epKasia B KayeCcTBE HEPBOrO
OIITHYECKOrO 3JIeMeHTa B KaHasie nmydka JICD s xomrieH-
callii TCPMUYCCKUAX HANPSHKCHUI NMPUMCHSIIOTCS aIalThB-
HBIE METOMBI C OXJIKICHUEM MEPEMEHHON UTHHBI M TEPMO-
peryJsinueii o Bceil ero JJIMHe, aHAIOTHYHbBIC OIMCAHHBIM
B pasz. 3.9 [97,116,117].
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Puc. 18. ¢ — cxeMa MOHOJIMTHOTO ABYXKPHCTAJIbHOIO aJIMa3sHOr0 MOHOXpoMaropa ¢ Iiedamu P; u P, Ui peHTIeHOBCKOTO H3JTy4CHUS
14.4 keV, pedurerc (800); b — dororpadusi MOHOXpOMATOpa HOCJIE JIa3epHOil 06paboTKU U OTXKKra Ha Bosmyxe mpu 630°C B Teuenue 3 h

[111].
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Puc. 19. [IBa reoMeTpr4ecKkux au3ailHa aIMa3sHOTO MOHOXPOMATOpA, MCIOJIB3YEMbIX B PEXKUME CaMOOTOOpa: @ — MOHOXPOMATOP MMECT
Ba BBIpPE3a JUTS CHSTHSI HATIPSDKEHHS, CO3IaBAEMOr0 3a)KUMHOI YaCThIO JIepiKaTesisi; b — TpareniueBHIHbI MOHOXPOMATOP UMEET TOJICTOC

OCHOBaHHE C TOHKHM HAaKOHEYHHKOM [3].

Korna paccMatpuBaeTcsi MOHOXpOMATOp B PeKUME CaMo-
0T00pa, BOHUKAIOT POOJIEMBl TIPH IPOSKTHPOBAHUU CHCTE-
Mbl oxJstaxkieHus [3]. MOHOXpOMATOp MOKET MpPeCTaBIISATh
coboit TOHKYI0 anMasHyio mactudy [118]. Ytobsr obecre-
YUTh OXJIAKACHUE TaKOil TOHKOHN IIJIACTUHBI, HEOOXOIHUMO
peaM30BaTh 38)KUMHBIA MEXaHM3M IS TOJTyYeHHsT JOCTa-
TOYHOU IUIOIIAAM TEIUIONepenayd M IJIOTHOIO KOHTAaKTa.
K coxanenmio, 3TO 3akaTWe MOXET BBEI3BAaTh CHIIBHYIO
medopManmio, 9To, B CBOIO OYCPENb, MOXKET HMPHBECTH K
yxyamenuio 3h¢gexTuBHOCTH camMooTOopa. OnHO M3 cylie-
CTBYIOIIMX PEIICHUII COCTOMT B TOM, YTOOBI B TOHKOH
IUIACTUHKE ajMasa Ciesyiath BeIpesbl (puc. 19,a), wepTByst
apexTuBHOCTDIO Terutonepenayn [118].

Hpyroit nm3aifiH MOHOXpOMaTopa BO3MOXHO OCYIIe-
CTBUTb, €CJIH JT00ABUTH K TUIACTUHYATOMY aJIMa3sHOMY KpH-
CTaJUTy TOJICTOE OcHOBaHHMe. TojicToe OCHOBaHHE HEHCTBYeT
KaK OXJIa[UTeJIb, a TAKKe KaK TOUYKa KpeIUleHus Oe3 Hamps-
*KeHud. KperuieHue TolIcToro oCHOBaHUSI MOJKET 3HAUUTEIb-
HO CHH3HUTH TEIIoBoe compotusiicHue. C Ipyroit CTOPOHHL,

OHO TaKke obeclieunBaeT CHJIbBHOE CONPOTHUBJICHUE nedop-
Malli¥, BO3HHKAIOWIEHl NpU 3aXuMme, U3-3a €ro OOJIbIIOi
TosmuHbL. Kpome Toro, Gosipiiasi TONMIMHA TAKKE YTydmaeT
3¢ (EeKTUBHYIO TEIJIONPOBOAHOCTE OCHOBAHHS M, CJICIOBA-
TEJIPHO, OXJIAXKIAIONIYI0 CIOCOOHOCTh. MOHOXpOMATOp MMe-
er Tpanermesuanyio Gpopmy (puc. 19, b). Tlpu ycraHoBke oH
AKKypaTHO BCTaBJIICTCS B JIEpXKaTejb W IepPMETH3HPYETCS
CHHU3Y, YTOOBI MPEIOTBPATUTD BHICKAJIb3bIBAHUE KPHCTAILIA
u3 nepxarens [119].

3akniovyeHune

U3 BRHINIEU3JIOKEHHOrO CJICAYET BBIBOJ, YTO, KOMOHMHH-
pys pasiIMYHBIC KPUCTAJUIBL, OXJIAXKIAIONMME KHUIKOCTH M
CTIOCOOBI OXJIQXKJCHHS, MOXHO YCIICITHO KOMIICHCHPOBATb
TEPMUYECKHE MCKaKCHHSI ONTHYCCKUX SJIEMEHTOB, CO3IaBa-
emble ucrounnkamu CU. DdpdexTHBHOCTD TaKoil KOMITEHCa-
MM MOXKHO YBEJTYHTb, JTOMIOJHATEIILHO HCIIOJIb3YSI METOIBI
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TOHKOTO KpHCTaJI/Ia WJIM HaKJIOHHON T'€OMETPUH, a TaKkKe
aaNTUBHYIO ONTHKY.

Kpome Toro, mo-BuguMomMy, B HEKOTOPBIX CITyYasix NMeeT
CMBICJI UCIIOJIb30BATh aJallTUBHYIO ONTHKY, COCTOSALIYIO UX
ABYX OJIEMEHTOB: BTOPOH 3JIEMEHT IpPHU3BaH HCIPABUTD
HCKa)KCHHE BOJIHOBOTO (ppPOHTA, cosmaHHoe mepBoM [120)].

beuto mokasaHo, YTO I KOMIICHCAIlMM TEpMHYe-
CKMX HaIlpsHKeHWH, co3gaBaeMbIX peHTreHoBckuM JICD,
MCPCIICKTUBHBIM ~ SIBJISICTCSI  UCIIOJIb30BAHHE KPHOTCHHO-
OXJIAKIAEMOr0 KpUCTaJlJla CHHTeTHYecKoro aiaMasa. OqHako
3leCh BCe eIme MPEICcTOMT OoJbliasi paboTa MO co3fa-
HHIO CIIOCOOOB OOPBOBI C HUCKAKEHUSMH KPUCTAJITIMYECKON
pelIeTKH, BHOCHMBIMH OTHCJIBHBIM IAKETOM HMITYJIbCOB,
a TaKKe peJIaKcallud pelIeTKH 3a BpeMs, OTHessoliee
npefbiymuii ¥ nocsemyommii uMiyibesl. HecmoTps Ha
oIlpefieSieHHble [OCTIKEHUS B BBHIPAINMBAHUM CHUHTETHYE-
CKHX MOHOKPHCTAJUIOB anmasa [121], HeoGxonuma oTpaboT-
Ka METOJIOB ITOJIYYCHHUS ajIMa30B BBICOKOTO CTPYKTYPHOTO
COBEPIIEHCTBA U OOJIBILIOTO pasMmepa.

®uHaHcupoBaHue paboTbl

PaGoTta npoBezieHa B pamkax BbinonHeHus: I'ocynapcTsen-
Horo 3aganua HULI , Kyp4aToBckuil uHCTUTYT®.

KoHnukt nHtepecos

ABTOp 3adBJISIET, YTO Y HETO HET KOH(b.J'II/IKTa HUHTEPECOB.
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