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IIpencraBieHoO HOBOE MOKOJIEHHE YIBTPAKOMITAKTHBIX I BLICOKOBAKYYMHBIX OXJIaXKIaeMbIX TpaHC(HOKaTO-
POB Ha OCHOBE TPEJTOMJISTIONINX JIMH3 IS 3ala4 KOJJIMMAlLMU, TpaHCHOpTa U (POKYCUPOBKU KECTKOTO
PEHTIeHOBCKOTO M3NydeHus1. TpaHchoKaTop MpeiacTaBiaseT coboil ONTHYEeCKOe YCTPOUCTBO CIIOCOOHOE
U3MEHSATh MoJIokeHHe (hoKyca B 3aBUCUMOCTU OT KOJIMYECTBA PEHTTEHOBCKUX MPEJTOMIISIIOIINX JIMH3, KO-
TOpbIE BBICTABJIEHBI MO ONTUYECKOMY IyTH MPOXOXKACHUST PEHTTEHOBCKOTO M3IydeHUsl. KOHCTPYKIIMOH -
Hble 0COOEHHOCTH MPENCTABICHHOTO YCTPOMCTBA MO3BOJISIIOT YIPABJISAThH OTAEIbHBIMU ONTUYECKUMU DJIe-
MEHTaMM He3aBUCUMO IPYT OT Apyra, obecrieynBast 6oyiee THOKYIO HACTPOIKY (hOKYCHOTO PACCTOSTHUST IIJIsT
IIUPOKOTO KpyTa NMpuioXeHuil. Masble rabapuTHbIE pa3Mepbl U HEOOJBIIIONW BEC YCTPOMCTB MO3BOISIIOT
WHTETPUPOBATDH UX Ha JTIO0YIO0 CTAHIIUIO0 CUHXPOTPOHHOTO U3TyIeHUSI.
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BBEAEHWE

IMocnenHue aecATUIETUSI O3HAMEHOBAHBI MHTEH-
CUBHBIM Pa3BUTHEM KOT€PEHTHBIX METOIOB HCCIIe-
JIOBAaHUS C HMCIIOJIb30BAHMEM PEHTTCHOBCKOIO MU3IIY-
yeHUs. MUpoBbIe TEHIEHIIUU B pa3pabOTKe HOBBIX
METOIOB HCCISIOBAHMS TECHO CBSI3aHbI C UCIIOIb30-
BaHMEM CIEeUUAIM3UPOBAHHBIX MCTOYHUKOB CHH-
xpoTpoHHOTO u3nydyeHus (C1) HOBOro mokKoJyieHusl.
B Hacrosinee BpeMst 3TU UCTOYHUKU IIPUOIN3UINCH
K IIpeaeJly CBOMX XapaKTePUCTHUK I10 pa3MepPy MCTOU-
HUKa, SMUTTaHCA, SIPKOCTU U3JTyYCHUSI, KOTePEHT-
HOCTHU U BpeMeHHOoi1 cTpykrype. ITyuku CU ¢ MuHu-
MaJIbHBIM 3HadYeHHeM 3MUTTaHca okoio 100 M pang
yKe ObLIY TTOJlydeHbl HA ICTOYHUKAX YETBEPTOTO T0-
kosieHuss CU MAX-1V B llIsenuu [1] 1w ESRF-EBS B
I'penoOie [2]. B HacTosmiee BpeMsT BedeTcsl MOIep-
HU3alMsI MAarHUTHBIX CUCTEM HAaKOITMTEIbHBIX KOJIel]
cyliecTByoInX ncToyHuKoB CH 1o yeTBepTOro 1mo-
kosieHns. B Poccum BemyTcst paboOTHI 1T0 CO3IAaHUIO
IIEHTPOB C YCTaHOBKaMHu Kijacca “MeracalieHC”:
MIPOEKTUPOBAHUE U CTPOUTEIBCTBO CMHXPOTPOHOB,
CITOCOOHBIX GOPMUPOBATH AN(PPAKIIMOHHO-OTPaHU -
YEeHHbIE UICTOUHUKU U3JIYyYEHUSs C TIpeneIbHO MalbIiM
SMUTTAHCOM U YPE3BBIYATHO BBICOKOI SIPKOCTBIO,
noxkoyieHus 4+ [3].

90

s mepexoia K HOBOMY ITOKOJIEHUIO UICTOYHUKOB
CH TpebyIoTcs HOBBIE TEXHOJOTUH, METOIBI MCCIIe-
JIOBaHUSI M OMTHKA, 3aJauud KOTOPOM BBIXOIST 3a
paMKu OOBIYHOM (hOKYCHUPOBKU. ONBIT IpUMEHEHUS
WCTOYHUKOB TPEThETO MOKOJICHUS ITOKa3aJjl, YTO J0-
CTUXXEHHE TEepeIoOBbIX PE3YyJbTaTOB OOYCIOBICHO
pa3BUTHEM TEXHOJOTMYECKUX M KOHCTPYKLIMOHHBIX
OCOOEHHOCTE WHCTPYMEHTAJIBbHOM ©0a3bl CHUHXPO-
TPOHHBIX CTaHLIM. OgHUM U3 HauboJiee SIPKUX MPU-
MEPOB BHEAPEHUS HOBBIX HAYYHO-TEXHOJIOTUYECKUX
pelICHUIA SIBJISIeTCS peHTIeHOBCKAsI IPEIOMIISIOIIAST
ontuka [4]. C MOMeHTa MepBOii 3KCIepUMEHTab-
HOI JeMOHCTpalun GOKYCHUPOBKU PEHTIEHOBCKOTO
U3JIy4EHUS C TOMOIIBIO COCTABHOM MPEJIOMIISIOLIEH
JmuH3bI (CITJT), obacTh IpUMEHEHUS TaKOil ONTUKU
MOCTOSIHHO pacIIupsiach, 3HAYUTEBHO MEPEKPhIB
30HY IPUMEHEHMS TPAIULIMOHHBIX OIITUYECKUX DJIe-
MEHTOB — KPUCTAJLJIOB U 3epKaJl.

OTtHocuTebHas MPOCTOTA U3TOTOBJIEHUS, HU3Kas
CTOMMOCTh M HU3KME TpPeOOBaHUS K KAdyeCTBY ITO-
BEPXHOCTHU [5] crmoco6CTBOBaIM OBICTPOMY pa3BU-
TUIO TEXHOJIOTUIA M3TOTOBJIEHUS] U BHEIPEHUS PEHT-
TEHOBCKUX TPETOMITSIONINX JTUH3 KaK 0a30BOTO WH-
crpymeHTapus Ha uctouHukax CU. CITJI mo3Bosstior
pemarts 3aga4du o popmuponanuio mydyka CH B Ka-
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YeCcTBe KOHIECHCOPOB C HACTpauMBaeMbIM Pa3MEpPOM
My4Ka, KOJIMMATOPOB, OOECIEUMBAIOIINX MUKPO-
paguaHHYIO PacXoAMMOCTh Imydka [6], dopMupoBa-
TeJlel Iy4KOB, KOTOPHBIE CIIOCOOHBI IIPeoOpa3oBaTh
rnajarollee KOrepeHTHOE MOHOXpPOMAaTHYECKOE U3JTy-
yeHue B MHTepdepeHMoHHoe noe [7], @ypbe npe-
obpasoBarereii [8], a TakKe HMCIIOIb30BaThCS IS
¢dunprpanuu Beiciiux rapmMoHuk [9]. CIT mupoxo
HMCHOJIB3YIOTCS IJISI pEHTTEHOBCKOI1 BU3yaln3aluy 1
mukpockonuu [ 10, 11], maTepdhepomerpun [12—14] n
criektpockonuu [15]. Ha ceronHSmHWM AeHb, PEHT-
TCHOBCKasi MHUKPOCKOIIMSI Ha OCHOBE COCTaBHBIX
MPEJIOMJISIIOIINX O€PUJUIMEBBIX JIMH3 SIBISICTCS OJI-
HUM U3 Hanboyiee "HPOPMATUBHBIX PEHTTEHOBCKUX
METOJIOB MCCJIeIOBaHMS, OCOOCHHO B 3KECTKOI 00J1a-
CTHU DHEPIruil PEHTIEHOBCKOIO M3JIydeHusa. Metom
HWCHOJIb3YEeTCs IJIsl Hepa3pyIIarolliero uccjaeI10BaHus
O0COOEHHOCTEN BHYTPEHHEU CTPYKTYphl OOBEKTOB B
IIIMPOKOM CIIEKTPE HallpaBJICHUI UCCIIEIOBaHUIA, Ta-
KMX KaK MaTepruajioBeAeHUE, OMOJIOTr1s 1 METUIIMHA.

YerBepToe MOKOJEHUE UCTOYHUKOB CUHXPOTPOH-
HOT'O U3JTy4EeHUsI CO 3HAUUTEIIBHO YBEJIUYEHHOM Sp-
KOCTbIO IIydKa U BBICOKOM TEMJOBO Harpy3kKoi
MPeIbsIBIISICT JOMOJHUTEIbHbIE TPeOOBaHUS K MaTe-
pHajaaM peHTITeHOBCKUX JIMH3. Tak, HampuMep, eciau
Ha MCTOYHUKE TpeThero nokoyieHuss ESRF (®pan-
LK) MaKCAMAaJbHasg SpKOCTh mocturama 10%' ¢o-
ToH/c/Mpan’/mMm?/0.1% BW (BW — miupuHa sHepre-
THUYECKOM MOJIOCHI TIPOITYCKAaHUSI ), TO TTOC/IE MOIEPHU -
3allMU CTAaHLIMU, MaKCUMaJbHasl SIPKOCTb YBEJINYNIIACh
no 102 [16]. TToaToMy ONTHKa HOBOIO IOKOJEHUS
JIOJKHA OBITh YCTOMUMBOM K CBEPXBBICOKMM TETLIOBBIM
U paIvallMOHHBIM Harpy3kaM, o61agaTh HU3KUM KO-
3 PUIIMEHTOM TEIIOBOTO pacIIMPeHUs] U BbICOKOI
OTHOPOTHOCTBIO ONTUYECKUX CBOMCTB. OmHUM U3
TaKUX MaTepUAaIOB SBIISIETCS aliMa3, KOTOPHI TTOJTy-
YUJI IIMPOKOE pachpocTpaHeHUe IJis MCIOJIb30Ba-
HUS B “OeabIXx” (BBICOKOMOIIHBEIX 1 HEMOHOXpOMAa-
THYeCKMX) nydkax [17]. AaMasHble IIpeIOMIISIOLINE
JIMH3BI UCHOJB3YIOTCSI KaK Ipe-(QOKyCUpyolinue U
Mpe-KOJUIMMUPYIOIINE PEHTIEHOONTUYECKIE 3Jie-
MeHTHI [18] misg pemeHuns 3aga9y epegady n3iayde-
HYSI C MUHUMAJIbHBIMY OTEPSIMU MHTEHCUBHOCTU U
UCKAXEeHUI Ha SKCIepuMeHTalIbHble cTaHmu CU.

IIlupokoe pacnpocTpaHeHUE PEHTIEHOBCKUX
CI1JI oOyctoBiIeHO HE TOJIBLKO yCIIEXaMU pa3padoToOK
caMMX OINTUYECKUX BJIEMEHTOB, pacIIMPeHUEM HO-
MEHKJIATypbl MAaTEPUATIOB U3TOTOBJIEHUS, HO M CO3/1a-
HUEM CIELMATbHBIX YCTPONUCTB HA OCHOBE MPEJIOMJISI-
IOIIMX JIMH3 — TpaHchoKaTopos [ 19]. U3meHsist hopmy,
COCTaB M KOJIMYECTBO OTHEIBHBIX JIMH3, YCTAHOBJICH-
HBIX B YCTPOICTBO, TpaHC(OKATOPLI MOXKHO aganTUPO-
BaTh K IIMPOKOMY AMAIia3oHy 3HEpPruii, odecreunBast
FMOKYIO0 HACTPOMKY (DOKYCHBIX PACCTOSTHUIA U YHU-
BEPCAIbHOCTD JIJISI IIMPOKOIO CIIEKTpa METOJOB UC-
cinenoBaHuii. UMest BOBMOXHOCTh HACTPOIKY TTOCTO-
SIHHOM 9Hepruu U (POKYCHOTO paCcCTOSTHHS TpaHC(hOKA-
TOPbl MOTYT WCHOJIb30BAThCSI B KAa4yeCTBE CUCTEMBbI
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KOJUIMMAIIMM My4YKa, a TaKXe B Ka4yeCTBE KOPOTKO-
(G OKYCHOTO YBEJIMUUTEIBHOTO OOBEKTUBA.

Ha uctounukax CHM u nazepax Ha CBOOOMHBIX
3JIEKTPOHAX MHOTUE 3KCIEPUMEHTAIbHbIE METO/bI
TpeOYIOT, YTOOBI 00pa3ell M PEHTIEeHOBCKUI ITy4OK
HaxXOIUJIUCh B CTPOTO OIpPEAEJIEHHON TeOMETPUM.
ITosTOMY MpU KOMITOHOBKE ONTUYECKON CXeMbl IKC-
MEepUMEHTA BO3HMKAET HEOOXOAUMOCTb MCITONIb30Ba-
HMST COBPEMEHHBIX ONITUYECKUX BJIEMEHTOB, MMEIOIIINX
MUHMMaJIbHbIe radapuTHBIC pa3Mephl. B naHHOI pabo-
T€ MbI TPEACTABISIEM OMMCAaHWE HOBOTO TOKOJIEHMS
YJIBTPaKOMIaKTHBIX TpaHcdokaTopoB (YKT®), Beico-
KOBaKyyMHBIX OXJIaXIaeMbIX TPaHC(OKATOPOB U COB-
MECTUMBIX 3JIEMEHTOB PEHTI€HOBCKOM TMpeoMIIsIIO-
1Ieii onTHUKU, pa3padatbiBaeMbIX B Poccuiickoii Dene-
pauuy UIE  YCTAaHOBOK Kiacca “MeracaeifHc”.
I[maBHBIMU XapaKTEepUCTUKAMU YCTPONCTB SIBISIOTCS
KOMIIAKTHBIE pa3Mephl, Majiblii BeC U BbICOKasl TOY-
HOCTh TO3UIIMOHUPOBAHUSI 3JEMEHTOB PEHTTEHOB-
ckoil ontuku. B pabore Takxke coaepXkUTCsl onuca-
HUE€ OCHOBHBIX XapaKTepUCTUK U TMapaMeTpOB 3Jje-
MEHTOB TPEIOMJISIIONIEH PEHTITeHOBCKOM ONTHUKHU,
WU3rOTaBIMBaeMbiXx B MeXIyHapOqTHOM UCCieIoBa-
TeJIbCcKoM lieHTpe “KorepeHTHasi peHTreHOBCKasl OIl-
THKa IJIs1 ycTaHOBOK MeracaiieHc” BDY nm. U. Kanra.

PEHTTEHOBCKHWE TPAHC®OKATOPDI

OnHUMU U3 IEPBBIX MPOTOTUIIOB TpaHChoKaTopa
CTaJIy IJIaHapHbIe TIpeoMIIsSome JuH3bl. [ToMumo
HOBaTOPCKUX pEIIeHUM B AM3aiiHE, TEXHOJOTUU W3-
TOTOBJIEHUS M OTITUYECKUX CBOICTB IJIAHAPHOM JIUH-
3bI, €Ile OMHMM 3HAYMMBIM AaCIIEKTOM ObLIa HIes
ynoOCTBa MCITOJIb30BaHUS MTapadOINISCKON ONTUKU
B Pa3IMYHbBIX 9KCIIEPUMEHTAbHbIX cxemax. B vact-
HocTH, B 2004 T. ObLIa TIpEIIOKeHa ONTUYECKAs CUCTEe-
ma CITJI u3 kpemMHUSI ¢ PUKCHPOBAHHBIM (POKYCHBIM
paccrosiHueM 0.5 M [20], U3roToBJIEHHAsI IO TEXHOJIO-
TMUA IUIAHAPHOM MUKPOIJIEKTPOHUKM, BKIIIOYAIOIIAS
JIMTOrpauio U BHICOKOAHU3OTPOITHbIE METObI Ta3-
MEHHOTO TpaBJIeHUsI, TIpenHa3HaYeHHas! JJIsl IUCKPEeT-
Horo HaGopa sHepruii ot 10 mo 20 k3B. dukcupoBaH-
Hoe (POKYCHOE pacCTOSTHUE OBIJIO JOCTUTHYTO MyTEM
U3MEHEeHUs paauyca U KOJIM4ecTBa OMMHOYHbBIX JIUH3
B Kaxxnoit CIIJI. Eme onHuM nmpumMepoM popMupo-
BaHMsI KOHLEMLMU YHUBEpPCAIM3ALMU SKCIIEPUMEH-
TaJIbHBIX CXEM [IJIS1 Pa3IMYHBIX METONOB UCCIEI0OBAHMS
SABIsIeTCs IpemioxeHHbIe B 2007 I. 2 TUIa KOMIIOHOBKH
JIMH3 Ha KpeMHKUEBOM uumiie [21] — “nectHunia”, Korma
BCE JIMH3bI BBIPOBHEHEI IO KParo YMIia, U “IIMpaMu-
Ia”, obecrneynBampIIylo (PUKCHPOBaHHOE (DOKYCHOE
paccTosiHUe ISl Bcex JuH3. IlepBoe pacrojioxkeHre
IO3BOJISIET UMETh OYE€Hb KOPOTKOe (POKYCHOE pac-
CTOSTHHME, a BTOpOe MpakKTU4IHee, KOrIa eCTh He00X0-
JMMOCTb UBMEHUTH SHEPTUIO BO BpeMsl IKCIIEPUMEH-
ta. Kaxmasa CILJI cocrout u3 10 HaHOGOKYCUPYIO-
IMX JIMH3 C (OKycHBIM pacctosgsHueM 10 cm B
nuara3oHe aHepruii ot 10 1o 55 k3B ¢ marom 5 k3B.
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Puc. 1. zo06paxeHust TpaHc(OKATOPOB: Bepcus 711 paboThl Ha Bo3ayxe (a) M BakyyMHasi Bepcus (0) [21].

B 2009 r. g mepemMenieHns 1 yooOCTBa KOppeK-
TUpoBKM TTonoxeHuss CITJI Boonp ocu mydyka OBLT
MpemJIoKeH PEHTIeHOBCKUIM TpaHcdokatop —
YCTPOMCTBO, Mepemelialolee cOOpKU JUH3 B Kap-
TpUIXaX, (POKYCHOE PACCTOSTHUE KOTOPOTO MOXHO
TUIAaBHO PETYJIMPOBATh MEXaHUYECKUM MEPEMEIICHU -
€M OJHOM WJIM HECKOJIbKUX IpyIin KapTpumaxkeid [19].
OcHoBHOI (yHKUMEeir TpaHcdoKaTopa SBISIETCS
BBO/I U BBIBOJI TTPEJIOMJISIIOIIMX JIMH3 B IMYYOK U3JTy4ye-
Hud. JInHeilHble MHEBMAaTUYECKUE WU MbEe303JIeK-
TPUYECKUE TIPUBOJBI, PACIIOJIOXKCHHbIE B OIHOI
TUIOCKOCTU, JUHENHO BABUTAIOT KapTPUIKU C JWH-
3aMU B MyYOK PEHTI€HOBCKOTO U3JIyYeHUs B 3a/laH-
HOM MOPSIIKE U TI0 TOW XK€ TPAeKTOPUU BBIIBUTAIOT
n3 1ydka. Kaptpumku ¢ mHeBMaTUYECKUM TPUBO-
JIOM COAepKaT TeOMETPUYECKYIO TTIPOTrPeCcCUio KOJU-
YyecTBa JIMH3, YTO IO3BOJISIET UCMOAb30BaTh OT 2 N0
254 nuH3 (¢ 11aroM B cTeleHu ABoiiKu). TpaHcdhoka-
TOp OBLI ycTaHOBJIEH Ha ctaHuuu ID11 Ha paccTosi-
HuuM 90 M OT UCTOUHUKA. MICTIBITaHUS TIPOBOIMIUCH B
IMana3oHe HEPIUil peHTTeHOBCKOIO U3JIyYeHUS OT
25 mo 60 k3B (puc. 1a).

IIpocToTra M yHUBEepCcaIbHOCTh TPaHC(POKATOPOB
MPUBEIN K MX IIMPOKOMY pacnpocTpaHeHuIo [23, 24],
M3MEHMB KOHIIEMIMIO ycTpoiicTBa ctaHmit CU [25].
CeronHsi OHY UMEIOT IUPOKUH CTIEKTP KOHCTPYKIIM -
OHHBIX pelIeHuii [26, 27] UCTTONB3YIOTCS A1 KOJUIH-
MallMd W TIpeABapUTesIbHON (OKYCUPOBKM ITydyKa
CH [28, 29] u na3zepoB Ha CBOOOIHBIX 3JIEKTPOHAX
[30], a Takke OJ1sT OBICTPOTO M3MEHEHMS pa3Mepa n
¢GOpMBI BTOPUYHOTO MCTOYHMKA, ITyTeM KOMOWHAa-
LI JIMH3 [1JI1 TOPU3OHTAJIbHOM U BEPTUKATBbHOM (po-
kycupoBkH [31]. B 2011 1. coob1iaeTcs o HOBOI Bep-
cuu TpaHcdoKaTopa s UCTIONb30BaHUSI B BaKyyMe
[22]. Ucnionp3oBaHUE 3TUX YCTPOMCTB ITO3BOJIMIO
ONTUMU3UPOBATh pa3Mep U PACXOXKICHUE JTyde st
6enoro nyuyka CH. YcrpoiicTBO BaKyyMHOI Bepcuu
TpaHcdokaTopa (puc. 10) 3HAYUTENHLHO CIOXHEE C
WHXEHEPHOU TOYKU 3pEHUS, TaK KaK KapTPUIXKU Tie-
PEBOMSITCS B BAKyyM IS paOOThI ¢ O€IbIM ITYYKOM U
JIOJIKHBI UMETh BOJSTHOE OXJIAXKICHUE, a BCSI yCTAHOB-
Ka 3HaYUTEJIbHO JUIMHHee. BakyyMHbIl TpaHchOoKaTop
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COCTOUT M3 IEBATU KAPTPUIKEN C BOASTHBIM OXJIAXKIE-
HUeM, comepxamux 1, 2, 4, 8, 16 u 32 Be 1uH3b1, a Tak-
xe 32 u 64 Al muassl. KoMOuHanmsa 3THUX KapTpu-
JIKei obecrieyBaeT MOJIHYIO IEPECTPOMKY B AUAIIa-
30He OT 18 1o 125 k3B Ha 94 M u ot 18 1o 75 kaB Ha 42 M.
KoHcTpyKiMst cucTeMBl KapTpUIKel BaKyyMHOM
BepcHM TpaHC(HOKATOPOB MOKa3aHa puc. 2.

Takum o6pa3oM, C TOUYKM 3pEHUS YCIIOBUI MC-
MOJIb30BaHUsI TpaHCHOKATOPOB CYIIECTBYEeT MBa
KOHCTPYKTUBHBIX PEIIeHUS: IJIS1 UCIOJb30BaHUs Ha
BO3OyXe U IJIs MCIIOIb30BaHMUs B Bakyyme. C Touku
3pEHMs] BAPUAHTOB IO3ULIMOHUPOBAHUS JIMH3, B
OOJIBIIMHCTBE MPUMEHSIEMbIX Ha CETOAHSIIIHUIA I€Hb
TpaHchoKaTopax peaTn3oBaH OMHAPHBIN cIOCOO Tie-
PEKIJIIOYEHUS JIMH3 — CUCTeMa KapTPpUIKEN ¢ MHEB-
MAaTUYECKUMU MIPUBOAAMM, COAEPXKAIIUX TEOMETPU-
YeCKYyl0 Mporpeccuio KojuuyecTBa JMH3. Hecmorps
Ha Bce MpeuMyIlIecTBa, UCIIOJb3yeMble TpaHC(pOKa-
TOPBHI KapTPUIKHOTO TUIA MMEIOT OOoJbllre rada-
PUTHBIE pa3Mepbl, OOYCJIOBJICHHBIE UCITOJb30BaHU-
€M IMHEeBMaTU4YeCKUX MTPUBOAOB, a TAKKe M3-3a HE00-
XOIUMOCT! WCIIOJIb30BAHUS OXJIAXIAIONIUX WA
BaKyyMHBIX cucTeM. KOHCTpyKIIUM TaKux TpaHCGO-
KaTOPOB I'POMO3IKHU U HE MTO3BOJISIOT peluaTh psia 3a-
Jla4y, I1e YCTPOMCTBO MCHOJIb3YETCsl KaK PEHTTe€HOB-
CKUii BhICOKOpa3pelamiunit oo0bekTuB. Hampumep,
JJISI METOAA CBETJIOMOJIEBOM M TEMHOIIOJIEBO PEHT-
T€HOBCKOI MUKPOCKOINM, HEOOXOAUMBI KOMITAKT-
HbIe MIepecTparuBaeMble 00bEKTHUBBI C MaJIbIM BECOM U
HE SBJISIIOLIMECS MCTOYHUKOM JIOIMOJHUTEIbHBIX
BubOpanuii. [Ipy mcnonb3oBaHUM TpaHC(POKATOPOB
KapTpUIXKHOTO TUIIA, B IIYYOK BBOISATCS KapTPUIKU
B JItOOOIt MOCJIeNOBaTEIbHOCTHU, B HEKOTOPBIX ClIydya-
SIX HE COCEOHMX, YTO MPUBOIUT K CMEIICHUIO TOUYKA
¢doKyca OTHOCUTEIBHO ycTpoiicTBa. [1pu aToM He cy-
IIECTBYET TAaKOM ITOCIE€NOBATEIBHOCTH PACHOJIOXKE-
HUS KapTPUIXKEN BIOJIb OCU YCTPOCTBA, KOTOpasi ObI
obecrneuynBajia JIMHEHHYIO 3aBUCUMOCTD MepeMele-
HHS TTOI0KEeHMs (OKyca B 3aBUCUMOCTHU OT BBEICH-
HBIX KapTpMIKE BO BCeM auamna3oHe (OKYCHBIX
paccTossHUL. DTO BJIeYeT OYEeBMIHBIE HEymOOCTBa,
CBSI3aHHBIE C HEOOXOANUMOCTBIO TTepPEMEIIIEHUST CAMO-
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JIMH3BI JIMH3BI

Puc. 2. CxeMa pacnoioXeHUsI KapTpUIKei B BAKYYMHOI BepcuM TpaHchoKaropa.

To YCTpOﬁCTBa B IIpOLECC€ DKCIIEPMMEHTA, YTO HE
BCEraa BO3MOXHO.

IMostomy B 2015—2016 rr. B MeXITyHapOIHOM UC-
clleqoBaTelIbcKOM IIeHTpe “KorepeHTHast peHTre-
HOBCKasl OITHKa 111 ycTaHOBOK MeracaiieHc” bDY
nM. M. KanTa Ob1a pa3paboraHa M U3TOTOBJIEHA HO-
Basi BepCUsI PEHTTeHOBCKOTO TpaHcoKaTopa — yib-
TpaKOMITaKTHBIN TpaHcokaTop (puc. 3) misg 3amgay
BBICOKOpa3pelaloneili peHTTeHOBCKOT MMKPOCKO-
nuu 1 Tomorpacdum. OOHUM U3 INIABHBIX IPEUMY-
mectB YKT® gBisgercss IMCKPETHBII criocob Iepe-
MEIIEHUST PEHTTeHOBCKUX JIMH3 — OTIeJIbHbIE ITapa-
OoJIMYeCcKHe JIMH3bI YCTaHaBIUBalOTCs B Iydyok PU
rnocjenoBaTeabHO Apyr 3a apyroM. YKT® B craH-
JTapTHOM KOHUTypaluu coaepKuT 50 OTHeIbHBIX
JlaMeJiel — CIleIMaJIbHBIX ITPELM3UOHHBIX TTOIBXK-
HBIX JIep3KaTeis ONTUYECKUX DJIEMEHTOB, TOJIIUHOM
1.0 mMm. JIamMenu CIIpOeKTUPOBAHEI C BO3MOXHOCTBIO
ycTaHOBKM 1D- w 2D-nuH3, a TakKe MUHXOJUIOB
(orpaHMYMBAIOIIMX ATIEPTYP) U (PUIBTPOB IJIsI OIITH-
MHU3allM pagvallMOHHONW Harpy3ku Ha oOpasei. B
creunajgbHbix KoHdurypauusax YKT® Bo3moxHa
yCcTaHOBKa JlaMeJieii ¢ TomuuHoi 2.0 MM IJIST COBMe-
CTUMOCTH YCTPOMCTBA C MEHEE KOMIAKTHBIMU OITTH-
YyeCcKUMM 3jieMeHTaMu. biaromapsi padpaboTaHHOM
cucrteme uUKcalMy padbodee MojoXeHue Jamelieit B
JTaHHOM THIIE TpaHC(oOKaTopa MOXET OBITh KaK B
BepxHeli, TaK M B HIDKHEN Touke. BBog 1 BBIBOI OIT-
TUYECKHX 2JIEMEHTOB U3 ITy9Ka OCYIIECTBIISIETCS I10-
CPEICTBOM MOBOPOTA JIAMEIX OTHOCUTEJIBHO BBICO-
KOTOYHOTO Bajia, 00eCIeUYnBaOIIMM IIPELU3NOHHYIO
MOCAIKy COMNpSTacMBIX AeTajieii ¢ OIIMOKOM TOYHO-
CTHU TiepeMelleHus He 6ojiee 2 MKM. epkaTenau omn-
TUYECKUX DJIEMEHTOB MO3ULIMOHUPYIOTCSI Ha BBHICO-
KOTOYHBIX 0a30BBIX ITOBEPXHOCTSX, (opMUpys
¢GYHKIIMOHAIBLHOE MPELIM3UOHHOE SIAPO YCTPOIMCTBA.
KonmmyecTBO yCcTaHOBIEHHBIX JMH3 MOXET IIOCTEe-
IIEHHO U3MEHSITHCS 110 OMHOI, 00ecTeuYnBasi IJIaBHOE
n3MmeHeHne poxycHoro paccrossHust CITJI. Ucnons-
3yeMasi KOMITaKTHasi KOMITOHOBKAa OOeCleYyrBaeT
MWHMMAaJbHOE PAaCCTOSHUE MEXIYy ONTUYESCKUMMU
3JIEMEHTAMMU, OTPAHUYEHHOTO TOJIIUHOM JIUH3 U J1a-
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Mejieid, 4TO YMNpOIIaeT BO3MOXHYIO HAaCTPOUKY
yCTpOMCTBA BHOJb ONTHYEeCKOil ocu. labapuTHBIC
pasmepbl YKT® cocrasnsitor — 150 X 100 X 90 MM
(1 X II %< B). A Bec yCTpoiicTBa COCTaBIISIET MEHEE
2 KT. DTO TI03BOJISIET YCTaHABIMBATh ITPOU3BOJILHOE
pacnonoxeHue YKT® B mpocTpaHCTBE, UTO CYIlIe-
CTBEHHO yNpOIIaeT KOMITOHOBKY OIITUYECKOU CXeMBbl
SKCIIEPUMEHTAIbHOW CTAaHLIMM HAa WCTOYHUKE CUH-
XPOTPOHHOTO U3JTyYeHUSI.

I1pu pa3padboTke TpaHCHOKATOPOB MOTHBII IUKIT
UccaeaoBaHU U (UHAIbHBIX UCHBITAHUM Ha BOC-
IIPOM3BOAVMMOCTb ITO3ULIMOHMPOBAHUS (PYHKIINO-
HaJIbHBIX Y3JIOB M OTKa30yCTOMYMBOCTH 3JIEMEHTOB
TpaHC(HOKATOPOB IIPOBOASITCS Ha Ja0OPaTOPHOM KOM-
IUIEKCE — YHUKAJIbHOM Hay4YHOI ycTaHOBKe “HayduHo-
00pa3oBaTeNIbHBIMI ~ MHOTO(MYHKIIMOHAIBHBIA ~ KOM-
TJICKC TTOATOTOBKY U TTPOBEASHUSI CHHXPOTPOHHBIX HC-
cinepoBanuii” (YHY “SynchrotronLike”) [32]. Kom-
IUIEKC BKJIIOYaeT B ce0s PEeHTTeHOBCKUIA MCTOUYHUK
Excillum MetallJet D2, KoTOpHbIit TeHEepUpyeT peHTTe-
HOBCKOE M3jlIydyeHue ¢ 3Hepruein 9.25 xkaB (nmHus
GakK,) ¢ pazMepoM UCTOYHMKA 5 X 15 MKM? U GJIOK
BBICOKOpa3pelIalonX peHTTCHOBCKIX KaMep.

INpenBapurenbHble JIAOOpPATOPHBIE WCITBITAHUS
YCTPOMCTBA M IOCTUPOBKA IIPELM3MOHHBIX Y3JI0B
KOMITaKTHOI1 BepcuM TpaHcdoKaTopa ObLIM BBHIIIOJI-
HEeHBI Ha YHUKaJIBHOM HAaydHOI ycraHOBKe “HaydaHo-
00pa3oBaTe/IbHbIi  MHOTOMYHKIIMOHAJIBHBIA ~ KOM-
IUIEKC ITOATOTOBKU Y IIPOBEACHUSI CUHXPOTPOHHBIX MC-
cnepoBanuii” (YHY “Synchrotronlike”) B pexxmme
(GOKYCHUPOBKM M BBICOKOpa3pellawlleil paguorpa-
¢un. IomydeHHBIE pe3yIbTaThl MO3BOIMIA OITHUMM-
3MPOBATh KOHCTPYKIIMIO GJI0KA TamMeieil 1 YMEHBIIUTh
CMellleHUe ONTUYECKOM ocr ¢ TOUHOCTHhIO 0.01°.

J1J151 TOBBIIIIEHMSI TOYHOCTY U3MEPEHMIA, NCIIBITA-
HUST OCHOBHBIX MEXaHNYECKMX U ONITUYECKUX XapaK-
TepuctTuk YKT® Takxke ObLIM MPOBEAEHBl HA CTaH-
muu P14 ucrounnka CHU PETRA-III (DESY, EMBL,
r. 'amOypr). Lleapb ucobITaHUS COCTOSIIA B TOM, YTO-
OBl OMpPEEIMTh MOBTOPSIEMOCTh TMO3UIIMOHUPOBA-
HUS JIMH3 B YCTPOMCTBE, IIPUA ITOMOIIA MHOTOKpAT-
HOTO BBEIECHUS U BBIBEACHUS M3 PEHTTEHOBCKOIO
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Puc. 3. I306paxeHue yIbTPaKOMITAKTHOTO TpaHCc(hOoKaTopa: KeJaThIM LIBETOM ITOKa3aHO HalpaBJieHUE PEHTT€HOBCKOTO U3y~
yeHus (a), KpaCHBIM BblaejieHa 00J1acTh 6s10Ka ¢ 20 1amMesIssMu B pabodyeM mojioxkeHuu (6).

()

Puc. 4. BeicokoBakyyMHast Bepcusi TpaHC(oKaTopa: oOII1ii B yCTAaHOBKMU (@), BHEIITHUIA BUJI BAKYYMHOM KaMephl TpaHCcho-
katopa (6) 1 pacrosoxeHue Kaprpumxkeii, conepxamux CILI (B).

My4yKa pa3JIMYHbIX HAOOPOB JIMH3 U U3MEPEHUS OT-
KJIOHEHUSI TTOJIOKeHUST (DOKATbHOTO TISITHA HA PEHT-
TEHOBCKOIT KaMepe ¢ CYOMUKPOHHBIM pa3pelIcHUEM.
Pentrenosckas kamepa peructpuponana 50 nzoopa-
XXeHUM npu 25 Kagpax B CeKYHIY JJIST KaxKIoro IMo-
BTOPEHUSI MO3ULIMOHUpOBaHUs. B pesynbrate ¢o-
KyCHOEe TISITHO OTKJIOHsUIOCh B Tipeaenax 1.2 u
0.7 MKM B TOPU3OHTAILHOM W BEPTHMKAJILHOM Ha-
npasiieHusx [33]. YToOnl omnpenaeanTh yCpeaHEeHHOE
MOJIOXKEHUE IIEHTPa (OKaAJIbHOTO ITSITHA, MBI U3MEPHU-
JIU LIeHTp Macc Ha Bcex S0 nzobpaxeHusix. CraHnapT-
HOE OTKJIOHEeHME LieHTpa Macc st 50 n3oopaxkeHui
6pu10 paBHO 0.25 1 0.07 MKM, YTO XapaKTepHu3yeT 00-
IIIyI0 MHCTPYMEHTATBbHYIO ITOTPENTHOCTh TpaHchoKa-
TOpa M COOTBETCTBYET CPEAHEMY CABUTY OMUMHOYHBIX
ymH3 B CITJI. CiienyeT OTMETUThH, YTO M3MEPEHHbIE
XapaKTepUCTUKU MOJHOCTBIO YIOBIETBOPSIOT TPeOO-
BaHUSIM K MUKPOINO3UILIMOHUPOBaHMIO IuH3 [34]. B
HacTosIee BpeMsT YCTPOMCTBO YCTAaHOBJICEHO Ha
cranuuu P14 (EMBL Beamline MX2) ncTtouyHuka
CU PETRA-III, nns monroroBku myuyka CU s
9KCIIEPUMEHTOB I10 6eJIKOBOI KpucTaiorpaduu.

Ha cerognsiiHuii neHb MexXayHapoaHOM KCCe-
JIoBaTeIbCKOM IieHTpe “KorepeHTHas peHTTEHOB-

MOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIEAOBAHUS

cKas OINTHMKa i1 ycTaHOBOK MeracaiieHc” bDY
M. M. KaHTa OOCTYIHBI TpU OCHOBHBIX BapuaHTa
MEXaHUYECKOM  KOHCTPYKUMU  PEHTTEeHOBCKUX
TpaHC(OKATOPOB: YIbTPAKOMIAKTHBINA TpaHCcHOKa-
TOP C NEPEKIIOYECHUEM JIMH3 IUCKPETHOTO THUIIA, Ba-
KYYMHBII TpaHC(OKATOp ¢ MNepeKIIoYeHUEeM JIMH3
OWHApHOrO TUMA U BaKYyMHBII TpaHC(HOKATOp C CU-
CTEMOI BOMSIHOTO OXJaXIeHus. sl crienuaibHbIX
3ama4y  yJIbTPAKOMITAKTHEIM TpaHC(HOKATOP MOXKET
OBITH OCHAIILIEH CUCTEMOIT BOASIHOTO OXJIAXKASHMS 1JIST
obecrieuyeHUsT CTaOMIIbHOI pabOTHI ITPY UCIIOJIL30Ba-
HUU Mpudopa B yCI0BUSAX BakyyMa. OIMH U3 TIprUMe-
POB KOHCTPYKTHBHOTO TOAX0/Aa — KOHILIETIT BaKyyM-
HOro TpaHc¢oKaTopa s UCIIOJIb30BaHMs B “OebIX”
nydJKax IpeacTaBieH Ha puc. 4.

VYcrpoiicTBO 006amaeT MaciuTaduMpyeMoil KOH-
CTPYKIIMEMN, YTO TIO3BOJISIET YCTAHOBUTHh HEOOXOTUMOE
KomuecTBo Kaptpumkeit ¢ CITJI B 3aBUCMMOCTH OT
KOHKpPETHOM 3a1auu UX UCHojib3oBaHusl. TpaHchoka-
TOPBI OCHAIIAIOTCS YHUBEPCATBHBIM OJIOKOM YIIpaBJie-
HUS Ha 0a3e omHOIUIaTHOTrO KoMmbioTepa RaspberryPi.
TpaHcdokaTopsl ynpasiasIOTCs IIPU MOMOIIU CIIelra-
JIN3UPOBAHHOTO MPOTrPaMMHOI0 O0ecTieYeHUsl TIpeio-
CTaBJISIOILETO BEICOKOYPOBHEBBII JOCTYI K (DyHKIMSIM
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Puc. 5. 'eoMeTpuueckue pasMepbl peHTT€HOBCKOM 2 D-JTMH3bI.

yIpaBJIeHUST YCTPOMCTBA, C BOBMOXHOCTBIO CO3MaHUS
MOJIb30BATEIbCKUX KOMAH, U OTIENBHBLIX ITPOrPaMM.
IIporpamMHoOe oGecrieueHre MOTHOCTbIO COBMECTH -
MO C OOJILILIMHCTBOM COBPEMEHHBIX CUCTEM YyIpaB-
nennd Ha ucrounmnkax CH, rakux kak SPEC, ACTL
un EPICS.

Takum oOpa3oM, yCTaHOBKA HOBOTO (POKYCHOTO
PacCCTOSITHUSA MOXKET BBITIOJTHATHCSA AVMCTAHIIMOHHO B
TECYCHHNEC HECKOJIbKUX CEKYHI, ‘{TO6bI COOTBETCTBO-
BaTb 3aJaHHBIM IMTapaME€TpaM MCTOYHMKA, paCCTOsA-
HUIO 10 00pasua iy apyromy KoadduuueHTy yse-
JINYCHMUA.

OIITUKA I PEHTTEHOBCKHUX
TPAHCOOKATOPOB

Jnasg (HOKYyCUPOBKM KECTKOTO PEHTIEHOBCKOTO
WU3JIy4yeHUs B nuara3oHe aHepruit ot 2 no 200 k3B Ha
ucrouyHrukax CU npuMeHs10TCs TIpeJIoOMIISIoNIE Me-
TAUIMYECKUE U aJIMa3HbI€ JIMH3bI C PAJUYCOM KpHU-
BU3HBI NapaboaIryeckoro npoduis JuH3bl oT 50 10
1000 MM (6a3oBoe uctioaHeHue) [35, 36]. [TpuHIUAI
padoOTHI IPEITOMIISTIONIE PEHTIEHOBCKOM OIITUKU OC-
HOBaH Ha IMpeJIOMJIEHUN PEHTTeHOBCKOTO U3TYYEHUS
B MaTepHraiie TMH3bI. DOKYCHOE pacCTOSHHE IS CO-
craBHOI1 mpesiomysitoieid auH3bl (CITJI) — Habopa
ONMWHOYHBIX JIMH3 OIMUCHIBACTCSI CICAYIOIIUM BbIpa-
XeHueM [4]:

F = R/2N3, (D

rne R — paguyc KpMBU3HBI BOTHYTOTO Tapadonamde-
CKOTO MpouIsi TUH3HI B €€ arnekce, N — KOJIMYeCTBO
OIMHOYHBIX MPEJOMIISIOIINX JIUH3, & — JEKPEMEHT
MpeJIOMJIEHUsI MaTepuaia JuH3bl, n = 1 — & + i} —
KOMIIJICKCHBIN MoKa3aTeib npejgomiieHus [37], roe
neicTBuTenbHasA yacTh (1 — O) onmuchIBaET U3MEHE-
HUe ($Ha30BOil CKOPOCTU BOJIHEI TP MPOXOXKICHUUN
yepe3 BellecTBO (3 @PeKT mpeaoMIIEHUST U3Iyde-
HUsI), B TO BpeMsI KaK MHMMasi 4acTh [} OMMChIBaeT
YMEHbIIIEHWE aMILUIUTYIbl BOJHEI (MTOIJIOIIEHUE W3-
JIydeHMUsI) B BEIIIECTBE.

Jnasg GOKyCMpOBKHM PEHTTEHOBCKOTO M3ITy4CHUS
CEeroiHsl WCIOJB3YIOTCSl omHoMepHble (1D) u nBy-
MepHBIe (2D) IIpeaoMIsSIoNIe PEeHTTCHOBCKIE JIMH-
3bl UISI OOCTVDKEHHUSI OMHOMEPHOI (JIMHEWHOM) U

TMOBEPXHOCTb. PEHTTEHOBCKUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UCCIEAOBAHUS  Ne 11

JIByMEpHOIi (TouyeuHoii) ¢okycupoBku. Ha pucynke 5
npencraBieHo n3obpaxeHue 1D m 2D peHTreHOB-
CKUX TIPEJIOMJISIONINX JIUH3 C YKa3aHUEM UX OCHOB-
HBIX TEOMETPUYECKUX XapaKTEPUCTUK: 2R, — reomeT-
puyeckas (pu3nueckas) amepTrypa, d — Iepelieexk
(ocTaTouHasl TONIIWHA MaTepuaja), NpU TOJIIINHE
pabouero matepuana auH3bl — D = 1.0 mMm. B Ta6ma. 1
MpeaCcTaBIeHbl OCHOBHbBIE TEOMETPUUECKIE XapaKTe-
PUCTUKU PEHTTEHOBCKUX JINH3 U UX COOTBETCTBUE.
dusnueckast aneprypa JIMH3bI 3aBUCUT OT paauyca
KPUBM3HBI R 1 TOMIIUHBI MaTepyuana D JUH3bI (MO-
KET OTJUYAThCs OT 1 MM), UTO TO3BOJISIET MOIYy4YaTh
anepTypsl JIMH3 10 5 MM U OoJiee TPU yBEJIUYEHUU
panuyca KpuUBMU3HBI JUH3bl. CTOUT OTMETUTBH, UTO
MUWHUMAaJIbHAsl OCTaTOYHAasl TOJIIIIMHA MaTtepualia d B
JIMH3€ KaK MPaBUJIO OrpaHNYeHa MPUMEHSIEMOI TeX-
HOJIOTHMEN M3TOTOBJICHUS PEHTIEHOBCKOUN OITHUKU U
NPUBOIUT K JOHOJTHUTEILHOMY MOIJIOIIECHUIO U3JTY-
YyeHUs AUH30#. B ciaydyae MeTaymmdeckoi ONTHKU,
KOTOpasl M3roTaBIIMBAeTCS METOHOB OTHOOCEBOIO
MpeccoBaHMUs BBICOKOTOYHBIMUM ITyaHCOHAMU Iapa-
meTp d cocraBnsieT ~20—30 MKM, a MUHUMAJIbHBIN
panuyc KpuBU3HbBI TUH3BI R = 50 MkM. CerogHsi cpe-
IW TIPOM3BOAMUTENICH META/UTMUECKON MPeIoMIISIO-
IIeil ONTUKM MOXHO BBIAEIUTH IBE OCHOBHBIE Opra-
Huzamun — GmbH & Co. KG RXOPTICS (rxop-
tics.de/products/lenses, I'epmanus) u MUIT OOO
“PEHTTEHOBCKAS OIITUKA” (MHHAII “Kore-
pEHTHAasi peHTTeHOBCKAasl ONITUKA JJIs1 yCTAHOBOK Me-
racaiienc” BDY um. WM. Kanra, xroptica.ru/metal-
optics, Kanununrpan, Poccus). HayuHo-uccienona-
TeJIbCKUM 1LeHTpoM B®Y um. M. Kanra 6bl1a npea-
JIOKEH W peaqn3oBaH Oojiee KOMIAKTHBIM OU3aifH
PEHTTeHOBCKUX JINH3 — TOJIIWHOM Bcero 1 MM, UTO B
IIBa pa3za MeHbIie yeM y rmpousBoautersi RXOPTICS,
a TaK>Ke BBITIOJIHEHBI pabOThI IT0 M3TOTOBJICHUIO JIMH3
C BKCTpeMaJbHO MaJIbiM MapamMeTpoM d — He Gonee
10 MM (puc. 6), YTO MO3BOJIIET CHU3UTDH HOTEPU UH-
TEHCUBHOCTY M3-3a (POTOMOITIOLIEHMSI ITOYTH B IBA
pasa, 0co60 BOCTpPEOOBAHHBIX JISI MPWIOXEHUNA B
006J1aCTH MaJIBIX HEPTHif — MeHee 6—8 K3 B.

11 ICTOYHUKOB CUHXPOTPOHHOIO M3JIyYEHUS C
BBICOKOI1I IIJIOTHOCTHIO (POTOHOB (SIPKOCTBIO) Hay4-
HBIM KOJUIEKTUBOM TaKxke Oblia pa3padboTaHa TEXHO-
JIOTUSI U3TOTOBJICHUS aJIMA3HOM MPEJIOMJISIONIEN OI-
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TUKU METOMIOM JIa3epHOI abisiuy ¥ METOJIOM MOH-
HO-JIyueBOil JuTtorpaduu. AjMa3Hble JWH3BI C
OonbIION paboyeit anmepTypoif M3roTaBIUBAIOTCS U3
BBICOKOKAUE€CTBEHHBIX MOHOKPUCTULIMYECKUX aJl-
MAa3HBIX INIACTUH METOIOM IOCIOMHOM JIa3epHOi1 a0-
JISIUUA C TIPUMEHEHWEM MOIIHBIX CBEPXKOPOTKHUX
MMITYJIbCHBIX JIa3€pHbIX cucTeM. PeHTreHoBCKue aji-
Ma3HbI€ JIMH3bl OPUEHTUPOBAHBI Ha pellleHne 3aaa4
Mo KojuMauuu U (OKYCUPOBKM PEHTIEHOBCKUX
IYYKOB C BBICOKOI TEILUIOBOII HArpy3Koii Ojiaromapsi
BBICOKOM TE€pMO- U paaAuallMOHHOM CTOMKOCTHU aJiMa-
3a [38]. MMHUMAaJbHBINM paguyc aJMa3HbIX PEeHTre-
HOBCKMX JIMH3 OIpaHMYEH TEXHOJIOTHEH JIa3epHOM
abyisiuu U coctapisieT ~200 MKM.

s yripoiieHus: pacueta GOKYCHOTO pacCTOSIHUS
CIIJI moxHO BBeCTHM KO3(M(UIMEHT HPONOPIMNO-
HaibHOCTH K, Torma (pOKyCHOIO PAacCCTOSIHUS IIpe-
JIOMJISIIOIIIEH JIMH3BI MOXHO 3aIlicaTh CIAEAYIOIIUM
oOpa3om:

F =(R/2N)(E’/K), )

rae K — ko3¢ GUIMEHT TpONOPIMOHAIBHOCTH (CM.
Tabia. 2), R — panuyc KpUBU3HEI ITapadOJINISCKOTO
npodwisi, BRIpakeHHbI B MeTpax, N — KOJIUYeCTBO
OIMHOYHBIX MPEJIOMIISTIOIINX JTUH3, F — dSHeprust u3-
JydyeHus B kaB (2—200 kaB).

Bosee TouHBII pacdyeT BCeX ONTUYECKUX XapaKTe-
puctux CIIJI MOXHO BBIIIOJIHUTH C IIOMOIIBIO OH-
JTaiiH KajabKynstopa [39].

Pabouas (acpdpexkTuBHas) aneptypa A, TPETOMIIS-
IOIIEM ONTUKM OIpeAessieTCsl MOMIOIICHUEM PEeHTre-
HOBCKOIO W3JIy4eHUsI B Marepuajie JIMH3bl U MOXET
OBITH paccuMTaHa I10 clieaymoleit ¢opmyne [34]:

Agq = (FAS/B)", 3)

Ta6muna 1. OcHOBHBIE reoMeTpuuyeckue rnapameTpsl 2D
DPEHTIeHOBCKUX JINH3

R — panuyc KpUBU3HBI, MKM
[MTapametp
50 | 100 | 200 | 500 | 1000
2R, — dus. aneprypa, MkM |~443 ~626|~885[1400|~1980
d — TmepenieeK, MKM 20 30
D — ToivHa TUH3bI, MM 1.0

rae A — JUIMHA BOJIHBL u3iaydyeHusa. Ha puc. 7 nipen-
CTaBJIcHbl 3HadYeHUs1 3(PGEKTUBHBLIX anepTyp IS
HamboJiee 4YacTO HCIIOJb3YeMbIX IIPETOMIISIONINX
mH3. JIndpakumonHeiin npenen paspemenns CITJI
CcBsi3aH ¢ paboueii (3(pheKTUBHOIT) anepTypoil ciie-
IYIOIINM BEIpaxkeHHeM [35]:

Res;, =0.61 (AR/A.xN9). 4)

BDKcnepuMeHTaIbHasl pa3peliaiolasi CriocOOHOCTh
merayuimueckux CITI cocrapnsier ~50—100 HM,u orpa-
HUYEeHa B OCHOBHOM MCKaXX€HUSMHU, BHOCUMBIMU
PEHTTCeHOHEOMHOPOAHBIMU  MaTepuajiamMu  (TIOJU-
KPUCTAIMYECKOW CTPYKTYpOli) U HECOBEpIleH-
ctBOM opMbl poduJid 1uH3 [36]. CortacHO IpoBe-
JNIEHHBIM UCCIIeIOBaHMS LISt MUHUMU3ALUMU 3 deKTa
¢dopmupoBaHus crieKJI-noeid U AubpaKIIMOHHBIX
notepsb (IIMTYei) IpeaIaraeTcs MCIojb30BaHUE HO-
BOTO TTOKOJIEHUSI MaTepuaJioB ISl 3a/1a4 PEHTTeHOB-
CKOM ONTUKY — HAHOCTPYKTYPUPOBAHHBIX METAJIOB
u aiMa3zos [41, 42].

B Ta6a. 3 npencraBieHbl OCHOBHBIE OIITUYECKUE
napaMeTpbl COCTaBHOI PEHTTeHOBCKOU JWH3bI IS
IuaraszoHa sHepruu usinydeHust 5—200 k3B npu
¢uKkcrpoBaHHOM (POKYCHOM paccTosTHUM (F= 1 M) u
¢duKkcupoBaHHOM paauyce KpUBU3HBI Mapadoyunye-
ckoro npoduis (R = 50 MKM), pacueTbl BbITTOJHEHbI

(©)

Puc. 6. [Ipenomsiioniasi peHTTeHOBCKasl ONTHKA: OepuiuireBble AByMepHbIe (2D) TMH3BI C paguycoM KpUuBU3HbI 50 MKM (a) 1
aIfoMUHMEBBIe omHOMepHBIe (1.D) TuH3BI ¢ panuycoM KpuBU3HBI 200 MKM (6).
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Ta6muna 2. 3HayeHue Ko3hdULIMEeHTa MPOTOPLIMOHATBHOCTH

Marepuan bepunuii (Be)

Anmas (C)

Amomunuii (Al) Huxkens (Ni)

K x 104 34 7.3

5.4 18

Taomuna 3. OCHOBHBbIE ONTUYECKME XapaKTEPUCTUKU
PCHTICHOBCKMUMX JIMH3
E, x3B| Marepuan B Ay 5 N
5 |Be 1.5%10°% | 186 [14x1075| 2
12 |Be 3.7x10710 | 616 [24x 106 | 10
12 |C 33x1072 | 358 |51x10°¢| 5
20 |Be 40x10"" | 615 |85x1077 | 29
20 |C 3.55%x 10710 | 387 |1.8x 107 | 14
50 |Al 9.1x 1011 | 281 |2.2x10~7 | 115
50 [Ni 3.8x107° 5171x1077 | 35
100 |Ni 2.3x10°10 75 | 1.8 x 1077 | 142
100 |[Au 9.0 x 10~ 20 3.1 x 1077 | 80
200 |Au 72x 10710 24 [7.8x 1078 |320

C IIOMOIIIBIO OHJIAliH KaJbKyJisiTopa [39]. 13 Tabnmu-
HBIX JaHHBIX BUAHO, YTO IPU YBEJIMYSHUU SHEPTUU
TpebyeTcsl MCIONb30BaTh MaTepualibl C BBICOKUM
CpPEOIHUM aTOMHBIM HOMEPOM I TTOMAep>KaHUS
¢UKCHUPOBaHHOTO (DOKYCHOTO PACCTOSITHUS JIMH3EL.

PaGouuit sHepreTudyeckuii Auana3oH MpeaoMJIs-
IOIIeil ONTUKU UISI UCTOYHUKOB CHUHXPOTPOHHOTO
nanydyeHus coctapisier 2—200 k3B [36, 43]. OnHako
IUJIsl AOCTMXKEHUsI KoMMaKTHBIX pazMmepoB CIIJI kak
TPaBUJIO UCIIOJIB3YIOT OepureByto (Be) onTuky mist
sHepruii naiydeHus no 20 k3B, anmaznyio (C) — mis
10—50 k3B, amomuHuMEeBy10 (Al) — m1s1 20— 100 k3B, HI-

Db dexTuBHAs anepTypa, MKM

600
500
400
300 H ;
200 |
100 |

0 50 100 150 200
DHeprus, kKoB

Puc. 7. 3aBucumoctsb 3pdexkTuBHoii aneptypsl CIIJI ot
SHEPTUHU U3IIYyIeHUS TSI POKYCHOTO paccTossHus F= 1 M
ISl pa3HbIX MaTepualioB: I — Gepwiiuii, 2 — anmas, 3 —
AIIOMUHUM, 4 — HUKEb.
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keneByto (Ni) — mnsa sHepruit 6onee 100 koB, mis
CBEPXKECTKOTO PEHTTEHOBCKOTO M3JIyYeHUST W raM-
Ma-HM3Ty4deHUs] — MOKHO MCITOJIb30BaTh MaTepHahI C
BBICOKMM aTOMHBIM HOMEpPOM — 30JI0TO, IUIaTWHA
WU 00eTHEHHBIN ypaH.

CeronHsi cocTaBHbIE TIPEJIOMJISIONINE JTUH3bI SIB-
JISIIOTCSI OCHOBHBIMU OTITUYECKUMM JIEMEHTaAMM TSI
pelreHns psima TEXHMIeCKUX 3a1ad, a Takke ITMpo-
KOTO CIIeKTpa 3KCHePUMEHTabHBIX METOIOB UCCIe-
JIOBaHUSI HA COBPEMEHHBIX MCTOYHUKAX PEHTTEHOB-
CKOTO M3TydeHMs. JIMH3bI NCTIONB3YIOTCS IUTS CO3Ma~-
HUS KOJUIMMALIMOHHBIX CUCTEeM, PEHTTeHOBCKUX
KOHIEHCOPOB, GopMHUpoBaTeeil MUKpPO- U HaHO-
ITyYKOB, IUISI CBETIIO- M TEMHO-TTOJIbHOI PEeHTIeHOB-
CKOIf MUKPOCKONUH U TOMOTpaduu, TUdpaKIINnOH-
HOIl MUKpoOcKoNuH, Kak Dypbe-onTukKa, 6a30BOro
BJIeMEeHTa TSI MHTephepOMETPUN U pedIeKTo-1H-
TepdepoMeTpuH, TIpH TTPOBEACHUN NCCICIOBAaHUMA B
OKCTPEMAJIbHBIX YCIIOBUAX U APYTUX METOJOB.

SAKJIIOYEHHE

PeHntreHoBckue TpaHchoKaTOpbl Ha OCHOBE CO-
CTaBHBIX MPEJIOMJISIIONINX JIMH3 SIBJISIIOTCS YHUBEP-
CaJIbHBIM PELIEHUEM MPHY MPOEKTUPOBAHUU HAYUHO-
HUCCAeA0BATENbCKUX CTAHLIMNA U ONTUYECKUX JIMHUM
Ha COBPEMEHHBIX UCTOYHUKAX CUHXPOTPOHHOTO 13-
JIydeHUsI M ycTaHOBKax Kiacca MeracatieHc. TpaHc-
¢doKaTophl COXpaHSIOT in-line reoMeTpuIo pacHpo-
CTpaHEHUs U3JIyYeHUsI, oOecriedrBasi BO3MOXHOCTh
HACTPOMKM MOCTOSSHHOM 3HEePTUM U (POKYCHOTO pac-
cTosiHUS. [MOKOCTh KOHCTPYKTUBHBIX PELIeHUN ISt
Mo3uMoHupoBaHus peHTtreHoBckux CIIJI nemaer
TpaHC(OKATOPbl MPUTOAHBIM JJIsI IIIMPOKOTO CIIeK-
Tpa MPUMEHEHUM Jaxe Ha HecleluaIu3upoBaHHBIX
cradHuusax CHU. TpaHchoKaTopbl COYETAIOTCS C APYTU-
MU ONTUYECKMMMU DJIEMEHTAMU U MOTYT OBbITh UCIIOJb-
30BaHbl B KAYECTBE CUCTEMbI KOJIJTUMALIUU ITy4YKa, B Ka-
YeCcTBE KOPOTKO(MOKYCHOTO YBEIUUYUTEIHBHOTO OOBEK-
TUBA. DTO OCOOEHHO BaXXHO JISI HEpas3pyllaiolInX
W3MEPEHUM in Sifu WIU in vivo B pa3JIMYHbIX 00JaCTIX
PEHTITEHOBCKMX MCCIEAOBAaHUIA, TI1€ KPUTUUYECKOE
3HauYeHUE UMEET OBICTPOE OTCIIeXKMBAHWE TMHAMUYE-
CKUX, MOP(MOJIOrMYecKux U CTPYKTYPHBIX U3MEHe-
HMil. PeHTreHOBCcKUEe TpaHC(OKATOPhI MO3BOJISIOT
CYIIECTBEHHO ONITUMU3MPOBATh 1 YIIPOCTUTh 3a1auy
TpaHCIIOpTa U KOJUTMMAIIMIO TTydKa, a Takxke yIrpaB-
JISITh TUIOTHOCTBIO MOTOKA M3Ty4eHUsT Ha obpasie u
MoJjiydyaTb MUKPO- U HAHO-PEHTI€HOBCKHWE 3O0HIbI,
coxpaHsisi (UKCUpOBaAaHHOE (POKYCHOE pacCTOSTHUE
00BeKTHBa B IMPOKOM Auamna3oHe sHepruii. o-
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OCHAIIlEHME ONTUYECKUX JIMHUI TpaHcpoKaTopaMu
MPOUCXOAUT 0e3 HapylLICHUsS CYIIECTBYIOLIUX KOH-
CTPYKTUBHBIX PEIISHUI, MTOCKOJIBLKY PEHTTeHOBCKIE
TpaHC(HOKATOPHI COBMECTUMEI C YJIBTPABBICOKMM Ba-
KYYMOM U UMEIOT aKTUBHOE OXJaXXAeHUE IJISI TePMO-
U paauallMOHHO-HAIrpPy>KeHHBIX YYaCTKOB OITHYE-
CKUX JIMHUN. YIbTpaKOMITaKTHBII TpaHC(hOKATOp HA
OCHOBE MpPEJIOMISIOIIMX JUH3 SBJISIETCSI YHUBEP-
caJIbHBIM pellIeHueM U TIPEACTaBIIsIeT co0oit caMylo
KOMITAKTHYIO BEPCUIO BBICOKOpa3pelIalolle 3ymM-
00BeKTHUBA IJIS1 3a0a4 KOT€pEeHTHOI BU3yaau3alun U
TOMorpauu MUKpPO- 1 HAHOOOBEKTOB. PEeHTreHOB-
CcKre TpaHC(POKATOPHl MMEIOT KOMIAKTHYIO M Mac-
IITabUpPyeMyr0O KOHCTPYKIIMIO, BBICOKYIO HaIexX-
HOCTb, HU3KYI0 CTOUMOCTb TEXHUYECKOTO OOCTYKHU-
BaHMS U COBMECTUMOCTB CO BCEMM CYIIECTBYIOIIMMMU
TUIIaMU IBYMEPHBIX M OMHOMEPHBIX ITPEJIOMIISIOILIAX
JIMH3, YTO CYILIECTBEHHO pacIlIupsieT IIPUMEHUMOCTh
JIAaHHOTO yCTPOMCTBAa Ha ycTaHOBKax kjacca Mera-
caiieHc.
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HccnenoBaHue 3J€MEHTOB PEHTIEHOBCKOI OMNTHKU
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X-Ray Transfocators a Tunable X-Ray Focusing Apparatus Based on Compound
Refractive Lenses

A. S. Narikovich!, I. I. Lyatun', D. A. Zverev!, 1. B. Panormov', A. A. Lushnikov!, A. V. Sinitsyn',
A. A. Barannikov!, P. N. Medvedskaya!, A. S. Korotkov!, and A. A. Snigirev!> *

! International Research Center “Coherent X-ray Optics for Megascience facilities” Immanuel Kant Baltic Federal University,
Kaliningrad, 236041 Russia

*e-mail: asnigirev@kantiana.ru

This paper presents a new generation of ultra-compact and high-vacuum cooled X-ray refractive lens-based
transfocators for collimation, transport, and focusing of hard X-rays. The transfocator is an optical device ca-
pable of changing the position of focus depending on the number of X-ray refractive lenses, which are exposed
along the optical path of X-ray radiation. The design features of the device allow the individual optical ele-
ments to be controlled independently of each other, providing a more flexible adjustment of the focal distance
for a wide range of applications. The small overall dimensions and light weight of the devices allow them to
be integrated into any synchrotron radiation station.
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