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Annomayus

B Uncruryre snepuoit puzuku CO PAH pa3zpabareiBannch MarHUTHBIE 3JIEMEHTHI TIEPEITyCKHOTO KaHala Iy4KOB 3apsi-
xeHHbIX yacTtul oT SIS18 no SIS100 (FAIR, I'epmanus) [1]. B nanHoii paboTe npeacrapiseTcs OMUcaHnue KBaaApyoib-
Horo mMarauTa Q2 M pe3ynbTaThl CEpUIHBIX MarHUTHBIX M3MEpeHHH. MarHUTHbIE N3MEPEHHs! MPOBOAMINCH C IOMO-
LbI0 BPAIIAIOLIEICS TapMOHNYECKOHN KaTyIIKU U MEPEMEILAIOIENCs KapEeTKU C JIMHEHHBIM MACCHBOM JAaTYUKOB XO0JIjIa.
KBaapynonbHbie JUH3bI 00CCIIEUNBAIOT HHTETPATbHbINA IPaIMEHT MATHUTHOTO TI0JIs ¢ BBICOKHM KadecTBOM (< 5 - 1079),
YTO yHOBJIETBOPSET 3asBICHHBIM TPeOOBaHUSIM. B TO ke Bpems M3-3a OIIMOOK M3rOTOBIEHUS U COOPKHM B MarHUTHOM
ToJIe MIPUCYTCTBYIOT TAPMOHUKH BBICILETO MOPS/IKA, KOTOPBIE MOTYT OKa3bIBaTh BIMSHHE HA JUHAMUKY JBHKEHUS ITyd-
ka. Ocoboe BHIMaHME YIENSIOCh aMIUTUTYAE TPEThell (CEKCTYMOIbHOM) TapMOHUKH, KOTOPasi ONpeAeIIeT XpoMaTuie-
CKHE CBOMCTBA JIMH3bBI. DTO MO3BOJISIET IPOBOAUTH COPTUPOBKY M3TOTOBICHHBIX JIMH3 110 BETNYNHE HCKAKEHUN U MUHU-
MH3HUPOBATh BIMAHUE HA JUHAMUKY JBIDKEHHS ITydKa, HCIONB3Ys ONTUMATIbHYIO PACCTAHOBKY MarHHTOB.
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KBaIPYIOJIbHBIN MarHuT, AaT4UKHU XO0JUIa, Bpallaronascs KaTyllka, TpeThsl TapMOHUKA
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Abstract

In Budker Institute of Nuclear Physics SB RAS the magnetic elements of transfer channel for charged particle beams
from SIS18 to SIS100 (FAIR, Germany) [1] were developed. The article presents a description of the quadrupole magnet
Q2 and serial magnetic measurements results. Magnetic measurements with application of rotating harmonic coil and
moving carriage with linear array of Hall sensors were taken. Quadrupole lenses provide magnetic field integral gradient
with high quality (<5-107) and satisfy the requirements. High order harmonics are present in the magnetic field due to
manufacturing and assembly errors and can imperfect on beam dynamics. Main attention was considered to the third
(sextupole) harmonic amplitude, determinate the chromatic properties of the lens. It allows select manufactured magnets
to distortion value and minimize imperfection of beam dynamics by optimal theirs arrangement.

Keywords
quadrupole magnet, Hall sensors, rotating coil, third harmonic
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BBenenune

FAIR (Facility for Antiproton and Ion Research) — crposuiicst 8 Japmmranre (I'epmanwst) mex-
JTyHapOIHBIN YCKOPUTEIHHBIA KOMIUIEKC [1], KOTOPBIA OyJeT MCIIONB30BaTh aHTHUIIPOTOHBI U MOHBI
JUIS TIPOBEICHUS MCCIECIOBAaHUN IO SIACPHOM (u3MKe, (PU3MKE BIEMEHTapHBIX YacTHL, aTOMHON
¢usuke, GuU3NKe KOHICHCHPOBAHHOIO COCTOSHUS M Jp. Ba)KHBIM 3JIEMEHTOM KOMIUIEKCA SIBJISCTCS
HEBT (High Energy Beam Transport) — cucreMa TpaHCIIOPTHBIX KaHAJIOB MEXIY YCKOPHTEISIMHU
1 3KCHEPUMEHTAIbHBIMU YCTaHOBKAMH.

Hns mepenyckHoro kaHana nmydkoB noHOB oT SIS18 no SIS100 ¢ MarHMTHOH KECTKOCTBIO
18 T - m B USID CO PAH Ob1111 ClIpOSKTHPOBAHBI M M3TOTOBJIEHBI KBapyTONbHBIE MAarHUTHI Q2. Oc-
HOBHBIE ITapaMeTPhbl MArHUTA IIPUBEACHBI B Ta0s. 1. OOmuii Bua KBaApyHos NpeICTaBlIeH Ha puc. 2.

3D-pacueT MarHUTHOTO MOJS KBaAPYIOJIBHOTO MaruuTa Q2 mpoBOAMIICS ¢ HOMOLIBIO ITPOTpaM-
Ml MERMAID [2]. B xo7e pacdeToB mogdoupanvck onTuManbHast (hopMa Moroca MarHuTa, pa3Mepsl
o0paTHOTO ApMa, a Takxke (hopMa TOpLEeBOH (hacku, HEOOXOIUMBIE IS JOCTHXKEHHS TpeOyeMoro Ka-
YecTBa M0JIS1 B IIMPOKOM JIMAla30He BEJIMUUHBI TOKA BO30YKICHUS.

st noctrxeHust TpeOyeMoi OJHOPOJHOCTH MHTErPAJIbHOTO IPaMeHTa MoJsl BO BCEM JMaria-
30HE W3MEHEHUS TOKa M YNPOLICHUs] TOPLEBOH (acku (hopma mmojroca Oblla HECKOJIIBKO M3MEHEHa
(puc. 3, cnpasa). Takoe U3MeHEHNE NPUBEIO K HE3HAUYNUTEIBLHOMY HApYIICHUIO OJHOPOJHOCTH JIO-
KaJbHOTO IPaJNEHTa Ha rpaHuLe padodeli anepTypsl IPH MAaKCUMaJIbHOM 11oiie. [1pu aToM onTumains-
Has TopreBas dacka — rurockas 10 mm X 45°.
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JInHenHbIN
ycKopuTtenb
UNILAC

YckopuTenbHoe
Konbuo SIS18 YckopuTenbHoe

Konbuo SIS100

100 m

CywecrsyeTr
JKcnepuMeHTasbHble U | Cywy ¥

HaKonuTe/ibHble Ko/bla . nnaHMPVETCﬂ

[l 3xcnepumeHTbI

Puc. 1. Ycxopurensnslii komruieke FAIR (Beienennas oonacts — yactu HEBT)
Fig. 1. Accelerator complex FAIR (highlighted area — parts of HEBT)

Tabnuya 1
OCHOBHBIE TTapaMeTphl KBaPyIOIbHOTO MarauTa Q2
Table 1
General parameters of quadrupole magnet Q2
IMapamerp 3Havenue Pa3mepHocTh
I'panueHT MarHUTHOTO MOJIA 10 Ta/m
Pannyc BucaHHOM OKpY>KHOCTH 65 MM
[upuna paboyero moJst 120 MM
KauecTBo rpamuenTa moius B paboueii areprype AG/Gy <0,5% -
O¢ddexTrBHAT MarHUTHAS JIJTHHA 1,052 M
KonnuecTBo BUTKOB KaTyIIKu 63 -
HomunanbHbiii TOK 267 A
Conportunenue npu 20 °C 211 MOM
Homunansnoe nanpsbxkenne DC/AC 60/230 B
Pasmepsl mpoBonHUKA 9 %906 MM
TpeOoBaHUsI K OXJIQKICHUIO BOIOM 8,712 JI/MUH
TIPH TIOBBITIICHUH TEMIIEPATyPBI 30,000 °C
U TIepeTaie JaBICHIS 9,699 6ap
Bec maraura 2550 KT
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Du3nKa BLICOKMX DHEPTHH, YCKOPMTENEH M BLICOKOTEMNEPATYPHOM NNG3MbI

Puc. 2. KBaapymnonbHas MaruuTHas qua3za Q2 (Moaens co3nana B Solid Edge)
Fig. 2. Quadrupole magnet Q2 (model created in Solid Edge)

Puc. 3. IIpoduny 4eTBEpTUHKH KBaPYHOIBHON JIMH3EI Q2
Fig. 3. Profiles of the quarter quadrupole magnet Q2

Ha puc. 4 npencrasneHs! pe3yiabTaTbl TPEXMEPHOTO PacdeTa OAHOPOIHOCTH HHTETPaJIbHOIO Ipa-

JTUEHTA MAarHUTHOTO MOJIS IPU pa3iu4HbIX ToKax. KpacHoii nuHuel o0o3HaueHa rpaHuna padoueit
anepTypsbl.
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KBanpymnoabHbIii MATHUT COCTOUT U3 sipMa U 4 Karyllek Bo30yxjaeHus. SIpMo MarHuTa JIMHON
1000 MM coOupaeTcst U3 4 CEepJICUHUKOB U cTArHBaeTcs Oontamu. [1InxToBaHHBIN Cep/ICUHUK MarHUTA
CKJICUBAETCS U3 TUIACTUH IEKTPOTEXHUYCSCKON CTAIU TOJIIMHON 1 MM.

[GdI-[Gdl
[Gydl
IN = 16.8 kA

-0,006000
-0,005000
-0,004000
-0,003000
-0,002000
% _1,000E-3
-5,000E-4
0
5,000E-4
1,000E-3
0,002000
0,003000
0,004000
0,004900
0,005000

Y, cm

[GdI-IG,dl
[G,dl
IN = 1.68 kA

-0,005000
-0,004000
-0,003000
-0,002000
-1,000E-3
-5,000E-4
0
5,000E-4
1,000E-3
0,002000
0,003000
0,004000
0,005000
0,005000

Y, cm

Puc. 4. HeoqHOPOAHOCTh MHTErPAIILHOTO I'PAJMEHTa MATHUTHOT'O T10JIsI
IIPY MaKCUMAJILHOM TOKe (cgepxy) u npu 10 % oT MakCUMaJIbHOTO (CHU3Y)
Fig.4. Inhomogeneity of the integral magnetic field gradient at maximum current (above)
and at 10 % of maximum current (below)
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10 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

C06paHHI)IC MAarauTbl MpPOXOAAT HGO6XOI[I/IMI)I€ QJICKTPUYCCKUC, TUAPABINYCCKUC, TCIIJIOBBIC
¥ MEXaHWYeCKue UchpITanus. Hanbomninee 3naueHme JJI ONIpEACIICHUA NPUTOAHOCTHU Maruura uMe-
IOT MarHuTHbLIC U3MCPCHUS, B XOAC KOTOPLIX ONPCACIIAOTCA KpUBasa BO36y)KI[eHI/ISI, MaravTHas JJInHa
1 Ka4€CTBO MAardiuTHOT'O ITOJIsA JIMH3bI.

MarHuTHbIe U3MepeHU

W3MepeHnss MarHuTHOTO TIOJIS JIMH3BI MTPOBOIMIIACH IByMsI CIIOCOOAMM: BpAIAIOMIeNcss TapMo-
HUYECKOM KaTyIIKOH U MOABUKHOU KapeTKOH ¢ MAaCCUBOM JIaTYUKOB XOJLJIA.

Kapetka ¢ maccuBoM matamkoB Xojuia (17 garuukoB) (puc. 5) mepeMenianach Mo CHeIHaTbHON
KpecTooOpa3HOoi HaNpaBiIIONIeHd, YTO MO3BOJSIIO MPOBOAUTH U3MEPEHUS TpajieHTa MarHUTHOTO
TTOJISl IPY Pa3HBIX TOKaX KaK B TOPU30HTAIILHOMN, TaK M B BEPTUKAIBHOM MIIOCKOCTAX. PaccTosHIEe Mex-
Iy KpaiiHumu aatyukamu — 152,1 mm. Kaperka nepemeraercs BAOJAb OCH MarHuTa Ha JTUCTAHLUIO
2 m. KaimmOpoBka mardukoB XoJjuTa MPOBOAMIIACE OUH Pa3 B ACHH Iepe HAYaIOM ITHKJIa H3MEPCHHMA
¢ nomorsio AIMP marnetomerpa. /[ kamuOpOBKH KapeTKy ¢ JaTYMKaMu XOJuTa TIOMEIIaii B Kallu-
OpOBOYHBIN MarHUT CO CTAOMIFHOCTBIO M OJHOPOJHOCTHIO HANPSHKEHHOCTH MarHUTHOTO TIOJIS JTyd-
mre uem 107, Omnbka u3MepeHnii MarHUTHOTO OJIst cocTaBiseT + 3 - 107 B auamaszone 0,02-2,5 T
Kapetkoii mpoBoaninch n3MepeHns JOKATFHOTO TPaINEHTA B IICHTPE MarHUTa, MHTETPaIbHOTO Tpa-
JMEeHTa, KpUBOK BO3OYkIeHU 1 3(h(heKTHBHON MarHWTHOW JJTMHBI KBAAPYHOJs Ui 16 pa3imuaHbIX
BeJIMUYWH ToKa. Kpome Toro, m3mMepeHus JaTYiKaMu XOJUTa CITYKWJIH KaTHOPOBKOH AT H3MEpPEHHI
Bpalaromeiicss rapMOHUYECKOH KaTYIIIKOH ITyTeM CpaBHEHUS HHTETpalia HallpsKEeHHOCTH MarHUTHO-
IO NO0JIs1, IOJYYEHHOTO U3 U3MEPEHUH 1aTUMKOB XO0JJIa U BpallalolIecs KaTyIlKH.

Puc. 5. Cucrema u3mepeHus aaruukamu Xoma (cresa), KapeTka ¢ MAaCCUBOM JAaTYMKOB XoJuia (cnpasa)
Fig. 5. Hall sensor measuring system (/ef?), carriage with Hall sensors array (right)

WHTerpan MarHWTHOTO TOJS W3MEpSUICS Bpallalomieicss Karymkod amamerpoM 120 mm
(puc. 6, 7). KoHCTpYyKITHS BpaIIaroIIeiics] KaTyIIKd OCHOBaHA Ha TEXHOJIOTMH IEYAaTHBIX IIIat. Ban
BBITNIOJIHEH B BHJIC JBYX IMEYATHBIX IUIAT JUIMHON 750 MM ¢ 0OIel UIMHON M3MEPUTEIIbHON YacTH
1500 mm. Kaxxmast mnara coep T 4 KaTymikd, OJHA W3 KOTOPBIX MpeAHa3HaYeHa I W3MEPEeHHUs
OCHOBHOI TapMOHHKH, a JpyTue — JUId U3MEPEeHHs BBICIINX rapMOHMK. Kakaas xarymika COCTOHT
n3 mecty ciaoeB 1o 10 BUTKOB B KaKJoM ciioe, Bcero 60 BUTKOB. Pannyc karymku ass n3MepeHwus
aKCHaJBHBIX TAPMOHUK BaphUpyeTCs B mpeaenax 5,74—6,1 mum. [logpobHOE ommcaHme CUCTEMBI U3-
MEpEHHsI MarHUTHOTO TIOJIS BpAIlalolieiicss TapMOHUYECKOH KaTymko, coznanaoi B SAD CO PAH,
npuBeaeHo B [3].
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Puc. 6. Cxema n3MepuTEIbHON YCTAHOBKY U CX€Ma Bpallaroleics KaTyIIKU
Fig. 6. Scheme of the rotating coil measuring setup

Puc. 7. 3mepenue kBaapynoss Q2 Bpalaroueiics KaTymKkon
Fig. 7. Measurement of quadrupole Q2 by rotating coil

Hepez[ HavYaJIOM KaKA0T0 U3MCPCHUS MAarHUT TPUIKABI IOABEPIrajiCsa HUKINPOBAHUIO OT 0 J10 MakK-
CUMAJIBHOTO TOKAa C HAPpaCTaHUCM 10 Alc JJIsL obecrieucHus MOBTOPACMOCTHU H3M€peHHﬁ. I/ICHOJ'IL3y€-
MBIM HCTOYHUK IMUTAHUS 00€CIIEYNBAET IMyJbCaliu Ha YPOBHEC 5 ppm 1Ipu TOKE 1 ¥A.

CurHai ¢ KaTyHIKX PAaCKIIaAbIBACTCA B PAL CDpre B HHHI/IH,Z[pH‘{eCKOﬁ CUCTCMC KOOPAWHAT:

o)

Y(r,0)= — Z r"[—A,, cos(nf) + B, sin(nf)],

n=0

rne A, 1 B, — aMIUIATYIBI KOCOTO M HOPMATHHOTO MYJIBTHIIONEH COOTBETCTBEHHO. OTCIONA HAXOMUM
paguabHYIO U a3UMYTaAEHYI0 KOMITOHEHTHI MATHUTHOTO TTOJIS:

[ee)

10¥
Hy(r,0) = ~2%8 = z nr" 1A, sin(n@) + B, cos(nf)],

n=1

W
H.(r,0) = ~5 = z nr"~1[A,, cos(nd) + B, sin(nd)].
n=1
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12 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

[Tone n-i rapMOHUKY B TOYKE 7, 0:

H,(r,0) = nr;*"1JA2 + B2 sin(nb + ¢,,),

. Ay .
rae Pn = arcsin J—ﬁ — yroux (a30BOTO CABHTa /-l TAPMOHHKH.
A% +B?

B mnmeansHO# KBagpymOILHON THH3E, KPOME OCHOBHOM 2-W TApMOHUKH, TAKXKE TPUCYTCTBYIOT
CHCTEMaTHYeCKHEe KpaTHbIE TAPMOHHUKH, 00YCIIOBICHHBIC CHMMeTpueH, 6-1, 10-1, 14-1 u 1. 1. B mone
peanbHOTO MarHuTa MPHUCYTCTBYET MOJIHBIA HA0Op TApMOHHUK, KaK MPSMBIX, TaK U KOChIX. OHH BO3-
HUKAIOT BCIIEACTBHE PAJIa IPUYHH: TOYHOCTH U3TOTOBIEHHS MPOdUIIs momoca, (acKu ¥ CMBIKAEMBIX
MMOBEPXHOCTEH, TOYHOCTH N3TOTOBJICHHUS MAarHUTOIIPOBOA M COOPKH sipMa, HEOAHOPOIXHOCTh MarHUT-
HBIX CBOMCTB cTaiy u Ap. Takke HAlO YUYUTHIBATh CHCTEMATHYECKUE OIMTUOKHM CHCTEMBI H3MEPEHHUS,
Takue Kak OMeHHe ¥ MPOBUCAHNE BaJla TAPMOHMYECKON KaTyIIKH, TOYHOCTh U3MEPEHHS YyIJa, dJIeK-
TPOMarHWTHBIC HABOJKH, BHOparuu. B To ke BpeMs Mpu COOMIONEHUH TEXHOJIOTUH MPOU3BOJICTBA
1 OTCYTCTBHH CEPHE3HBIX OMMOOK B KOHCTPYKIIMH HAJTUYNE JOMOTHUTEIHHBIX TAPMOHUK HE TIPHUBO-
JIUT K 3HAYUTEITFHOMY YXYAIICHUIO Ka9€CTBa MarHUTHOTO TIOJSL.

PesyabTaThl u3mepenui

Ha puc. 8—10 npencrapneHbl XapakTepHbIE pe3yJIbTaThl MArHUTHBIX H3MEPEHUH KBaJPYIIOIbHOM
muH3bl Q2. M3 kpuBoli Bo3OyxaeHus (puc. 8) BUAHO, YTO MarHuT paboTaeT B JUHEHHOH oOmactu
BO BCEM Juarna3oHe paboyux TOKOB. B To ke Bpemst o (eKTHBHAS MarHUTHAS JJIMHA YMEHBIIACTCSI
npu yBennueHun Toka Ha 10 mm (1 %), yTo mpuMepHO B JiBa pasa MPEBHILIACT PacUeTHOE U3MEHEe-
HUE MarHUTHOM AuHBI. OUeBUAHO, YTO MPU YBEINYEHHUH OIS IPOUCXOIUT YaCTUUYHOE HACBIILIEHUE
KpaeBoil ¢acku. [1o Bceil BUIUMOCTH, 9TO CBS3aHO C OTIIMYMEM KPHUBOH HAMarHWYEHUS UCIIOJb3ye-
MOTO Marepualia OT IPUHATON B pacuerax. [[pyHrMas BO BHUMaHUe, YTO KBaIpyMoJibHAas JTUH3a Oy-
JIeT IPUMEHSATHCS B TPAHCIIOPTHOM KaHaJle, U3MEHEHHE MarHUTHOM JIUTMHBI SBJISIETCS HECYILECTBEH-
HBIM (pakTopoM. M3 puc. § BUIHO, 4TO HHTETPAIBLHBIN TPaJIUCHT, H3MEPEHHBIN C IIOMOILBIO MacCcuBa
JaT4ukoB XoJjia B MEIUaHHOW IUIOCKOCTH, YAOBIETBOPSIET TPeOOBAaHHUSM OJHOPOIHOCTH B paboueit
areptype. Ha puc. 10 npezacraBiieH XxapakTepHblii HAOOp TapMOHHMK, HOPMUPOBAHHBIX HA BEJIMYUHY
BTOPOI FApPMOHMKH, TIPU PA3INYHBIX TOKAX BO30YKACHUS.
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“ A \
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Puc. 8. Kpusas Bo30yxaeHus (cre6a) 1 3aBUCUMOCTb 3()(HhEeKTHBHOM MarHUTHOH JUIMHBI OT TOKA (cnpasa)
Fig. 8. Excitation curve (/eff) and dependence of effective magnetic length on current (right)
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Puc. 9. OTHOPOIHOCTH HHTETPATBHOTO IPAJAUEHTA MTOJISI B MEAHAHHON IIOCKOCTH MPH Pa3THIHBIX TOKAX
Fig. 9. Homogeneity of the integral magnetic field gradient in the median plane at different currents
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Puc. 10. OTHOCHTEIBHBIE AMILTUTY/bI TAPMOHKK MArHUTHOTO TIOJISI [IPH PA3JIMYIHBIX TOKAX B OJHOM M3 MarHUTOB
Fig. 10. Relative amplitudes of magnetic field harmonics depending on the current in one of the magnets
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14 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

Ananu3 rapMOHMK MAaIrHUTHOI'O IMOJIsK

[locne u3MepeHuil mepBoil cepur U3rOTOBICHHBIX KBAAPYMOJbHBIX MArHUTOB OBIJIO YCTaHOBIIE-
HO, 4TO KPOME CUCTEMAaTHUECKUX HEIMHEHHBIX TAPMOHUK B CIIEKTPE IPUCYTCTBYIOT 1OCTaTOUHO OOJIb-
e 3-s1, 4-s1 1 5-5 rapmonuku. CpaBHHBasi HOPMUPOBAHHBIC aMIUTUTY/IbI TapMOHUK ((D,, /Dy, Dy, =
=./A2 + B2) npu pa3nu4HbIX TOKax [ CEPHU MAarHUTOB, MOXXHO OTMETHUTb CIICAYIOIIUE 3aKOHO-
MepHocTH (puc. 11-14). Bo-nepBbiX, y OONBIIMHCTBA JTUH3 aMILTUTYAbI 3-1f TAPMOHUKH MPEBBIIAIOT
aMIUTUTY/BI OCTAJIbHBIX TAPMOHUK. BO-BTOPBIX, aMIIUTY B! 3-11 FTApMOHUKH UMEIOT CUJIBHYIO U pas-
JIMYHYIO JUIsl pa3HbIX MarHUTOB 3aBUCHUMOCTh OT TOKa. B To ke BpeMms aMmiuTyas! 4-i rapMOHMKH
3aBHUCAT OT TOKa c1a0o.

N
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Puc. 11. AmMnautyns! 3-i rapMOHMKHM MarHUTHOTO MO B pa3HBIX MarHUTax MpH PasIMuHbIX TOKAX
Fig. 11. Amplitudes of the 3 harmonic of the magnetic field depending on the current in different magnets
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Puc. 12. AmmunTynbl 4-i TapMOHUKH MarHUTHOTO T10JIs1 B Pa3HbIX MarHuTax Mpu pa3InyHbIX TOKAX
Fig. 12. Amplitudes of the 4th harmonic of the magnetic field depending on the current in different magnets
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Puc. 13. AMmunTyas! A 3-i rapMOHMKHM MarHUTHOT'O HOJISL B pa3HbIX MarHUTax MpyU pa3In4HbIX TOKAX
Fig. 13. Amplitudes A of the 3" harmonic of the magnetic field depending on the current
in different magnets
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Puc. 14. Amnnutynst B 3-i rapMOHUKY MarHUTHOTO II0JISL B pa3HbIX MarHUTaX IPH Pa3IuYHbIX TOKAX
Fig. 14. Amplitudes A of the 3 harmonic of the magnetic field depending on the current
in different magnets

[pucyrctBue 3-i, 4-if 1 5-if rapMOHHK OOYCIIOBJICHO M3MEHEHHEM 3a30pa MEXAY MOJII0CAMH
YETBEPTHUHOK JIMH3bI B TOPU30HTAILHOM HAIlPaBJICHUH, KOTOPOE HEM30EKHO MPOUCXOIUT IpH cOOp-
Ke MarHuTa. Tak Kak KBaJpymoJib COCTOUT U3 4 yacTel, BHaYaJle CTATMBAIOTCS JBE HUKHHUE YaCTH,
U JIBE BEPXHHE OTJEJIBHO. 3aTeM BEPXHsA [TOJIOBUHA YCTAaHABINBAECTCS HA HUKHIOIO, M OHU CTATUBa-
torcst Oontamu. [lox BecoM BepxHEH MOJIOBUHBI HUKHSISI TOJIOBUHA «PACKPBIBACTCS), T. €. YBEIUYH-
BaeTCs 3a30p MEX[IY MOJIIOCAMH YETBEPTHHOK JIMH3BL. BepxHsAs MoJ0BHMHA, HAOOOPOT, CKUMAeTcs,
IIPH ATOM 3a30p yMEHbIIaeTcs. MI3MeHeHns 3a30p0oB OCTAIOTCS B IIPEIEIax MEXaHUYECKUX JOIYCKOB,
HO, KaK pe3ysbTaT, YBEIMYUBAIOTCS aMIUINTY/bl TapMOHUK. [Ipu 3TOM paccTosiHMe MeXay NpoTH-
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16 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

BOIIOJIOXKHBIMHU TMOJIOCAMU NPAKTUYCCKU COXPAHACTCA B NPCACIaxX JOIMYCKOB, TaK KaK aMIUIMTYyda
6-i1 TapMOHUKH HC YBCINYUBACTCA. 3aBUCHMOCTh AMIUIUTYJ TapMOHUK OT TOKa MOXET OOBICHITHCS
BJIIMSAHUEM TOpI.IeBOfI (1)aCKI/I, KOTOpas 4aCTUYHO HACBIIIACTCA NPHU YBCJINYCHUHN TOKA.
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Puc. 15. Yron noBopota 3-if rapMOHHMKH PH Pa3IM4HBIX TOKAX
Fig. 15. Rotating angle of the 3 harmonic depending on the current
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Puc. 16. Yron noBopoTa 4-if TapMOHHKH MPU Pa3NUYHBIX TOKAX
Fig. 16. Rotating angle of the 4" harmonic depending on the current

U3 puc. 15, 16 Bugno, uto yron nosopora (¢, = arcsin A, /+/ A% + B2) 3-it u 4-it rapMoHuK
3aBUCHUT OT TOKA, IPUYEM 3Ta 3aBUCUMOCTb Pa3InuvHa I Pa3HbIX MAarHUTOB. JTO 03HAYAET, UTO CEK-
CTYIIOJIbHAS Y OKTYTOJIbHAS TAPMOHHMKH TIOBOPAYMBAIOTCS HA JOCTATOYHO OOJIBIION yroi mpu u3Me-
HeHUM Toka. Takoe MmoBe/ieHNe TapMOHUK CIIOKHO OOBSICHUTh HEPAaBHOMEPHBIM HACHIIIIEHUEM TOPIIe-
BBIX (haCOK HJTU OTJIUYHEM CTalld B Pa3HBIX CEPJCUHUKAX U TPeOyeT AalbHEHINEro pa3oupaTesibCTRa,
B MIEPBYIO OYEPEb, C MOTPEUTHOCTSIMHU U3MEPUTEIBLHON CUCTEMBI.

Puc. 17 u 18 neMOHCTpUPYIOT HATUYKME TUCTEPE3UCA AMIUIUTY]] HETUHEHHBIX TAPMOHUK B JIMH-
3ax. BunHo, uTo rucrepesuc 3-ii rapMOHUKH JOCTaTOYHO OOJIBIIOH, B TO BpeMsl KaK y 4-if rapMOHUKH
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Puc. 17. T'uctepesuc aMIuiuTys! D3 Ipy U3MEHEHUH TOKaxX
Fig. 17. D5 amplitude hysteresis depending on the current
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Puc. 18. I'ncrepesuc ammnutyasl Dy pu H3MEHEHUH TOKax
Fig. 18. D4 amplitude hysteresis depending on the current

OH HE3HAYNTENBbHBINA. Hamnuame ructepe3nca MoKeT OBITH OOYCIIOBICHO Pa3HOW MarHUTHOW IPOHH-
[[A€MOCTBHIO YETBEPTHHOK JIMH3HI.

3ak/oueHue

B 1D CO PAH pa3paboranbl U H3rOTOBICHBI KBaAPYIOIbHBIE MATHUTBI JJIs1 KaHalla Iepery-
cka. MarHuTHbIe U3MEPEHHUS TIOKA3aJIH, YTO MarHUThl YAOBJIECTBOPSIIOT HEOOXOAMMBIM TPEOOBAHHUSIM.
[Tpu 0O6paboTKe JaHHBIX MArHUTHBIX U3MEPEHHUI HCCIICA0BATUCH HEXKEIaTeIbHbIC BBICIIINE TAPMOHH-
ku nosist. Oco6oe BHUMaHHUE OBLIO YIIEJIEHO CEKCTYIOIBHOM M OKTYNOJIbHOW rapmoHukam. Haomro-
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18 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

JAETCSl 3aBUCUMOCTH YIJIa MTOBOPOTA TAPMOHUK OT TOKA M THCTEPE3UC AMIUIUTYABI CEKCTYOIBHOM
rapMOHUKU. B 0CTambHBIX BBICIIMX TAPMOHHUKAX TUCTEPE3UC HEZHAUUTEIBHBIMH.

HecMmotpst Ha To uto HaubombInas 3-s rapmonuka mana (< 0,05 %), oHa MOXKET OKa3bIBaTh He-
KOHTPOJIMPYEMOE BIMUSHUE HA TUHAMUKY JIBIDKEHUA Mydyka. JlaHHOE MccleoBaHne TO3BOJSIET MPo-
BOJAUTH COPTUPOBKY MAarHUTOB IO BEIMUYMHE HEMTMHEHHBIX TAPMOHUK U UX 3aBUCUMOCTH MOBEACHUS
oT Toka. McXo/ist M3 MOJy4YEeHHBIX Pe3yJIbTaToB Oblila 00eCIIeYeHa pacCCTAHOBKA MAarHUTOB IO KaHAIy,
00yCJIOBIMBAOIIAS MUHUMAIbHOE BO3MYIIICHUE JMHAMUKHU JBM)KCHUS ITyYKa.
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Annomayus
[IpoBeneHO CKBO3HOE MOJIETHPOBAHUE TUHAMUKH ITy9YKa B CHCTEME BBITSITHBAHMsI, TPAHCTIOPTHPOBKH My4Ka U TEPBOM
cekuuu yckoputess (RFQ). IpemnoxeHHasi METOAMKA MOJCIMPOBAHUS AUHAMHUKNA HOHOB OT MCTOYHHKA /IO BBIXOA
n3 RFQ no3Bonuiia onepatuBHO U 3(GPEKTHBHO MEHSTh MapaMeTpPbl CUCTEMbI COITTACOBAHUS B 3aBUCHMOCTH OT KOHEY-
HBIX pe3yJIbTaToB MpoxokaeHus myuka B RFQ. Paspaborana 1 onTHMU3HPOBaHA CHCTEMA COITACOBAHUS ITyYKa OTpPHIIA-
TEJIbHBIX HOHOB BOJIOPO/Ia, KOTOPas MO3BOJISIET OCYIIECTBUTH IIOBOPOT ITyUKa Jisi OIOKHPOBKH PACIIPOCTPAHESHHS LIE3HsI
B KaHaJl YCKOPHTEIsl  OCYIIECTBUTh cornacoBaHue mydka ¢ RFQ. B pesynbprare onTumu3anuy KaHaia COrNacoBaHHs
yAaeTcs MOMyuuTh pocT sMuTTanca B RFQ e 6onee 25 % ms 90 % monu myuka, mpy 3TOM 3aXBaT YaCTHUI] ITydKa B pe-
JKHUM YCKOPEHHUS cOCTaBIsIeT 98 % MHKEKTHPYEeMOro Iy4ka. YBeJIWYeHHbIE Apeii()bl B CHCTEME COIIaCOBaHMUS OCTaB-
JSIFOT TOCTATOYHO MPOCTPAHCTBA /U Pa3MEIIEHUs THarHOCTHYECKOH ammaparypsl, BAKYyMHOW CHCTEMbBI U CHCTEMBI
KOPPEKTHPOBKH IMy4YKa. YCTaHOBIICHA 3aBUCHMOCTb JAMHAMHKU my4yka B RFQ or pacnpenenenust 3apsijia Mo CE4eHHIO
My4Ka Ha BBIXOJIC KaHalla COTIaCOBAHHSI.
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Abstract

An end-to-end simulation of the beam dynamics in the system of extraction, beam transportation and the first section
of the accelerator (RFQ) is carried out. The proposed method of modeling the dynamics of ions from the source to the
exit from the RFQ made it possible to quickly and efficiently change the parameters of the matching system depending
on the final results of the beam passing into the RFQ. A system for matching a beam of negative hydrogen ions has
been developed and optimized, which makes it possible to rotate the beam to block the propagation of cesium into the
accelerator channel and to match the beam with RFQ. As a result of optimization of the matching channel, it is possible
to obtain an emittance increase in RFQ of no more than 25 % for 90 % of the beam fraction, while the capture of beam
particles in the acceleration mode is 98 % of the injected beam. The increased drifts in the matching system leave enough
space for the placement of diagnostic equipment, a vacuum system and a beam correction system. The dependence of
the beam dynamics in the RFQ on the charge distribution over the beam cross section at the output of the matching
channel is established.

Keywords
ion dynamics simulation, matching, emittance, accelerator
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BBenenune

Pa3paboTka cucTeMBbl COTTacOBaHUS ITydKa OTPHIIATENIEHBIX MOHOB BOIOPOJA C YCKOPUTENIEM
MOHOB SIBJIAETCS BaXKHOM 9acThi0 padOT MO pa3paboTKe BCErO MHKEKIIMOHHOTO KoMmIuiekca. OqHIM
M3 OCHOBHBIX KpPUTEPHEB 0TOOPA ONTUMAIFHBIX BAPHAHTOB COTIIACYIOIIEH CUCTEMBI SIBIISIETCS aHAIIN3
PE3YIBTATOB KOMITBIOTEPHOTO MOJEINPOBAHUS TUHAMHUKH ITyYka HOHOB B CHCTEMe: UCTOUYHHUK — CO-
TJIaCcyIOMINK KaHAIl — HadaJlbHas 9acTh yCKopHuTens. Takum o0pa3oM, B mpenaraeMoM BapuaHTe pas-
paboTKa CHCTEMBI COTTIACOBAHMUS TOJDKHA UATH OJHOBPEMEHHO C MOJICITMPOBAHUEM TUHAMHUKH.

Ha magansHOM 3Tare MomennpoBaHUe MPOBOAMIIOCH B CHCTEMe 0e3 MOBOpOTa MydKa (TOBOPOT
HEOOXOANM TSl TIPEAOTBPAIIICHHUST BO3MOKHOTO TIOTIa/IaHus 11e3Hs M3 UCTOUYHMKA B KaHAJ yCKOPHUTeE-
151). Takoe mpubmmKeHne MO3BOIISET OIIEHUTH BO3MOKHOCTH MTPUMEHEHHS TTOBOPOTA TTydKa U U3Me-
HEHUS JPYTHX MapaMeTpOB CHCTEMBI COTIaCOBaHUS, HEN30€)KHO TPUBOJIAIINX K YBEINICHUIO SMHUT-
TaHCa TydYKa.

1. MonennpoBaHue cucTeMbl 0€3 MOBOPOTA NMyYKa

B xauyectBe mcTouHMKa MOHOB H-MuHYC OBUT BBIOpaH MOBEPXHOCTHO-IUIA3MEHHBIH MCTOYHUK
C Ta30pa3psAIHON KaMepoil MEHHUHTOBCKOTO Tumna. 3D-Mo/enupoBanre U ONTUMH3alHsS HOHHO-OII-
tnaeckor cucreMsl (MOC) ncTouyHrka npoBOJUINCH paHee ¢ MOMOMIBIO TakeTa mporpamMm [BSimu
JUTSL TOKa BBITSITMBaeMbIX HOHOB H-muuyc 50 mA [1]. Ha puc. 1 nmpeacrasneH (hazoBblii mopTpeT myd-
ka noHoB H- ¢ aneprueii 100 k3B Ha BbIxoze noHHOTO HcTOUHKKA. [IpH pacdere kaHata cOracoBaHMs
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KOHEYHOMH I1eJIb0 ObLIO JoCTIKeHHE TpeOyembix Teucc-napamerpoB (o = 2,3, f = 0,14 mm/mrad)
Y MUHHMM3AIIHS POCTa IMUTTaHCa Ha Bxone B RFQ (mepBas cekIus yCKOPSIFOIIEro KaHaa).

Enmittance plot at z = 0.089999 m
o=-19.8759, B = 1.46462 m/rad, Y= 270.414 rad/m, € = 2.52551e-06 m-rad
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Puc. 2. PacyetHblii (pa30BbIi MOPTPET MyYKa
Ha BBIXOJIE KaHaJla COIIaCOBAHUS
Fig. 2. Computed phase portrait at the matching
channel exit

Puc. 1. PacueTHblii (ha30BbIii TOPTPET MydKa
Ha BBIXOJIC HOHHOTO HCTOYHHKA
Fig. 1. Computed phase portrait at the ion source exit

Cornacyromuil KaHaJ COCTOUT U3 JIBYX coseHonJoB. Ha puc. 2 npusenen myyok nonos H-mu-
HyC Ha BBIXOJIE KaHaja coracoBaHus. /JIMHA Ka)KIOro COJIEHOWA ¢ )Kele3HbIM 3kpaHoM 0,255 m,
panuyc aneptypsl 0,06 m, paccrosiuue Mexay Humu 0,47 m BIOpaHO AJIs1 pa3MEILeHNs] BAaKyyMHOTO
000pyI0BaHMSI M IUarHOCTHUYECKOTO ycTpoiicTBa. O0mias anuHa KaHaia cornacosanus 1,25 m. B pe-
3yJbTaTe ONTUMM3ALUH A nonydeHus Ha Beixoge LEBT myuka ¢ TpeOyembivu TBHcc-mapaMeTpamu
BeJIMYMHA MAarHUTHOTO MOJIs mepBoro conenouaa cocrapuia 0,524 T, sroporo — 0,496 T. Ily4ok B co-
IJacylolleM KaHaje [oKka3aH Ha puc. 3.

| l 1 l ] ]

x (m)

=2
o o

0.2
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Puc. 3. [lyuox B kaHae cornacoBaHus
Fig. 3. The beam in the matching channel
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Puc. 4. ®a3oBbIif mopTpeT Imydka Ha Beixoge RFQ
Fig. 4. Phase portrait of the beam at the RFQ exit
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IIpu nanpHeieM MOAETUPOBAHUN TOT IMy4OK siBisgeTcst BxogubM 1t RFQ [2]. dopmar myuka
npeoOpasyercsi pa3paboTaHHON HporpaMMol K (opMary JaHHBIX ITy4yka AJIsi MOAEITMPOBAHHS -
Hamuku B RFQ. Ha puc. 4 npencrasien (a3oBblii TOPTPET MyYKa OTPHUIIATEIBHBIX HOHOB BOJIOPO-
na Ha Beixone RFQ. 3axBar myuka B pexxum yckopenus mpu Toke [ = 50 mA cocrasnsier k = 0,98.
B Tabn. 1 npencrapnensl napaMeTpsl mydka npu yckopeHnun B RFQ.

Tabauya 1
H3MeHeHue mapaMeTpoB IMUTTAHCA My4Ka Mpu yckopeHun B RFQ
Table 1
Beam emittance parameters in RFQ
IMapameTpbl IMUTTaHCA HA BXO/I€e IMapamMeTpbl DMUTTAHCA HA BBHIX0/1E
B RFQ (I =50 mA) 3 RFQ (I =50 mA)
X-X' X-X'
Emit [rms] = 0,0882 Pi.mm.mrad [Norm.] Emit [rms] = 0,1451 Pi.mm.mrad [Norm.]
Emit [90,00 %] = 0,297 Pi.mm.mrad [Norm.] | Emit [90,00 %] = 0,667 Pi.mm.mrad [Norm.]
Beta = 0,1407 mm/Pi.mrad Beta = 0,2363 mm/Pi.mrad
Alpha =2,4873 Alpha =1,7300
Y-Y' Y-Y'
Emit [rms] = 0,0927 Pi.mm.mrad [Norm.] Emit [rms] = 0,1429 Pi.mm.mrad [ Norm. |
Emit [90,00%] = 0,3192Pi.mm.mrad [Norm.] | Emit [90,00%] = 0,6747 Pi.mm.mrad [Norm.]
Beta=0,1421 mm/Pi.mrad Beta = 0,2401 mm/Pi.mrad
Alpha=2.4191 Alpha =-1,5989
Beta = 0,014529854 Gamma = 1,00010557 Beta =0,061264560 Gamma = 1,001881973

Hopmanuzosannslii smuttanc 90 % myuka Ha Beixoge RFQ He npeBocxoaut 0,67 © - MM - Mpaf,
4TO Ha MopsAAoK MeHblie akcentaHca RFQ. Takum o6paszom, nmpeacraBiisieTcss BOSMOKHBIM HCCIIEH0-
BaTb BAPHAHTBI CUCTEMBI COIVIACOBAHMS C IIOBOPOTOM Iy4Ka M C yBEJIMUCHHEM IpPei(OB B cUCTEME
JUTSL pa3MeILeHHs] JMarHOCTUYECKOr0 00OPYIOBaHHS U CUCTEMBI KOPPEKTOPOB MOJIOKEHHS ITyUKa.

2. MoaenupoBaHHue CHCTEMbI C IOBOPOTOM Iy4YKa

Ha cnemyromiem atamne paboT B pacyeTsl OblT BKIIFOUEH MTOBOPOT ITyUKa, JIJIsl 3TOTO ClIydas cxema
CHCTEMBI coIIacoBaHus n300pakeHa Ha puc. 5. Ha cxeme kaHasa cornacoBanust IS — HOHHBIN HCTOY-
HUK, S1 u S2 — conenonnpl, M — moBopoTHbIH MarHut, D1-D4 — npefidbl, RFQ — HauanbHas yacTb
yckopurens. KomnbrorepHoe MoieIMpoBaHre JaHHON CUCTEMbI IPOBOMIIOCH C MCTIOIb30BAHNEM Ta-
keTa nporpamMm PathManager anst coracyroiero kaHana.

D3
D1 D2

Puc. 5. Cxema KaHaJIa COINIaCOBaHUS
Fig. 5. The scheme of matching channel

Kputepuem BbIOOpa oNTUMAIBHBIX TAPAMETPOB COMIACYIOIETO KaHaia ObUIO MOyYeHHe Ha BXO-
ne B RFQ 3anannoii kondurypanuu myuka (onpeaeiseMoil napamerpamu TBrcca) © MUHUMH3ALUS
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pocTa SMUTTaHCa B KaHajie corniacoBanus. [Ipu TakoM moaxone HanOoee pueMiieMble pe3ylibTaThl
OBUIH TIOJIYYEHBI IIPH yIJIe TTOBOpOTa Iyuka Ha 10 rpamycos u jumHe npeiida D4 = 0,35 m. B Hactosi-
el pabore Moka3aHo, YTO Ha 3aXBarT IyYKa B PEKUM YCKOPEHHUS U MUHUMAJbHBIA POCT SMUTTaH-
ca B RFQ cymiectBeHHOE BiMsiHEE OKa3bIBAaeT paclpe/elieHne 3apsiia M0 CEUSHHIO MydYka Ha BbI-
XOJIe coracyroliero kanaida. Kak mokaszanud pacdyersl, MUHUMAJIbHBIN AMUTTaHC Ha BbIxome RFQ
JIocTHraeTcst Ipu TBHCC-TIapaMeTpax OTIMYHBIX OT TPeOyeMbIX ONTHUMAJIbHBIX Ha Bxoxe (o = 2,3,
B = 0,14 m/rad). B pe3ynbrare yroy moBopoTa mydka yJ1ajioch yBeJIUYHUTh 10 15 rpagycoB, ocTaBisis
JIOCTATOYHOE MPOCTPAHCTBO MEKAY CONeHOUAaMu (AJIsl pa3MelIeHHsI TOBOPOTHOTO MAarHUTA U Ja-
THOCTHUYECKOTO 000PY/I0BaHNST) U MEXK/TY MTOCIeAHUM cosieHou1oM U RFQ (1151 pasmerneHust CUcTeMbl
KOPPEKTOPOB TOJIOKEeHHUs MyuKa). ClaeayeT OTMETHTb, YTO BCE BHIYUCIICHHS MPOBOJIINCH C YUETOM
MPOCTPAHCTBEHHOTO 3apsifia. DTO 0OCTOATEILCTBO CYIIECTBEHHO YCIOXKHAIO 3a1a4y COINIacOBaHUS,
TaK Kak Ha npouecc AuHaMuKki B RFQ okaspiBany BIUsIHEE HE TOJIBKO MapaMmeTpbl TBHcca BO BXO-
HoM B RFQ myuke, HO u cama dopma pacripenenenus 3apsiaa. B Tadin. 2 oTpaxkeHsl TpU (KOJIHYECTBO
pPaccMOTPEHHBIX BAPHAHTOB CYIIECTBEHHO OOJIbILIE) XapaKTePHBIX BO3MOKHBIX BEIOOpa MapaMeTpoB
CHUCTEMBI COIIACOBaHUs (I MArHUTHBIX 3JICMEHTOB JJIMHA B MHJUIUMETPAX U MHAYyKIus B Tecina),
TBucc-napameTpsl o U 3, HOpMaJIM30BaHHbIE CPEAHEKBAAPATUIHBIC IMUTTAHCHI Ha BBIXO/IE CHCTEMBI
cormacoBanus (Bxoa B RFQ) u na Beixone RFQ.

Tabnuya 2

[TapameTps! comnmacyroriero kanaira Ha Berxose kanana (LEBT) u na Beixoze RFQ

Table 2
Matching channel parameters at the exit of LEBT and RFQ exit
ITapamerp Bapmuanr 1 Bapuanr 2 Bapuant 3
‘Yron noBopora 10° 10° 15°
DI1[mm] 70 70 70
S1[mm], B [T] 300, 0,300 300, 0,535 300, 0,530
D2[mm] 100 100 100
M[mm], B [T] 170, 0,05 170, 0,05 170, 0,071
D3[mm] 400 400 400
S2[mm], B[T] 300, 0,41 300, 0,40 300, 0,41
D4[mm] 350 400 400
LEBT (BbIxon)
Emit[.mm.mrad] 0,21 0,20 0,22
o 2,18 1,86 1,04
B [mm/mt.mrad] 0,175 0,30 0,10
Emit[.mm.mrad] 0,21 0,20 0,22
RFQ (Boixom)
Emit[r.mm.mrad] | 0,22 | 0,42 | 0,22

s yrima moBopota 15° rms smutTanc myuka (tadm. 3) Ha Beixoge RFQ mpaktuuecku He OT-
JMYAIOTCA OT SMHUTTAHCa MpH MoBopoTe Ha yron 10°. UToObl MOHATH AAaHHBIN pe3ynbTar, CleayeT
MOCMOTPETh Ha paclpeesicHue 3apsaa Mo CeYeHHIO MydKa, KOTopoe mnoiryyaercs Ha Bxozne B RFQ.
Ha puc. 6-8 npeacraBneHo pacmpeseneHue 3apsaa COOTBETCTBEHHO /ISl BApUaHTOB 1-3 u3 Taba. 2.
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X[m]x10E-3)
T T i AR T MR R e R e 0 8 -6 4 2 0 2 4 6 8 10
Puc. 6. Pacnipenienenue 3apsia my4ka B INIOCKOCTH X, Puc. 7. Pacnpenenenue 3apsja Iydka B INIOCKOCTH X,
BapuaHT | BapuUaHT 2

Fig. 6. Beam charge distribution in the x plane, option 1 Fig. 7. Beam charge distribution in the x plane, option 2
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Puc. 8. Pacnipenenenne 3apsiaa My4ka B INIOCKOCTH X, BapHUAHT 3
Fig. 8. Beam charge distribution in the x plane, option 3

Otkionenue 6 mapamerpoB TBucca (a, ) OT meneBsIx 3HaYCHUH (0L, [Bo)

2 2
S = o, —«o + ﬂ 0o ﬂ
a, By
HauOoJblIee Ui BapuaHTa 3 Cpeay pe3yabTaToB Tadl. 2, OHAKO MMEHHO MPH 3TUX 3HAYCHUSAX dIie-
MEHTOB TPaHCIIOPTHOTO KaHajla HanOoJee ONTHMAIbHBI PE3yJbTaThl MO YNy OTKJIOHEHHMS ITydKa,
MaKCHMaJIbHBIN Jipeli¢) Tociie ConeHonI0B 1 MUHIMaIbHBINA pocT smuTTanca B RFQ. Ha puc. 8 pac-
MpeaesIeHUe 3apsi/ia CYyLIECTBEHHO OTIINYAaeTCs OT MPUBEIEHHBIX Ha pUc. 6, 7 yBEIMYEHHOHN TUIOTHO-
CTH 3apsizia B LEHTpe Myyka. BapuaHT 3 nmpuHAT Kak OCHOBHOH JUTA AalbHEUIIeH pa3paOoTKH.
MogenupoBanue quHaMukH Imydka B RFQ npu Toke Ha Bxoze I = 50 mA u noBopote B coracy-
IolIeM KaHajie Ha 15° mpuBOIUT K pe3yibTaram, MpeAcTaBlIeHHbIM Ha puc. 9, 10 1 B Tadm. 3.

X(mm) - X'(mrad) Y(mm) - Y'(mrad) X(mm) - X'(mrad) Y(mm) - Y'(mrad)
60

<10 =5 0 5§ 10

10

Xmax =15.450 mm Ymax =12.510 mm Xmax =6.180 mm Ymax =7.191 mm
X'max =77.960 mrad Y'max =66.040 mrad X'max =50.210 mrad Y'max =64.840 mrad
Puc. 9. ®a30BbIi TOPTPET HA BBIXO/E COMNIACYIOIIETO Puc. 10. da3zossrii noprpeT Ha Beixoge RFQ
KaHasa Fig. 10. Phase portrait at the RFQ exit

Fig. 9. Phase portrait at the matching channel exit
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Tabnuya 3

[Tapametps! sMuTTaHca nmyuka B RFQ nmpu coracoBanuy ¢ OTKJIOHEHHEM ITy4Ka

Table 3

Beam emittance parameters in RFQ when matched with beam deflection

I[MapameTpbl 3MUTTAHCA
Ha Bxo1e B RFQ

I[MapameTpbl 3MUTTaHCA
Ha BbIxoae u3 RFQ

X-X'

Emit [rms] = 0,2180 Pi.mm.mrad [Norm.]
Emit [90,00 %] = 0,8000 Pi.mm.mrad [Norm]
Beta = 0,1008 mm/Pi.mrad

Alpha =1,0350

Y-Y'

Emit [rms] = 0,2320 Pi.mm.mrad [Norm.]
Emit [90,00 %] = 0,8615 Pi.mm.mrad [Norm]
Beta=0,1165 mm/Pi.mrad

Alpha=1,0702

Beta =0,014522849 Gamma = 1,00010547

X-X'

Emit [rms] = 0,2200 Pi.mm.mrad [Norm.]
Emit [90,00%] = 1,0152 Pi.mm.mrad [Norm]
Beta = 0,2347 mm/Pi.mrad

Alpha=1,7124

Y-Y'

Emit [rms] = 0,2469 Pi.mm.mrad [Norm.]
Emit [90,00 %] = 1,0888 Pi.mm.mrad [Norm]
Beta=0,2311 mm/Pi.mrad

Alpha=-1,4974

Beta =0,061308270 Gamma = 1,001884667

BriBoabl

TakuMm 00pazom, pa3paboTaHa CHCTEMa COIIACOBAHUS IyYKa OTPHUIIATEIILHBIX HOHOB BOIOPO/IA,
KOTOpas MO3BOJIACT OCYHICCTBUTD IIOBOPOT ITy4Ka JJId 6JIOKI/IpOBKI/I pacrpoCTpaHCHUA LHE31A B KaHaJl
YCKOPHUTEIIS U TIPU ATOM OCYIIECTBHTH XOPOIIIEe COTNIACOBAHHE ITyYKa C MEPBOH CEKIIMEH YCKOPHUTEIS.
[TonpoOHbIe pe3yabTaThl COTIACOBAHUS MPEACTABICHBI B TAa0J. 3 U MOKa3bIBAIOT, B YACTHOCTH, POCT
smutTanca B RFQ He 6onee 25 % mist 90 % monm mydka, MpH 3TOM 3aXBaT YaCTHIL ITyYKa B PEIKUM
YCKOpEeHHS cocTaBIsieT 98 % WHKEKTHPYEMOTO TTy4Ka. YBEJIMYEeHHbIE Ipei(bl B CHCTEME COIIacoBa-
HUA OCTABJIAIOT JOCTATOYHO MPOCTpaHCTBA IJId pasMCUICHUA I[HaFHOCTI/ILIeCKOﬁ arnmnaparypsbl U 1101~
KJIFOUEHUS] BAKYYMHON U KOPPEKTUPYIOLIUI IIy4YOK CUCTEM.
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Abstract
The LINAK-200 linear accelerator at the JINR Nuclear Power Plant is being built to provide electronic test beams with
an energy of up to 200 MeV for research and development in the field of particle detectors, to study advanced methods
for diagnosing electron beams and to work as an irradiation unit for applied research. Although the LINAK-200 uses
MEA accelerator equipment (NIKHEF), the vacuum system has been significantly upgraded. This paper presents the
design and condition of the new vacuum system.
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linear electron accelerator, vacuum, magnetic discharge pumps, gas flow, calculation of the vacuum system
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BBenenne

Jluneitnbnii yexkopurens JIMHAK-200 8 O0beTMHEHHOM WHCTHTYTE SICPHBIX UCCIEIOBAHUN CO-
Opy’KaeTcsl ¢ IeIbio 00ecIIedeH s IMEKTPOHHBIX TECTOBBIX MTyYKOB ¢ dHeprueii 10 200 MaB st ipo-
BE/ICHUI UCCIIEIOBAaHUN U pa3pabOTOK B 00J1aCTH JETEKTOPOB YaCTHII, M3yUEHHSI IIEPEIOBBIX METOIOB
JUAarHOCTHKH My4Ka U paOoThl B KaYE€CTBE YCTAHOBKH OOMYUCHUS Ul NPUKIAIHBIX MCCICAOBAaHUN
[1; 2].

Baxyymnsbrii o0beM yckopurenst cocraBisier ~400 JTUTPOB M COCTOWT U3 ITyYKOBOH KaMepbl
1 BOJIHOBOZIOB 1151 Tepenadn CBY-MOIHOCTH OT KIMCTPOHOB B YCKOPSIOLINE CEKIIHU.

OCHOBHBIMHU 33Jja9aMHU Pa3padOTKH BaKyyMHOI CHCTEMBI SIBJISIOTCSI:

» obecrieyeHne OTKAYKH JI0 JAaBienus P <5 x [0 topp;

* obecrneueHne Oe3MacIsTHHOM OTKAuKU;

*  HEYYBCTBUTEJIHHOCTH K ['a30BBIM Harpy3Kam;

*  BBICOKAsl CKOPOCTb OTKAa4KH 10 BCEM Ia3aM;

* obecrneyeHne BO3MOKXHOCTH IOMCKA TEUEH.

HauGosee moiaHo BhILIEyKa3aHHBIM TPEOOBAaHMUSAM YHOBIIETBOPSET UCIIOIL30BaHUE TypOOHACO-
COB M MAarHUTOPA3PSAHBIX HACOCOB.

Cxema BakyyMHoIi cuctembl yckopurtessi JUHAK-200

OT m1yOuHBI BakyyMa 3aBHCHUT BEPOSITHOCTb MPOOOS B BOJHOBOAAX YCKOPHUTENS. YIydIle-
HUE BaKyyMma MPHUBOAUT K YMEHBIICHHUIO pacCenBaHus IMy4Ka 3JeKTpoHOB. Ilpu xopomem Bakyyme
WJET YIy4YlIeHHE TI0 BEIPAOOTKE YacOB MarHUTOPa3psJHBIX HACOCOB OJjaroiapsi MEHbIIEH HarpysKe
Ha HuX. VICXOIS U3 3TOTO, HEOOXOAUMO JAOCTHTHYTH pabodero ypoBHs Bakyyma P < 5 x [0 topp
B Pa3JINYHBIX YACTAX YCKOPHUTEIIS.

ISSN 2541-9447
Cubupckuit donsuueckui xypran. 2023. Tom 18, Ne 4
Siberian Journal of Physics, 2023, vol. 18, no. 4



30 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

Wcxons u3 ynoOCTB SKCIUTyaTalliy U MOBBIIICHHUS HaJJe)KHOCTH YCKOPHUTEINS, B OCHOBY CTPYKTYp-
HOH CXEMBbI BAKYyMHOM CHCTEMBI I10J0KEH MOYJIbHBIN IPUHLIAIL

*  KaxKias cTaHIMs oOecrieueHa OTACIbHBIMU OTKaYHBIMU MOCTOSIHHO Pa0OTarOIIMMHU MarHu-
TOPa3psIHBIMU HACOCAMU;

*  Kaxaas crauus odecriedyeHa BO3MOKHOCTBIO TMOJKITIOYECHUS EPEIBIKHOTO BaKyyMHOTO IO~
CTa U MPOBEACHUS OTKAUYKU C aTMOC(EPBI;

*  CTaHIMHU OTIENIEHBI IPYr OT Jpyra PYYHbBIMH M DJIEKTPOITHEBMATHUECKUMH MIMOEepamu,
YTO MO3BOJISIET IPOBOUTH HA 3TUX yYacTKaxX aBapUHHbBIE MM IUTAHOBO-MPOQUIAKTHUECKUE
paboThl, HEe HapylIask BAKYyM B OCTaJIbHBIX YaCTSIX YCKOPHUTEIIS.

Bakyymnas cxema yckoputens JIMHAK-200 ( 0, 1 u 2 craHuum)

Cranuvs A02 CraHums A01 i CraHuus A00

Puc. 1. Bakyymnas cxema yckoputenst JIMHAK-200. [Tymka u cranmum 1, 2
Fig. 1. Vacuum scheme of the LINAK-200 accelerator. Gun and stations 1, 2

BakyymHas cxema yckoputens JIMHAK-200 (3 u 4 ctaHuum)
CraHuusa A04 CraHuums A03
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Puc. 2. Bakyymnas cxema yckoputens JIMHAK-200. Cranuuu 3, 4
Fig. 2. Vacuum scheme of the LINAK-200 accelerator. Station 3, 4
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Ha puc. 1 n3o0pakeHa BakyyMHasi CHCTEMa MEPBBIX JBYX CTAHIMH YCKOpHUTENs. A Ha pHC. 2 —
crannus 3 u 4. B xonte 2023 1. Ha 9eTBEPTON YCKOPSIOIECH CTaHIINK OBLI CIICIaH MapalIeTbHBIN TIe-
PEHOC IMy4Ka 3J€KTPOHOB. Taxke yxKe BeJeTcsl akTUBHasl paboTa 1o napajuieIbHOMY HEpEeHOCY MyyKa
Ha 3 cranuuu. [logroraBnuBaercs HeoOXoANMas BaKyyMHasi apMaTypa ¥ MOBOPOTHBIE MArHUTHI.

Bb16op BakyyMHO#i apMaTypbl U CPeACTBA U3MepPEeHHsT OTKAYKHU

Oo6mume TpeboBaHMs K BAKYyMHOM apMarype JUIs UCIIoNIb30BaHus ee Ha yckoputene JIMHAK-200:

1) BBICOKasi CKOPOCTH OTKaYKH 00ecIieunBaeTcsi KOH(PUrypanrei NoAKIIOUeHHS OTKaYHbIX HACO-
COB K YCKOPSIOIINM CTPYKTYpaM;

2) OBIcTpOTa cpabaThIBAaHUS aBAPHIHBIX aBTOMATHUECKUX MTHOEPOB (BpeMs 3aKpHITHS He Oolree
10 Mc Ha mynike U He Oosiee 1 ¢ Ha CTaHIUAX) JUIS 3aIIUTHl PA00TAOIIEr0 BEICOKOBAKYYMHOTO 000-
PYIIOBaHHS B CITy4ae yXY/IICHUS BaKyyMa;

3) mpocToTa yCTpoicTBa BaKyyMHOW CHCTEMBI U yI0OCTBO B OKCILTyaTalllH.

Hawnbonee momHO 3THM TpeOOBaHUAM YIOBIETBOPSAIOT KIIanaHbl (IHOEPHI) ¢ SIEKTPOITHEBMa-
TUYECKUM MPHUBOAOM, HAPSLy C KOTOPBIM €CTh BO3MOKHOCTh HCIIOJB30BaTh apMarypy U ¢ Py4HBIM
npuBoJoM. BBUTO pelieHo B kKayecTBe BaKyyMHOM apMaTypbl UCTIONIb30BATH PYYHBIE U AIIEKTPOITHEB-
Marndeckue mudepsl Gupmbr VAT cepuii 01 u 75.

OO0mue TpeOOBaHUS K TaTINKaM U3MEPEHUS BaKyyma:

1) BBICOKAs HaJIS)KHOCTH PAOOTHI;

2) BBICOKAsl paJdalliOHHAs! CTOUKOCTH;

3) HE4yBCTBUTEIHHOCTH K YXY/IICHHUIO BaKyyma (BILIOTH IO arMocdepbl);

4) obecrieuenne u3MepeHus Bakyyma B mpezenax P = 107 + 5 x 10 topp (17151 BLICOKOBaKyyM-
HBIX JaTYHUKOB).

OTUM TpeOOBaHUSIM BIIOJIHE YJIOBJICTBOPSIOT JNATUyWKU THa Pirani (u3mepeHue (opBakyyma)
Y TaTYMKW C XOJOMHBIM KaTojoM Tuma Penning (M3MepeHHe BBHICOKOTO BakyyMma). Ha yckoputene
ucnoin3yercs obopynosanne ¢pupmel Pfeiffer Vacuum GmbH.

Honyyenue Bakyyma

BakyymHas oTka4uka yCKOPHUTENS OCYIIECTBIIAETCS B 2 ATara.
1. Ortkauka kamepsl yckoputesst JIMHAK-200 (nau oTIeabHBIX CEKITNi) «C aTMochephl» ¢ TIpH-
MEHEHHUEM IEPEABHKHOTO BAKyyMHOTO TIOCTa:
— (opBakyyMHas OTKauKa Kamepsl J10 qasienusi P ~ 5 x 102 topp;
— oTKauka TypOoHacocoM 1o fasienust P ~ 5 x 107 topp.
2. BxmroueHue u f1anbHeHas HOCTOSHHAS OTKauKa KaMepbl YCKOPUTEIIsI HOHHBIMH MarHUTOPA3-
PSLTHBIMU Hacocamu J10 aasierus P <5 x 108 topp.
PexoMeHyemMoe aBiieHue 3ammycka MarHuTopa3psaabix HacocoB P < 10 topp. [IpenBapuresns-
HbIil Bakyym P ~ 1 x 10 topp obecrnieunBaet 6osiee OBICTpPBIi 3allyCK MarHUTOPa3pPsAHBIX HACOCOB
1 JJOCTUraeTcs pY NEPBUYHOMN JJIUTEIbHOM OTKAUKE C IIOMOIIBIO BAKYYMHOTI'O IIEPEIBIKHOTO [IOCTA.

IIpoekTHBIH pacyeT BAKYYMHOI CHCTeMbI

CyMMapHbIil IOTOK ra30B, NOCTYNAIIMKA B pabounii 00beM Oy PaBEH
Ocywn = O + OnaT + Onnta + O1ioss (1)

rae Qrp — MOTOK, 00YCIIOBJIEHHBIH MPOHUI[AEMOCTHIO CTEHOK BaKyyMHOM KaMmepsl; Oyar — MOTOK ra-
30B, HATEKAIOIMHI U3 aTMOC(EPHI YePe3 TeUr U COEAMHEHHUS; i — MOTOK Ta30B, 00YCIIOBICHHBIH
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T Py3UOHHBIM Ta30BbIIEICHUEM U3 TIIyOMHBI KOHCTPYKIIMOHHBIX; Orjop — IOTOK Ta3a ¢ MOBEPXHO-
CTH KaMephl U 3JIEMEHTOB, PACIIONIOKEHHBIX B Heil [3].

QHP = 2?21 App; * Ai ~ 0 @, TaK KakK YHOCJIbHBIC IMIOTOKU MPOHUIIAEMOCTH IJII MEAU CYIIE-
CTBEHHBI TOJIBKO IIPU BBICOKUX TEMIIEpATypax.
Qﬂm) ~ () moTOMY, YTO HET HarpeBa CTEHOK KaMephl, KOTOPBIi MPUBOAMI ObI K T (Y3HH.
~, V*(Pxou—P

QHAT ~ V*Pron=Puav) rre V— 06bem kaxoit cekinn; (Pyoy — Prag) — pa3HUIla B TOKa3aHUSX Ba-
t

KyyMa CILyCTsI BpeMsl ¢ ¢ OTKJIFOUEHHOM OTKaukoil. B HateM ciayuae Qyar SABISETCS ONPEACIISIOIINM
(hakTOpOM YXY/IIIIEHHUS BaKyyMa.

Qrog = Skam " @ ()

TAC g — YACJIBbHOC I'a30BbIACIICHUE C ITIOBECPXHOCTHU.

Seam1 = 0.975M?%; Siaz = 1.667 M%; Siauz—4 = 3.052 M2
CornacHo BBIBOIaM padoTHI [3], Ta30BBIEICHIE ¢ TOBEPXHOCTEH XOIOMHBIX DIIEMEHTOB:
lgq = Aggc — Buge - t = —9.2172, (3)
tne Apgc M Bjpc — nocrosHnble kod(duuuentsl. Jlns neobpaborannoi memu Appc = —3.486,
Bppc= 3,98 - 107, t =144 000 ¢ — Bpems OTKa4KH.
N3 dhopmysisl 3 BeIpaxaeM ¢:

m31la

q = 10'87 = 6.06457 - 1071° ——.
M“C

[oncranss noxydeHHbIH pe3yasTaT B Gopmyay 2, HaxoquM Qo LT KaXKI0W CTaHIHH.

BakyymupoBanue yckopuTenbHOW cTaHIMK 1 obecrieunBaeT paboTy TepBOH KOPOTKOH CEKLIUH
(3,67 M) 1 mepBoro npeiidoBoro yuactka (1,5 M); yCKOPUTEIBHON CTaHIMH 2 — IBYX KOPOTKUX CEK-
uit (2 x 3,67 M) u cnenyrouiero apetidoporo yuactka (1,5 M); yCKOpUTEIbHBIX cTaHIUH 3 U 4 — IBYX
JUTMHHBIX cekiui (2 X 7,35 M) u npeiidosoro yuactka (1,5 m).

Bnaromapst ToMy, 4TO YCKOPUTEIbHBIE CTPYKTYphl UMEIOT MPOTSHKEHHYIO T€OMETPUIO C MHOTO-
YHCICHHBIMU «KapMaHaMW» 1 HEOOIbLIMM ITPOXOAHBIM CEYEHHEM, 3aBUCIMOCTb OCTaTOYHOTO BaKyYy-
Ma OT CKOPOCTH OTKa4KH BaKYYMHBIX HACOCOB HEBBICOKA. B 0oJblIeli cTeeH! 0CTaTOYHbIH BaKyyM
JIOCTUTAETCS 32 CUET MPOAOJDKUTEIBHOCTH OTKAUKU M, KaK OBbLJIO OTMEUEHO paHee, OMpeAessieTcs
HaTeKaHHEM.

B Tabn. 1-3 yka3zansl paboune napameTpsl 1 CyMMapHBIN IIOTOK ra30B Ha KaKIOH CTaHLIUH B CO-
OTBETCTBHU C MPOBEJCHHBIMU pacyeTaMHu.

3aKkJIroueHue

B pesymnbrare mpoBeneHHBIX padOT ObUla MOAEPHU3MPOBAHA BaKyyMHas CHCTeMa JIMHEHHO-
ro yckopurens JINMHAK-200, 9To 103BOMMIO0 OTCEKATh OTACIBbHBIC YIACTKH BAKYYMHOH CHCTEMBI
B CiTydae yXyIIIeH!s BaKyyMa. bl mpon3BeieH pacyeT CyMMapHOTo TIOTOKA Ta30B Ha KaX/I0i CTaH-
AW, TTIOIOOpaHbl M YCTAHOBJICHBI HACOCHI C MTPOU3BOIUTENHHOCTHIO 0T 10 mo 100 11/c Ha epudepun
YCKOPSIIOIHAX CTPYKTYpP (Ha TpyOBI npeiida), n ObUT MOyIeH KOHEUHBIH BaKyyM B pailoHEe HACOCOB
P>5-10%Topp.
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B nacrosiiee BpeMst Ha yCKOpHUTEIE BEAYTCs pabOTHI M0 MapauleIbHOMY TIEPEHOCY MydKa Ha 3-i
ycKopsitomieit craniuu. [lonroraBnuBaercs He0OX0AMMasi BAaKyyMHasi apMaTypa, MarHUTOpaspsiiHbIe
HAaCcOCHI U ITpoyee.

B OmmxaiitieM OyaylieM IUIaHUpYETCs CIAeNaTh MapajuiesIbHbId MepeHoc Mydyka Ha 2-H ycKo-
psAolIel CTaHLUKU, a TaKKe HadaTh MOHTAX S5-W M 6-f cTaHIMH, YTO MO3BOJIUT yckoputento JIN-
HAK-200 rmosryuaTh 2JIeKTpOHHBIE TECTOBBIE ITyUKH ¢ 3Heprueit 1o 400 MaB.
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Annomayus

Wzoxponnsit muknorpon Y400M Obu1 co3nan Ha 6a3e Kiiaccuyeckoro HUKIOTpoHa Y300 W HaXOAUTCS B IKCILTyaTa-
mun ¢ 1996 . Y400M mpenHazHa4deH Uil YCKOPEHHS ITyYKOB TSDKEIBIX MOHOB C OTHOIICHHEM MAacChl K 3apsiny A/Z
2.286 — 9 no sreprun 80—6 M1B/HyKkI0H. MarauTHas cucTeMa HUKIOTPOHA co3JaHa Ha 6a3e anekrpomarHura [1-Tuma
¢ auamerpoM mnomoca 4 M. M3oxponHoe morne co3maercst 4 mapaMu CIHpanbHBIX ceKTopoB. B 2022 1. mpoBeneHa pe-
koHCTpyknust Y400M, Bkirogaromast B ce0st 3aMeHy OCHOBHOH OOMOTKH MAarHUTA, IPOBEICHNE MATHUTHBIX H3MEPEHUH
1 KOppeKIuH nois. B xone n3mepenuit Obi1a poBejeHa KOMIIEHCAIHS TIEPBOM TapPMOHHKH, a TAKXKE KOPPEKIHs CPe-
HETO MarHWTHOTO HOJISL B 001acCTH BBIBOAA ITy4Ka M3 IUKIOTPoHA. [Ipy PeKOHCTPYKIMU IIPUMEHEHa aBTOMaTHYecKast
n3MepUTeIbHas CUCTEMa, HCTIOb3ytomast 14 narankos Xoiia.
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Results of Reconstruction of U400M Cyclotron Magnetic Structure
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Abstract

U400M isochronous cyclotron was create on the base of U300 classic cyclotron and is under operation at FLNR,
JINR since 1996. U400M cyclotron is intended for accelerating the ion beams with A/Z= 2.286 — 9 to energy
W = 80 — 6 MeV/nucl. Cyclotron have H-type main magnet with 4-meter pole diameter and 4 pairs of spiral type
sectors. In 2022 year, the reconstruction of cyclotron magnetic structure was held on. The reconstruction included the
replacement of magnet main coil, mapping and correction of cyclotron magnetic field. In the frame of the mapping, the
magnetic field was corrected to improve its average radial distribution and to compensate the first harmonic. For cyclo-
tron magnetic field mapping the automatic measurement system, based on 14 Hall probes, was used.
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Isochronous cyclotron, cyclotron magnet, magnetic field formation
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BBenenune

W3oxponnslii nuxiorpor Y400M npenHasHadeH A YCKOPEHUS MTyYKOB TSDKENBIX MOHOB C OT-
HOIIIEHUEM Macchl K 3apsiny A/Z 2,286—9 no sneprun 80—6 MaB/uykioH [1]. LlukiaoTpoH ObLI BBEICH
B oKcrutyatauuio B 1996 . B 2022 r. Obiia mpoBeeHa PEKOHCTPYKIMS IIEKTPOMAarHuTa, BKIIOYalo-
11asi 3aMeHy CTapoil OCHOBHOH OOMOTKH Ha HOBYIO, & TaKXKe MPOBEACHUE U3MEPEHUN U KOPPEKLIUH
pabo4yero MarHUTHOTO MOJsl. MarHWTHas CUCTeMa LUKJIOTPOHA CO3[aHa Ha 0a3e 3JIeKTPOMarHuTa
I-tuna ¢ auamerpom nomroca 4 M. OCHOBHBIE TApaMETPBI AEKTPOMArHuTa NpUBeaeHbI B Ta0m. 1.
N3oxponHoOe mone co3znaercsd 4 mapamMu CHOMPalbHBIX CEKTOPOB M BapbuUpyeTcs B auanasoHe 1,5—
1,92 Tn. Maraut HUKIOTpOHA UMEET 8 X 15 KOppEeKTUPYIOMUX KaTylIeK, pa3MEIIeHHbIX Ha MTOBEPX-
HOCTH CEKTOPOB U MPeJHA3HAYEHHBIX AJIs1 OTIEPATUBHON KOPPEKIIMA MAarHUTHOTO TOJISL.

Tabnuya 1
OcHOBHBIC ITapaMeTphl MarHuTa MUKI0TpoHa Y400M
Table 1
Main parameters of the magnet of U400M cyclotron
ITapamerp 3HaveHne
Pa3zmep mMarnura, M 11 x4,2 %746
JuameTp nomroca, M 4
3a30p MeXAy MOJI0CAMH, CEKTOPaMH, M 0,5; 0,1
KonuuecTBo CeKTOpOB Ha 1oJtoce 4
YrnoBasi IPOTSKEHHOCTh CEKTOPA, I'PafyChl 42
CnupansbHOCTh CEKTOPA, IPaayChl 40
KonuiecTBo paguaibHBIX KOPPEKTUPYIOIIUX KaTYIIEK 1
MaxkcumainbHoe mone, Ti 1,92
MakcnmaspHast MOIITHOCTE MarHuTa, KBt 650
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3aMeHa OCHOBHOM 00MOTKH

OcHoBHast 0OMOTKa eKTpoMaraurta nukiorpona Y300, a nmo3gnee Y400M ucnonb3oBaiach
¢ 1963 r. u B 2022 1. ObUTa 3aMeHeHa Ha HOBYIO. Kak cTtapas, Tak U HOBasi OOMOTKH HaMaTbIBAJIUCh
MEIHBIM NPOBOJHUKOM C BHYTPEHHUM OTBEPCTHEM IOJ oXJaxjaeHue. OAHUM U3 KPUTEPHUEB BbI-
0opa mapamMeTpoB HOBOW OOMOTKH MOCITYKHJI TPEIENbHBIA TOK UMEIOLIETOCss HCTOYHNKA THTaHUS
B 2500 A. Pa3mep nmpoBOAHMKA HOBOW OOMOTKH OBLT BEIOpaH MCXOMs U3 3aJa4H YCTAHOBKH OOMOTKH
Ha MarHuT MMOCEKIIMOHHO Yepe3 pabouuil 3a30p MeKAy CEeKTopaMu BeICOTOH 84 MM (Tabm. 2).

Tabnuya 2
[MapameTpsl cTapoii 1 HOBOW 0OMOTOK HMKIOTpoHa Y400M
Table 2
The parameters of the old and new main coils of U400M cyclotron
OcHoBHast 00MOTKA Crapas Hosas
[lomepeunoe ceuenue m*s, M 0,755*1 0,633*0,816
Ceyenne IPOBOJHHUKA, M 0,046*0,046 0,050*0,035
JnameTrp OoTBEpCTHUS OXIKISHIS, M 0,027 0,017
ITnotHoCcTh TOKA, I*N/S, A/MM? 0,834 1,162
MoimHocTh, KBT 624 601

Ha puc. 1 mpeacraBneHs 3aBUCUMOCTH YPOBHS MATHUTHOTO TTOJIS B LIEHTPE IUKJIOTPOHA OT TOKA
BO30YXJIeHHs CTapold M HOBOW oOMoTok. HoBasi Karylika MMeeT MEHbIIee MOINEepeyHOe CEUCHHUE
U PaCIIONIOKEHA OJIMKE K TOJIIOCY MarHUTA M €r0 MEAMAHHON IUIOCKOCTH. Takoe cMeleHne HeHTpa
Macc KaTyIIK{ IPUBOIUT K HEOOIBIIOMY H3MEHEHHUIO B PaiaIbHOM HAKJIOHE CPETHEr0 MarHUTHOTO
TOJISl M B PACIPECTICHUU PACCESIHHOTO MArHUTHOTO T0JIsl. DTH U3MEHEHUSI MOTYT OBITh CKOMIICHCH-
POBaHBI TOIOOPOM YPOBHS MAarHUTHOTO TIOJISI ¥ KOPPEKTUPYIOMIMMH KaTyIkaMu [2].

HoBast 0OMOTKa MMeeT JONOIHUTEIBHYIO CEKIIUIO, PACIIONOKEHHYIO ONMmke K MEIMaHHOI I1I0-
CKOCTH MaruTta. Ta CeKIUs UMEET OTAEIbHBIA NCTOYHUK MUTAHUS U TIPEHA3HAYeHa IS CO3aHMs
Br — KOMITOHEHTBI MATHUTHOTO TIOJISL, C TIOMOIIBIO KOTOPOH OyJIeT OCYIIECTBISITHCSI KOPPEKIIUS aKCH-
QJIBHOT'O I10JIOXKEHUS [TyYKa B 00JIaCTH €ro BbIBOJIA U3 LIUKJIOTPOHA.

2
1.9
18 /5‘4
S _&
c(a 17 / .....
1.6 y —8—new coil —

15 7 ——old coil
4/ | {
14 i i
900 1150 1400 1650 1900 2150 2400

I, A

Puc. 1. 3aBECUMOCTb YPOBHS MarHUTHOTO TIOJIS B IIEHTPE IIMKIIOTPOHA OT TOKAa B OCHOBHOIT 0OMOTKe
Fig. 1. The magnetic field at the cyclotron center in dependence on main coil current
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HpOBepO‘lﬂoe N3MEPEHUE MATHUTHOI'O IMOJIsA

[Tocne 3ameHbl OCHOBHOM 00MOTKH LuKIOTpoHa Y400M Obuta poBeieHa cepusl MPOBEPOUHBIX

MarHUTHBIX M3MEPEHUH JUIsl CPaBHEHUS C pe3ylbTaTaMM M3MepeHuil, npoBeneHHbIX B 1996 1. Pe-
3yAbTaThl N3MEPEHUH MTOKa3aIH XOPOIIYIO TOBTOPSAEMOCTh B paJUalIbHOM paclpeieeHuH CPEeTHETO
MarHuTHOTO moiist (puc. 2). Ominune cpeqHux mojiei Ha paguycax 10 R = 0,4 M o0bsicHseTCS MO-
JiepHHU3anrel eHTPaIbHOM 001acTH, B TOM YHCIIE U MAarHUTHOW CTPYKTYPBI MO CUCTEMY BHELIHEH
WHXeKUuHU, mpoBeaeHHoi B 2000 r.

I"apmoHnYeckuil aHanu3 HOBBIX U3MEPEHUH MarHUTHOTO T10JIs TIOKa3aJl YBEIMUEHUE aMIUIUTYAbI
NEepBOI TapMOHMKH 10 cpaBHeHHIO ¢ 1996 1. (puc. 3). [Ipu sTom (aza nepBoii rapMOHUKH TpHOOpe-
Jia OompeeNieHHYI0 HalpaBIEHHOCTh MO paguycy (puc. 4). TO CBUAETEIBCTBYET O HAJTMYUH ACHM-
MeTpHUU MarHUTHOH cuctembl Y400M, Bo3HHKIIEH BCIeICTBUE JOITON 3KCIUTyaTallud U CEPUU MO-
JIEPHU3ALNIN MTOJICUCTEM LIMKJIOTPOHA, IPOBEJAECHHBIX 3@ ATO BpeMsl. AMIUIUTY/IA IEPBOM FapMOHHUKH

B 5-15 Faycc MOXCT NPHUBOAUTL K HCXKCIIATCIIbHBIM PE30HAHCAM U YBCIIMYMUBATH HAIrPY3KY CUCTCMbL
OHCpaTHBHOﬁ KOppPECKIN pa60qer0 PeKUMa HUKIIOTPOHA.

0.02

0.015 H{---i----- omnnbonee

l_
o 001
©

0005 |---tikesssbeeeeieeees

02 04 06 08 1 12 14 16 1.8

Puc. 2. PazHuiia MeXly panaibHbIM PACIPEISICHUEM CPEHEr0 MarHUTHOTO MOJISt U3 U3MEPEHUI
3a 1996 n 2022 rr.
Fig. 2. The difference between the average magnetic fields from results of 1996 and 2022 years mapping
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Puc. 3. AMIuuTyibl nepBoi rapMOHUKH MarHUTHOTO I10JIs1 U3 u3MepeHuit 3a 1996 u 2022 rr.
Fig. 3. The first harmonic amplitudes of the magnetic fields from results of 1996 and 2022 years mapping
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Koppelcum[ MAarHuTHOIO moJjs

OnTtumusanust MarautHoro noist Y400M nMena nBe ocHOBHBIE 3a7a4M. Bo-mepBhIX, 9TO KOM-
IIEHCALUsl BBICOKOIO YPOBHSI aMILIUTY[bI IEPBOM T'APMOHMKU MArHMTHOIO IOJsA. BO-BTOPBIX, 3TO
noBblieHre 3PPEeKTUBHOTO panuyca IMHUKIOTPOHA 33 CUET KOPPEKLUUH CPEIHEr0 MarHUTHOTO IOJIS
B oOnactu paauyca BbiBoaa. Koppekuus BBICOKOTO YPOBHS IEPBOM TapMOHUKH Oblila OCYLIECTBICHA
3a CYET yCTAHOBKM OOKOBBIX CEKTOPHBIX IIMMM. PacueT mMecTa yCcTaHOBKH M MPOQWIIS UMM OCY-
HIecTBICH Ha 0a3e BEKTOPHOTO aHAIM3a U B COOTBETCTBHM C BO3MOXKHBIM CBOOOIHBIM MPOCTPaH-
CTBOM M@Ky dJIeMEHTaMH MarHUTHOH, oxnaxatomeii u BU-cucrem (puc. 5).

0.004

——hefore correction
~—calc correction
—o—final correction

0.003

b
— 0002
<

0.001

0

Puc. 4. AMnnTysl nepBoil rapMOHUKHM MarHUTHOTO OJIS 10 ¥ IIOCJIe KOPPEKLUH,
a TaKKe pe3yJsbTaThl pacueTa KOMICHCAIUH TIePBOH rapMOHUKH
Fig. 4. The first harmonic amplitudes of the real magnetic field before and after correction as well as result
of calculation of this correction

sha1

sha2

Puc. 5. PacueTHas mo3unus 60koBbIX cekTopHbIX muMM Sh31, Sh32, Sh41, Sh32 na cexropax S3 u S4.
JIunus ¢ kpyKamu — (asza nepBoi rapMOHUKH MarHUTHOTO TIOJIsI U3 M3MepeHuid 3a 2022 .
Fig. 5. The calculated position of the shims Sh31, Sh32, Sh41, Sh32 at the sectors S3 and S4.
Line with circles — phase of the first harmonic of the magnetic field from results of mapping of 2022.
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Buj 60KOBBIX MMM, YCTAHOBJICHHBIX HA CEKTOpaX LMKIOTPOHA, 0003HaYeH LU poii 2 Ha puc. 6.
[Tociie ycTaHOBKH CEKTOPHBIX OOKOBBIX IIMMM MPOBEJICHA CEPHsI K3MEPEHUI MarHUTHOTO TIOJsI, pe-
3yJBTAThl KOTOPBIX MOKA3aJIM, YTO aMIUIUTYy IEPBOM TaPMOHHUKH YIAJIOCh YMEHBIIUTS JI0 IPHUEeMIIe-
MbIX 3HaueHui 2—3 ["aycca B OCHOBHOM o0sacTu yckopeHus (puc. 4). Jlyummx pesynbsraToB, 0CoOeH-
HO Ha BHEIIHUX PaJInycax, TOOUTHCS HEBO3MOMXKHO 10 TEXHOJIOTMUSCKUM MIPUYUHAM U TPEXK]IC BCETO
M3-32 OTCYTCTBHSI JIOCTATOYHOTO MECTa JJIs Pa3MeIleHUs UMM, ['apMOHHUYECKUN aHAIHU3 Pe3yiib-
TAaTOB HOBBIX W3MEPEHUN MArHUTHOTO IOJIS MOKa3al YBEIMUCHUE aMILTUTY/bI IEPBOY FapMOHHUKH
1o cpaBHeHuto ¢ 1996 1. (cm. puc. 3). [Ipu aTom (hasza nepBoit rapMOHUKH TIPUOOpPEIIa OMPEICIICHHYO
HANPaBJICHHOCTh 10 paguycy (puc. 5). DTO CBUACTEIBCTBYET O HAJUUYMU aCUMMETPUHM MarHUTHOM
cucteMbl Y400M, BO3HUKIIEH BCIEACTBHE JOJITOM KCIUTyaTallud M CEPUU MOACPHU3AINMI MOICH-
CTEM IUKJIOTPOHA, MPOBEICHHBIX 32 3TO BPEMS.

OntuMuzanust MarHuTHOTO oJst Y400M mmMeeT 1Be OCHOBHBIEC 3aJa4u. Bo-mepBbIX, 3TO KOM-
MIEHCAIVsI BRICOKOTO YPOBHS aMILTUTY/bI TIEPBOM FrapMOHHUKKM MAarHUTHOTO T0J1sl. BO-BTOpBIX, 3TO 1M0-
BbIIlIeHUE AP (PEKTUBHOTO painyca IUKIOTPOHA 33 CUET KOPPEKIIMU CPETHEr0 MArHUTHOTO TIOJISL ¥ €T0
BapHallMu B 00JIACTH pajinyca BBIBOJIA.

L

Puc. 6. lonuanbie mmMmBl (1), pa3MeLIeHHBIE HA MTOIOCaX, U OOKOBBIC MIUMMEI (2),
YCTaHOBJICHHBIC Ha CeKTOopax Maruuta Y400M
Fig. 6. Valley shims (/) are placed on the poles, sector shims (2) are placed on the U400M magnet sectors.

KommneHcanusi BEICOKOTO ypOBHSI MEpBOH IapMOHMKU ObUIA OCYILECTBJICHA 33 CUET YCTaHOBKH
OOKOBBIX CEKTOPHBIX IINMMM. PacueTr Mecta ycTaHOBKM U podnias OOKOBBIX CEKTOPHBIX MMM OCY-
LIECTBJICH Ha 0a3e BEKTOPHOIO aHaJIM3a U B COOTBETCTBHU CO CBOOOIHBIM JJISI Pa3MEIICHHS HINMM
MIPOCTPAHCTBOM MEXKIY dJIEMEHTaMH MarHUTHOMW, oxJaxkaaromei 1 BU-cucrem (cMm. puc. 5). Bun 60-
KOBBIX CEKTOPHBIX ILIMMM, YCTAHOBJICHHBIX Ha CEKTOpax LUKJIOTPOHA, 0003HaueH Ha puc. 6 uudpoii 2.

Jlo KoppekIK cpefiHee MarHuTHOE MoJie NUKI0TpoHa Y400M nMeno MeHSIoLHiics ¢ ypOBHEM
MOJIsI pauaibHbIN cliaj B 00JacTh paanyca BBIBOJA, YTO OTPaHUINBAIIO 3(GEKTUBHOCTD LIUKIOTPO-
Ha. Koppekuust mosst Obiia OCyIECTBICHA MPU MOMOIIN YCTAHOBKHM JIOJMHHBIX IIMMM Ha MOBEPX-
HOCTB HOJIIOCOB B IPOCTPAHCTBE MEXIY CEKTOpaMu. JodMHHBIE MMMMBI UMEIOT (GOpMY IyT, pas-
MEUIEHHBIX Ha paguycax 1,8—1,995 m, BeicoToit 16 MM. JlodMHHBIE IIMMMBI OKa3bIBAIOT JBOHHOM
s¢dexr Ha MarHuTHOE moje. C OfHOW CTOPOHBI, MX YCTaHOBKA IOJHHMAET CPEIHEe MarHUTHOE
T0JI€, YTO MO3BOJISIET YBEINUYHUTh 3 (heKTUBHBIN paguyc nukioTpona Ha 10—-17 mM. C apyroii ctopo-
HBI — YMCHBIIACT BAPHALIUIO A3UMYTAJILHOTO PAaCpEIeIeHHsI MArHUTHOTO TOJIS, YTO MEHSAET GopMy
M30XPOHHOTO pacnpeesicHus, NPUOInKas ee K peaJbHOMY CpeJHeMy Moo (puc. 7).
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Puc. 7. CpaBHEeHHE paJuaIbHBIX paclpeeeHui CpeHEro MarHUTHOTO MO (JINHHUN)
1 M30XPOHBI (KPYKKH) TUISl pEKUMOB YCKOPEHHsI HOHOB ¢ A/Z = 2,286, 3 u 4,4
1o (base) u moce (corrected) yCTaHOBKH JONWHHBIX ITUMM
Fig. 7. The comparison of radial distributions of the average magnetic fields (lines)
and isochronous fields (circles) for operating modes for acceleration of ions with 4/Z=2,286, 3
and 4,4 before (base) and after (corrected) valley shims placing.

Cucrema U3MEPECHUSA MATHUTHOIO I10JIsA

g nu3MepeHuss MarHUTHOTO Mojisl IUKiIoTpoHa Y400M ncnonp3oBasiack aBTOMaTH4eCKasi CH-
CcTeMa MarHUTHBIX U3MEPEHUN, UcTonb3ytomas 14 natuukoB Xoia [4]. PaquansHblii nuana3oH u3-
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Mepenuit 2240 mm ¢ maroM 20 MM. A3UMyTalbHbIN 1nana3oH uaMepenuit 90° nim 360° ¢ marom 1°
wnu 2°. [Ipu ucnonp3oBanuy 14 gaTaukoB BpeMst U3MepeHuid KapThl moiist 90°/1° cocTaBisieT oKoIo
40 munyT, 360°/1° — OKOJI0 6 YacoB.

3aKiIroueHue

3aBepIlieHa peKOHCTPYKIMS MarHUTHON CHCTEMBI ITUKIoTpoHa Y400M. 3amMeHa 0CHOBHOM 00-
MOTKH DJIEKTPOMarHuTa MUKJIOTPOHA Ha HOBYIO HE OKa3aja CYIIeCTBEHHOTO BIHMSHHS Ha pabodne ma-
pametpsl yckopurens. [IpoBeneHHbIe TOCTIE 3aMeHBI OOMOTKH ITOBEPOYHBIE H3MEPEHHSI MATHUTHOTO
TOJIS TTOKa3aIy Hanngue 6onbinoi, 1o 10—15 I'ayce, ammumtynel nepBoit rapmonnku. OcyInecTBieHa
KOPPEKIHS IepBOI TApMOHUKH, B PE3yJbTaTe KOTOPOU YIAIOCh CHU3UTh AMITIUTYY 10 TIPUEMIIEMBIX
2-3 T'aycc B OCHOBHOIA 001acTi yCcKopeHus. Ha BTopom atare KOppeKIuH MpoBeieHa ONTHMH3AIHS
CpPEIHEro MarHUTHOIO MOJIsl B Auana3zoHe paguycos 1,6—1,8 M. duHanpHOE U3MEpPEHUE MarHUTHO-
TO IOJIS TTI0KA3aJio yBenndeHue 3(p(GeKTUBHOTO paanyca HukiIoTpoHa Ha 10—17 MM, B 3aBHCHMOCTH
ot ypoBHs rosts. [Ipu aToM cOmmKkeHre CpeaHero Mol ¢ H30XPOHHBIM YITYUIIIIIO (Da30BOE ABIKEHHE
MTy4YKa Tepe] ero BBIBOIOM U3 ITUKIIOTPOHA.
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Annomayus
[NoBsIeHne TpeGOBaHUH K COBPEMEHHBIM yCKOPUTEIEHBIM KOMILIEKCAM TPeOyeT TOYHBIX JaHHBIX 00 HHXKEKTHPYEMBIX
B YCKOPHTEJb HOHHBIX ITy4kax. B manHoi paboTe mpeicTaBieHa cucteMa ANarHoCTUKH HOHHBIX ITy9YKOB, PeaJIN3yIonast
METOJ YeThIpeX IIeJIeH 1 MO3BOIISIONast U3MEPSATH PACIIPE/INICHNE INIOTHOCTH TOKa MyYKa B YETHIPEXMEPHOM (ha30BOM
npocrpanctse (PII) ¢ BEICOKOH TOUHOCTEI0. OMHCHIBAIOTCS TEXHUUECKUE PEHISHHsT M 0COOCHHOCTH KOHCTPYKIIHH, Ha-
IIpaBJICHHBIC HA MOJyYEeHHE IPOCKTHBIX IIAPaMETPOB CHCTEMBI: IHaNa30H HCCIIeyeMBIX TOKOB ITydka oT 1 A 1o 20 MA
¢ sneprueit 10 50 k3B, npocTpancTBeHHOE pa3perieHue oT 6 MM 10 50 MKM.
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Abstract
Increasing requirements for modern acceleration complexes require precise data on ion beams injected into the acceler-
ator. This paper presents a system of ion beam diagnostics that implements the four-slit method and makes it possible to
measure the beam current density distribution in the four-dimensional phase space (PS) with high precision. Technical
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solutions and design features aimed at obtaining the design parameters of the system are described: the range of investi-
gated beam currents from 1 pA to 20 mA with energy up to 50 keV, spatial resolution from 6 mm to 50 pum.
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ion beam, phase space, four-slit method, emittance
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BBenenue

B nacrosimee Bpemst B AO «HUUD DAy pazpabarsiBaeTcs psiai dJIEKTPOOUZNIECKUX YCTaHO-
BOK, BKJIIOYAsl UKJIOTPOH MHOTO3apsAHBIX HOHOB [ 1] M 000pyIoBaHHE Macc-CernapaTopoB TSHKEIBIX
aneMeHToB [2]. JlocTikeHne MPOEKTHBIX MapaMeTpoB dTHX YCTAHOBOK MPEIoJiaraeT NpuMeHeHUe
WCTOYHHKOB MOHOB C BBICOKMM Ka4eCTBOM ITy4yKa M MPOBEACHUE MPEIU3HMOHHOTO MOJCITHUPOBAHUS
JMHAMUKY 9acTHIl. B yacTHOCTH, HEOOXOAMMO: IPOBEICHIE ONTHUMHU3AIMH KOHCTPYKIIMYA KPUTHYHBIX
AIIEMEHTOB MOHHBIX UCTOYHHMKOB, OTIPENICICHIE X ONTUMAIBHBIX PEKUMOB pabOThl, MUHHUMHU3AIHSI
abeppanuii mydka ¥ MOTeph TOKa MO BCEMY TPakTy. PellieHne NaHHBIX 3a1ad TpeOyeT Halu4us Jie-
TaJbHOW HPOPMAIMU O (a30BbIX XapaKTepUCTUKAX HOHHOTO MyYKa Ha BBIXOJIE U3 HCTOYHHUKA.

W3BecTHO MHOKECTBO METOJIOB MOTY4YeHUS] HHPOPMAINH O (Ha30BBIX XapaKTEPUCTUKAX HOHHBIX
My4YKoB. MeTo/bl BYX Hieiel, peper-pot u Allison scanner nmo3BoisifotT uamepsTh 2D-nipoexiyn ha-
30Boro oovema (D0O). MeTtonamu nonepevHbIx cedeHnit U quadrupole scanning MOXKHO OTIPENENIUTh
napametpsl TBucca ¢azoBoro amurnca. Madopmanmu, nomydaeMoil JaHHBIMH METOJaMH, HEJIOCTa-
TOYHO JUIs1 BBICOKOTOYHOTO OMTUCAHUS COCTOSIHUS TTy4Ka.

Meton uetbipex 1eneit (4-Slit Method) [3; 4] mo3BosisieT U3MepsITh pacrpeaeicHue (pa3oBoi
TUIOTHOCTH MydKa p(x, ¥, X', ¥') B uetbipexmepHoM DII.

JJist MaKCMMaJTbHOM TOYHOCTH H3MEPEHUS pactpeieneHus B paz0BoM NpocTpaHcTBe (MPOCTpaH-
CTBEHHOTO Pa3pelieHHts1) B JaHHOM METOIe HEOOXOIUM KOJUTMMATOP C MUHUMAJIBbHOH ITUPUHOM 1IN,
B mepBbIX mMomoOHBIX YCTaHOBKAX IMMUPHUHA meau cocTtaBmsuia 1-2 mum [5], mocturas 500100 mxm
B Oosiee mo3nHuX [6]. B pa3paboTranHO# cucTeMe TUArHOCTHKHU MPUMEHSIFOTCS IISJIEBbIC KOJUITUMATO-
PBI C MIUPHUHOM e 10 50 MKM, TOYHOCTb MIO3UIIMOHUPOBAHHS KOTOPBIX OTHOCHTEIBHO OCH TIepeMe-
nieHust gocturaet 10 MKkM. YMeHbIIIeHHe IIUPHUHBI MIENTH KOJUTMMATopa MPUBOIUT K HEOOXOIUMOCTH
W3MEpEeHHs CBEPXMaJbIX BEJIMYHH TOKOB, pEIlICHHE JaAHHOW 3a/1a4i CTAHOBUTCSI BO3MOKHBIM 32 CUET
MPUMEHEHUS] COBPEMEHHBIX BHICOKOUYBCTBUTEIBLHBIX H3MEPUTEIBHBIX TPHOOPOB U SKPAHUPOBAHHBIX
M3MEpUTEIHHBIX KaOene.

B pamkax naHHO#M cHCTEeMbl HMEEeTCs BOBMOXKHOCTh peai3alui MeToAa JBYX LIeJiei, TT03BOIs-
rorero u3MepsTh npoekiuu OO Ha BazoBsie iockocTu {x, X'} u {y, y'}.

Paspaborka nanHoii cucteMsl HanpaiieHa Ha pa3Butue B AO «t HUMDDA» coBpeMeHHOI dKcTie-
PUMEHTAIILHOHN 0a3bl 10 IUArHOCTUKE HOHHBIX ITyYKOB Pa3IMYHON MHTEHCHBHOCTH B IIUPOKOM CIICK-
Tpe Macc U HEPTUM U MPOBEJACHUE MATEPUAIOBEIUECKUX HUCCIIEIOBAHUM MO MX B3aUMOAEHCTBUIO
C BEIIIECTBOM.

OcHoOBHBbIE TEXHHYECKHE pemenus

Paspaborannas cucrema quarnoctuk BEAM-4D coctout u3 n1Byx momyneit muadparm, pasuie-
JICHHBIX IpeH(OBBIM MPOMEKYTKOM, M JaTUNKa TOKa HOHHOTO Iy4Ka (puc. 1).
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Puc. 1. O0muii Bua cucTeMbl TUarHOCTHKH: MOAYJIb IeNeBbIX nuadparm (1);
JaTYMK TOKa HOHHOTO IyyKa (2); Tpyba npeiida (3)
Fig. 1. General view of the diagnostic system: slit diaphragm module (/);
ion beam current detector (2); drift tube (3)

Monmyns quadparM npeaHa3HadeH Uil BhIICIECHU Mallol dactu mydka (beamlet) m oOpasyercs
Mapoy MeJIeBbIX KOJUIMMATOPOB C B3aUMHO NEPIEHIUKYIISIPHOW OpUEHTALIMEH 11IeIIeH.

ITocnenoBaTenbHBIM 00XOIOM BCEX TOYEK MOMEPEYHOTO CEUEHUS Mydka quadparMaMiu mepBoro
MOJYJISI BBIIETISIOTCS YaCTHIIBI ITy9Ka ¢ KoopauHaTamu {x, y}. Onpenenenne koopauHart {x’, y'} mpo-
BOJIMTCS] CKAHIPOBAHUEM BBIZIEIEHHON YacTH ITydKa AradparMaMu BTOPOTO MOIYIS BAOJIb OCEH X, ).

JmHa apetioBoro mMpoMexyTKa MOXKET U3MEHIThCS B auana3one oT 0,3 mo 2 M B 3aBHCHMOC-
TH OT YIJIOBOH PacXOJUMOCTH ITydKa TaKUM 00pa3oM, 4TOOBI Ha BTOPOM Momyie auadparm beamlet
WMMeJT JOCTAaTOYHbIE pa3Mephl Tt o0eciedeHus TpedyeMoro YIIIOBOTO Pa3perleHus.

IToce BTOpOro Momysst muadparM pacroyiaraeTcs JaTYUK TOKa, IpeaHa3HaYeHHBIN U u3Mepe-
HUS BEJIMYMHBI TOKA BBIJIENIEHHON (TIPOIIEAIIe ) YacTH HOHHOTO TTyYKa.

Pazpemenne 1mo mpoctpaHcTBEHHBIM KoopauHaTam @DII mMoxkeT BapbHpoBaThCcs OT 50 MKM
1o 6 MM, 1 oT 10 Mpax 10 25 MKpaJ IO YITIOBBIM.

AxcenTanc A4p W3MEPUTETHLHOTO KaHama [7], o0pasyemMoro AByMsl MOAYISIMHA Auadparm u Tpy-
ool apeiida:

Ax-Ay-Ax'-Ay'  Ad*

4D ~ 16 LZ - 16 LZ [MMZ ’ paﬂz]a

rae Ax, Ay, Ax', Ay' = d — mupuHa Kaxa0i menu, Mm; L — aymuHa ApeiioBoro npomMeKyTka, MM.
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Craenosarenbho, ipu L =2 M u Ad = 50 MM Ay4p = 98 um? - upar®, anpu L = 0,3 M u Ad = 6 MM
Aygp = 0,9 uM? - HpaI?, UTO MO3BOJSET U3MEPATH AOCOMIOTHOE 3HaYeHNE (a30BOM TIOTHOCTH MyYKa
C BBICOKOH TOYHOCTBIO.

B cocraB BEAM-4D Ttakke BXOIAT CUCTEMbI O0CCIICUCHHS: KOHTPOJIbHO-U3MEPHUTEIbHAS, Ba-
KyyMHasi, THEBMATUYECKasl U CUCTEMA BOJSTHOTO OXJIAXKICHUS.

Cucrema TO3BOJISIET OUATHOCTHPOBATh IYyYKH OJHO- M MHOTO3apSIAHBIX HOHOB Maccou
ot 1 10 260 a.e.M. 1 sHEprueii 10 50 k3B monepeyHpIM ceueHreM 10 50 X 50 mm?2,

Monyab nuagpparm

KonmnmrMaTtopsl MOHTHPYIOTCSI B BAKYYMHOW KaMepe, OTCEKaeMOl OT TPaKTa MUOEePHBIMHU 3aTBO-
pamu (puc. 2). Bece anemenTsl Moayns muadparM yCTaHABIMBAIOTCSA HA JIAOOPATOPHYIO TUIATPOPMY,
pama KOTOpO# BRITIOTHEHA U3 KOHCTPYKITMOHHOTO ATFOMHHAEBOTO TTPOMHIIS.

TIpu mmpune menu 50 MKM U TOYHOCTH TiepemenieHust 10 MKM CTaHOBUTCSI BAXKHBIM U30JISIUS
nuadparM OT MCTOYHUKOB BHENTHUX BHOpamuid. J[jst 5TOro B mTaTHOM NOJI0KEeHUH 1iardopma ycra-
HABJIMBAETCS HA BUOPOOIIOPHI.

Puc. 2. Monynbs nuadparm: nuadparma meneas (/); kamepa BakyymHas (2);
mwiatdgopma gaboparopHasi (3)
Fig. 2. Diaphragm module: slit diaphragm (7); vacuum chamber (2);
laboratory platform (3)

st obecniedeHus MpOCTPAHCTBEHHOTO TO3UIIMOHUPOBAHMSI M B3aUMOCOTTIACOBAHHOTO OPUEHTH-
poBanus 1uadparm pazpaboTaHbl JOMKpaThl BEPTUKAIBHOTO MIEPEMEICHUSI 1 MEXaHU3Mbl TOPU30H-
TAJIBHOT'O NIEPEMEILICHHUS], SIBIISIIOLIUECS YACTAMU IIOACTABKU FOCTUPOBOYHOM. TOUHOCTH MO3ULIUOHU-
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poBaHus 1o ocsiM (x, y) coctasnseT 10 MkM nuHelHOTO Iepemertenus u 0,1° yrmosoro no ocsim (R,
R, R)).
Koaaumarop mesieBoit

lens konmumartopa oOpa3oBaHa IBYMsSI CTBOPKAaMH, YCTAHOBJICHHBIMU B I1a3bl JepiKarelis
(puc. 3). Kpas menu nmerot Tonmuay 50 MkM. PerymupoBka aneptypbl (IIHPHHBI TIETTH) KOJLTUMa-
TOpa OCYILIECTBISIETCSl BPYUHYIO KaTMOPOBAaHHBIMU IUTACTUHKAMHU B Juana3oHe oT 50 MKM 10 6 MM.
dukcanus NoJI0KEHHUS CTBOPOK MPOU3BOJUTCS BUHTOBBIMH PHKUMaMH.

Bonpiuas muprHa 1meny no3BosisieT ObICTPO CKAaHUPOBATh BCIO TUIOMIA/Ib ONIEPEYHOTO CEUCHMS
My4Ka ¥ HeoOXoArMa ISl ONIEPaTHBHOTO U3MEPEHUS €ro MpoduiIs.

s mpenoTBpalueHuss TepMUUecKuX aedopmannii U obecrneueHus] CTa0MIBHOCTH Pa3MepoB
LIEH KOJUIMMATOpa MpH OOIy4YEeHUH €ro CTBOPKH M3TOTOBIISIIOTCS U3 Bodb(pamoBoro criaBa BH/I-
MII, obnagaromero MajbMi KOG GHUINEHTaAMHU TEPMUUYECKOTO PACLIMPEHHs U MOHHOTO pacIbuIe-
Hus. VX TepMocTabuin3anys oCyIecTBIsSeTCsS CUCTEMOM BOASHOIO OXJIaXKAeHHUs. [laHHbIe perieHus
MO3BOJIIIOT MUHUMH3UPOBAaTh HHCTPYMEHTAJIBHYIO IMOTPELIHOCTh U3MEPEHHH, a TAK)KE YMEHBIIUTD
CKOPOCTb Jerpagaly CTBOPOK.

HUNI®A
POCATOM

Puc. 3. Konnumarop 1eneBoi ¢ IpuBOiIoM
Fig. 3. Slit Collimator with actuator

[To3uIoHUpOBaHKE KOJUIUMATOPA OCYIIECTBISCTCS IPEIIM3MOHHBIM BAKyyMHBIM BBOJIOM JINHEH-
HOTO TIEPEMEIICHHUS C IIIaTOBBIM CEPBOJBUTATEINIEM ¢ TOUHOCTHIO 10 MKkM B quamnazone ot 0 1o 200 M.
KoHcTpyKIius mITOKa KOJUTMMATOPa ONTUMU3UPOBAHA JIJIi MUHUMU3AIIMU TIPOruoa.

MOIly.]'Ib AATYUKA TOKA HOHHOIO ITy4YKa

UyBCTBUTENFHBIM 3JIEMEHTOM JaTduka Toka (puc. 4, a) suserca munuHap Dapanes (LID)
(puc. 4, 6). Korcrpykuus L{® ontumusupoBaHa isi MUHUMHU3AIUH TTOTPENTHOCTH n3Mepenmid. Koi-
nextop noHoB L|® npencrasisier coboit MeHBIN TUIMHIP ATUHONH 50 MM ¢ KOHIYECKOH MOJIOCTHIO
BHYTpH. /715 IpeioTBpalieHnst YTEYKH TOKa KOJUIEKTOP U30JIUPOBAH OT KOPITyca PTOPOTIACTOBBIMHE
KOJIbIIaMH. J{JIs1 321U THI OT OCEAaHNs BHEIIHUX YaCTHUI] KOJUIEKTOP TIOMEIIEH B KOPITyC (9KpaH), B KO-
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TOPOM IpOJIesIaHbl HECKOJIBKO TPYIII OTBEPCTHH Uit 00eCIIeUeHNsT OTKAaYKH BHYTPEHHUX TOJIOCTEH
I®. [Qnst nogaBiaeHUs: BTOPUYHOM MOH-UIEKTPOHHOM AMUCCHUM NIEPE]] KOJIEKTOPOM MOHOB yCTAHAB-
JIMBAETCS KOJIBLIO-CYIIPECCOp, Ha KOTOPHIH monaercs notenmnuan —300 B.

Hns n3mepenust curHana ¢ L[® mpennonaraercss ncnonb3oBats (emroammepmerp Keysight
B2981B u npernusnonnsiit mynsrumerp RIGOL DM3068. [lns ux coequnenus ¢ L{® OynyT npume-
HSTBhCS TPUAKCHATIbHBIE Ka0eJH, YTO JOKHO MO3BOJIMTh MUHIMHU3UPOBATh IIyMbl. PacueTHas OTHO-
CUTEeIIbHAs MOTPEeIIHOCTh U3MEPUTENbHON cucTeMbl He npeBblimaeT 0,1 % mpu OTCYTCTBUU BHEIIHUX
nomex. [logoOHbIe TeXHUYECKHE pelleHHs TPUMEHSIINCH PSIoM aBToOpoB [8; 9]. AHanu3 UX ombITa
JTaeT OCHOBaHHE 0XKHJIaTh, YTO MPE/ICTAaBICHHbIE TEXHUUECKHE PEIICHNS I03BOJIAT U3MEPSATh BEIUYH-
HY TOKOB BBIJICJIEHHBIX YacTel Myuyka HHTEeHCUBHOCTHIO OT 1 MA 10 200 MKA.

a 9]

Puc. 4. JlaTunk TOKa HOHHOTO ITy4Ka: B coope («a); muuuap Papazaes cnaboTouHbliH (0);
BBOJIBI M3MepuTenbHble (1); nnmmaap Papanes (2); kamepa BakyyMmHas (3)
Fig. 4. Ion beam current sensor: assembled (a); low-current Faraday cup (6); measuring inlets (/);
Faraday cylinder (2); vacuum chamber (3)

I[J'IH N3MCPCHUA TOKa MOHHBIX ITYYKOB HU3KOM MHTCHCHUBHOCTH B JaJIbHEHIIIEM ITAHUPYETCA
MIPUMCHEHHUE TTOJYIIPOBOAHUKOBLIX JCTECKTOPOB HOHU3UPYIOIUX HSqueHHﬁ.

KOHTpOJ'leO-I/BMepl/lTeJIbHaﬂ cucremMa

OnTuMu3anys UCTOUHUKOB MOHOB M UX coracoBanue ¢ anemeHTamu MOC ocymecTBisieTcs
B paMKax (DaKTOPHBIX IKCIIEPUMEHTOB, UTO TPEOyeT MHOTOKPATHBIX H3MepeHuid. [Ipu MakcuMalIbHOM
CKOPOCTHU IepeMenieHus 1menu 1,5 MM/c u TouHocTH mo3uiimonupoBanust 10 MM, Bpemst 00xoja
Bcero ®O jyis myuka auamerpom 10 MM coctaBut 33 MuH U 45 ¢ juis 1r000# 13 ero 2D-npoekiuu.

s ynpaBiieHus, U3MEPEHUs, PErUCTpaluu U 00pabOTKM CHUTHAJIOB pa3paboTaHa KOHTPOJIb-
Ho-u3MepureibHas cuctema (KMC) Ha ocHOBE TPeXypOBHEBOM apXUTEKTYPHI (pHC. 5).
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Cobupaembie KMC nannbie B pexxuMe peanbHOr0 BPEMEHH IepelaloTcs Ha MyJIbT oleparopa,
rJie OHU 00pabaThIBAIOTCS U COXpaHsOTCs B Oaze maHHbIX moxa ynpasiernueM CYBJl PostgreSQL.
[To uTory xakaoro ceanca uaMepeHui Gopmupyercs Jgor-gaii, conepKauuii BCIO U3MEPUTEIBHYIO
WH(POPMAIHIO U HCTOPHIO COCTOSTHUSI BCEX YCTPOMCTB M CUCTEM.

Omnepatop MOXET yCTaHABIMBAaTh JWANA30HbI U LIar NMepeMeleHHH IeIeBbIX KOTUMaTopoB,
KOHTPOJIMPOBATh MapaMeTpbl 00ECTICUMBAIOIINX CUCTEM M OINEPATHBHO M3ydyaTh Pe3yJbTaTbl M3Me-
peHuIi.

@
& Control Server
°
g [ Module 1 ] [ Module 2 ] [ Module 3 ] [ Module 4 ] [ Module 5 ]
- !
Router

£ 5 § MaHenb @ T,
. §§ n_‘?g ynpaBneHus E s % Bnok ynpaBneHusi BakyMHOI cucTemon
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3aToBpbI U

4uwr

Puc. 5. Obmas apxutexrypa KMC
Fig. 5. General architecture of the Control and Measurement System

[MpeacraBiieHHAass apXUTEKTYpa MO3BOJISIET OBICTPO HHTETPUPOBATH HOBOE 000pyI0BaHKe U 00e-
CIICUMBACT COBMECTHMOCTh C CYIIECTBYIOIICH CTEHI0BOM Oa30ii.

[Tpu quarsocTHke myyka auameTpoM 30 M, pu mHpHHE mienei S0 MKM U UCTIONIb30BaHUU (op-
Mara mpencTasnenus uncen tuna double cymmapusiii 00beM HHGOpManuu cocTaBuT okono 15,5 I'6.
Jis ee 00pabOTKH MPUMEHSIOTCS ONTUMHU3UPOBAHHBIE OMOMMOTEKH, AITOPUTMBI NapaieIH3anun
BBIUMCJICHUN U KaHAJIbI TIepe/iadul JaHHBIX C BBICOKOM MPOMYCKHOM criocoOHocThIO (1-2,5 ['ouTt/c).

Oo0paboTka U aHAJIN3 JAHHBIX

B pesynprare kaxxporo usmepeHus popmupyercs Maccus (x, y, x', ', [), cogepxamuii u3MepeH-
HOE 3HaYCeHNE BEIMYMHBI TOKa / B 33/IaHHBIX KOOpAUHATaX (¥, ), X', ¥"). [locnenoBarensHBIM 00X010M
BCEX KOOPAWMHAT ONpeAesseTcsl AUCKPETHOE MPEICTaBICHNE paclpeneieHnus JacTui p(x, y, x', V')
B ueTbipexmepHoM DII. It yMeHbLIEHUs TOIPEMIHOCTH B Kak10UM Touke PO BBINOJIHAETCA HE Me-
Hee 30 u3MepeHnii BeTHIUHBI TOKA C IMTOCIEAYONEH CTaHIapTHON CTaTUCTHYECKOW 00pabOTKOM.

[TockonbKy BU3yalbHO MPENCTaBUTH YeThipexmepHoe PII 10BONBHO CIIOXKHO, €T0 aHAIIN3 TPO-

BOIUTCA METOIOM HpOCKHI/Iﬁ. I[J'IH 9TOT'0 UBMEPCHHOC paCIpPCACIICHUC ITPOCHUPYCTCH Ha HICCTh (I)a—
30BBIX IIJIOCKOCTEH:

p2p(x,x") = f f p(x,y,x',y)dydy'

P20 (VY = ffp(x,y,x’,y’)dxdx’,
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Taxoke Bo3MOkHO nocTpoenue 2D-ceuennii OI1:
P2ply=iy'=j(6x") = p(x,i,x",)),
P3plx=ix'=; 0 ¥) = (L., Y.

Ha xaxxgoi npoeknun 1 ceueHuu npu nmomomu RMS metozna [10] ctpourtcs (a3oBsiii dmHIIc,
OTIpe/IeTISIIOTCS mapaMeTpsl TBucca u Berancisercs 2D-RMS smutranc.

Breruncnenne 4D-oMmutTaHca (TMHEpIMUTTAHCA) BBIONHSETCA IyTeM HHTerpupoBaHust ®O
o BceMm ToukaMm DII (anemeHTapHBIM THTIEPOOBEMaM), B KOTOPBIX U3MEpPEeHHAs (a30Bas MIIOTHOCTD
p(x, y, X', ") BBIIIE TOPOTOBOTO 3HAYCHHUS ¢, OTIPEIACISIEMOTO YPOBHEM IITYMOB:

L dx dx' dy dy’ [n? - Mm? - pap?
€= x dx' dy dy' [m? - mm? - pan?]

plx,y,x',y) =t

Ax; - Axj - Ayy - Ay;
9= 200w

iLjklep=>t

B nuckpernoit popme:

rjae Ax u Ay — mMpHHa 1ienei mo ocaM x 1 y, MKM; Ax' 1 Ay’ — yIiioBoe paspelieHue 1o ocam x' u )/,
Mpas.

bonee TounHBIX PE3YIbTAaTOB MOXHO JOCTUYDb NPUMEHCHUEM METOAOB alllIpOKCUMaluu MHOI'O-
MEPHBIX JaHHBIX WJIN aHAJIUTHYCCKOI'O OIMMCaHUsA DO.

3ak/ouenue

B pesynbrare nanHoii pabotsl Oblia pa3paboTaHa cucTeMa IMarHOCTUKH, O3BOJISIONIAs U3Me-
PATH pacnpeneneHue (pa3zoBoi IIOTHOCTH HOHHBIX MyYKOB B YETHIPEXMEPHOM (pa30BOM HPOCTPaH-
CTBE.

Boutn pazpaboTaHbl ee OCHOBHBIE Y3JIbI: IIEJIEBbIC KOJTMMATOPHI ¢ anepTypoi 50 MKM U TOYHO-
CTBIO MTO3ULIMOHUpPOBaHus 10 MkM, T1abopaTopHble MIaTPOPMBI C MEXaHHU3MaMH IIPOCTPAHCTBEHHOTO
perynupoBaHusi, JaTYUK TOKA MOHHOTO Myuka (munuHap Papazges u MHCTPYMEHTAIBHOW MOTpeII-
HocThiO He Oonee 0,1 %) ¥ KOHTPOJILHO-U3MEPHUTENbHAS CUCTEMA, MO3BOJISIIOIIAs PETUCTPUPOBATD
MOHHBIE MyYKH HHTEHCUBHOCTHIO 10 1 mA.

OTAMYUTENBHBIMA OCOOCHHOCTSIMH JTAHHOH CHCTEMBI SIBIISIIOTCS: BBICOKOE MPOCTPAHCTBEHHOE
pasperieHre, TOUHOCTh U3MEPEHHI, aBTOMATU3UPOBAHHBIN PEKUM PAOOTHI, YTO B COBOKYITHOCTH IO~
3BOJISIET MOJTY4aTh JOCTOBEPHBIC M BOCIIPOU3BOIUMEBIE JaHHBIE 00 HOHHBIX ITyYKaX.

MonynbHOCTb KOHCTPYKIIMHU TaKOW CHCTEMBI IMO3BOJISIET OBICTPO TIEpeCcTpanBaTh ¢ Il JUarHo-
CTHKH MOHHBIX MTYYKOB C PA3TUYHBIMHU [1apaMETPaMH.

B Hacrosiiee Bpems 4acThb y370B M3rOTOBJIEHA, IPOBOATCS UX MPEIBAPUTEIbHBIE NCIIBITAHUS.
PazpabarsiBaeTcs mporpaMMHOe oOecriedeHue it 00paboTKM U aHaIu3a SKCIIEPUMEHTAIbHbIX JaH-
HBIX. Bemercst moaroroBka K MpoOBEICHUIO ITyCKOHANAJ0YHBIX PadOT U BBOAY CHCTEMbI B DKCILTya-
TalHIo.

CnHcok JMTepaTyphl
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Annomayus

OnHOIT N3 OCHOBHBIX MTPOOJIEM JUTsl AUATHOCTUKH ITyYKa B MPOEKTHPYEMOM JIMHEHHOM YCKOPHTEIE IPOTOHOB IS KOM-
MAKTHOTO MCTOYHUKA HEHTpOoHOB DARIA sBIsieTcs 3HaYMTENbHAS UMITYJIbCHAS U CPETHSSI MOLIHOCTD IIyYKa B COBO-
KyITHOCTH C OTHOCHTEIILHO HU3KOH SHEPTruei, 4To CYMIEeCTBEHHO OTPAaHUYMBACT BEIOOP BO3MOMKHBIX JTHATHOCTHIECKIX
puOOpoB 1 MeTomOB. [yt 6a30BBIX M3MEPEHHI TOKa MydYKa M MPOBEACHMS HACTPOCUHBIX MPOLEAYP B HU3KOIHEPTe-
TUYECKON YaCTH YCKOPHUTENS ObUT pa3paboTaH MIMPOKOANEPTYPHBIA BOAOOXIakaaeMblil mmmnHap Papanes. B nanxoit
paboTe mpeAcTaBIeHbl KOHCTPYKTHBHBIE OCOOCHHOCTH, OLEHKN TETIOBBIX HATPY30K B THITHMYHBIX PabOUIMX PEKHUMax
1 SKCIIEPUMEHTAIBHBIC PE3YIbTAaThl HCIIBITAHIN IIHIMH/IPA Ha BHICOKOMHTEHCHBHOM ITyYKE ITPOTOHOB, a TAK)KE OIIMCAHBI
0COOCHHOCTH MPOEKTHPOBAHHS MOTOOHBIX YCTPOHCTB € yIETOM BIHMSHHS IPOCTPAHCTBEHHOTO 3apsAa ITydKa Ha Pe3yiTb-

TaThl U3MEPEHUH.
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Abstract

One of the main problems for beam diagnostics in the projected linear proton accelerator for the DARIA compact neu-
tron source is the high pulse and average beam power combined with a relatively low energy, that significantly limits
the choice of possible diagnostic instruments and methods. For basic beam current measurements and tuning procedures
in the low-energy part of the accelerator, a wide-aperture water-cooled Faraday cup was developed. This paper presents
design features, estimations of thermal loads during typical operation and experimental results of the cup tests at a
high-intensity proton beam, also the design features of such devices are described, considering the influence of the beam
space charge on the measurement results.
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BBenenue

IIpoext DARIA — KOMIakTHBIH MCTOYHUK HEUTPOHOB, NMpEIHA3HAUYEHHBIA IS MPHUKIATHBIX
WCCIIe/IOBaHUM, TMPOMBIIIJICHHOTO IMPUMEHEHUSI W 00pa3oBaTelbHBIX 3ajad, pa3padaThiBacMBbIii
Ha OCHOBE HUMIIYJIbCHOTO CHJIbHOTOYHOTO JIMHEWHOTO YCKOPHUTEINs MPOTOHOB [1] co ciiemayrommmu
MIPOEKTHBIMU XapakTepucTukamu (tadm. 1.)

Tabnuya 1
OcHOBHBIE TapaMeTpsl ITyuka IpoToHOB poekta DARIA
Table 1
Main parameters of DARIA project proton beam
IMapamertp 3HaveHue

OHeprus nmydka Ha BbIxozie ucrtounuka (MaB) 0,06
Oneprus nydka Ha Beixoae RFQ (MaB) 33
OHeprus my4ka Ha Bbixozie yckoputens (MaB) 13
WmmynscHbIN TOK (MA) 1o 100
JTMTenbHOCTh UMITYJIbCa TOKa (MKC) 100
Yactorta ciemoBaHus UMITYIbcoB (1) mo 100
UYacrora cienoBanus cryctkoB (MI'm) 162,5
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56 DU3KKa BLICOKMX DHEPTUIA, YCKOPUTENEH M BLICOKOTEMMEPATYPHOM MNA3MbI

JI1s IpsIMBIX M3MEPEHUN TOKA ITyYKa Ha HU3KOAHEPTEeTUUECKOM KaHaJle TPAaHCIIOPTUPOBKH YCKO-
putens npeaycMmotpe mutuaap @apanes (D) ¢ padoueii aneprypoii 100 MM, KOTOPHIN BBUTY BBICO-
KOH CpelHEH U UMITYJIbCHOM MOITHOCTH ITy4Ka TAK)K€ UTPAET POJIb ABAPUNHOM OXJ1aK1aeMOH JIOBYLI-
KH, TI03BOJISIFOILEH OIOKMPOBATh MyYOK Ha BXOJE B YCKOPSIOIIE-(QOKYCHPYIOIINI KaHaIl JJIs 3aIUThI
YCKOpPUTENS B HEIITATHBIX CUTYaLUsIX WIK HA BpEMS IIPOBECHUS HACTPOCUHBIX IIPOLEAYD.

1. Oco0eHHOCTH KOHCTPYKIMHT

IIpenyiaraemplil K UCIOJIB30BAHMSI MOABMKHBIN IMIIMHAP Papazaest ¢ HenpsIMbIM OXJIaXICHUEM
pa3MelleH B OTJeNbHOM BaKyyMHOH Kamepe ¢ mpucoeauanTenbHbpIME Grannamu CF100 n cymmapHOit
YCTaHOBOYHOHU THHOM 134 MM, a 11t BBoga/BeiBosia L[D ¢ yCcTaHOBIEHHOM CHCTEMOM OXJIaXKISHHS
B pabouyio amepTypy HOHOIIPOBOAA HCIIONb30BaH CHUJIb(MOHHBIM BaKyyMHBIH BBOJ JIMHEHHOIO
JIBIYKEHUSI HAa OCHOBE IIaroBoro asurarens (puc. 1).

Hermpsimoe oxnaxkieHue OCHOBaHO Ha WCIOJIB30BAHNY AMCKA U3 HUTpH/A amoMuHus (~ 170 Bt/
(M*K)) TommuHOM 1 MM, H30JIMPYIOIIETO CUTHAIBHBIN AIIEKTPOA OT OXJIAXKIaeMOW COOPKH M3 ABYX
MEHBIX IIACTHH C 3alPeCCOBAaHHON W MPOMAsHHONW MEXly HUMH IEeIHHOTIHYTOW MEAHOHN TpyOKOii
6 x 1 MM, 10 KOTOPOI IPOKAYMBAETCS BOJA U3 OCHOBHON CUCTEMBI OXJIaXKA€HUS yCKOpHUTes. BeiBoabl
MeHOH TpyOKH Ha arMoc(epy BBIIOJIHEHBI HA OCHOBE «IPHUOKOBBIX» COCIMHEHUH, YINIOTHEHHBIX
BUTOHOBBIMHU KOJIBLIAMH C UCIIOJIb30BAHNEM BBICOKOTEMIIEPATypPHOH BHICOKOBAKYYMHOM CMa3KH.

Puc. 1. TpexmepHas mozeis U portorpadus LD
Fig. 1. 3D model and photo of the Faraday cup

PemaromyM orpaHmueHueM s BEIOOpa MaTepuaioB M KOHCTPYKIMH oOxJaxmaemoro LD
SBJSUIOCH TPeOOBaHME OTCYTCTBMS CBAapHBIX WM MAasHBIX IIBOB HA TPAHUIIE «BOAA — BaKyyMy,
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KOTOpBIE CO3AAI0T 3HAYMTEIbHBIE PHUCKH IMPOPHIBA OXJAXKIAIOMIEeH MXUAKOCTH, LUPKYJIHPYIOLIeH
MoJ JIaBI€HHEM, B BaKyyMHBIH KOHTyp yckopurens. COopka NpUKpemisiigach K CUTHAJIbHOMY
3JIEKTPOAY C MOMOIIBIO MACCHBA BEHTHJINPYEMbBIX BUHTOB Yepe3 M30JIMPYIONIUe BTYJIKHA U3 HUTPUAA
AITIOMUHHUS U IPY>KUHHBIE [AaW0BI IJIs1 KOMIICHCAIIMH TEIJIOBOTO paciupenus marepuanos LD.

s momaBnenwst BDD mpemycMOTpeH KONMBLIEBOM AJIEKTPON W3 HEPKABEIOIICH CcTalu
1oz (PMKCHPOBAaHHBIM MOTEHLIUAIOM CMEIIEHHs 10 —5 KB, mogaBaeMbIM OT OTAEIBHOTO MCTOYHUKA
BBICOKOBOJIETHOTO HampsbkeHus uepes3 pazbeM SHV-5 DN16CF. CurHaibHbIi 371€KTPOA HaXOIUTCS
MOJ] TOTEHLHMAJIOM BHUPTY&JIbHOM 3€MJIM IPEeTyCUIUTENbHOW DJIEKTPOHUKH, HW3TOTOBISAETCS
W3 MeAM JUT 00ecIieueH s BHICOKOH AIIEKTPO- M TEIUIONPOBOJHOCTH M UMEET TUIOCKYIO0 T€OMETPHIO
JUIL COKpAILleHHsT NPOJOJNBHBIX pa3MepoB. Ha MOBEpXHOCTH dieKTpoja caenaHbl V-o0pasHble
KOJIbIIEBBIE KaHABKHU ISl IByKPAaTHOTO YBEJITUYEHUS TUIOIIAIN B3aUMOJICHCTBHS IEKTPoJia C IyYKOM
C 1IeJIbI0 CHM)KEHUS ITOBEPXHOCTHOM MIOTHOCTH MOILTHOCTH TETJIOBBIAETICHMS.

2. I[lyukoBbie HCHBITAHUS

Ucnpitanus paborocmocobHoctr L[® Obutn TpoBeneHbl Ha KaHalle WHXKEKIUH ITydKa
potoHoB nuHeHoro yckoputenst AN PAH co cnepyromnmu napamerpamu: sueprus 0,4 MsB,
yacToTa cienoBaHusl uMiyiabcoB 50 I'n, AuTenbHOCTh UMIYIBCOB ~ 77 + 179 MKC, UMITYJIbCHBIN
ToK ~ 0,5 + 71,0 MA, cpenHeKBaApaTUUHbIN paanyc ~ 5 MM. MakcuMalibHas CpeAHsisl MOIIHOCTb
nyuka Ha [{® Bo Bpems ucnblTaHU He TpeBbiana 255 BT.

Cucrema BogsiHOTO oxJytaxaeHus [[D Oputa mogkiTioueHa K MTaTHOW CHCTEME OXJIAXKIEHUS die-
MEHTOB KaHalla, IIPH 3TOM TeMIIepaTrypa U pacxoi BOIbI Ha BeIxozae u Bxoae L{® Obitn paBHBI apyT
JIPYTy ¥ HE MEHSUIHCH B XOZ€ MCIIBITAHUN, OCTaBasich paBHBIMH 13 °C u ~ 2 1I/MUH COOTBETCTBEHHO
IIPY JTaBJIEHUN ~ 4 KTc/cM2.

Ha puc. 2 nokasana u3mepeHHasi 3aBHCHMOCTh MUHUMAIIEHO HEOOXOANMOTO HAIpPsHKEHUST CMe-
IICHHS OT BEJIMYMHBI UMITYJIBCHOTO TOKa ITy4Ka. [loiHOe moaBierne BTOpUIHO-OMUCCHOHHBIX JJIEK-
TPOHOB ITPH MaKCHMaJIHHOM HMITYJILCHOM TOKE ITydka ~ 71 MA HaOM0Aanoch Mpu HapsHKEHUH CMe-
menns ~ —0,9 kB.

100 -

-
o
I

MMNyNbCHbIA TOK Ny4ka, MA
—_

0,1 1 1 1 1 1 1 1 1 )
01 -02 -03 -04 -05 -06 -0,7 -08 -09 -1

Pabo4yee HanpsiXeHue cMmelleHus, KB

Puc. 2. 3aBUCUMOCTh MUHUMAJILHO HEOOXOMMOT0 HAIPSKEHUS CMEIIEHHUS OT TOKA IydKa
Fig. 2. Dependence of the minimum required bias voltage on the beam current

Ha puc. 3 npexncrasiensl GpoTorpaguu yCTAaHOBIECHHOTO JUIsi UCIIBITAHUN IMITUHIPA U IIPHMe-
PBI SKCIIEPUMEHTAIBHO U3MEPEHHBIX UMITYJIBCOB TOKA ITyYKa C Pa3HBIMU BEIIMUYNHAMU JUINTEIBHOCTH
W aMIUTUTY/BI, 3aPETHCTPUPOBAHHBIMU MIPU pa3HbIX KOd(QdUIMEHTaX YCUIICHHS TPEIY CHITUTEIbHOM
IEKTPOHUKH.
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Puc. 3. ®ororpadun oxiaxaaemoro nuuauHapa dapases, yCTaHOBICHHOTO Ha KaHAJIe HHKEKIUH TIPOTOHOB
nuHeitHoTo yekopurens SN PAH (a).
ITpuMepb! KaInOPOBOYHBIX M PETHCTPUPYEMBIX UMITYJILCOB TOKA JUISl PA3HBIX HHTCHCUBHOCTEH ITy4Ka mpoToHOB (b)
Fig. 3. Photos of the cooled Faraday cup installed at the proton injection channel of INR RAS linear accelerator (a).
Examples of calibrated and recorded current pulses for different proton beam intensities ()

3. BausiHue NPoCTPAHCTBEHHOI0 3apsiia NMy4Ka

[Ipu TUIMYHOM MMITYJIECHOM TOKE MTPOTOHHOTO ITyuyka B nuarnasone 10 +~ 100 MA cunpHOE Biu-
SIHUE Ha TPAHCIIOPTUPOBKY MTy4YKa B HU3KOYHEPTETHYCCKOM KaHalle MHYKEKIIUH OKa3bIBacT MPOCTPaH-
CTBEHHBIH 3aps]| My4Ka, KOTOPBIH MPU 3TOM CYHICCTBEHHBIM 00pa30M HCKaKaeT JIEeKTPOCTaThuye-
ckuil norennuan cmemieHus L{®d, uro mpuBOAUT K HEOOXOIMMOCTH HCIIOIB30BaHUS KHIOBOJIBTHBIX
HaINpsDKEHUH, TaK Kak TOJBKO B ATOM CIIydae CyMMapHBIA MOTEHIIMAN HA OCH CHCTEMBI OKa3bIBACTCSI
JOCTaTOYHBIM JUIS TIOJTHOTO TTOJABJICHHS BBUIETA BTOPHUYHBIX JIEKTPOHOB U3 alepTyphbl HUIMHAPA
C MOBEPXHOCTH IUIOCKOTO CHUTHAIBLHOTO AJIEKTpona. Takke M3BECTHO, YTO B MarHUTOONTHYECKUX
KaHanax 0e3 2MeKTpuyYecKuX nojei 3QeKTUBHBIN NOTEHIUAI ITyYKa MOXXET YMEHBIIATHCS 32 CUET
koMmIteHcaruu 10 80 % MpoCcTpaHCTBEHHOTO 3apsija MydKa 3JICKTPOHAME, 00pa3yrOIIUMUCS [TPH HO-
HH3AILUHA OCTAaTOYHOTO rasa [2].

Juist onleHKW BimsiHUS 9TOro d(dexTa Ha pe3ysbTraThl UCIBITaHUH OBLIO TPOBEJCHO TpEXMep-
HO€ MOJICITMPOBAaHUE TUHAMUKH BTOPUYHBIX 3JICKTPOHOB C TUIHMYHBIM YHEPreTHUYECKUM CIIEKTPOM
O[] BIUSHUEM CyMMapHoTo noreHiuana (puc. 4) cmemenns —0,9 kB u notennunana npoctpancTBeH-
HOTO 3apsiga mydka sHeprueit 400 k»B u cpegHeKBagpaTUIHBIM PaguycoM 5 MM. MakCHMaTbHBIHA
WUMITYJIBCHBIH TOK ITy4Ka, IPH KOTOPOM BTOPHYHBIC 3JIEKTPOHBI BO3BPAIAIOTCSl HA CUTHAIBHBIH dIeK-
tpox LI® B 3amanHoii reometpuu (puc. 5), coctaBuil ~ 64 MA, T. €. HabIogaeMas B porecce u3mMepe-
HUH 3 dexTrBHAS KOMIICHCAIHS TPOCTPAHCTBEHHOTO 3apsia B MPUCYTCTBUH IEKTPUUYESCKOTO OIS
H® cocrtaBumna ~ 10 %.

g npoextHoro myuka DARIA suneprueii 60 k3B u Tokom 100 MA MUHUMAaJIbHBIN TOTEHIIMAI
CMEILIEHUs coCTaBisieT ~ —3 KB 0e3 yuera apexra KOMIIEHCAIUH.
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Puc. 4. PacipenieneHre cyMMapHOTO 3I€KTPHIECKOTO T0- Puc. 5. TpaekTopuH 9acTHII ITyYKa U BTOPHYHBIX JJIEK-
TeHnuana mydka (400 k3B, 64 MA) u cmemenns —0,9 kB TPOHOB 0] A€HICTBUEM CYMMAapHOI0O IOTEHIMAIA Iy4YKa
Fig. 4. Distribution of the total electric potential of the (400 x3B, 64 MA) u cmemenus (—0,9 xB)
beam (400 keV, 64 mA) and bias —0.9 kV Fig. 5. Trajectories of beam particles and secondary

electrons under the influence of the total beam potential
(400 keV, 64 mA) and bias (0.9 kV)

4. PacueT TenJIOBBIX HATPY30K

MopenupoBaHue TEIJIOBBIX HArpy30K IPH HCIBITAHUSX W B HOMUHAJIBHBIX PEKUMax pado-
ThI JUTs TpeiokeHHol reomerpun LI® Obuto BeimonueHo B 110 COMSOL Multiphysics' ucxomst
13 MPEAIOI0KEHHUS, UTO:

— HMOHHU3ALMOHHBIE OTEPH ITyUYKa MOITHOCTBIO NEPEXOAT B TEIUIO;

— TEIIOEMKOCTh, TEIJIONPOBOIHOCTh, KOA(P(PHULIUEHT U3ITyYSHHUS IOBEPXHOCTH U IUIOTHOCTh Ma-
TEPUAJIOB 3aBHCAT OT TEMIIEPATYPbI corIacHO JaHHbIM Oubanoreku COMSOL;

— IEeOMEeTPHUYECKHE TapaMeTPhI Mydka: 6X =GY = 5 MM.

0
mm 10
20
{—‘ X w132 [ S ] A62 degC
20 30 40 50 60

Puc. 6. PacnipeiesieHHE TeMIIEpaTypbl B [IOIEPEYHOM CCUCHHH OXJIaXaaeMoro uurHpa Dapases
ozt Bo3zeiictBueM myuka (400 k3B) cpennei momrHoCThIO 255 BT
Fig. 6. Temperature distribution in the cross section of a cooled Faraday cup under the influence of a beam (400 keV)
with an average power of 255 W

Pe3ynprarel cTanMoOHapHBIX pacyeToOB pacHpeAeseHHUs] TEMIEpPaTyphbl MPU UCTBITATEIbHON Te-
IJIOBOM Harpys3ke cpeiHell MOIIHOCTBIO ITy4Ka IPUBEAEHBI Ha puc. 6. Harpes curHambHOTO 3IEKTPO-
Jla IPH HETIPEPBIBHOM OOJYYESHUH IyUYKOM C MOLIHOCTBIO 255 BT He mpesbimaer 65 °C Ha BXOTHON

'Cm.: www.comsol.ru
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MOBEPXHOCTH CUTHAIILHOTO IeKTpo/a (puc. 6) mpu Temieparype oxJaxjaatomieit Bojsl 13 °C. Takum
o0Opa3oM, naHubIi [[D MOXKHO UCIIOIB30BATh HE TOJIBKO ISl HAJIAJOYHBIX U3MEPEHUI, HO U KaK JIO-
BYILIKY TTOJIHOTO CPEHEro Toka Imyuka yckoputens DARIA.

MakcumalibHasi CpeIHsisl MOIIIHOCTb, Ha KOTOPYIO paccuuTaHa peryispHas padora L{® npu tem-
neparype oxnaxpaatomei Boabl 22 °C, cocraBisier 800 Bt (mpu sHeprum myuka 3,3 MbB), Tak
Kak IpPU 9TOM TeMIIepaTypa MOBEPXHOCTH TPYOKH, KOHTAKTUPYIOIIEH ¢ Booi, He npeBbiaeT 60 °C,
YTO MPEJOTBPAIIaeT BOZMOXKHOE BBINIAJICHUE 0CAIKa COJICH KECTKOCTH Ha CTEHKH TPYOKH OXJIax/e-
HUS, @ MaKCUMaJbHas TeMIepaTypa OBEPXHOCTH AekTpoaa He npesbiiiaer 200 °C, 4to A0mycTHMO
C TOYKH 3peHHS TUIACTHYECKHX J1e(hOpPMaLIUil SIEMEHTOB KOHCTPYKLUH (puc. 7).

mm o

20

f—‘ X w225 [ S — ] A172 degC
A 20 40 60 80 100 120 140 160 180

Puc. 7. PacnipenieneHre TeMIeparypbl B OMEPEUYHOM ceueHuH oxinaxaaemoro LId mox Bo3aelicTBuem myuka (3,3 MaB)
cpenHeit MomHocThio 800 BT
Fig. 7. Temperature distribution in the cross section of a cooled Faraday cup under the influence of a beam (3.3 MeV)
with an average power of 800 W

C y4eToM BBICOKOH MMIYJIbCHOM MOIIIHOCTH NMPOEKTHOTO myuka yckopurenst DARIA (1,3 MBT)
OTAETBHBIM TEIJIOBBIM 3(h(dekToM, TpeOyIomMM pacueTa, SIBIseTCsS MMITYIbCHBIA HarpeB MOBEpX-
HOCTH U TIPUIIOBEPXHOCTHOTO CJIOSI CUTHAJIBHOTO 3JIeKTposia. [[1si HOMMHAIBHBIX MTapaMeTpoB (TOK
100 MA, mmutenbHOCTh 100 MKC, CpelHEKBaAPATHUHBIN paanyc 5 MM) MaKCHUMallbHas JIOKaJbHas
TeMmIeparypa B 00IacTH BX0Jla Iy4Ka B CUTHAIBHBIN diekTpoa L{D B KoHIIE HMITyNibCa TOKa COCTaB-
nseT ~ 200 °C s sHeprun mydka 3,3 MaB u ~ 500 °C — i snepruun 13 M»aB, uro rapantupyet
OTCYTCTBHE KaK UMITYJbCHOH TEPMOIMUCCHH JIEKTPOHOB, TaK M JIOKAJILHOH TuIacTHYeCcKo# aedop-
MallM{ CUTHAJIBHOTO 3JEKTPOJIa MPU OOTYUEeHUH C YacTOTOH ciefoBaHus UMITyibcoB 1 ' Bo Bcem
MPOEKTHOM JHMalla3oHe dHEPruil, TakuM oOpazoM, paspadoranHbiii [ID MoxeT OBITH HCIOIB30BAH
JUTSI U3MEPEHNH TOKa B HAJIQJI0YHOM PEKUME PaOOTHI B JTFOO0M YaCTH yCKOPUTEISL.

3akJIroueHue

Jliist psIMBIX M3MEPEHHH TOKa Iy4YKa Ha BEICOKOMHTEHCHBHOM JIMHEHHOM YCKOPUTEIE MPOEKTa
DARIA pa3paboran BomooxmaxmaaeMblii nunHAp Papazest ¢ padoueit aneprypoii 100 mm. Beuny
BBICOKOU CpEHEN U UMITYJIbCHOM MPOEKTHOW MOLIHOCTH ITy4Ka MPEAIaraeTcsi UCIOJAb30BaTh JaHHBIM
LWIMHIP B KaUECTBE aBapUITHOH JIOBYIIKH TOJIBKO B HU3KOIHEPTETUUECKOM KaHaJle TPAaHCIIOPTHPOB-
KU, [JI€ CPEIHsS OKUaaeMasi MOIHOCTh yuka He npesbimaeT 100 BT.

Hauunas co Bxona B yCKOpUTENb, TA€ CPEAHSS MOLIIHOCTb IyuKa nocturaet ~ 3,3 kBT, cienyer
BbIOPaTh HHAYKLMOHHbIE ATYNKU TOKA ISl 00eCIIeueHHs Hepa3pyLaroIuX TOKOBBIX H3MEPEHHH.

ITpu HEOOXOANMOCTH CO31aHUSI OTACTBHOM MOABMKHOM JIOBYIIKH ITyYKa HA BBIXOAE YCKOPHUTEIIS
(cpemHsist MOLTHOCTD Iyuka ~ 13 kBT) BO3MOXXHO MCIIOIB30BaHIE OTHOCUTEIBHO IPOCTHIX KOHCTPYK-
LU, TpeJHa3Haue€HHbIX TOJIBKO AJIsI IpoLiecca TeMI0CheMa U He BKIIIOUAIOIINX B ce0s1 BECh KOMILIEKC
Mep 10 U3MEPEHUIO UMITYJIbCOB TOKA ITy4YKa, CBOICTBeHHbIX LminHApaM Papazes. [1pu sTom cnenyer
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OTMETHUTH BO3MOXXHOCTH MCIIOJIb30BaHMs pa3padoranHoro LId B HamagouHOM pexuMe paboThl ¢ Ya-
CTOTOH ciieoBaHus UMITyabcoB 1 I'11 Bo Bcem nuanasone sHepruit 1 TokoB yckoputens DARIA.

Ha ocHOBe 3KCTpanomnsuuy pe3yabTaToB HCIIBITAHUH, 3asIBICHHBIX (PU3MKO-TEXHUYECKHUX XapakK-
TEPUCTHK U PE3yJbTAaTOB MOJACIUPOBaHUS oxiaxaaeMoro L{® MoxHO chopMyarpoBaTh Ciieayromme
orpaHuueHHs Ha pabouMii AMama3oH MapaMeTpoB U3MEPSEMOT0 MTPOTOHHOTO ITyYKa.

e MakcumanbsHas 3Heprusi: 45 MaB (orpannyeHa MUHUMAIBLHON TOJIIMHOW MEAHOTO DICKT-

pona L{® pasHoii 3,5 Mm).

*  NwmnynecHsri Tok: 0,01 + 150 MA (orpaHnveH quana3oHOM PeTyIHPOBKU KOI(DPHUIIHMEHTOB
ycuiieHus 31eKTpoHukH L{D).

e MaxkcuManbHasi UMIYIbCHAs TUIOTHOCTh MOIIMHOCTH NpU 0Ody4yeHuH Ha vactore | ['m:
2,5 xBt/MM? (orpaHuMYeHa JIOKaJbHBIM HMITYJIbCHBIM MEPETPEBOM BXOJHOW MOBEPXHOCTH
anexTpoaa L{D).

*  MakcumManbHas cpeHsas MouHocTh myuka: 800 Bt npu nmogade Ha BXOJ MOACHUCTEMBI OX-
naxaenus L{® Boawl ¢ pacxomom Gornee 2 1/MuH 1 TeMiieparypoii Mmenee 22 °C (orpanuveHa
pacueTHOl cpeaHel MOITHOCTBIO TEIUIOCheMa MojicucTeMbl oxJyaxaeHus LD).

*  MakcuMaabHOE HalpsKeHUe CMEIeHUs JUTd perHCTpaliy UMITYIbCHOTO ToKa my4ka 100 MA
(mpu saeprun 60 kdB) 6e3 yuera s dexTa KoMIeHcanruu MpoCTPaHCTBEHHOTO 3apsiaa: —3 kKB
(orpanndeno pabounM HampsbkeHueMm —5 kB amst pazsema SHV-5).
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Annomayus
[13C-kamepbl MPOCTHI B HUCMOJIB30BAaHUU M JIOBOJIBHO IIUPOKO PACHpPOCTPAHEHBI B ONTHYECKOH AMArHOCTHUKE IMyd-

KOB B YCKOPHUTEJIAX DJIEMEHTAPHBLIX YaCTHUILI. BpeMﬂ OKCIIO3UIMHN 3THX KaME€p COCTAaBJIACT MUIUIMCEKYH/bI, IIO3TOMY
OHU OOBIYHO HCIIOJIB3YIOTCS B HAKOMHUTEIHLHOM PEKHME JUIsl HAOMIONSHNS 32 LUPKYIUPYIOMMMHE Iydkamu. M300paske-
HHE C KaMep coJepikaT HH(OPMAIMIO O OMePEYHOM PACIIPE/ICICHHN YaCTHI B ITyYKe U TTOJIOKSHUH [IEHTPa Macce Mmyd-
ka. B nannoii pabote Ha npumepe [13C-kamep, yCTaHOBICHHBIX Ha 3JEKTPOH-NIO3UTPOHHOM Komaiaepe BOIIII-2000,
MICCIIEZI0BAHA BO3MOXKHOCTbD MX HCIOJb30BaHHUS B PEXKUME OJHOKPATHOTO MpOJIETa MydKa 4epe3 MeCTO HaOIIO[CHHUS.
[TpoBeneHa oreHKa HHTEHCHBHOCTH CBETOBOI'O MOTOKA ONTHYECKON YaCTH CIIEKTPa CHHXPOTPOHHOTO U3ITyYeHHs My4Ka,
IKCIIEPHUMEHTAIIBHO MOJIyYeHO M300paskeHHe 1 U3MEPEHbI MOIIePEUHbIe pa3MephI IyUKa B OTHOIIPOJICTHOM PEXUME.
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Abstract

CCD cameras are easy to use and are quite widespread in the optical diagnostics of beams in particle accelerators. The
exposure time of these cameras is milliseconds, so they are usually used in a cumulative mode to monitor the circulat-
ing beams. The images from the cameras contain information about the transverse distribution of particles in the beam
and the position of the center of mass of the beam. In this paper, using the example of CCD cameras installed on the
electron-positron collider VEPP-2000, the possibility of their use in the mode of a single beam flight through the obser-
vation site is investigated. The intensity of the luminous flux of the optical part of the synchrotron radiation spectrum of
the beam was estimated and an image of the transverse distribution of particles in the beam in a single-span mode was
experimentally obtained, which confirms the potential for expanding the scope of this diagnostic system. A trial signal
processing was done as a demonstration of the determination of the beam parameters by the method under study.

Keywords
diagnostics of charged particle beams, synchrotron radiation, CCD camera, VEPP-2000
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BBenenue

B Hucturyte sneproit pusuku CO PAH ¢ 2010 r. ycnemrHo GYHKITHOHUPYET AIEKTPOH-TIO3H-
TpouHbIi Komainep BOIIII-2000, nabupas nanusie Ha aByx aerekropax KMJI-3 u CH/I. OcoGen-
HOCTBIO ¥ YHUKAJIBHOCTBIO KOJUIaiiiepa SIBISIOTCS €ro KOMITAKTHOCTH (TIepuMeTp 24 M), IIMPOKHI
nuara3oH ’aeprun 160—-1000 MaB u peannzanus KOHIENIIMHA KPYTIBIX My4KoB [1]. YekopuTenbHbIH
KoMIUIeKe coctouT u3 Oyctepa bOII, kommaiinepa BOIII-2000 u xaHamoB mepenycka MexXy HUMH
(puc. 1). Kommaiinep padotaet B pexxume 1 x 1 CryCTOK ¢ OIIepEUHBIME pa3MepaMu CryCTKa B MeCcTax
HaOIroneHus ~1 MM u JUIMHOI ~50 MM.

B nHacrosmee Bpems B KaHase MEepPEIycKa dIEKTPOHOB U MMO3UTPOHOB 13 Oycrepa bOII B komaii-
nep BOIIII-2000 ams u3MepeHust OI0KEeHNS MTyYKa | MOTIEPEYHOT0 pacipeesIeH s YaCTHIl B ITyYKe
WCTIOJIB3YIOTCSA CETOYHBIE BTOPUYHO-IMHUCCHOHHBIE JTAaTUYMKH, & TAKXKe JAaTYNKHA TOKA M300PAKEHHS
JUTSE ©3BMEPEHNS UHTEHCUBHOCTH M TTONIOKeHUs mydka [2]. [IepBbie He abCcomOTHO TPO3payHbl, HE 00-
JIA/Tat0T TOCTATOYHBIM IS TIPEIIM3UOHHBIX N3MEPEHUH MMPOCTPAHCTBEHHBIM pa3pelIeHreM, a TakKe
coJiepKaT HEOIPEIeIEHHOCTh B pa3ZefIeHNH BEPTHKAIBHOTO W TOPU3OHTAIFHOTO Pa3MepOB ITydKa.
Bropsie natot nH(pOpMAIHIO TOIHKO O TOJIOKEHUH [IEHTPa Macc My4yka. ITH (HaKTOPBI CIy)KaT MpH-
YHHOHN MOMCKA aJbTePHATUBHBIX WHCTPYMEHTOB JUIS OJHOIIPOJIETHOW AMATHOCTUKH IMyYKa C IENbIO
TOBBIICHUS d(H(DEKTUBHOCTH HHXKEKITHH 13 OycTepa B KoJutaiaep.

Ha BeiBogax cunaxporponnoro nznyudenus (CH) xommaiinepa BOIIII-2000 umeercs 16 113C-ka-
Mmep ot kommanun PointGrey mogenn CMLN-13S2M-CS! ¢ auaronansio 6 MM 1 MAaKCHMaJIbHBIM pas-
pemenuem 1,3 meranukcens (4,8 x 3,6) mm; 1280 x 960 nmukceneit), KOTOpPbIE UCTIONL3YIOTCS IS Pe-

"https://www.avsupply.com/ITM/29787/CMLN-13S2M-CS.html (nara odpamenus: 17.03.2023).
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THCTpaluK onTudeckoil yactu crnekrpa CU u paioT uHGOpMALUIO O MOMEPEYHOM pacHpeaeIeHUu
YacTHIl B HUPKYIUPYIOMIMX MMydKax (0 8 WIT. Ha ANIEKTPOHBI X O3UTPOHBI). YUUTHIBAsI, YTO MIEPUO]]
oOpartenus myuka B BOIIII-2000 paBen 82 HC, 4TO Ha HECKOJIBKO MOPSIKOB MEHbBIIIE MUHUMAIILHO
BO3MOXKHOTO BpeMeHHt dKkcno3unu kamepst (0,01 mc), B Takom peskume padotsl [13C-kamepsl gatoT
KapTUHY, HHTETPUPOBAHHYIO 33, KAK MUHUMYM, COTHH 00OPOTOB.

Tabnuya 1
ITapamerpsr BOIIIT-2000
Table 1
Parameters of VEPP-2000
ITapamerp 3HavyeHue
Ilepumerp, I1 24,39 m
DHepreTHIecKuil Tuamnaszox, £ 150-1000 MaB
Hucno crycTkon Ix1
UYwcno yacTuil B cryctke, N 1 x 10"
bera-dynkuuu B Mecre Bcrpeun, By = By, 8,5 cMm
OMMHTTAHC, £, 1,4 x 107 m-paanan
berarpoHHbie 4acTOThI, Vy; V,, 4,1;2,1
[Tapametp BcTpeun, & 0,1
CBeTuMOCTb, L 1 x 10*? em2¢!

nan

. 1
J

B3rr-2000

Puc. 1. Cxema xomrutekca BOIIII-2000. KpacubiM kpysxkom mokazaHa [13C-kamepa, HCTIONb30BaHHAS B OKCIIEPHUMEHTAX
Fig. 1. VEPP-2000 complex layout. The red circle shows the CCD camera used in the experiments
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B nanHoii paboTe paccMOTpeH HOBbIH criocod ucnons3zoanus [13C-kamepbl — peructpanus mo-
JIOKEHHUS LIEHTpa MacC 1 MOMEePEUHOro pacipeesIeHUs YaCTHIl BHYTPH ITydKa IIPU CTPOTO OHOKpPAT-
HOM HPOJICTE ITyYKa 4€PE3 TOUKY Ha6JHOILCHI/ISI B [TIOBOPOTHOM MarHuTe. Ornucasl OLI€HKa MOIIIHOCTHU
CH u sKkcriepuMeHTaIbHOE U3MEPEHNE.

1. Onenka ypoBHsI CHTHAJIA
Pacuem xonuuecmea ghomonos

Teopust CHHXpOTPOHHOTO U3JTy4eHHUs (CBOMCTBA, CIIEKTPaIbHOE U MPOCTPAHCTBEHHOE pacipe/ie-
JICHHE, harpaMma HarpaBJICHHOCTH U MOJISIpHU3alius) OnucaHbl mojapooHo B [3]. B pabore ucroib-
3yIOTCSl PE3yJIbTaThl, HEOOXOUMBIC ISl OLIEHKU TIOTOKa ()OTOHOB OT IMy4Ka, KOTOPBIE JIETalbHO pac-
CMOTpEHEI B [4].

VYuureiBas sHeprernyeckuii nuanazon BOIIII-2000, paccmarpuBaeTcs ynbTpapensiTUBUCTCKUIN
3IIEKTPOHHBIN WM MO3UTPOHHBIH Iydok: ¥ > 1, B =v/c = 1, v — ckopocTh yacTuLsl; E U m, — 3HEp-
TS 9aCTUIIBI K Macca MOKOs AIIeKTpoHa. MrHoBeHHast MomHOCTs, CU, n3ydaeMoro ofgHoN 4acTHIICH,
OTIpe/IeNIsieTCS BHIPAKCHUEM:

cC, E*
Yy 21T pZ’

A€ ¢ — CKOpOCTh CBETA, P — JIOKaJIbHBIN paanycC KpuBU3HBI Op6I/ITI>I PaBHOBECHOI'O ABUKCHU YaCTU-

_71' Te _ -5 M
s sy = 88460 X 107° 5 3],

ubl, £ — sneprus nyuka, €, =

Puc. 2. TloBopotusiit MarauT BOIIII-2000: a — cxema BeiBona CH (1 — mpoekTHast opoura; 2a, 2b — TOUKH H3TydeHUs e+
u e—; 3 — MeJiHOe 3epKajio; 4 — mutoMuHaTop BeiBoza CU); 6 — MarHUT €O CHSTOI BEpXHEH MMOJIOBHHOI MarHUTOIIPOBOA
U €ro BaKyyMHasi KaMepa; ¢ — ONITUYCCKUil TPAKT BHE BAaKyyMHOT0O 00beMa
Fig. 2. VEPP-2000 bending magnet: a — SI output scheme (1 — design orbit; 2a, 2b — radiation points of e+ and e—;

3 — copper mirror; 4 — SI output porthole); 6 — magnet with the upper half of the magnetic circuit removed,
and its vacuum chamber; ¢ — optical path outside the vacuum volume

BriBon CU u3 Bakyymuoro oobema BOIIII-2000 (puc. 2) opraHu3oBaH BO BCEX BOCHMH MOBO-
POTHBIX MarHUTax ¢ UCIIOJIb30BAHMEM BOIOOXJIAXKIAEMbIX MEAHBIX 3epKaJl C HAHECEHHBIM Ha HUX OT-
PakaroIMM aJTFOMUHUEBBIM M 3aLIUTHBIM KPEMHHUEBBIM MOKPHITUSAMHU. Jlajee, CKBO3b MIITIFOMHHATOP
BaKyyMHOTI0 00beMa U ONTUYECKHUI TPaKT, cBeT hokycupyercst Ha matpuie [13C-kamepsr.

IMockonpky [13C-xamepa perucTpupyer onThueckyio dactb crekrpa CU, paboumii nuara-
30H JUTHH BOJH A coctaisieT oT 380 mo 760 HM, 94TO COOTBETCTBYET SHEPTreTHUECKOMY JHAIMTa30HY
1,6 — 3,3 3B.

CriexTpanbHOe pacnpesaeneHue nucia GOoTOHOB, U3TyJaeMbIX Ha BbIACICHHON YaCTOTE B €ANHU-
Iy BpEMEHH:
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dN 1 dP(w) 1 PyS(w) 4 P, (w)é
do  hw do  hoo, \w./) 3hoo\o/ "

_3 3
I  — yrioBas yactora usiydaemoro CU, We = ~ WY ™ — kputnueckas 4actora (g = ¢/p — 1apmo-
POBCKas 4acToTa), P — paJnyc KPUBU3HBI TPACKTOPHH.

DKCIIeprMEeHT MpoBoaniIcs Ha sHepruu £ = 948,75 baB, mpu 3ToM ®; COOTBETCTBYET SHEPTHH
w

~ 1,4 - 10° 5B, Torna oTHOLIECHUE . COCTaBIAET ~ 1073, 4TO MO3BOJIAET BOCIIOIB30BATHCA ACHUMIITO-
Cc

Trkoit W/ w, K 1, onucannoii B [5].

[IpounTterpuposaB BeipaxkeHue (1) mo auama3oHy 4acTOT OT M; IO M,, ITOIyIaeM IUCIIO (GoTo-
HOB, U3JTy4aeMbIX JIICKTPOHOM C dHEpruel E Mpu MpOXOKICHUU TTOBOPOTHOTO MAarHUTA C PayCoM
KPUBU3HBI OPOUTHI, PABHBIM O B SIMHHILY BPEMEHH B YKa3aHHOM JIMAITa30HE YaCTOT:

1 1
P W-\3 w1\3
. 2\3 1\3
N =41 (—) - (—) ~1,4-108.
hw, \ \w, W,
ﬂJ’IH TOIrO ‘ITO6LI Haf/iTI/I YUCJIO (1)OTOHOB, HBJ’Iy‘IeHHHX C OJICMCHTA }_IyFI/I TpaeKTOpI/II/I, HCO6X0,Z[I/IMO
y4ecTb COOTBETCTBYIOLINH YITIOBOI pa3Mep ONTHYECKON anepTyphl MPUHUMAIOLIETO U3TyUeHHE Jie-
Tekropa. CunTaem, 4To yIoBas anepTypa paBHa YIJIOBOMY pa3Mepy MEAHOIO 3epKajia, a OCTaIbHOM
OHTI/I"ICCKI/Iﬁ TpaKT €€ HC OFpaHI/I'{I/IBaeT, 1 BEChb CBCT IIONNaaacT Ha ManI/ILIy KaMepLI, TaK KaK erJ'I
1
~ Wo 3
pacTBOpa KOHyCa U3Iy4YEHHUS Y. ~ 0.828 o ~3 Mpaa [5] MHOTO MEHBIIIE anmepTyphl 3epKaia.
lopusoHTaNbHAS yIIIOBas aniepTypa MeIHOro 3epkania pasHa ¢p,= 30,9 mpan. [1pu sTOM Bpemst u3iy-
YCHUs, II0IMaJaronicro B OHTI/I‘ICCKYIO anepTypy C )1yr 151 TpaeKTOpI/II/I, paBHO

1
L 2Y.p+ 2p jwoNz
_ 2Ycp ¢apz_p(_o)3+¢ap:175m’

At = —
w

:Bc_ Bc c

a yrcio (GOTOHOB, U3JIyUYCHHOE OJHOM YacTULEH B anepTypy IETeKTopa:
AN = At-N =~ 2,49-1072,

Tornma cpeanee yucio (HOTOHOB, U3IYYACMbIX B ONTHYECKOM JMAIA30HE IMyYKOM HHTCHCHBHO-
ctbi0 10 MA (N, = 5 - 10°) Ha 5Heprum skcnepuMeHTa U nonajaomux Ha Marpuiy [13C-kameps
3a OJIMH TIPOJIET Yepe3 MECTO HAOIOJICHUST KaMepO, paBHO

ANsa 1 npoJiet =AN - Npart = 1,27 . 108.

Ouenka ypoeus cucnana IN3C-xamepol

st rpy0oii OLIEHKH YpOBHSI CHTHajia Bocmoibdyemcs CTaHaapToM ONpPEAeICHUS! U U3MEPEHHSI
napameTpoB [13C-kamep?, a Takke 4acThbi0 HH(POPMALIUK U3 CrieHU(pHUKAIMK® 1 TTacopTa* NCTIOb3Y-
eMoii kamepsl (Tad. 2).

2EMVA Standard 1288, Standard for Characterization of Image Sensors and Cameras, Release 3.1 December
30, 2016, Issued by European Machine Vision Association. URL: https://www.emva.org/wp-content/uploads/
EMVA1288-3.1a.pdf (nara oopamenus: 17.03.2023).

3Imaging Performance Specification, Versionl.1, Revised 9/19/2013, Point Grey Research® Inc. URL:
https:/flir.app.boxcn.net/s/sdw7vdeql2idywzqstbfibifud 1jlmeq/file/416895685957 (mara oOpareHus:
17.03.2023).

“Specifications, FLIR Integrated Imaging Solutions. URL: https:/flir.app.boxcn.net/s/sdw7vdeq12i4dywzq
stbflbifu41jlmeq/file/416927555480 (mara obpamenms: 17.03.2023).
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Tabnuya 2
[TapameTpbl Kamepsl
Table 2
Parameters of camera
IMapametp Oo6o3nauenne | Benrnumna | En. n3amepenus
KsanToBas 3¢ dpexTuBHOCTD H ~50 %
TemHOBOM TOK G4 8,82 e
EMKOCTb HaChILLIEHUS] TUKCEIISt He sat 6421 e
AOc. IOpOT 4yBCTBUTEIIBHOCTH My min 14,85 (hoTOHBI
Pazmep muxcens [13C-maTpuiist Spx 3,75 MKM
MuH. ko3 durmenT ycunenus, K /K 0,1 e-/ADU?

Cornacno CraHIapTy, YMCII0 SIEKTPOHOB, HAKOIUICHHBIX OTACIBHBIM [IUKCENIEM, PABHO M, 110~
cie yero BHyTpeHHUi ALl kamepsl MPOU3BOAKUT yCHIICHUE M OLU(PPOBKY CUTHANIA MTUKCEIS U 1aeT
3HAYEHUE B €MHMUIAX HU(POBOTO KOJIAa MHTEHCMBHOCTHU MHUKCENS H300paeHus, paBHoe Knp,, rie
H,, — 9MCII0 (POTOHOB, MIONAIAIONIEE HA TTUKCETIb.

[TycTh MaTpuIia OAHOKPATHO 3aCBEYUBAETCSA OTOKOM (POTOHOB B KOMYECTBE Ny | poser C© XaPaAK-
TEPHBIMH NAPAMETPaMH Opeqm, , ™~ 0,5 MM — 151 yrpoIeHust OLeHKH Oy/leM CYMTATh MYYOK Kpy-
[JIBIM (BEepTHKAJIBHBIA U TOPU30HTAIBHBIN pa3Mephl paBHBI).

IIpu sToM ecnu ydecTh KOAPPUUUEHT MACIITAOMPOBAHHUS M300paKCHHUS MydYKa ONTHYECKUM
TpakToM M pa3mep nukcenss Marpuubl [13C-kamepsl, To MakCUMyM pacrpeneneHus yucia (oro-
HOB, TMOMAJAIONIMX Ha OJHMH mukcedb: A = 10* ¢poronoB. Torna ypoBeHb 3amoIHEHHS TOTCHIIUATb-
HOM SIMBI MUKCEJIS,, COOTBETCTBYIOIIETO LIEHTPY MONEPEYHOr0 paclpeeseHHs YacTHUll ITyyka, paBeH
A - m =5 - 10° sanekrpoHoB, 4to cocraBiser npumepHo 80 % OT BEIMYMHBI YPOBHS HACHILIICHUS
MUKCeTel MaTpUIbl (POTOAIEKTPOHAMH ie,sat. OKugaeMblid KoJi MHTEHCUBHOCTHU MTUKCEIISI MOKHO TI0-
JIYYUTh YMHOKEHHEM 3TOT0 uKcia Ha K, KoTopblil i1 KaMephl SIBJIsieTCsa MPOrpaMMHO BapbHPyEMbIM
(ero MO’KHO YBEIUYHTH).

TakuMm 00pa3omM, MpUBeICHHBIE OLIEHKH MTOKa3bIBAIOT, YTO MPO(UIOMETP Ha OCHOBE PErUCTPALIN
[13C-xamepoit CH saBnsieTcst nepCcneKTUBHBIM HEpa3pyIIAIOLIM CPEACTBOM OJHOIPOJIETHON THarHo-
CTHKH Iy4Ka ¢ IPUEMJIEMOMN YyBCTBUTEIBHOCTHIO. J[aHHOE yTBEPKIEHUE MPOBEPEHO Ha MPAKTHKE.

2. CxeMa 3KcIepuMeHTa

Js yripaBieHUs KaMepo mpu paboTe B OMHOMIPOJIETHOM pPEKHAME OBLIO pa3paboTaHo coO0-
CTBEHHOE MporpamMMHOe obecrieueHue Ha si3bike C++ ¢ ucnonms3oBanneM ondmmotexn FlyCapture2,
npeaocTapisieMol mponsBoanTeneM. CHHXPOHU3AIUS OTKPHITHS 3aTBOPA KAMEPHI C TPOJIETOM Iyd-
Ka OCYIIECTBISUIaCh MPOTPAMMHBEIM CIIOCOOOM. Bpemst skcro3utiy 010 BHIOPAHO PaBHBIM OIHOM
CeKyHJIe, 9TOOHI €€ TUTEILHOCT 3aBEIOMO OXBaThIBaJla MOMEHT MHKeKInH mydka B BOTIII-2000.

M3mepenns MpOBOAMIINCH C TTIO3UTPOHHBIM ITYIKOM TIPH dSHEPTHH ITyuka 948,75 M»aB, mepermycku
OCYIIECTBISIIUCH B ITyCTOH KOJUTaiiep, BEIMUMNHA TOKa ITydKka cocTaBisuia / = 40 MA. belia ucmomis-
30BaHa KaMmepa, OTMEUYeHHas Ha puc. 1.

OpmHOKpaTHBIA TIpoJIeT ObT OPTaHWU30BAaH CIEAYIONIMM O0pa3oM: IMeperycKaeMblii IMy40K WH-
JKEKTHPOBAJICSA Ha paBHOBecHYI0 opouTy BOIIII-2000 251eKTpOMarHUTHBIM KHKEPOM, 3aTeM, IOCIIe
MIPOXOXKICHHUS YaCTH KOJIbIIA, TyYOK BRIOUBAJICS yIapOM BTOPOTO KHKepa. UToObI HaZeKHO TOOUTHCS

SADU (analog to digital units) — exuHUIBI THGPOBOTO KOAa MHTCHCUBHOCTH THKCENST B MPOCTPAHCTBE
16-6uTHOTO M300PAKEHUS.
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He OoJiee OHOTO TMpoJieTa My4Ka Yepe3 TOUKy HaONMIOAeHHs KaMepou, ObLIH JIOTIOJHHUTENBHO BbI-
KJIFOYCHBI KBAaJIPYIIOJIbHBIC JIMH3bI, PACITIOJIOXKCHHBIC ITOCIIC HCIIOJIB30BaHHOM KaMEpHhI 110 X0y Iy4YKa.
OIHOKpaTHOCTH MPOJIeTa KOHTPOJINPOBATIACH IIEKTPOCTATHYECKUMHU ITHKATIaMH.

Takum o0Opa3om, yacTh KoJiblia kKoutaigepa BOIIII-2000 craHOBUTCS MPOIOJIKEHUEM KaHaja
nepenycka u3 oycrepa bOII.

3. O0padoTKa IKCIEPUMEHTATBHO MOJTY4eHHOT0 N300pakeHus!

TermoBo# IITyM OTACIBHBIX IMUKCENISH MaTPHUITBI SABIISETCS CIIYIAHHBIM, TAKKe HUMEETCs OOJIBIIOe
YHICIO «TopsAYnx» nukcenei. O6a (pakropa MOKHO HUBEIMPOBATh, TPUMEHUB MEIUAHHBIA (DUITBTP
(B maHHO# paboTe mpUMEeHsUICS GUIBTP C OKHOM 5). B oThHIBTpOBAaHHOM CHUMKE pacCMOTpPEH (hpar-
MEHT KaJpa BOJIH3M n300pakeHus mydka (puc. 3), clenansl mpeodpazoBaHme Oceii B MacTad cucTe-
MBI KOOPAMHAT TTy4Ka U almmpoKCUMAIUs AByMepHOH (QyHKIMel ['aycca B cucteme oTcueTa mydKa —
BBIpaskeHue (2).

KOOpAUHaTa X, MM

v
11.0 11.5 12.0 12.5 N Qr Q

KOopAMHaTa y, mm

%105
MHTEHCUMBHOCTb
Q Q M)
N Q
S ®
Puc. 3. CermeHT Kkanpa BOIU3U H300paXKEHUS MTyUdKa
Fig. 3. A segment of the frame near the beam image
1, (u—ug)?  (w-vg)?
2Ozt 2 ) (2)
fwv)=A4A-e * y o,
(u—1u)? (v-vp)?
IJle U U Vv — CUCTEMa KOOPJMHAT, OpPUEHTUPOBAHHAS IO MOIYOCAM JILIUIICA — + —=1
ou v

(mTpuxoBaHHAs JTUHUS YPOBHS Ha pUC. 3). O ABISETCS YIIIOM MEXKIY ITOTYOCSIMH DJUIATICA M OCSIMU
HaTypaJIbHOW CHCTEMBI KOOpAWHAT (IJII JAHHOTO CIydas OH paBeH 57°):
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u=x cos(0) + y sin(0),
v =—x sin(0) + y cos(0).

[Tapamerpamu OATOHKM SABISIIOTCS G, U G, — IONIEpEYHbIE pa3Mepbl Myuka. i1 TaHHOTO 3Kc-
nepuMeHTa OHU okazanuch paBHbI 210 £ 20 u 190 + 20 MKM COOTBETCTBEHHO. DTO HECKOJIBKO MEHb-
Ie PacueTHBIX 3HAYCHUH, €CIIM MPUHUMATH JUISL OLIGHKM pa3MepoB IMydKa €ro SMHUTTaHC B OycTepe
U CTPYKTYpHBIC (PYHKIMH TOUKH HAOIIOACHHUS B KOJUTaiaepe.

Ammnutyna A = 5750 equHuI Koga MHTEHCUBHOCTH MUKCeENs U3 65535.

3aKJIIoueHue

Pe3ymnpraToM maHHO# pabOTHI CTANIO MOATBEPKACHIE Ha TpuMepe Kosutaiaepa BOIIIT-2000 Bo3-
MokHOCTH ncnonb3oBanus [13C-kamepsr mist peructparmn CU 3JeKTPOHHOTO HITH TTO3UTPOHHOTO
MTy4YKa BEICOKOH PHEPTUHU TPU OJHOKPATHOM ITPOJIETE Yepe3 MeCTO HaOIIOIeHNS.

DKCTIEPUMEHTAITLHO MPOoeMOHCTprupoBaHo, uto [13C-kamepa mpurogHa B KadeCTBE CHUCTEMBI
OJTHOTIPOJIETHOM JAMAarHOCTHUKH TTOTIEPEYHOTO PACIPEeNIeHUs] YacTUIl U TIOJNIOKEHHS Ty4YKa B DJIeK-
TPOH-TIO3UTPOHHBIX IHUKINYECKUX MAIIWHAX, a Tak)Ke, MOTEHI[MAIbHO, B TPAHCIIOPTHBIX KaHallaX
TP YCIIOBUH OpraHu3aiu B HUX BBIBOA0B CU m moctaroyHoit MOMIHOCTH m3mydeHus. [lpu atom
[13C-xamepa sBIsIETCS HEAOPOTHM M KOMITAKTHBIM MIPHOOPOM OTHOCHUTENBHO CTIETIHAaTN3NPOBAHHBIX
TSI TIOOOHBIX 33a/1ad CTPOOHUPYEMBIX AIIEKTPOHHO-ONTHUECKHX IMPeoOpa3oBaTeIIeH.
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BBIX MOJHUCTHPOJIBHBIX CHUHTHISATOPOB, OMUH M3 KOTOPBIX oboramieH 6opoM. s hopMupoBaHUs Mydyka HEUTPOHOB
HCTIOJIb30BAJIM JBE CHCTEMbI (DOPMUPOBAHUS MyUYKa: OTHA C 3aMEJIMTENIEM U3 KPUCTAIUIOB (hTOpHIa MarHus, aApyras
C 3aMeIUIMTENIEM M3 OPTCTeKIa. B cTaThe mpeacTaBieHbl SKCIIEPUMEHTATBHBIC PE3YIbTaThl, 00CYKICHBI 0COOCHHOCTH
cUCTEeMbI POPMHUPOBAHUS MTYyYKa HEUTPOHOB U C(OPMYITUPOBAHBI PEKOMEHIALINH ISl IPOBEICHHS KITMHUUECKUX HCITBI-
Tanuii metoauku BH3T.
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Abstract

The BNCT method is considered one of the promising methods of external beam therapy in the treatment of
radioresistant tumors such as glioblastoma, melanoma and others, which selectively destroy cancer cells due to previous
accumulations of boron-10 isotopes stable inside them, and subsequent irradiation with epithermal neutrons. As a result
of neutron capture by boron, nuclear radiation interacts with the release of a large amount of energy (charged particles
with a high linear energy transfer), which leads to the destruction of the cancer cell. This method is distinguished by a
short number of treatment sessions compared to traditional radiation therapy (photons and electrons). In this study, the
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boron dose rate and the dose rate of gamma radiation in air and in a water phantom are measured using a small-sized
neutron detector with a pair of cast polystyrene scintillators, one of which is enriched with boron, developed at BINP.
Two neutron beam shaping assembly were used, one with a magnesium fluoride crystal moderator and the other with a
Plexiglas moderator. The article will present the experimental results, discuss the features of the neutron beam shaping
assembly and formulate recommendations for conducting clinical trials of the BNCT technique
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boron neutron capture therapy, VITA, beam shaping assembly, scintillator detector
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BBenenue

[lepcnieKTHBHBIM METOAOM JICUCHHUS 3JI0KAYECTBEHHBIX OIMYXOJel paccMmarpuBaeTcs Oop-HeH-
tpoHo3axBatHas Tepanus (BH3T) [1], oGecrneunBaromas u30upaTenbHOE YHUUTOXKEHHE KIETOK
OITyXOJIM 32 CYET TPEeIBApUTEIHLHOI0 HAKOIUICHUS B HUX aTOMHBIX sijep 0op-10 u mocneayroero
oOiyuenus HeTpoHaMu. B pesynbrare NOmIomeHns HeHTpoHa OOpPOM MPOHMCXOIMT SIACPHAsS peakx-
us '°B(n, o)’Li ¢ OONBIINM BBIZCICHHEM YHEPIHU B KIIETKE OITyXOJH, YTO MPUBOIUT K €€ THOCIH.
B Hacrosiee Bpems npoOieMa co3/laHus] KOMIIAKTHBIX HCTOYHHKOB HEUTPOHOB JUIS MX Pa3MEICHUS
B OHKOJIOTMUECKHX KIIMHUKAX pellieHa [ 1] ¥ akTyalbHBIM CTAaHOBUTCS pa3pabOTKa CPEJICTB JI03UMe-
TpHH 17151 Bepu(UKAIMY TeParieBTUYECKUX [TyYKOB HEUTPOHOB, TUIAHUPOBAHUSI TEPAITMU M OLIEHKH €€
pe3ynbraToB. B MaHHOM HMCCIIEIOBaHNH € TOMOIIBIO MaIorabapuTHOTO JAETEKTOpa HEMTPOHOB C Ta-
POH JTUTHEBBIX MOJUCTUPOIBHBIX CHMHTHIUIATOPOB, OMUH U3 KOTOPBIX oboraiieH 00poM, u3MepeHa
MOIIHOCTH OOPHOM 03I U JI03bI TaMMa-U3JIy4eHHsI B BO3/IyXe U B BOXHOM (haHTOME ISl IBYX CHCTEM
(opMHpOBaHHMS MMyYKa HEUTPOHOB: C 3aMETUTEIEM M3 KPUCTAILIOB (pTOpHIA MarHus U ¢ 3aMe]JIu-
TesieM U3 oprcTekia. [lomydeHHbIe pe3yabTaThl BaXKHBI 7SI 0OTy4eHUs 1TabOpaTOpHBIX KUBOTHBIX
Y TUTAHUPYEMBbIX KIMHUYECKHUX MCIIBITAHUN METOJIMKH.

1. Marepuanbsl M MeTOABI
1.1. /lo3vt 6 BH3T

B BH3T, B ominune oT APYruX METOOB JIy4€BOM Teparnuu, MPUHSITO BBIJIEIATH YeThIpe KOMIIO-
HEHTBI JJO3bI C Pa3HBIMH KOA(GHUIIMEHTaAMU OTHOCUTEIBHOM WM COCTaBHOW OHONOrmuecKoil ddex-
THBHOCTH: 1) 60pHas 103a, 00yCIIOBICHHAS TPOAYKTaMU siaepHOi peaknuu "B(n, a)’Li — a-gacTuiei
W aTOMHBIM SIIPOM JINTHS C BEICOKUMH K0d(D(DUIIMEHTaMU JTHHEHHOM 1epeaayn SHepTUH, 11) a30THasI
J103a OT TIOIVIOIICHHSI HEUTPOHA aTOMHBIM SIIPOM a30Ta, MPUBOASAIIETO K SIIEPHON PEaKIMU C UCITY-
CKaHHMEM IPOTOHA ¥ aTOMHOTO siipa yriepo-14, iii) 703a ObICTPhIX HEHTPOHOB, 00YCIOBICHHAS TIpe-
MUMYIIECTBEHHO YIPYTHM pPaccesiHHEM HEHTPOHOB MPEHMYIIECTBEHHO Ha aTOMHBIX SIIPax BOJOPO/A,
W V) 1032 y-u3NydeHus: ucnyckanue 2,2 MaB (hoToHOB Kak MPOAyKTOB peakinii 3axBara HEHTPOHOB
aTOMHBIMU SIZIpaMH BOJIOPO/Ia, MPUCYTCTBYIOMIMMH B TeJe MAleHTa U B BOJIE, OXJIAKIAIONIeH Hel-
TPOHOTEHEPUPYIOIYI0 MUILIEHB; HCITyCKaHHE (DOTOHOB, TEHEPUPYEMBIX U3 KOHCTPYKIIMOHHBIX MaTe-
pHaIoB HEHTPOHOTCHEPHUPYIOIIEH MHUILIEHH M CHCTEMBI ()OPMUPOBAHHUS ITyYKa HEMTPOHOB MPH TPO-
XOXKJICHUH Yepe3 HUX HEUTPOHOB.

[onHas morIoeHHas J103a paBHa CyMMe YeThIpeX KOMIIOHEHT J103. JlecsTh JIeT ToMy Ha3a]| Cuu-
TaJOCh, YTO «OOpHAs 1032 M a30THAs 103a Hen3MepuMbl B ipuanmney [2. C. 279]. Ognako 3a mpo-
miesiee Bpemsi pa3paboTaH MajorabapUTHBIN JIETEKTOp HEUTPOHOB JJIsl U3MEPEHUs] OOPHOI 103bI
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B BO3JlyXe WJIH B BOIHOM (paHTOME [3], TOCTHTHYT CyIECTBEHHBIN MPOrpecc B peain3alliid METO/Ia
MTHOBEHHOW TaMMa-CIIEeKTPOCKOITUY [Tl U3MEPEeHHUst OOpHOM /03Bl in Situ IPH MIPOBEICHUN TePaITuH
[4] v IpensoKeH U peaanu30BaH METOJ U3MEPEHHSI a30THOM M03HI [5].

[Tpu onerke oTBeTa OOIBLHOTO Ha TEPATIMIO MPUHATO aHAIN3UPOBATH SKBUBAICHTHYIO (OHOIOTH-
YeCKYI0) 103y, KOTOpasi paBHA CyMME YeThIpeX KOMIOHEHT MOIJIOMIEHHOH 103bl, KaXK/asi U3 KOTOPBIX
yYMHOXeHa Ha K03()(OUIIMEHT OTHOCUTENBHOM OMosorndeckoi 3(pQeKkTHBHOCTH MM COCTaBHOW OHO-
JIOTHYECKOH A(PPEKTUBHOCTH B CiIydae ¢ OOPHOM JO30M.

1.2. DKcnepumenmanvnan yCmanoeKa

HccnenoBanue mpoBeieHO Ha yCKOpuTeNnbHOM rcTouHnke HeTpoHoB VITA [1; 6], cocrosminm
W3 YCKOPUTEIS TaH/IeMa ¢ BaKyyMHOW H3OJIAIMEN IS MOIyYeHHUs Ty9YKa MPOTOHOB, JTUTHEBOW MU-
IIeHH JIJIs1 TeHepaIud HEUTPOHOB M CUCTEMBI (POPMUPOBAHUS ITydKa HEUTPOHOB. CXeMa yCTaHOBKH
npuBeneHa Ha puc. 1. [Ipu mpoBeaeHnn nccne[0BaHni TUTHEBYIO MUIIIEHB Pa3MEIAlOT B IIOJIOKEHUH
B v BIIIOTHYIO K HEH — cucteMy (OpPMHUPOBaHUS MTydka HEHTPOHOB C 3aMEUIUTENIEM U3 KPUCTAJIOB
(dbroprma Maraus TOMIUHON 21 ¢M [7] WiIu B3 opreTekia TOMIUHON 7,2 ¢M. 3a cucTeMoit (hopMupo-
BaHUS My4YKa pa3MenaroT BOAHBIN (aHTOM, B KOTOPOM Ha MOIBM)KHOM KapeTKe YCTAaHOBIIEH MaJiora-
OapuTHBIN JIETEKTOp HEHUTPOHOB [3] It M3MepeHns OOPHOI 03Bl M 03Bl Y-n3mydeHus. Jlerexrop
HEHUTPOHOB COCTOUT M3 JIBYX JIATYUKOB U3 JTUTHEBOTO IMOJIMCTUPOIHFHOTO CIIUHTHILIATOPA TUAMETPOM
1 MM BbICOTOH 1 MM, OIMH M3 KOTOPBIX oboramieH 6opoM. JlaTunk 6e3 6opa IyBCTBUTENEH K Y-H3ITy-
YEHHIO, JATYHK C OOPOM JOTIOTHUTEIHHO YyBCTBUTENICH K HEUTPOHHOMY H3JTy9EHHIO.

ByHkep 1 ByHkep 2

wW

W

Komuama dns o6nyyeHul

Puc. 1. Cxema yCKOPUTEIBHOTO UCTOUHUKA HEUTPOHOB VITA: /a — NCTOUHUK OTpPULIATENIbHBIX HOHOB;

16 — BHICOKOBOJIBTHBII 1 TPOMEKYTOUHBIE JIEKTPOJIBI; /6 — ra30Bast 00ANPOYHAS] MHUIIEHB; /2 — TIPOXOJHON H30IISITOD;
10 — BBICOKOBOJIBTHBIN NCTOYHUK MHUTAHUS; 2 — IIOBOPOTHBIH MarHuT; 3 — JINTHEBAasi HEHTPOHOT€HEPHUPYIOIIasi MUIIICHB;
4 — cucrema (HOpMUPOBAHUS ITyYKa HEHTPOHOB. JINTHEBYIO MHUIIICHB Pa3MEIIAIOT B ONOKEeHUsX A, b, B, I v /]

Fig. 1. Scheme of the neutron accelerator source VITA: /a — a source of negative ions;

16 — high-voltage and intermediate electrodes; 16 — gas stripping target; /e — feedthrough insulator; /0 — high voltage
power supply; 2 — bending magnet; 3 — lithium target; 4 — beam shaping assembly. 4, b, B, I', /] — lithium target placement
positions
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2. Pe3yabTarnl H3MepeHHs U 00CY:KIeHHE

Ha puc. 2 npencraBiieHbl pe3ynbTaThl pacueTa U U3MEpPEHHs 3aBUCUMOCTH MOIIHOCTH KOMIIO-
HEHT 7103, paccmarpuBaeMbix B BH3T, oT riryOuHbI B paHTOME C MCIONB30BaHUEM CHCTEMBI (POPMHU-
POBaHMS Iy4Ka HEHTPOHOB C 3aMeIJIMTENEeM U3 (PTOpUAA MarHus. DHEprus Mmydyka MPOTOHOB PaBHA
2,2 MhB, Tok — 1 MA. ®anTtom npencrasisieT coboii Kyd co cTopoHoii 15 cM, pa3MelieHHbIN Ha pac-
CTOSIHUU 5 CM OT 3aMeanuTens. B pacuerax ¢aHTOM 3am0IHEH TKAHEIKBUBAICHTHBIM COJEPKUMBIM,
B M3MEpEHUsX (paHTOM 3amoiHeH BoAoH. M3mMepeHus: OOpHOM 03Bl M 103BI Y-M3IIyUYEHHS BBIIIOTHE-
HBl MaJIOTa0apUTHBIM JETEKTOPOM HEHTPOHOB C MAPON JUTHEBBIX MOJUCTUPOIBHBIX CHUHTHIIISTO-
POB, OMH U3 KOTOpbIX oborameH 6opoM. Konnenrpauust 6opa nmonaraercs pasHoi 40 ppm. Taxoke
Ha pHC. 2 MPeACTaBICHO NyOMHHOE paclepeaeeHue Tak Ha3bIBaeMOr0 TepaneBTHIECKoro ko3ddu-
muenta TK — oTHomeHus «mone3Hol» 10361 (OOPHOI 103b1) K «BpeIHOW» 103€ (CyMMe 103 Y-H3Iy-
YeHUs1, OBICTPBIX HEHTPOHOB U a30THOM) [8].

Buano, 4ro ¢popMupyeMblii My4OK SMHUTEIUIOBBIX HEUTPOHOB JOCTATOYHO d(PPEKTUBHO TPOHU-
KaeT BITyOb, oOecrieunBasi MaKCUMyM OOpHOH 1036l Ha TIIyOuHE 2 cM U B 1/€ pa3 MEHBIIYIO Ha [Ty-
oune 6,6 cm. Ecnu paHTOM BIJIOTHYIO Pa3MECTHTh K 3aMEUIUTENIO0, TO OOpHAs 1032 YBEITHYHBACTCSI
B 1,5 pa3a, HO TepaneBTHUecKUi KodpPUIUeHT ymMenbLaeTcs Ha 8 %.

D, p aks./ 4 D, 'p akB./ 4
7 0,6

0,5

04

03

0,2

1 0,1

0 0

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
TK, en. 2nybuHa, cMm anybuHa, cMm
7

8

6
5
4
3
2
1
0

0 1 2 3 4 5 6 7

enybuHa, cM

Puc. 2. 3aBucumMocTb IIIyOMHHOTO PacHpEIeNCHHUs TIPU UCTIONB30BAHUI CUCTEMBbI (POPMHUPOBAHUS ITyUKa C 3aMEAIUTENIEM
n3 GTOpUIA MarHUsA: @ — MOIHOCTH OOpHOM 036! (/ — pacueTHas1, 2 — U3MEpEHHas1); 6 — MOIHOCTH JJO3bI Y-U3ITyYECHUS
(I — pacuetHas, 4 — U3MEpPEHHAs ), PACYETHON MOIIHOCTH a30THOM /103bI 2, PaCUETHON MOLITHOCTH J03bI
OBICTPBIX HEUTPOHOB 3; 6 — TepaleBTUYECKOro kod(durmenrta
Fig. 2. Deep propagation dependence using beam shaping assembly with a magnesium fluoride moderator: a — boron dose
rate (/ — calculated, 2 — measured); 6 — y-ray dose rate (I — calculated, 4 — measured), simulated nitrogen dose rate 2,

simulated fast neutron dose rate 3; ¢ — therapeutic coefficient

Ha ycranoBke Taxke MCHONB3YIOT 3aMEMIUTENh U3 OPIrCcTeKia, 00eCIeUnBaoONInuil mpuemiie-
MO€ KaueCTBO Iy4YKa HEHTPOHOB MPHU OOIYYEHNHN KIETOYHBIX KYJIBTYp H JJa0OPaTOPHBIX KHUBOTHBIX,
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MpY TECTUPOBAHMH PENapaToB aApecHO J0CTaBKH OOpa M MpH JICYSHUH JTOMAITHUX )KUBOTHBIX CO
CIIOHTaHHBIMH OITyXOJISIMU.

D, Tpaks./4 D, TpakB./ 4
30

25

20

TK, en. anybuHa, cM enybuHa, cMm
5
8
4
3
2
1
0
0 1 2 3 4 5 6 7 8
any6buHa, cm

Puc. 3. 3aBuCUMOCTD TIIYOWHHOTO PACIpPEAeIICHHsI IPY MCIIOIb30BAHMH CUCTEMbI (POPMHUPOBAHUS ITyUKa
C 3aMEUTUTENIEM U3 OPICTEKIIA: @ — MOIIHOCTH OOPHOM /103bI (/ — pacueTHas; 2 — U3MEepeHHast); O — MOIIHOCTH J103bl
y-usnyuenus (/ — pacuerHasi; 4 — U3MEpPEHHas), paCYETHON MOIHOCTH a30THOM J103bI 2, PACUETHOM MOIIHOCTHU J103bl
OBICTPBIX HEHTPOHOB 3; 6 — TEPAIIEBTUYECKOro Kod(durrenrta
Fig. 3. Deep propagation dependence using beam shaping assembly with a Plexiglas moderator: @ — boron dose rate
(1 — calculated, 2 — measured); 6 — y-ray dose rate (/ — calculated, 4 — measured), simulated nitrogen dose rate 2,
simulated fast neutron dose rate 3; 6 — therapeutic coefficient

Ha puc. 3 mpezacraBneHs! pe3ynbTaThl pacueTa U U3MEPEeHHs 3aBHCHUMOCTH MOIIHOCTH KOMIIO-
HEHT 103 OT NIyOHHBI B (JaHTOME, pa3MEIIEHHOM BIUIOTHYIO K 3aMEUINTEINI0 U3 OPrCTeKIIa TOIINHON
72 mM. B nanHOM ciyuae sHeprus Imydka poToHOB paBHa 2,1 M»aB, Tok — 1 MA.

ITockonmbKy CHEKTp HEHTPOHOB HM3-3a BOJOPOJOCOAEPKAIIEr0 3aMEAIUTEN CMELIEH B 00/1acTh
TEIUIOBBIX YHEPTUH, MAKCHMYM OOPHOM JI03bI peann3yercsl Ha MOBEPXHOCTH, U HEMTPOHBI IPUHHKA-
10T BHYTPH (paHTOMa Ha MEHBUIYIO ITyOHHY — MOITHOCTH OOPHOIA 103bI Ma/1aeT B € pa3 Ha [IyOuHe
3,4 cM. Taxke BUJIHO, YTO TEepareBTHUECKUN KOAPQUIUEHT TaKoro my4ka HEHTpoHOB B 1,5 pasa
Menbie. OnHaKo TakoW My4oK oOecrieunBaeT B 2,7 pa3za OOJbIIYI0O MOITHOCTH JO3bI IIPH YHEPTUH
npotoHoB 2,1 MaB u B 4,4 pa3za — nipu saepruu 2,2 MsB 1o cpaBHeHHIO € 3aMeuIuTeneM U3 Gropuaa
MarHusl, eciid aHTOM TaK)Ke Pa3MECTHTh BIUIOTHYIO K 3aMeJJIUTEITIO.

3aKkJIroueHue

Ha yckoputenbHoMm uctounuke HeMTpoHoB VITA u3MepeHO NpOCTPaHCTBEHHOE PAaCIpeaesiCHUE
OOpHOI 103bI U 103bI Y-U3IYUYCHHUS B BOZHOM (haHTOME MPH UCIOJIB30BaHUH JIBYX CUCTEM (hOPMHUPO-
BaHMS [TyYKa HEUTPOHOB, OAHOM — C 3aMe[UInTeNIeM U3 (PTOpUIA MarHus, BTOPOil — ¢ 3aMeuInTeNeM
U3 OPICTEKJAa. YCTAHOBJIECHO, YTO MCIIOIb30BAaHHUE 3aMeuInTeNs U3 Gropuga Maruusi ooecrnednBaeT
Jydiee KauyecTBO ITyyka HEHTPOHOB — OOJBIIYIO IIyOHMHY TE€paruu U OONblLIee OTHOILIECHHE I10JIE3-
HOM J103bI K BPEIAHOM, IPUMEHEHUE 3aMEUINTENS U3 OPTCTEeKIIa 00eCIeunBaeT OOIbLIYI0 MOLTHOCTD

ISSN 25419447
Cubupckmit domsuueckui xypran. 2023. Tom 18, Ne 4
Siberian Journal of Physics, 2023, vol. 18, no. 4



Ueparmm M. C. u gp. [losUMeTpUs HEATPOHHOTO MOTOKA M FOMMO-M3NYYEHWs AN ABYX CHCTEM CPOPMMPOBAHMS My4Ka 77

JI03b1. 3aMeauTenb GTOpraa MarHus CJIeAyeT UCIOIb30BaTh JJIs TEPaliy MallueHTOB, 3aMeJIUTENh
W3 OPrcTeKIIa MOYKHO HMCTIONB30BaTh ISl TEPAIuH JOMAITHUX KUBOTHBIX U JIJIsl TECTUPOBAHMS HOBBIX
npenaparoB JUis JOCTaBKH Oopa.
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Abstract
The work reports the achievement of an energy content of 10 J per microsecond pulse in a directed flux of electromag-
netic radiation in the frequency range of ~ 0.2—0.3 THz. The flux is generated by a fundamentally new method, which
is realized through the pumping of upper-hybrid plasma oscillations in a magnetized plasma column with a relativistic
electron beam (REB) and their subsequent transformation into a flux of electromagnetic radiation. In the described ex-
periments at the GOL-PET facility, this method to generate THz radiation is implemented in the following way a beam
of electrons with energy E ~ 0.5 MeV with a current density of (1-2) kA/cm?2 is passing through a magnetized (4 T)
plasma column with a density of 10'*~10'> cm™. By comparing the experimentally measured spectral composition of
the radiation flux with the calculated spectrum, it is proved that this process is realized through resonant pumping of the
branch of upper-hybrid plasma waves by such beam. A coordinated increase in plasma density and beam current density
opens up the prospect of advancement in the generation of multi-megawatt radiation fluxes in the region of one terahertz.
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relativistic electron beam, plasma, beam-plasma interaction, waves in plasma, THz radiation, megawatt radiation flux
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Annomayus
B crarbe coobaercs o goctikeHnn sHeprocoaepkanust 10 [k B MUKPOCEKyHIHOM HMITYJIbCE HAaIPaBJISHHOTO OTOKA
AJIEKTPOMArHUTHOTO U3y4YeHus B quanazone yactot ~0,2—0,3 TI'u. ['eneparyst ocymecTBiseTcs IpUHIUITHAIBLHO HO-
BBIM METOJIOM, KOTOPBIH PEeaIN3yeTcst 32 CUeT HAKAYKH BEPXHETHOPH/THBIX IIa3MEHHBIX KOJeOaHUi B 3aMarHMYeHHOM
IUIa3MEHHOM CTOJIOE TIPH ITOMOIIM PENISITHBUCTCKOTO 3eKTpoHHOro my4ka (POIT) n mocnenyromero npeodpa3oBaHus
9TUX KOJEeOaHWH B MOTOK JIEKTPOMArHUTHOTO W3JIy4eHHs. B 4acTHOCTH, B ONMHCHIBAEMBIX DKCIEPUMEHTAX, MPOBO-
numbix Ha ycrtaHoBke ['OJI-IIDT, naHHBI METON peann30BaH CIACIYIOUIMM 00pa3oM: IMyUYOK 3JIEKTPOHOB C SHEPrHen
E ~0,5 M5B u miorHocTho TOKa (1-2) KA/cM? IPOXOAUT Yepe3 cTonb 3amarHudeHHoi (4 Tir) mia3Mbl MIOTHOCTHEO
10-10' cM3. B X0/1e CpaBHEHHS CLIEKTPAJIBLHOTO COCTaBa U3IyUCHHS, H3MEPEHHOTO SKCIIEPUMEHTAIBHO, C PACYETHBIM
CHEKTPOM JIOKa3aHO, YTO 3TOT MPOLECC peau3yeTcs 3a CUeT PE30HAHCHON HaKayKKM TaKHM ITy4KOM BETBH BEPXHEIH-
OpHIHBIX IUIa3MEHHBIX KoneOanuit. TakuM 00pa3oM, OJHOBPEMEHHOE yBEINYEHHE IUIOTHOCTHU IUIa3Mbl U IFIOTHOCTH
TOKA ITy4YKa OTKPBIBAET IMEPCIEKTHBY PAa3BUTHsI FeHEepalli MyJIbTHMETaBaTTHEIX TOTOKOB M3JIyYeHHsI B pailoHe OHOTO
Teparepua.
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PEISITUBUCTCKUI 2JIEKTPOHHBIN MyYOK, I1a3Ma, ITy9KOBO-IUIa3MEHHOE B3aNMOJICHCTBHIE, BOJHEI B I1a3me, TT n-usmyde-
HUE, MeTaBaTTHBIH TIOTOK M3JIy4eHHs
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YacTb MCCIIeIOBAHMS, TOCBSIICHHAS H3MEPEHHIO CIIEKTPAIbHOM MIIOTHOCTH MOI[HOCTH U3JIy4CHHSI, BHITIOJHEHA 32 CUET
rpanTa Poccniickoro HayaHoro gonpa (mpoekt Ne 19-12-00250-P).
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1. Introduction

Mastering methods to generate electromagnetic radiation in the frequency range 0.1-1.5 THz seems
important due to the possibility to use such radiation fluxes in a wide field of practical applications:
high-resolution radar systems, control channels suppression of unmanned aerial vehicles, diagnosis of
diseases and investigation of biomaterials [1], visualization of hidden objects [2], impact on objects
to achieve structural transformations and changes in their functional characteristics [3]. Under these
circumstances, the development and creation of powerful sources of electromagnetic radiation in the
specified frequency range have become one of the priority tasks of modern physics.

In our opinion, one of the promising approaches for solving the problem of generating powerful
radiation fluxes in the frequency range 0.1-0.9 THz is to implement mechanisms of intense beam-
plasma interaction [4] and the transformation of beam-generated plasma waves into electromagnetic
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waves emerging from the plasma. It is the physical mechanisms that were proposed to explain the
bursts of radiation coming from the solar corona [5]. In the case of using electron beams with an energy
of ~ 1 MeV at a current scale of 1-10 kA (see [4]), the power of which reaches the gigawatt level, one
can expect the generation of THz radiation fluxes with a power scale of tens and even hundreds of
MW. Mastering this new method of generating radiation makes it possible to expand significantly the
range of applications of high-power radiation fluxes in the frequency range 0.1—1 THz. It is important
to emphasize that the use of this beam-plasma mechanism in the terahertz spectral region opens up a
unique opportunity to change quickly the frequency in the generated radiation flux of by varying the
plasma density.

Experimental studies in this direction were started at the GOL-3 facility at the Budker Institute
of Nuclear Physics SB RAS, under conditions of injection of a beam of MeV electrons with a current
of 10-15 kA and a duration of 5 ps into a magnetized plasma column [6]. In these experiments on
the relaxation of high-current REB in a plasma with a density of ~1014 cm-3, the laws of radiation
emission in the spectral range 0.1-0.5 THz in the direction perpendicular to the magnetic field in the
plasma were established [6]. In subsequent experiments carried out on the GOL-PET facility, it was
demonstrated that increase of plasma density results in, the emission direction of the radiation flux
switches from perpendicular to the axis of the cylindrical plasma column to the direction along its
axis [7]. Based on the results of these and further studies, the mechanisms of radiation generation
were determined. One of them is the excitation of upper-hybrid plasma oscillations by a beam with
their subsequent transformation into a flow of electromagnetic radiation on plasma density gradients
with the radiation frequency equal to the frequency of this branch of plasma waves [7; §]. Another
mechanism is realized during a nonlinear process in which two upper-hybrid oscillations merge into
one electromagnetic wave with a frequency equal to twice the magnitude of these oscillations [5; 9].
In studies at the GOL-PET facility, the patterns of influence of plasma density gradients on the spectral
composition and power of the THz radiation flux generated during beam-plasma interaction were
established, and a new mechanism for generation at the electron plasma frequency was discovered.
This mechanism states, that in case of regular periodic gradients of plasma density, direct pumping of
a branch of electromagnetic oscillations in the plasma by a beam is possible [10—14].

During experiments at this facility, conditions for the effective extraction of the radiation flux
propagating along the axis of the beam-plasma system from the plasma through the end of the plasma
column into vacuum were found. Moreover, the experiments determined the conditions for the output
of'this flux from the vacuum chamber through a dielectric polymer window into the atmosphere of the
experimental hall [15], where the first series of measurements of the energy content in the radiation
flux with a microsecond pulse duration was carried out [16]. Experiments have shown that the high-
power density in the radiation flux leads to a reduction in the time of its release into the atmosphere
at a level of less than one microsecond, although the generation time in the beam-plasma system
reached 3.5 ps. This phenomenon of shortening the duration of the radiation pulse outgoing in the
atmosphere was explained by an surface RF breakdown development on the vacuum side of the exit
window on the [17]. Our work is devoted to solve the problem of preventing this RF breakdown and
achieving maximum energy content in the flux released into the atmosphere. In addition, to obtain
the possibility of a detailed comparison of the spectrum of the generated radiation with the result of
the theoretical consideration, experiments were carried out on the output of the radiation flux into the
atmosphere when it is obtained under conditions of a plasma column uniform over the cross section.
This comparison of experimental and theoretical results is also given in the text of the article.

2. Experimental facility

The series of experiments presented in the article on the generation of terahertz radiation in
a beam-plasma system was carried out at the Budker Institute of Nuclear Physics SB RAS using
the GOL-PET facility [14—17]. The injection of a beam into a plasma column is realized from the
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U-2 accelerator [18], which uses an accelerating diode of a ribbon configuration under conditions of
isolation of the cathode-anode gap by a magnetic field. This accelerator provides injection of a beam
of electrons with an energy in the range of 0.4-0.8 MeV, an angular divergence of particle velocity of
0.1 rad [19] with a pulse duration of 5 ps. In the experiments described, the current density of the beam
passing through the plasma column had two values: 1 and 2 kA/cm2. The beam was injected into a
plasma column (see fig. 1) with a diameter of 80 mm and a length of 1.2 meters, held in a solenoid
with a corrugated magnetic field with a ratio of the maximum and minimum values of magnetic
induction in the corrugations B ,,/Bmin = 4.5/3.2 T. A set of Rogowski coils is used to measure the
beam current in various cross-sections of the vacuum chamber as it propagates along its axis. The
energy of the beam electrons is determined by measurements of the voltage applied to the accelerator
diode. To measure the plasma density, optical diagnostics are used: a Michelson interferometer at a
wavelength of 10.5 um and a Thomson scattering system at a wavelength of 1.053 pm. [20; 21].

The described experiments on the generation of THz radiation were focused on achieving of the
maximum energy content per pulse in the radiation flux propagating along the facility axis and then
escaping into the atmosphere. In this case, the radiation flux released together with the REB from the
end of the plasma column was captured in a steel pipe. Next, this flux was reflected from a stainless-
steel mirror at an angle of 90° and outgoing into the atmosphere through an output window made of
polymethylpentene (TPX), which transmits submillimeter radiation well [22].
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Fig. 1. Schematic drawing of the plasma part of the GOL-PET facility: 1 — electron beam;
2 — magnetic field lines; 3 — Rogowski coil; 4 — Michelson interferometer; 5 — Thomson scattering system;
6 — stainless-steel mirror; 7 — output window
Puc. 1. Cxemaruueckuil yepTex 1a3MeHHol yactu yctaHoBku ['OJI-IIOT:
1 — BIEKTPOHHBIN MYYOK; 2 — CUJIOBBIE IMHUM MarHUTHOTO T0JIs1; 3 — Karyiika Porosckoro;
4 — narepdepomerp MalikenbcoHa; 5 — cHCTEMa TOMCOHOBCKOTO PACCESHUS;, 6 — 3epKaio U3 HEP)KABEIOIICH CTaM;
7 — BBIXOJTHOE OKHO

To record the characteristics of the generated submillimeter radiation flux, detectors based on
Schottky barrier diodes (SBDs) are used, which are supplemented with frequency-selective bandpass
filters. Together, these 8 detectors make up an eight-channel polychromator designed to analyze the
spectral composition of the radiation flux in the frequency range from 0.1 to 0.6 THz [23]. To measure
the energy content in the EM radiation flux, a specialized calorimeter was used, provided to us by
the authors of [24]. The process of measuring radiation energy using a calorimeter is based on the
absorption of electromagnetic radiation energy in a thin-walled cylindrical metal-ceramic shell and
recording changes in its temperature using a large number (about 1000) of thermocouples connected
in series. The sensitivity of the calorimeter, measured at a frequency of about 100 GHz, has a value
of 90 uV/J, which is slightly different from the 70 pV/J measured at a frequency of 10 GHz, which
is indicated in [24]. A description of the measurement procedure and the results of the first series of
measurements of the energy content in a pulsed THz radiation flux are given in [16]. Based on the
above comment on the calorimeter used, it can be assumed that during the experiments, measurements
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of the energy content in the radiation flux in a single pulse are provided with good reliability. Taking
the time dynamics and amplitude of the radiation signals in the polychromator channels during the
generated pulse, we calculate the absolute value of the average power over the duration of the pulse.
To visually indicate the distribution of power density over the cross-section of the radiation flux,
which is important for estimating the fraction of the flux captured in the calorimeter, panels of gas-
discharge neon bulbs are used. A high-frequency discharge occurs in the bulb cavity when the specific
power in the flux exceeds a threshold value, which is estimated at the level (1-2)-104 W/cm2. A
high-frequency discharge that occurs in the cavity of light bulbs evenly distributed over the area of
the panel is accompanied by a bright glow, and the optical image of the glow of these light bulbs,
recorded using an SDU camera, indicates that the specific flux power exceeds the specified threshold
level.

3. Spectral composition of the radiation flux for different plasma density distributions
in the plasma column

Taking into account the occurrence of high-frequency electrical breakdown on the surface of the
vacuum side of the exit window, through which the radiation flux was released into the atmosphere,
to carry out spectral analysis experiments, this window was located at a distance of 180 cm from the
stainless-steel mirror. Polymethylpentene has unchangeable transmittance coefficient for EM radiation
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Fig. 2. Panel of the glowing neon bulbs («) and waveforms of the voltage on the accelerator diode, the beam current
passing through the plasma (b), accompanied by signal received from the frequency-selective channel of an 8-channel
polychromator (c). 1 — the area of the panel without THz flux; 2 — the area of the panel within THz flux; 3 — the hole in the
panel for the polychromator
Puc. 2. TlaHenp cBETSIIMXCS HEOHOBBIX JIAMII (@) M OCHMJLIOIPAMMBI HAIIPSHKEHHST HA YCKOPUTEIEHOM JHOJIE, TOKA ITyuKa,
MPOXOJIAIIEro uepes3 miasmy (b), B CONMPOBOKICHUN CUT'HAIA OT YaCTOTHO-CEJICKTUBHOIO KaHalia 8-KaHAJILHOTO
nonuxpomaropa (c). I — obnacte nanenu BHe cedeHus: T motoka; 2 — obinacTs maHeau BHyTpH ceueHus: T moToka;

3 — OTBEPCTUEC B NMMAHECJIU JIA [1OJAa4H IIOTOKA Ha IOJIUXpoMaTop
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in the studying frequency range. Moreover, this material transmits radiation in the optical region of
the spectrum, which makes it possible to control the occurrence of RF breakdown in the vacuum tube
where the radiation flux propagates and on the surface of this window. In the path of the radiation
flow emerging from the window, a polychromator was installed so that the center of its entrance
was located along the axis of the flux coming from the window. Figure 2 shows oscillograms of the
voltage on the diode, the beam current passing through the plasma column, and the spectral power
density in the frequency range 0.2-0.3 THz, as well as the glow pattern of neon bulbs placed around
the entrance hole of the polychromator. From the presented picture of the flux glow on a panel of neon
bulbs, it can be seen that the entrance hole of the polychromator, which transmits part of the radiation
flux into this device, is localized in the region of maximum radiation power flux density. Moreover,
when carrying out measurements, the results of which are presented in this text, the panel with light
bulbs in a radiation-absorbing screen having a hole gives a fragment of the radiation flux cross section
which with a diameter of 4 cm enters in the operation cavity of the eight-channel polychromator.

This fragment of the flux released in the polychromator operation cavity, having a small angular
divergence, upon further propagation in the form of a directed beam, was distributed along the spectral
channels of this diagnostic device. Each spectral channel has a calibrated attenuating filter at its input
and a detector section with previously measured absolute sensitivity in the spectral range of this
frequency-selective channel. Below we provide a description of the results of measurements of the
spectral composition of the radiation flux under various experimental conditions.

3.1. The case of a homogeneous distribution of plasma density
along the column radius

To carry out the experiments described in this section of the article, such conditions were
implemented for the formation of a plasma column under which good homogeneity of the plasma
density was achieved in the section of its cross section where the electron beam passes. This ensured
the distribution of plasma density along the column axis with minimal possible changes in its value.
This made it possible to compare the radiation characteristics measured in the experiment with the
results of theoretical analysis, since the theoretical consideration of the problem of the radiation
generation spectrum in a beam-plasma system was carried out precisely for this case of plasma density
distribution [12]. The results of plasma density measurements using optical laser diagnostics in the
described series of experiments are shown in Figure 3. These results were obtained by averaging the
recorded signals over a series of 9 shots of the installation under the same experimental conditions.

As one can see in the fig. 3a, which presents the result of measurements using an inter-
ferometer at a wavelength of 10.6 um, the plasma density averaged over the diameter of the
plasma column begins to increase sharply from the starting the REB injection. In the time of
0.7 ps the density reaches a value of 5-10' cm™, then its growth slows down significantly, and
during the subsequent time up to 2 us it can be considered at a constant level of (6£1)-10" cm™.
The radial density distribution measured at a time of 1.2 ps using a Thomson scattering sys-
tem is shown in Figure 3b. The plasma density averaged over the radius of the column was
(7+£0.5)-10 cm™3, which coincides with the interferometer measurement results within the limits of
measurement errors. Considering the fact that these two laser diagnostics, placed in sections of the
column that are located at a distance of 22 cm from each other, give almost the same value of plasma
density, we can assert that the distribution of plasma density along the length of the plasma column
in this section is close to uniform.

Underthese experimental conditions with a plasma columnuniform in cross-section, measurements
were made of the spectral composition of the radiation flux for a given density distribution measured
in the frequency range 0.10-0.40 THz. The result of these measurements is presented in Figure 4.

As can be seen from this figure, in this frequency range the increased spectral density of radiation
is localized in three areas along the frequency axis. The highest power spectral density was recorded
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Fig. 3. Change in time of the mean plasma density over the plasma column diameter, recorded using a Michelson
interferometer at a wavelength of 10.5 pm (a). Plasma density distribution along the column radius in 1.2 ps time from
starting the beam injection measured by a Thomson scattering system at a laser wavelength of 1.053 pm ()

Puc. 3. VI3MeHeHNe BO BpeMEHH 3HAYEHHUS IUNIOTHOCTH IUIa3Mbl, CPEIHEH 10 AnaMeTpy MIa3MEHHOTO CToN0a,
3aperucTpUpOBaHHON ¢ OMOIIbI0 HHTepdhepomerpa MaiikenbcoHa Ha auHe BoiHbI 10,5 MM (a).
Pacnipeznenenue mIoTHOCTH MIIA3MBI 110 PaJUYCy CTOJIOA B MOMEHT BPEMEHH 1,2 MKC OT Hauasia MHKCKIMH Iy4Ka,
M3MEPEHHOE CHCTEMOI TOMCOHOBCKOTO PAacCEsiHUS Ha JUTHHE BOJHBI Jasepa 1,053 mxwm (b)

a) fme
b) F=0,1-0,15 THz

Fig. 4. Spectral power density in the radiation flux generated under conditions of the uniform cross-section of the plasma
column (the result was obtained by averaging the recording results over a series of 9 shots under identical experimental
conditions with a plasma density distribution shown in Fig. 3, b)

Puc. 4. CiextpanbHasi INIOTHOCTh MOIIHOCTH B ITOTOKE M3IIy4EHHs, TEHEPUPYEMOTO B YCIOBUSAX OHOPOIHOTO
TI0 CEYEHHUIO CTOJIOA IIIa3MBbI (PEe3yIbTaT MOIyUYeH YCPEIHCHUEM Pe3ylIbTaTOB PETHCTPALUH 10 CEPUH U3 9 BRICTPEIOB
B OJIMHAKOBBIX YCIIOBHSAX DKCIEPUMEHTA C PacIpeaeIeHHeM INIOTHOCTH IUIa3MBbl, [TOKa3aHHBIM Ha puc. 3, b)
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in the frequency range 0.20-0.25 THz. In this case, a high value of the spectral power density in this
spectral interval is maintained for a time from 0.5 to 2 microseconds. Nevertheless, before the start
of this period of time with generation in the frequency range 0.20-0.25 THz, there are short (lasting
up to 0.5 ps) bursts of radiation at frequencies 0.12 THz and 0.16 THz with an amplitude comparable
to the maximum in the first interval. At higher frequencies relative to the main frequency interval, an
increased level of spectral density is observed only in the vicinity of the frequency 0.32 THz, and this
increase has an amplitude an order of magnitude lower than the power spectral density in the main
radiation peak, localized in the interval 0.20-025 THz. We will analyze the distribution of the spectral
power density by frequency observed in the experiment within the framework of the theoretical model
we have developed under the conditions of the measured experimental parameters.

We associate the relatively high spectral power density in the vicinity of the frequency
f.=0.12 GHz with the movement of electrons along individual cyclotron orbits in a magnetic field
with an induction in the vicinity of 4 Tesla. The plasma density of 6-10'* cm sets the frequency of
Langmuir oscillations f, = 0.22 THz. Taking into account the indicated value of the cyclotron frequency,
based on the frequency of Langmuir oscillations, it is possible to calculate the cutoff frequency in

the spectrum of upper-hybrid plasma oscillations, which is given by the formula f, , = / f; + fi.

With the indicated experimental parameters, we obtain the cutoff frequency on the branch of upper-
hybrid plasma waves f,;, = 0.25 THz. (see [27]). The result of computer calculations of the spectral
composition of radiation emerging from the plasma in the frequency range of upper-hybrid plasma
oscillations, performed according to the theoretical model described in [27], is presented in Figure
Sa. The result of the calculations is presented here in the form of the distribution of the spectral power
density over the angles 0, which is measured from the direction of the magnetic field induction. This
result indicates that the radiation generated by the beam propagates at angles of 20-30 degrees to the
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Fig. 5. Distribution of the spectral power density by frequency (in relative units) in the vicinity of the fundamental plasma
frequency: calculated angular distribution of the radiation flux in the spectral region near the plasma frequency,
which corresponds to the frequency axis unit (a); spectral power density integrated over all angles (b). The blue line
is the calculated curve; red line — position of the signal maximum on the frequency axis, recorded by the polychromator
in this spectral region; black bold line corresponds to the cyclotron frequency of the plasma electrons
Puc. 5. PacnipenieneHne CieKTpaabHON TIIOTHOCTH MOIIHOCTH 110 YacTOTaM (B OTHOCHTENBHBIX SIMHUIAX )

B OKPECTHOCTH OCHOBHOM IJIa3MEHHOH YaCTOTHI: PACUETHOE YIIIOBOE pachpe/eleH e TOTOKa N3ITyYeHHs B CIEKTPaNbHOM
obnmacTy BOJIM3H MIIa3MEHHOH YaCTOTHI, COOTBETCTBYIONIEH €IMHHIIE OCH YacTOT (@); CEKTpanbHas IMIIOTHOCTh MOIITHOCTH,
HMHTETpUpPOBaHHAs O BceM yriaMm (b). CuHsIst TMHAS — pacueTHas KpUBasi; KpacHas — MOJOKeHHEe MaKCUMyMa CUTHala
Ha OCH YaCTOT, PETHCTPHPYEMOTO MOIMXPOMATOPOM B ITAaHHOH OOIACTH CTIEKTPa; YepHAs THHUS
COOTBETCTBYET MOJOKEHHIO IIMKIOTPOHHON YaCTOTHI MIa3MEHHBIX JIEKTPOHOB
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direction of the leading magnetic field. At the same time, the power spectral density integrated over
the angles 0 is localized in the frequency range 0.22—0.26 THz.

In Figure 5, a comparison is made of the frequency range with a high spectral power density,
which was recorded in the experiment for the case of a radiation flux propagating along a magnetic
field, with the calculated distribution curve of the spectral radiation density in the flux, obtained in
calculations using the above model. A comparison of the results presented in this figure gives grounds
for the assertion that the line describing the result of calculating the spectral radiation power density
coincides well with the contour covering the region of localization of high values of this parameter,
identified from the results of measurements in experiments.

3.2. The case of inhomogeneous plasma density distribution

As was shown in previous series of experiments [ 14], a decrease in plasma density at a given beam
current density helps to increase the power of the generated radiation flux. Moreover, the creation of
a plasma column with density gradients along its radius can increase the pulse power several times
at fixed values of the average plasma density over the cross section of the column and the current
density of the injected beam. A series of experiments aimed at increasing the power in microsecond
pulses of THz radiation were carried out this year. During the experiments, the plasma density during
the passage of the beam was increase up to a level of 4-10'* cm ™ with a radial density profile, which
is presented in Figure 6. The presented result of measurements of the radial distribution of plasma
density by Thomson scattering was obtained by averaging over a series of 5 shots.

5 Ne, 10" cm
4l
2l
0L . k .
0 5 10 15 r,mm

Fig. 6. Density distribution along the radius of the plasma column at a time of 1.5 ps (a) and 3 ps (b).
The result of averaging over five shots under the same conditions for the beam and plasma
Puc. 6. PacnipenieneHue IIOTHOCTH MO PaAnycCy IUIa3MEHHOTO cToI0a B MOMEHT BpeMeHH 1,5 Mkc (a) u 3 Mkc (b).
Pesynbrar ycpeJHeHUs 110 TIATH BBICTPENIaM IIPU OAWHAKOBBIX YCIOBHSX IS JIyda U IUIa3Mbl

In the experiments presented here, the current density of the electron beam in the plasma column
had a value of about 1 kA/cm?. The result of recording the spectral composition of the terahertz
radiation flux using an eight-channel polychromator is presented in fig. 7. In the presented radiation
spectrum, two frequency regions are distinguished: low-frequency in the range 0.15-0.17 THz and
high-frequency 0.30-0.35 THz. In our opinion, the low-frequency region corresponds to the frequency
band of upper-hybrid oscillations, and the high-frequency region corresponds to twice the value of
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this frequency. The relatively wide spectral frequency range occupied by the marked regions with
increased spectral power density can be explained by the presence of variations in the plasma density
across the cross section of the plasma column, since the local plasma density determines mainly the
frequency of the electron plasma oscillations in this place.

U*e, keV I KA
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b) Ubeam
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P,ye t, us
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0 \\»l\o\_h
0 1 2 3 4 5
P, y.e. t, us
c)
0.015
0.01 f0=0.29-0.33 THz
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0 .
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Fig. 7. Spectral radiation power density in the radiation flux released into the atmosphere along the column (a),
which was recorded by an eight-channel polychromator in case of the plasma density distribution shown in fig. 6.
The ordinate axis shows the spectral radiation power density in relative units in accordance with the calibration
of the absolute sensitivity of each channel in its spectral recording region. Voltage and current in the diode (b).
Radiation intensity signal received from the polychromator channel in the frequency range 0.14-0.16 THz (c¢).
Signal from the channel in the frequency range 0.29-0.33 THz (d). All signals are averaged over a series of 11 shots
Puc. 7. CexTpaibpHas INOTHOCTh MOIHOCTH M3JTy4YEHHUS B IOTOKE U3JIy4YCHHUsI, BEIBOAUMOTO B armocdepy (a),
3aperuCTPUPOBAHHAS BOCBMUKAHAIBHBIM MOJIMXPOMATOPOM B CIIydae PaclpeieleHHs INIOTHOCTH IUIa3MBbl,
MOKa3aHHOM Ha puc. 6. IIo ocu opiMHAT OTIO0KEHA CIEKTPAJIbHAS INIOTHOCTh MOIHOCTH M3ITy4YCHHUS
B OTHOCHTEJIbHBIX CANHUIIAX B COOTBETCTBHH C KATMOPOBKOI aOCOIIOTHOM 4yBCTBUTEIBHOCTH KaXK/I0T0 KaHama
B CBOEH CIIEKTpaJIbHOH 00nacTu peructpanuu. Hanpspkenne u Tok B nuoze (b). CUrHaa HHTCHCUBHOCTH H3ITyYCHHUS,
MOJTYYEHHBIH U3 KaHa1a monuxpomaropa B auana3one 4actot 0,14-0,16 TI'a (¢). Curnan ¢ xkaHana B Tuana3oHe 4acToT
0,29-0,33 TI' (d). Bece curnans! ycpeaHsAoTcs o cepur U3 11 cHUMKOB

4. Energy content measurements in a radiation flux pulse

The results of previous experiments on measuring the energy content in a pulsed radiation flux
are presented in [16]. During those experiments, the calorimeter was located in the atmosphere of the
experimental hall, and the radiation flux exited the vacuum chamber through a fluoroplastic window
with a diameter of 14 cm. The window was located at a distance of 30 cm from the metal mirror,
reflecting the flux that propagates along the axis of the plasma column in a direction perpendicular
to this axis. The calorimeter was placed at a distance of 60 cm from the fluoroplastic window, at
which the cross-section of the flow freely propagating in the atmosphere already reached a diameter
of 0.3 meters. In order to direct the radiation flow to the entrance hole of the calorimeter, which has
a diameter of 11.5 cm, a steel pipe with a diameter of 18 cm was placed between the exit window
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and the calorimeter, which captured the radiation flow emerging from the exit window. Under these
experimental conditions, breakdown along the vacuum surface of the exit window limited the pulse
duration of the flow escaping into the atmosphere to a level below 1 ps. Depending on the detailed
experimental conditions, the energy content at this pulse duration turned out to be in the range from
6+0.5 J to 9£2 J.

As noted above, based on the identified reason for the reduction in the pulse duration
of the radiation flux escaping into the atmosphere, work was carried out to modify the
installation unit in which radiation is extracted from the vacuum into the atmosphere. The
fluoroplastic output window was replaced with a window made of polymethylpentene (TPX),
and this new window was additionally spaced from the rotating steel mirror at a distance of
another 150 cm. To achieve the greatest capture of the radiation flux into the input window
of the calorimeter, this input window was attached to the output window from TPH with a
minimum gap between them. The layout of the calorimeter and the signal from the calorimeter,
averaged over a series of 5 shots, are shown in Figure 8.
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0.5

s Ne: 10" cm? || | o
5 l\l/lf—[ 16 cm 0.4 ““ [““‘ ”m“m |||lH|Hlnnmmn, 4
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" 14 cm
0 5 10 15 r, mm 0.1 1
= 0 0
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Fig. 8 Measurement results of the energy content in a THz radiation flux of microsecond duration. In this figure are:
diagram of the location of the calorimeter behind the exit window of a vacuum tube with a length of 180 cm (a);
distribution of plasma density along the radius of the plasma column in the time 2 ps (b);
the energy content recorded by a calorimeter (c)

Puc. 8. I3mepenue sHeprocoaepkanus B motoke TI' U3mydeHnss MUKPOCEKYHIHOH JUTUTEIBHOCTH.

Ha pucyHke npuBeIeHBI: cXeMa pacloIOKeHHs KaJIOPIMETPa 3a BEIXOIHBIM OKHOM BaKyyMHOU TpyOb! umnHOH 180 cM (a);
pacmpesenenue IOTHOCTH IIa3MBbl 1I0 PAANYCY IIA3MEHHOTO CTOI0a B MOMEHT BPEMEHH 2 MKC
OT Havaja MHKEKIUH ITydKa (b); SJHEProCoepKaHNUE B UMITYJIbCE M3ITyYCHNUS, 3aPETUCTPUPOBAHHOE KATIOPUMETPOM ()

The next stage of the experiments was the measurement of the energy content in the pulsed
radiation flux directly in vacuum. To implement this series of measurements, the window from the
TPC was removed, which separated the vacuum of the installation from the air atmosphere of the
hall. Under these conditions, the inlet of the working cavity of the calorimeter was a continuation of
the tube through which the flow propagates in vacuum after the plane mirror. The calorimeter body
was connected to a metal vacuum tube using a dielectric circle, which ensured that there was no
electrical contact between the calorimeter body and this tube while maintaining a high vacuum in the
calorimeter. Moreover, the inlet of the calorimeter is cut off from the tube through which the flow of
THz radiation arrives, using a thin (100 um) film of black polypropylene, which suppresses light and
infrared radiation propagating through the tube from the plasma column.
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The results of measuring the energy of the radiation flux obtained in this variant of the calorimeter
arrangement are presented in Figure 9. On the left half of the figure, indicated by symbol a), the result
of measurements carried out under the same conditions as experiments on measuring the energy
content in the flux passing through a window of material is presented TPC (see fig. 8, ¢).

j=2 kA/cm™
A 110

o
o

1 1

0 50 100 150
t,s

Fig. 9. Energy in a radiation pulse measured in vacuum at various beam current densities in the plasma column:
1 kA/cm? — blue line; 2 kA/cm? — red line
Puc. 9. DHeprus B UMILYJIbCE H3TyUYCHHs, H3MEPEHHAsl B BAKyyM€ IIPH Pa3InuHON IUIOTHOCTH TOKA ITy4Ka
B IUIA3MEHHOM cToJi0e: 1 KA/cM? — cuHsst TMHUsE; 2 KA/cM? — KpacHast JIMHUS

Comparison of the time dynamics of the signals in Fig. 9a and Fig. 8c shows that the temperature
rise time of the calorimeter working fluid, which is demonstrated in the figures by voltage oscillograms
on thermocouples, in both cases of calorimeter placement has a value of 20-30 seconds. But the
characteristic cooling time of the calorimeter working fluid is significantly different for these two
options. In the presence of air in the calorimeter cavity, the voltage coming from the thermocouples
decreases by half after reaching the maximum signal within 80 seconds, and in the case of a vacuum
in the cavity, the voltage signal from the thermocouples decreases during this time on a scale of ten
percent. This behavior of the temperature of the working fluid in the calorimeter over time means that
the convection of the air mass in its cavity plays a significant role in the removal of energy from the
operating calorimeter.

To test the possibility of increasing the intensity of beam-plasma interaction due to an increase in
the current density of the injected REB, changes were made to the geometry of the accelerating diode
where the ribbon beam is generated. In addition, the values of the magnetic field induction in this
diode and the vacuum chamber where the plasma column is created were changed. The magnetic field
in the diode was 0.3 T, but became 0.22 T. In turn, for the plasma column was 4.5 T, but became 5 T.
Under these conditions, the current density in the beam passing through the plasma column turned
out to be increased to 2 kA/cm?. The result of measuring the energy content in the radiation flux under
conditions of increased beam current density is presented in Fig. 95.
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5. Conclusion

Measurements were carried out of the spectral composition and energy content in the flow of

terahertz radiation generated in a magnetized plasma column (6-7)-10'* cm™ during relaxation of
a pulsed REB of microsecond duration with a current density of level 1-2 kA/cm?. During spectral
measurements, it was established that the maximum spectral radiation density is localized in the
frequency range 0.15-0.3 THz, which coincides with the frequency range of upper-hybrid plasma
oscillations, which are effectively pumped under the conditions of the experiments. By selecting the
geometry and conditions for calorimetric measurements of the energy content in a powerful radiation
flux with a duration of one microsecond, it was possible to determine its level, which reaches ten
joules.
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Abstract

Monolayer triangular WS2 and MoS2 islands grown by chemical vapor deposition was investigated by near-field pho-
toluminescence (nano-PL) enhanced by the metallized atomic force microscope (AFM) tip.

To achieve maximum near-field response from WS, and MoS, materials fabricated Au and Ag metallized AFM tips
were used. Maximum nano-PL responds from the islands is observed under the resonant conditions when the energy of
the localized surface plasmon of the metallized probe coincides with the energy of the exciton luminescence of the WS,
and MoS, materials. Nano-PL mapping of the exciton response allows visualizing structural defects and determine the
local thickness changes of monolayer islands with nanometer spatial resolution
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transition metal dichalcogenides (TMDs), tungsten disulfide (WS,), molybdenum disulfide (MoS,), near-field photolu-
minescence enhanced by metallized probe tip (nano-PL), atomic force microscopy (AFM)
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BBenenue

YHUKaJIbHONH OCOOEHHOCTHIO JABYMEPHBIX (2D) MomynpoBOAHUKOBBIX CTPYKTYp Ha OCHOBE JIH-
XaJIbKOTeHUI0B TIepexoAaHbIX MetauioB (JIIM) sBngercs n3MeHeHHe MX AJIEKTPOHHOM CTPYKTYPHI
MIPY YMEHBIICHUH YHCJIa MOHOCIIOEB OT HEMPSIMO30HHOMN JJIs1 0OBEMHBIX MaTepHasioB K MPSIMO30H-
HO# st ogHOro MoHOCTOs JIIIM [1-4]. BeICOKHMIT KBAaHTOBBIN BBIXOJ M CIIEKTPAITLHOE MOTIOKCHHE
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Mexx3oHHOM DJI B BUuguMom auamnasone (oxono 1,8 + 2 »sB) nenator monocnoitasie JIIM npusnexa-
TEJIBHBIMU IS CJIEAYIOLIEr0 MOKOJIEHHS ONTOIEKTPOHHBIX YCTPONCTB, TAKUX KaK COJHEYHBIE die-
MEHTBI, CBETOIUOBI U (POTOIETEKTOPHI [5—8].

@JI cieKTpoCKONUs TPAIUIMOHHO YCIICUIHO MPUMEHSETCs IJIsl ONpeAeieHus 1e(eKToB ToIy-
MPOBOJHUKOBBIX MarepuanoB, U JIIM He sBisAroTCA MckiIroueHueM. Ha mpumMepe MOHOCIONHOTO
WS, ObIJIO MOKa3aHO BIUSHHE COOCTBEHHBIX e(eKToB Ha criekTpbl DJI u yctaHOBIEHO, YTO C yBe-
JIMYEHUEM TUIOTHOCTH CYIIIECTBEHHO CHMIKAETCsI SJHEPTHUs CBA3M 3KCUTOHOB 10 110 M3B [9]. MHTen-
cuBHOCTh DJI cymiecTBEHHBIM 00pa30M 3aBUCHUT OT KOHIEHTPALWH Ae(EKTOB, BKIIOUAsl TPUMECHBIE
LUEHTPBI, BAKAHCHH, TPAHUIIBI 3€PEH, KOTOPBIE CIYKAT albTePHATUBHBIMU O€3bI31TydaTeIbHbIMU 1ICH-
TpamMH M BIMAIOT Ha ONTHYECKHE CBOMCTBA ONTOANEKTPOHHBIX MOIYNPOBOIHUKOB, BKIIoYas 2D-Mma-
tepuaisi [10]. Jedekrsr B JIIIM-marepuanax Ha ocHOBe cepbl (Hampumep, WS,, MoS,) ciyxar Ba-
KaHCHOHHBIMM LIEHTpaMM JJIsl IPUCOEIMHEHHsS] aTOMOB KHCJIOPOJA, BBI3bIBAsl MPOIIECC OKHCIEHUS,
W 3HAUUTEIbHO yMeHbInaroT uHTeHcuBHOCTH DJI. [Iponecc okucieHuss Hanbonee BBIPaKEH, €CIIH
JIIM-matepuan moABEprHyTh BHEIIHEMY M3JIY4YEHUIO, aKTUBUPYs mpouecc GpoTookuciaenus. Oxuc-
JICHWE BIICYET He TOJIBKO NajieHne nHTeHcuBHOCTH DJI Ha mopsiok u Gosnee, HO U BBI3BIBAET KPacHOE
cMeleHue nojaockl skcutonnon OJI [11; 12].

Opnnako raBHbIM orpaHuueHreM mertopa @DJI sensiercs nudpakuMOHHBIN Mpenen (MOJIOBUHA
JUTMHBI BOJHBI BO30Y>KACHUS ), TIPETSITCTBYIOMINI McciaenoBanuto mosepxHoctu JIIM ¢ nmpocrpan-
CTBEHHBIM pa3pelicHueM HIKE Jojeld MHKpoHa. u(pakIMOHHBIA Tpenes MOXKHO MpPeomoJeTh
W JIOCTUYb HAHOMETPOBOTO MPOCTPAHCTBEHHOTO Pa3pELICHUs, UCTIONB3Ysl METOA OIMKHETOIbHOM
@JI (nano-®JI), ycuiieHHOW METaJUIM3UPOBAHHBIM OCTPHUEM 30HJAA aTOMHO-CHJIOBOTO MHUKPOCKOIA
(ACM) [13—15]. Beicokast 4yBCTBUTENBHOCTh M HHTEHCHBHOCTB OJIMKHETIONBHOTO OTKIIMKA HaHO-DJ]
00yCIIOBIICHA 3HAYUTENLHBIM YCHIICHUEM IEKTPOMAarHUTHOTO TI0JISl HA OCTPUE METATM3UPOBAHHOTO
octpust Au win Ag urnel ACM [16; 17]. bbeuto ycTaHOBIEHO, YTO MPHU MOJSIPU3ALNUA CBETA BIOJb
ocTpusi MeTamu3upoBaHHOH ACM-UIITBL B peXUMe MIEJIEBOTO MIa3MoHa (McciienyeMblii oOpaser Ha-
XOJIUTCS B 3a30p€ MEX/1y 30HOM U TUIa3MOHHOMN MOAJIOKKOMN) yAaeTcsl JOCTHYb PEKOPAHBIX BEITUYNH
JIOKaJIbHOTO YCWJIEHHUS! ONITUYECKOT0 OTKJIMKA BILIOTH /10 105 Mpu HaHOMETPOBOM MPOCTPAHCTBEHHOM
paspeutenuu [ 18-20]. braronaps sToMy cTano BO3MOKHBIM H3y4aTh Je(EKTHbIE COCTOSHUS BHYTPH
[21] u Ha rpanumax 2D-JIIIM [22], uccinenoBarh BHyTpEeHHUE HanpsbkeHus [23; 24], onuchBaTh TO-
4yeyHble Ae(eKThl 1 HaHOpa3MEpHbBIE Teppackl B MOHOCIOWHBIX ocTpoBkax JIIM [25; 26], koHTpO-
JIUPOBATh SKCUTOHHYIO U TPUOHHYIO JIIOMUHECLIEHIINIO B PEeKHME KBAHTOBOTO TYHHENTUpoBaHUs [27]
1 MHOTO€ JIpyToe.

B nanHo#t pabore mokazano, uro Metoa HaHO-DJI mMoxkeT ObiTh 3(PPEKTHBHO HCIOIB30BAH
JUTsI JIOKQJIbHOM XapakTepu3anuu je(eKkToB u kpaeBbix dddextoB 2D WS, u MoS,, BeIpaiieHHbIX
C TIOMOIIBI0 XMMHUYECKOTO OCaX/I€HNUs, C HAHOMETPOBBIM ITPOCTPAHCTBEHHBIM pPa3peLIeHUEM.

IKCcIepruMeHT

OOBEKTOM HCCIICTOBAHNS SBISTUCH MOHOCIIOHHBIC OCTPOBKOBBIE IIEHKH M0S, 1 WS, BEIpaIieH-
HbIe METOIOM Ta3o(azHoro xuMmudeckoro ocaxnenus (CVD) Ha momioxkke Si ¢ moxcinoem SiO, To-
mmHOM 300 HM. [pexypcop MoO5 (WO3) ans BeipamuBanns MoS, (WS,) Obl1 a3p030II5HO pacTibUieH
B 100 cM® / MHH CBEpXYHCTOTO aproHa ¢ HCITOIB30BAHUEM JIa3epa C JUTMHOKW BOITHBI 450 HM MOIITHOCTEIO
0,5 BT, KOTOPBIit HCTIONB30BAJICS IS JIOKAJILHOTO HarpeBa. [1apbl cephl ObLIH MTOTyYeHBI ITyTEM HarpeBa
50-100 mr marepuaina a0 140 °C ¢ nmomolpto OTeIbHOro Harpesaresa. KpemHueBas nouioxkka ¢ moj-
cinoeM SiO, TommuHONW 300 HM BO BpeMs BBIpAIMBaHUS HaXOAWJIACch B IIEHTPE IEYM M HarpeBajach
1o tremneparypbl 750 °C. 3arem noiokka oxyaxaanacs B reun 10 200 °C B motoke Ar.

Mopdornorust TieHoK, ux cnekTpbl HaHo-DJI OpTH M3ydeHBI ¢ oMOIIBI0 ycTaHOBKH Horiba
XPlorA, coBmeniaroniel CIEKTPOMETP M aTOMHO-CHIIOBOM MuKpockon (ACM) npu HOpMaIbHBIX yC-
JIOBUAX. B 3KCcIIepuMeHTax MCIOMb30BATHCH MudpaknuonHas pemerka 600 mrpuxos/mMM u I13C-ma-
tpuria (EMCCD). B xauecTBe HCTOUHUKA U3ITYYSHHS HCTIOIB30BAINCH TBEPAOTENbHBIE HEMTPEPHIBHbIE
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Jla3ephl ¢ JUTMHAMU BOJH 532 u 638 HM. M3nydenue nazepa (OKyCHPOBAIOCH HA BEPUIMHE METaJLIHU-
3upoBaHHOTO (Au min Ag) 3ou1a ACM ¢ nomotikko JyimHHOPOKYyCHOTO 00bekTuBa ¢ (100, 0,7 NA).
Nzmepenns criekTpoB HaHO-DJI BBIMOMHAIUCH MO YIIIOM 65° K HOpMaiu MoBepxHocTU. [ kapTu-
poBanus HaHO-DJI rcnonb30Bancs Bo30YKIAIOIINI CBET BEPTHKAIBHOMN MOJSPU3ALUH, COBIAAAI0-
U ¢ HampaBJI€HUEM BOJb MUIVIBI METANIM3UPOBAHHOTO 30H1a. CreKTpaibHOE pa3pellieHue B Ha-
HO-DJI sKCcrIepuMeHTax IpH JUTMHE BOJIHBI BO30yx)aeHus 532 (638) um cocraBuio 21,4 (15,3) cm!,
COOTBETCTBEHHO. MOIIHOCTH J1a3epa Malaloliero u3ay4eHus Ha oOpasell, M3MepeHHas o] 00bEKTH-
BOM, coctapisuia 1 MBT. Tunuunoe Bpems 3amucu criektpa coctasisuio 0,2 ¢. MUHMMaNbHBINA pazMep
nikcens s kapT HaHo-DJT cocrauin 10 x 10 um?. Kapra Hano-®J1 GnmkHEro nosist nojtyyeHa myTeM
BbIueTa KapT HaHO-DJI, 3arMcaHHBIX B HEMOCPEACTBEHHOM KOHTAKTe ¢ TOBEPXHOCTHIO M HA PacCTOs-
Hur 50 HM OT MMOBEPXHOCTH.

Pe3yabTarhl 1 00CyxKIeHTE

CTpyKTypHBIE TapaMeTpbl OCTPOBKOBBIX MJICHOK MoS, 1 WS, OblTH ompeliesieHbl 10 JaHHBIM
ACM. Tunnunsie ACM-u3o0pakeHust ocTpoBkoB MoS, u WS, noka3zansl Ha puc. 1, a u 6. Kak Buj-
HO U3 PUCYHKa, OCTPOBKH UMEIOT TPEYTOJIbHYIO (JOPMY U JIaTepajibHbIA pazmep mopsaka 5—20 MKM.
Tunuanast ToAIMMHA OCTPOBKOB Mo0OS, coctasiseT 2,2 aM (wiu 3 monocnost (MC), rae TonmuHa
1 MC npumepno 0,6 um [4], B TO Bpemst Kak 0OcTpoBKH WS, UMEIOT TOIIIUHY 3,3 HM, YTO COOTBET-
ctByeT 4 MC (tonmuua 1 MC cocrasinsier okoso 0,7 am [9], [28]). BaxkHO OTMETHTBH, UTO TONIIUHA
c(hopMHPOBaHHBIX OCTPOBKOB WS, IpEeMMYIIIECTBEHHO OIHOPO/IHA MO IIOIIAIH OCTPOBKA, OCTPOBKH
MoS, UMeI0T HECKOJIbKO MEHBIYIO TONIIMHY B HeHTpe. Kpome Toro, ACM-n306paxeHus 1eMOH-
CTPUPYIOT HaJMYUE POCTOBBIX Ae(PEKTOB Ha MOBEPXHOCTH CTPYKTYp. st octpoBkoB MoS, xapax-
TEPHO HaJM4YUe HEOONBUIMX (0 HECKOJBKHX JICCSITKOB HAHOMETPOB) NE(PEKTOB, JTOKATHM30BAaHHBIX

7 nm
6
5 E

E
4 2
3 T 1.6 nm 2.4 nm

3 [
2
0 500 1000 1500 2000

0 a) distance/ nm 8)

Height/ nm

0 500 1000 1500 2000
6) distance/ nm 2)

Puc. 1. Tummaasie ACM-n300paxkeHHst 0CTPOBKOB MoS, (a) 1 WS, (6) 1 cOOTBETCTBYIOIINE MTPOQIITH BBICOTHI (8) 1 (2).
JIvHUY, BIOITH KOTOPBIX TOyYeHBI TPOQHIN BBICOTHI, YKa3aHbI HAa PHCYHKaX (a) U (6) YepHBIMU JTMHUASIMH
Fig. 1. Typical AFM images of (a) MoS, and (6) WS2 islands with corresponding height profiles () and (2).
The height profiles were taken from figures (a) and (6) indicated by black lines
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Ha Kpasix oCTPOBKOB. CTPYKTYpHI ¢ OcTpoBKaMH WS, MPOSBISIOT 3HAYUTEIBHO OOblIe 1e(heKToB,
pa3Mmep KOTOPBIX BapbUpPyeTcs OT AECSITKOB HAHOMETPOB JI0 JI0Je MUKPOHA.

CpaBuenne ACM-u3o0pakeHuil u kapT uHTeHCHMBHOCTH HaHO-DJI B nuanasone 650—750 HM
JUTst 0cTpOBKOB MOS, MOKa3aHo Ha pucC. 2 PH pa3IUnYHOM IPOCTPAHCTBEHHOM pa3perieHnu. Kak Buj-
HO U3 PUCYHKa, KapThl MHTeHCHBHOCTH HaHO-DJI BocmpousBomsT ocHOBHBIE ocobeHHOCTH ACM
n300paXeHUH, MO3BOJISISI OTIOTHUTEIBHO MCCIE0BaTh CIIEKTPAIbHBIE XapaKTEPUCTHKH OCTPOBKOB.
Jus apdextuBHoro oTKIMKa HaHO-DJI oT MarepuanoB MoS, u1 WS, Obui BEIOpaHBI pe30HAHCHBIE
YCIIOBUS TAKUM 00pa3oM, 4YTOOBI SHEPTHs JIOKAJIM30BaHHOTO MTOBEPXHOCTHOTO TJIa3MOHa 30H1a Obliia
MaKCUMaJIbHO OJin3Ka K 3Hepruu 3kcutoHoB JI[IM. B Haieit HenaBHeli pabore [29] ObUIO MOKa3aHO,
YTO METOAMKA TEPMHUUECKOTO0 HcnapeHust Au u Ag no3sossieT popmupoBate ACM-HIIIBI ¢ €AMHCTBEH-
HBIM HAaHOKJIACTEPOM MeTalljia Ha ocTpue pazmepom okono 90 M. Kpome pazmepa, OCHOBHBIM Mapa-
METPOM, OIPEEIIIONIUM YHEPTHIO JIOKATH30BAaHHOIO MTOBEPXHOCTHOIO MJIa3MOHA TaKOro KiacTepa,
SIBJIIETCS] MAKCUMYM MHHUMOM 4acTH TUAIEKTPUYECKON MPOHNIIAeMOCTH METajllla, KOTOPBIA HaXOIUT-
cs1 BOym3u 532 um juis Ag u 638 M juist Au [30] coorBeTcTBeHHO. [l03TOMY JIJIsl UCCIIEIOBAHUI
HaHo-DJI octpoBkoB WS, Hconp30Banuch Ag-30H,bl IPU BO30YKICHHH J1a3€POM C JUIMHON BOJIHBI
532 HM, a 111 OCTPOBKOB M0OS, — ¢ IITMHOM BOJIHEI 638 HM. 3aMeTUM, UTO JIUIIb IIPU TAKUX YCIOBHIX
BO30YXKJIEHHS YAalloCh MOJIYYHUTh 3aMeTHbIe curHaibl HaHO-DJI. Vi3MeHeHne niauHbI BO30YKACHUS
WJIM 30H/a MPUBOAUT K HUUTOXKHO MaJIbIM cUrHajaMm HaHO-DJI oT 0CTpOBKOB.

OctpoBku MoS, nmposBisaoT nosnocy HaHo-PJI, ycuIeHHYI0 MIIa3MOHOM AU 30H]1a, C MaKCUMY-
MOM 1ipu 670 HM, YTO COOTBETCTBYeT A 3KCUTOHY (puc. 2, 3) [31]. Kak BuaHO M3 pUCYHKa, SHEPIHs
HaHo-DJI He 3aBUCHT OT OOJACTH 3allUCH CIIEKTPOB Ha OCTPOBKE, OJHAKO WHTEHCHBHOCTH CYIIIe-
CTBEHHO MeHsieTcs. Tak, CUT'Hajl, M3MEPEeHHBIH B 00nacT 2 Ha pHC. 2, 3, BABOE MMPEBHIIIACT CUTHA
ot obnactu 3, Haxojsuielics Bcero B 50 HM oT o0Onactu 2. MeHblas TOJIIKMHA 00JacTH OCTPOBKA,
(dbopmupyemMasi B IIpoliecce pocTa W MOKa3aHHAs Ha pHC. 2, @ (TPEyrojibHUK, 0003HAUCHHBIN ITyH-
KTUPHOU JTMHKEH ), TPUBOJIUT K yBeJIMUeHUI0 curHana HaHo-DJI Ha puc. 2, 6 (Taxke 0003HaYECHO Tpe-
yronbHuKoM). [Ipu aTOM cienyer oTMeTuTh, 4to aAedekTsl, Ha0monaemble Ha ACM-n300pakeHusIX,
(axTHYECKH He MPOSIBISIIOTCS B crieKTpax HaHo-DJI, mo3ToMy UX CTPYKTypa He 00CYyKIaeTcsl.

Bmecre ¢ Tem nuteparypHbie naHHble [32], a TakKe METONOJIOTHSI CHHTE3a YKa3bIBAIOT
Ha TO, 4TO HanOoJee BepOsATHBIC JAe(PEeKThl B KpucTaimiec MoS, WHAYIUPYIOTCS B MPOIECCE POCTa:
S-BakaHcus B BepxHeM ciioe MoS,, S-BakaHCHsI Ha TPOTUBOIIOIIOKHON CTOPOHE MOHOCIO (T. €. Oyn-
e K TIOJIOKKE), BEpTHKaIIbHAast S-OuBaKaHCcHs U S-aicopOMpOBaHHEII aTOM B BEpXHEM ciioe MoS,.

OctpoBok WS,, npeacraBieHHbId Ha puc. 1, 6, ObUI U3y4YeH ¢ OOJIBIIMM MPOCTPAHCTBEHHBIM
paspeiieHreM OpHOBpeMeHHO ¢ momonibio ACM u Hano-®JI. ACM-u300pakeHuss U KapThl WH-
TEHCUBHOCTU M JUIMHBI BoJHBI HaHO-DJI mpexncrasiens! Ha puc. 3. Tunuunele crnekTpsl HaHO-DJI
octpoBka WS, NeMOHCTPUPYIOT IIUPOKUHA SKCUTOHHBIN MUK ¢ MAKCUMYMOM B obnactu 650—690 HM.
Ha puc. 3, 6, 0 npencrasieHsl KapThl pactpesenenus: uaTencuBHoctu OJI st octpoka WS,. Bun-
HO, YTO pacrpeneseHine HHTeHCHBHOCTH HaHO-DJI HeomHOpoaHO No TTomany oopasiua. Tak, curaai
HaHO-®DJI ot obOnacrei 2 u 3 Ha puc. 3, 3 MakcumalieH. [Ipu 3tom MakcumyMm HaHO-DJI HaOIIOMACTCS
MpY MUHUMAJIBHOW JUTHHE BOJHBI (Haubombiueil sneprun) 625 M (puc. 3, e). [1o Bceli BuamMocCTH,
B 9THX 00JNAcTIX TONIIMHA 00pa3lia MUHUMalbHaA (MeHee 4 MOHOCJIOERB), MOCKOJIBKY C YMEHBIICHHU-
€M TOJIIUHBI OCTPOBKa WS, 10 HECKOIBKUX MOHOCIOEB MHTEHCHUBHOCTH DJI Bo3pacTaeT, 30HHAs

Puc. 2. CpaBrerne ACM u3zobpaxennii (a, 6, 0) 1 kapT nHTeHcHBHOCTH HaHO-DJI (6, 2, €) B muanazone 650-750 Hm
0CTPOBKOB MOS; NIpH pa3INuyHOM IIPOCTPAHCTBEHHOM paspemmeHny. Tunuansie criekTpsl Hano-DJ1 (3), 3anucanHble

oT obacTei, yka3aHHBIX Ha pucyHke (e). KpacHas myHKTHpHas IMHUS Ha pUCYHKe (6) 0003HAa4aeT TPaHMIBI OCTPOBKA
JUISL HAIJISITHOCTH, @ TPEYTOJIBHUK, 0003HaYEHHBIH 3€IeH0H MyHKTUPHOM JIMHNeH Ha pucyHKax (a) u (0),

MOKa3bIBAET 00JIACTh MEHBIIEH TONMINHEL, (OPMUPYEMYIO B IIEHTPE OCTPOBKA

Fig. 2. Comparison of AFM images (a, 6, 0) and TEPL intensity maps (6, e, e) in the range of 650-750 nm

for MoS, islands with different spatial resolutions. Typical TEPL spectra measured (3) from the areas indicated

in figure (e). For clarity, the red dotted line in () indicates the island boundaries, while the triangle indicated by the green
dotted line in (a) and (6) shows the thinner region formed at the center of the island
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Puc. 3. ACM-u3obpaxkenus ¢pparmerra octpoBka WS,, 3alucaHHbIe ¢ Pa3HbIM MPOCTPAHCTBEHHBIM pPa3pelieHueM (a, 2).
Kaprsr natencuBHoctr HaHO-DJI (6, 0, 3). KapTe! jymubt BotHbl MakcnmyMa HaHo-@JI ot octpoBka WS,
3anmcanHble pu 532 HM (8, €). Cnextpsl HaHO-DJT (1), M3MepeHHBIe OT obacTel, yKka3aHHBIX Ha PUCYHKE (3).

Fig. 3. AFM images of a WS, island, measured with different spatial resolutions (a, ¢). Maps of TEPL intensity (6, 0, 3).
Peak position TEPL maps of the WS, island, measured with 532 nm laser (s, ¢). TEPL spectra measured (u)
from the areas indicated in figure (3)

CTPYKTYpa MEHSETCS C HETIPSIMOU Ha MPSIMYI0, M HAYMHAIOT IOMUHUPOBATH PaAHallMOHHBIE TIEPEXO0/IbI
[3]. B obmactax 1 u 4 naTercuBHOCTH HaHO-DJI MaaeT, 9TO COMPOBOXKIACTCS YBEITMUEHUEM JTHHBI
BOJTHEI MakcuMyMa HaHO-DJI 1o 635 um (puc. 3, e u u).

Panee ObuTO MMOKa3aHO, YTO KpacHBIA cABHT TonokeHUs nuka OJI Ha BenmmuuHy 10 HM MOXKET
OBITH CBS3aH C HATMIUEM JIOKATLHBIX Ae(heKTOB B ocTpoBKe WS, [9].

Kak BunmHo w3 puc. 3, 6, e, HaHO-DJI MO3BONSAET BU3YaIM3UPOBATH OOIACTH C JIOKAIHHBIMH
CTPYKTYpHBIMH Je(ekTamMu, a U3MEHeHHe WHTEHCHUBHOCTH U JITMHBI BOJHBI IMka HaHO-DJI cBs3a-
HO C pa3HBIM KOJIMYECTBOM JE(PEKTHBIX cOCTOSHUU [9]. M3BecTHO, UTO Me(EKTHI, BCTPEUAIOIINECS
B Kpuctaiuie WS,, BEIpAIlIeHHOM METOIOM ra30(pa3HOr0 XUMUIECKOTO OCaXK IEHHS, KOTOPBIE BITHSIOT
Ha (DOTOTIOMHUHECIICHIINIO, CBSI3aHbI Kak ¢ W-BakaHCHSIMH, Tak U ¢ S-Bakancusmu [33]. Kpome Toro,
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KpaeBble Je(eKThl, KOTOPbIE MOTYT BOSHUKHYTh HETIOCPEACTBEHHO B PE3YJIbTaTe CUHTE3a, SIBIISIOTCS
CTPYKTYPHBIMHU HapYLIEHUSAMHU.

OTMeTHM, YTO IPUMEHEHNE MeTAIIIM3UPOBAHHBIX UINT Ag /I cciienoBaHus ocTpoBka WS, mo-
3BOJIWJIO JOCTHYBb 3HAUYUTEIBHOTO YCHIJICHHs OJIMIKHETOJBHOTO OTKIHMKA (KOP((GUIMEHT yCHUIICHHS
~ 100) 1 BBIMOTHUTS JIOKATILHOE UCCIIeI0BaHUE Ae(DEKTHBIX COCTOSHUI C IPOCTPAHCTBEHHBIM pa3pe-
menueM 10 HM.

3aKiIroueHue

B pabote nmokazano, uro meton HaHO-DJI MOKeT ycrenHo IpuMeHSITHCS [T JTIOKAIBHOTO CIEK-
TPaANBHOTO aHaIH3a OCTPOBKOB MoS,; u WS,. YcraHOBII€HO, YTO TOCTIKEHHE MAaKCUMAJILHOTO Ha-
HO-DJI oTKIIMKa BO3MOXKHO ITyTeM BBIOOpa MeTalljla IOKPHITHS 30Ha, 00ECTIEYHBAIOIIEr0 OJIU30CTh
SHEPIruu JIOKaJIM30BaHHOTO MOBEPXHOCTHOro riasmMoHa ACM-30H/1a U SHepruu skcuToHHOU DJI.
DTO TO3BOJISIET MCCIEI0BATH CTPYKTYPHBIE AE(PEKTHI, OTPENEISATh TONIIHHY MOHOCIOWHBIX OCTPOB-
KOB C HAHOMETPOBBIM IPOCTPAHCTBEHHBIM pa3zperierneM. OueBHUIHO, YTO BO3MOKHOCTH TIPUMEHe-
Hus HaHo-DJI, mpogeMoHCcTpUpOBaHHBIE Ha TipuMepe WS, 1 MoS,, MOTYT OBITH pactpoCTpaHEHBI
Ha npyrue 2D-JIMII-marepuarsl.
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NHdopmauma ona aBTopos

«Cubupckuil pu3nyecKuil KypHam» MyOIMKyeT 0030pHbIC, OPUTHHAJIBHBIC M JTUCKYCCHOHHBIE
CTaThH, MOCBSILECHHbIC HAYYHBIM UCCIICAOBAHUAM U METOIUKE NPENOJaBaHus (GU3UKU B PA3IUUYHBIX
paszenax HayKH, COOTBETCTBYIOIINX HAIIPABICHUSIM IOATOTOBKH Ha Kadenpax puzndeckoro haKyb-
tera HI'Y. XKypHan uzmaercs Ha pyCCKOM SI3bIKE, OJJHAKO BO3MOXKHA ITyOTMKAITUS CTaTell MHOCTpaH-
HBIX aBTOPOB Ha aHIJIMHACKOM SI3BIKE.

1. OdepenHoCTh MyONMHMKAIIMU CTaTEHl OMpENesIeTCs] UX TOTOBHOCTBIO K IMedyaTtu. Pykomucw,
odopmiteHHBIE 0e3 COOMIOACHUS MTPABUJI, K PACCMOTPEHHIO HE TPHUHUMAIOTCSI.

BHe ouepenu nedararorcst Kparkue cooOmeHus (He 6oiee YeThIpex KypHAIbHBIX CTPAHHMIL), Tpe-
Oyroliie CpOYHOM MyOIMKALUK U COACpIKaIlIre MPUHIUINAIBHO HOBBIE Pe3yIbTaThl HAYYHbIX HCCIIe-
JIOBaHH, TPOBOJUMBIX B paMKax TEMaTHUKH JKypHaa.

Pexnamuble marepuanbl MyONUKYIOTCS NPU HAJUMYUM TapaHTHW OIUIATHI, YCTaHABIMBAEMOM
10 COIVIALICHUIO CTOPOH.

2. B xypHane mevararoTcsl pe3yJbTaTbl, paHee HEe ONyONMKOBaHHBIE M HE NpPEAHA3HAYCHHBIC
K OZJHOBPEMEHHOM IyOJIMKaluK B APYTruX n3ganusx. [lyOnukanus He ZOJKHA HAPYIINTh ABTOPCKOTO
[IpaBa JpyTux JIML WK OpraHu3alHi.

Hampaginsisi cBOIO pPYKOITUCh B PEIAKIIMIO, aBTOPHI aBTOMATHUECKH IEPEIaroT YUpenuTeIsM
W PEIKOJUICTHH TIpaBa Ha M3/IaHKe JAHHOW CTaThbU HA PYCCKOM WIIM aHTIIMIICKOM sI3BIKE M Ha ee pac-
npoctpanenue B Poccun u 3a pyoexkom. [Ipu 3TOM 3a aBTOpamMM COXpaHSIIOTCS BCE MpaBa Kak co0-
CTBCHHUKOB JaHHOW PYKONMUCH. B 4acTHOCTH, COMIaCHO MEXIyHapOIHBIM COTJIAILICHUSM O Iepe-
Jlade aBTOPCKUX MPaB 3a aBTOPaMH OCTAeTCs MPaBO KOMUPOBATH OMYOJIMKOBAHHYIO CTAThIO MIIH €€
4acTh JUISI UX COOCTBEHHOTO MCIOJIB30BaHMS M PACIPOCTPAHEHHs BHYTPH YUPEXKIEHHH, COTpYI-
HUKaMH KOTOPBIX OHH sBIIsAIOTCS. Komum, cienanHble ¢ COOMIONEHNEM STHX YCIOBHM, TOIKHBI CO-
XpaHsITh 3HAK aBTOPCKOTO IIpaBa, KOTOPBIM IMOSBUIICS B OPUTMHAIBHOW OMyOJMKOBaHHOW pabore.
Kpome Toro, aBTOpHI UMEIOT IIPABO HOBTOPHO HMCIIOIBL30BATh BECh 3TOT Marepual LEIUKOM MM Ya-
CTHUYHO B KOMIWJISILIUSAX CBOMX COOCTBEHHBIX Pa0OT WM B yU€OHHKAX, aBTOPAMU KOTOPBIX OHU SIBJISI-
10TCsl. B 3THX cilydasix 10CTaTOYHO BKIIOYHUTS MTOJIHYIO CChUIKY Ha IIEPBOHAYAIBHO OITyOIMKOBAHHYIO
CTaThbIo.

3. HampapnsTe pyKONHCH B PElaKIMIO aBTOpaM PEKOMEHYETCs 10 JIEKTPOHHOM mouTe JIu00
MPUHOCUTH B PENaKIUIo 3JIEKTPOHHYIO Bepcuio (B popmarax MS WORD - *.doc, mmm *.docx,
i *.rtf) Ha nucke nin QudI-naMaTy. Takas OTIIpaBKa HCXOIHBIX MaTepPHaoB 3HAUUTEIBHO YCKO-
psieT mpolrecce pereH3UPOBaHHUS.

ABTOpaM IpeasiaraeTcs MoCchkUIaTh CBOM COOOIIEHMsI B Hanbosee cxxaroi opme, COBMECTHUMOI
C SCHOCTBIO M3JIOKEHHSI, B COBEPLICHHO 00pab0TaHHOM M OKOHYATEJILHOM BHJE, MPEAIOYTHTEILHO
0e3 hopMyI U BBIKJIAZOK IPOMEKYTOUHOTO XapakTepa U TPOMO3IKMX MaTeMaTHYECKUX BBIPAKCHUH.
He crnexyer moBTOpATH B MOAMHUCSX K PUCYHKaM MOSCHEHUH, yXKe COJEpKALIUXCS B TEKCTE PYKOIIHCH,
a TaKkXKe MPEACTaBIISATh OIHU U T€ K€ Pe3y/IbTaThl U B BUjE TaONUL, U B BUJE IPaUKOB.

PexoMeH0BaHHBIN 00BEM MPHCHUTAEMBIX MaTepHAIOB: 0030pHBIE CTaThH — A0 25-TH CTPAHUII,
OpUTHHAJIBHBIC MaTepuajbl — 10 12-TH CTpaHMII, KpaTKUue COOOIIEHUS — 10 4-X cTpaHuIl. B mobdom
citydae 00beM PYKOIHUCH IOJKEH OBITh JJOIMYECKH ONPaBIaHHBIM.

He pexomenmyercsi mpemocTaBiIeHHE SIIEKTPOHHBIX Kommil pykommced B (opmare LATEX.
[To TexHMYECKUM yCIIOBUSIM M3/IaTEILCTBA B ATOM Cllydae PyKOIHCh OyneT mpeodpa3oBaHa peaaKiiu-
eit B popmar MS WORD, 4T0 MOXKET MPUBECTH K 3HAYUTEIHHOMY YBEIMUEHHIO BpeMEHH 00pabOTKH
PYKOITUCH M NCKAKEHHUSIM aBTOPCKOTO TEKCTA.

CoxpalieHuii cloB, KpoOMe CTaHIapTHBIX, IPUMEHSTh HeNb3sl. Bce cTpaHuIbl pyKOMUCH TOTKHBI
OBITH IPOHYMEPOBAHBHI.

4. IIpu otripaBke (haityIoB MO AIEKTPOHHON MOYTE IPOCUM MPUACPKUBATHCS CIIETYIOIIUX MTPABUIL:

*  yKa3bIBaTh B MoJie subject (Tema) Ha3BaHUE, HOMEP JKypHaiIa U (aMHUIIHIO aBTOPA;

*  WUCTONB30BaTh attach (mpucoennHeHNe);
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* B chyyae Ooibmnx 00beMOB HHQOPMALIMU BO3MOYKHO MCIIOJIb30BAHUE OOIEU3BECTHBIX ap-
xuBaropoB (ARJ, ZIP, RAR);

* B COCTaB AJIEKTPOHHOW BEPCUU PYKOITUCH JIOJKHBI BXOAMUTD:

e (aiin, comeprKamuii TEKCT PyKOTIMCH CO BCTABICHHBIMH B HETO PUCYHKAMHU;

*  oThenbHbIE (PaiiIbl ¢ pUCYHKAMU BBICOKOTO Ka4ecTBa;

*  aiin co cBeneHusIMH 00 aBTOpax (MOJHOCTBIO (haMUIIHS, UMSI, OTYECTBO, YUCHBIE CTEIICHb
Y 3BaHHE, MECTO pabOThI, CITy>KeOHBIN aapec u TenedoH, aapec IEKTPOHHOM OUTHI IS OT1e-
paTUBHOMH CBsI3M);

*  (aiin c mepeBoJOM Ha aHIIIMHCKUH sI3bIK cienytoneid napopmaruu: GUO aBropos, apdu-
JManys, aapec, Ha3BaHUe CTaThH, aHHOTALMs, KIIOUEBbIE CI0Ba, OAPUCYHOUHbBIE TIOATHCH,
Ha3BaHMUs TaOJHII.

ABTOpBI BCTABJISIFOT PUCYHKH U TaOJNUIBI B TEKCT PYKOIMCH TaK, KaK CYMTAIOT HYXKHBIM. PyKo-
MUCH 00s13aTEJIbHO AOJIKHA OBITh TOIMICAaHa aBTOPOM, a MTPU HAJTMYUH HECKOJIIbKUX aBTOPOB — BCEMH
COaBTOpaMH.

Penakuus oOpaiiaeT BHUMaHUE aBTOPOB HA BOBMOXKHOCTb U 11€JI€CO00Pa3HOCTh MCIIOIb30BaAHUS
LBETHOTO TpaduyIecKoro Marepuara.

5. B Hadane pykonucu JO/KHBI ObITh yKa3zaHbl uHaeke Y/IK, Haspanue cratbu, @O aBTOpOB
(TOTHOCTBIO), HA3BAHHE U MTOYTOBBIH aJIpec YUpEKACHHUH, B KOTOPBIX BHITIOIHEHA paboTa, aHHOTALuS,
coJieprKallas OCHOBHBIE PEe3YJIbTaThl U BEIBOBI pa0O0THI (B aHIIMIiCKOM BapuaHnTe He MeHee 1 000 3Ha-
KOB, PYCCKHI BapHaHT JIOJDKEH COOTBETCTBOBATh aHIIMHCKOMY), KJIOUEBBIE CJIOBA, CBEJCHUS O (u-
HAHCOBOM MojiiepkKKe paboThl.
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6. [TapameTpsl cTpanuisl: popmar — A4; opreHTanus — KHIKHAS; TIons (cm): cneBa — 2,5; cipa-
Ba — 1; cBepxy — 2,5; cHU3y — 2,3; OT Kpasi O HUKHETO KOJTOHTUTyna — 1,3.

7. OcHOBHOI#1 TeKCT: cTUIb — «O0bIuHBINY: TapHUTYpa (pudT) Times New Roman (Cyr), kernb
(pa3mep) 12 mynkroB, ab3aunsiii orctyn — 0,5 cM, yepes 1,5 uHTepBana, BBIpaBHUBAaHHUE — 110 IIUPUHE.

B tekcte pykomucu ciemyer nzberarh abOpeBuaryp, Aaxke Takux oOmenpuHAThX, Kak DJC,
BTCII u 1. n. Ucnonb3oBanne abOpeBHaTyp M MPOCTHIX XUMHUECKUX (POPMYJ B 3ar0JIOBKAaX PyKO-
nuceil coBepiieHHo HenomycTuMo. CreayeT mucarh: BBICOKOTEMIIEPATYpHAasl CBEPXIPOBOAUMOCTD,
KPEeMHUH, apCeHU A TSI U T. 1., JaBasi NPy HEOOXOAMMOCTH COOTBETCTBYIOILYIO aOOpeBHATYypy
WM XUMHUUYECKYIo hopMyny B TekcTe. VICKiIIO4eHne MOTYT COCTaBIISATH (POPMYIIBI CIOKHBIX XHMH-
yeckux coequHeHuil. Kaxknoe nepBoe ymorpebneHne abOpeBHaTyphbl B TEKCTE JOIKHO OBITH YETKO
MOSICHEHO.

He caenyer:

*  MPOU3BOJUTH TAOYIALHMIO;

*  paszzmenars ad3albl IyCTOH CTPOKOIA;

*  HCIHOJB30BaTh MaKPOCHI, COXPAHSATH TEKCT B BU/IC IA0IOHA U C YCTAHOBKOM «TOJNBKO JITIS YTe-

HUS;

*  pacmpenensTh TEKCT M0 ABYM HIIH Oosee cToilnam;

*  PacCTaBIATh NPUHYAUTEIbHBIE IEPEHOCHI.

8. Tabnu1pl TOHKHBI UMETH 3aroJIOBKH (Ha PYCCKOM M aHTIIMICKOM s3bIkax). B Tabnuax o6s3a-
TEJIbHO YKa3bIBAIOTCS €TUHUIIBI U3MEPEHUS BETNUMH.

9. Uncno pUCYHKOB JIOMKHO OBITh IOTHYECKH ONPAaBJaHHBIM, Ka4€CTBO — BEICOKUM. Daiiibl n30-
OpaskeHMI JOJKHBI HaXOJUTHCS B TOM K€ KaTaylore, YTO M OCHOBHOW JOKYMEHT, U UMETh MMEHa,
COOTBETCTBYIOIIIE HOMEPAM PUCYHKOB B pyKonucH (Hampumep, 09.tif umu 22a.jpg).

10. [oamnucu Kk pucyHKaM (Ha PyCCKOM M aHIIMICKOM SI3bIKax) B ANIEKTPOHHOW BEPCHU PYKOITUCH
BBITIOJTHSIOTCS TI0]] PUCYHKaMH, TOUKa B KOHLE HE CTaBUTCA. Eciin nMeeTcst HECKOIBKO PUCYHKOB, 00b-
SIMHEHHBIX OJJHOM MOIMKCHIO, OHU 0003HAYAIOTCSI PyCCKUMH CTPOYHBIMH OyKBamH: a, 0, B...

11. ®opmynsl Habuparotrcss B pemakrope ¢opmyn Microsoft Equation MathType B mon6op
K TEKCTY WJIM OTAEIbHON CTPOKOH 1O IIEHTpY, Keriib 11 mT.

Hymepanust popMynn cKkBO3HasI, B KPYIIIBIX CKOOKax, MPMKAThIX K MpaBoMy moiro. Hymeposarb
CJIEAYET TOJILKO T€ (POPMYJIbI, HA KOTOPBIE €CTh CCBHUIKU B TEKCTE.
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Hactpoiiku penakropa ¢gopmy.a
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|Sul:|- Subscript/Superscript |42 Ifg | va kp

Syl 150 [% =] Z X ng _ Hep |
|Su|:|-$_l,ln'|I:u:|I |1 o |;§g =] r= 1

|L| zer 1 |?5 Ijg ;I Apply |
|L|SE[ 2 I-I 50 IZ j ;I v Use for new equations Factorny settingsl

Define Styles

{* Simple i fdvanced 0k

. - C |
Prirmary font: I Times Mew Roman anee

Help
Greek and math fonts: ISymbnl and MT Extra j

[ ltalic variables Apply

i

[ ltalic lower-casze Greek Factary zettings

IJze for new
I equations

0

12. bubnmuorpadndaeckue CChUTKH. B TEKCTe B KBaApaTHBIX CKOOKaX apaOCKuMu IudpamMu yka-
3BIBACTCS TOPSIKOBBI HOMEP HAyYHOTO Tpyda B OMOMHorpaduyeckoM CIHCKe, Hampumep: [2; 3],
[4-6] u T. 1. B xOHIIe PYKOMTUCH TIOMEIIAETCs] CIICOK JTUTEpaTyphl B MOPSAKE YIIOMUHAHUS B PY-
korch. CCBITKM HAa POCCHUHCKWE M3/TaHUS TMPUBOJIATCS HAa PYCCKOM SI3BIKE M COMPOBOXKAAIOTCA Tie-
PEBOIIOM Ha aHTIIMHCKHHA SI3BIK (B OTACIBHON CTpOKe, HO IO TEM e HoMepoM). bubmmorpadnde-
CKO€ OIMCaHMe MyOTUKAIMH BKIIOYaeT: (paMUIIHIO M WHUITHANBI aBTOPA, TIOJTHOE Ha3BaHUE PaboThHI,
a TaKKe W3JJaHus, B KOTOPOM OITyONHMKOBaHa (JIJIs cTaTeil), Topo/l, Ha3BaHWE U3AATENbCTBA, TO U3/1a-
HUS, TOM (JIJI1 MHOTOTOMHBIX H3JaHU ), HOMEP, BRITYCK (IS IEPHOANISCKUX M3TaHUHA), 00BEM ITy-
Onmukanuy (KOJTMYIECTBO CTPAHUI] — TSI MOHOTpadrH, TIEpBast M MTOCICIHSS CTPAHUIIBI — IS CTAaThH).

CchUTKH HAa MHTEPHET-UCTOYHHUKH, 0235l JAHHBIX | T. . PECYPCHI, He TTOIAAroNTHecs OubImorpa-
(hraeckoMy ONHMCaHMIO, O(POPMIIIIOTCS B BUIC MPUMCIAHHH (CHOCOK).

13. B xOHIIe pyKOITUCH aBTOPHI MOTYT TIOMECTUTD CITMCOK HCIIOIH30BAaHHBIX 0003HAYCHUH U CO-
KpaleHuH.

14. Bo3Bparienne pyKommiucH Ha TOpa0OTKy HE 03HAYACT, UTO PYKOITHCH YKE TIPUHSATA K TTCYaTH.
JlopaboTaHHbII BapraHT HEOOXOANMO TPUCIIATh B PEAAKIINIO B SIEKTPOHHOM BHJIE C COOIOIEHUEM
BceX TpeOOBaHMI BMECTE ¢ €€ HadaIbHOW BEPCHUCH, perieH3nel M OTBETOM Ha 3aMEUaHUsI PEIICH3CHTA
HE TIO3[THEE JIBYX MECSIIEB CO JHS €0 OTCHUIKH. B MPOTHBHOM ciTydae mepBOHadalbHas JaTa MoCTy-
TUICHUS PYKOITMCH TIPH ITyOIMKAINY HEe YKA3bIBACTCH.
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15. Pemienne perakiMOHHON KOJJIETMH O MPUHATHUH PYKOIIMCH K Me4YaTH WIM €€ OTKIOHEHUH
cooOmraercst aBTopam.

B cnyyae npueMa pyKonucu K myONIMKalK aBTOPHI AOJKHBI IPUCIATh WK MEepeaaTh B pelaK-
LU0 JIBa OyMa)KHBIX 9K3eMIUIIpa pyKomucu. Marepualsl redaTaroTcsl Ha IpUHTepe Ha OJHOU CTO-
pore crannaptHoro (popmar A4) nucra Oenoii Oymaru. [Ipyu 3TOM TEKCTHI PYKOITUCH B OyMasKHOM
1 2JIEKTPOHHOHN BEPCHSX JOJKHBI OBITh HICHTUYHBIMH.

16. K pykonucu npuiiaratotcsi MUCbMO OT YYPEKACHUs, B KOTOPOM BBINIOJTHEHA padoTa, U KC-
MEPTHOE 3aKIF0YCHUE O BO3MOXKHOCTH €€ OMYOJIMKOBaHUS B OTKPBITOH mevatn. Eciu KoJIekTuB aB-
TOPOB BKJIIOYAET COTPYAHUKOB Pa3MYHBIX YUPEkKACHHH, HEOOXOIUMO IMPEICTaBUTh HaIllpaBICHUS
OT BCEX YUPEXKICHUM.

Coo01eHns, 0CHOBaHHBIE HA pabOTax, BBIMOJHEHHBIX B YUPESKACHUH (YUPEKICHUSX ), TOTDKHBI
COZIePIKaTh TOYHOE Ha3BaHUE M aJIpec yupexaeHus (YUpeKACHUH ), MyOnuKyeMbIe B CTaThe.

17. Ilocne moAroTOBKM PyKOTIHCH K EUaTH pelakliis OTIPABIISET aBTOPaM 3JIEKTPOHHYIO BEPCHIO
CTaThH C MPOCHKOOH CPOYHO COOOIIUTH B PENAKIIUIO 3JIEKTPOHHOHN TOYTOH O 3aMEUEHHBIX OleYaTKax
JUISL BHECEHHMSI UCIIPABIICHUN B IIEUATHBINA TEKCT.

18. Tlocne BbIXOAA KypHalla CTaThbH pa3MelIaroTcs Ha caiite gusmyeckoro Qakyisrera HI'Y,
a Taroke Ha carite HayuHoli anexTpoHHol 6ubnunoreku (elibrary.ru).
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