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OBIIASL XAPAKTEPUCTHUKA PABOTBI

AKTyaJIbHOCTb TeMBbI.

NICA (Nuclotron-based Ion Collider fAcility) - HOBBIf ycKOpHTENbHBIIT
KoMIUIeKC, co3maBaeMbli B OMSM, ocHOBHO# 3amaueii KOTOPOro SBISETCS
obecrieueHne SKCIEPUMEHTOB Ha BCTPEYHBIX ITYYKAX TSOKEIBIX HOHOB BIUIOTH 10
30JI0Ta C KHUHETHYeCKMMH OSHeprusmu no 4.5x4.5 IB/H pns wusydeHus B
71a60paTOPHBIX YCIOBUSX CHIIBHO HAarpeToi M CXKaToM sepHON MaTepuu, a TaKKe
KCCIIeI0BaHUe MPUPOJBI CIMHA HYKJIOHOB. DTO OJHU M3 Hambolee IEePCIeKTHBHBIX
HalpaBlieHH#l COBpeMeHHOU (yHmameHTambHO!N ¢usuku. [Inanupyemas mporpamma
(byHIaMEHTaIBHBIX ¥ IIPUKIAIHBIX UCCIIEOBAaHHM OXBATHIBAET HECKOJIBKO HAYUHBIX
HaIIpaBJIeHUH B pa3HBIX 00IACTAX HayKu: (I3MKe THKEIBIX HOHOB BRICOKHX SHEPIHUii
U CIIMHOBO# (u3uKe, (U3KKe HU3KUX TEMIIEPATYp, SAEPHON (uskKe, PU3NKe YaCTHUII,
¢u3rKe KOHIEHCHPOBAaHHBIX Cpefl, OHOQU3MKE U pPaguOOHONOTHH, MEIMIIUHE.
BrimonHeHre 3Toi IporpaMMbl TpeOyeT HOBBIX peUIeHHH B (U3UKE M TEXHUKE
yCKOpHUTeNeH, NPUMEHEHUs HOBBIX MaTeMaTHYeCKUX METOJOB Ui YHCICHHOTO
MOZIETUPOBAHVISL.

Ilpy npoeKTUpOBaHMM HaKONWTeNeH 3apsDKeHHBIX YacTHI] Ha BCTPEYHBIX
KOJIbIIaX HEOOXOAMMO 00eCIeYuTh CBEPXBBICOKHME BaKyyMHBIE YCIOBHS, YTOOBI
BIIMSIHHE PACCEesHUS Iy4Ka Ha OCTATOYHOM rase OBLIO HE3HAYMTENBHBIM M OBLIO
BO3MOXXHO HaKOIUICHHE BBICOKOMHTEHCHUBHBIX ITyYKOB TSDKENBIX HOHOB. OmHMM H3
BaXHEHUIIUX BOIPOCOB SBIETCA CO3NaHME W ONTHMU3ALUS CHCTEM ITUTAHUS
CBEPXIPOBOISIINX YCKOPUTEIHHBIX KOMIUIEKCOB. AKTYaIbHBIM SBISIETCS Pa3BUTHE U
MOZEPHH3aLHs CBEPXIIPOBOIMIEr0 YCKOPUTEIBHOr0 Komiuiekca HyKIoTpon mis
YCKOpEHHS B HEM ITyYKOB TSXKeJbIX HOHOB IO PEISATHBUCTCKHUX 3HEPIHU, ITOCKOIBKY
3TOT CHHXPOTPOH HCIIONB3yeTCA TaKkxKe M OTpabOTKH pexuMOB Oynymiero
Kotaiiiepaoro  koMmiuiekca. OOHMM W3 BaXHEUIIMX 3JIEMEHTOB  HOBOI'O
yckopurenpHoro mpoekra OMSIMI — NICA/MPD sBusercs CBepXIpOBORSIIUIL
CHHXpOTpOH Bycrep, mosromy pa3paboTka ero KOHIIENTYalbHOTO IIPOEKTa TakKKe

akTyanbHa. bycrep OyIeT HCIONB30BaTbCsS HE TONBKO I (yHIAaMEHTAIbHEIX



WCCIIeIOBaHU#, MapajluleIbHO OCHOBHOM (hHM3MUECKO# MporpamMme, Ha BBIBEAEHHBIX
my4ykax OyIOeT IIpOBOAWUTHCS INMUPOKUN CIIEKTp NPHKIAJHBIX HCCIEIOBaHUMN
(MemuuuHa, paguMoOOWONOTHSA, MAaTepHajiOBeleHHe, BKIIOYAs  HCCIeIOBaHUE
paquanvOHHON CTOHKOCTH MaTepuajoB).

st monmydeHus MaKCMMalIbHOM CBETUMOCTH B 3KCIIEPUMEHTaX Ha BCTPEYHBIX
IyYKax HeoOXOZMMO O0O0eCIeYlTh YCTOMYMBOCTD ITyYKOB BBICOKOM ILUIOTHOCTH
IUPKYTUPYIONUX U CTAJKHBAIOIIUXCS B HAKOMHTele, IIOJAaBUB JeiCTBHE
BHYTPUILYYKOBOT'O DAacCesIHAI M Pa3IMYHOTO pPOJAa HEYyCTONYHMBOCTEH, BIUIHUE
HeNMHeIHOCTeld MarHMTHOM CHCTeMBl M IPOCTPAaHCTBEHHOTO 3apsia IIy4YKOB.
OcobeHHO 5TH IpOOIEeMBl KpaiiHE BaKHBI IS aIpOHHBIX KOJUIAMIEpOB HU3KUX
sHepruil. TeopeTwueckue U OKCIEpHUMEHTANbHBIE HCCIENOBaHMS BCeX OTHX
nporieccoB U 3¢ ¢eKToB TpeOyoTCS IS CO3MaHUS IMONOOHBIX YCKOPHUTENBHBIX
KOMIUIEKCOB. I TOro, 4T0OHI IPH CTOJIKHOBEHUX TSDKEIBIX HOHOB PETHCTPUPOBATH
aJIpOHHBIE KOMIIOHEHTHI, BKIFOYas MyJIbTHCTPaHHEIe TUIIEPOHEI, X PacIpeeleHue B
($a30BOM IPOCTPAHCTBE M KOJUICKTHBHBIE IOTOKH, @ TAKKe HAaOJIFONaTh OTHENbHBIC
coObITHS, TpeOyeTCs CpeqHsA CBETUMOCTD B KOJUIAlepe B AUAla30He MEXIY 10% u
10* em? cex”. Jlnst o6ecriedenys u MO A€ KaHus BBICOKOM CBETUMOCTH TIPH HU3KOH
SHEpPrud HOHOB HEOOXOIMMO IPUMEHSATh METOABl OXJaXAEHUS IIy4KOB, Kak
3JeKTpOHHOTO Tak M croxactwdeckoro. B kommiekce NICA mnpumeHneHue
OXJIXKIEeHH HeoOXOIUMO U B KOJbIlaX Koiutakinepa u B Bycrepe. Co3nanue cucteM
OXJIQXKJEHUS YAaCTHUI[ - CTOXaCTHYECKOTO U OIEKTPOHHOTO - Ui OOecriedeHHs
JIOJITOBPEMEHHON yCTOMYMBOCTYA BBHICOKOMHTEHCHBHEIX HOHHBIX IIYYKOB SBISIETCS

KpaiiHe aKTyaJIlbHBIM HaIlpaBIICHUEM.

Iesu quccepTanMOHHOM padoThI:

OCHOBHBIMY 33/1a4aMHy JUCCEPTALOHHON PaOOTHI SBISUTUCH:

- MoJIepHHM3aIysl ycKopuTensHoro komruiekca JI®BD ¢ menmpio co3maHus Ha €ro
OCHOBE YCKODHUTENs] THKEIBIX HOHOB HOBOTO IIOKONEHWS JUIsl PENSTUBHUCTCKOM

smepﬂoﬁ (1)PI3PIKI/I W HHHOBAITUOHHBIX ANCPHO-3HEPIETUYCCKUX TeXHOJ’IOI‘HI‘/'I,



- paspaboTKa KOHIENIIMM IIOCTPOEHHS CBEPXIIPOBOJSAIIETO YCKOPHUTEILHOTO
KOMILIEKCa Ha BCTPEUYHBIX IydKaX TsDKENBIX MOHOB ¢ SHepruedl Heckoibko I'B/H,
pa3paboTKa MpoeKTa Takoro KOMIUIeKca Ha OCHOBE CHHXpOTpoHa HykioTpoH,

- pasButie cuHXpoTpoHa HyKknoTpoH B KadecTBe 6a30BOH YCTAHOBKH IS OTPaOOTKU

PasIMYHBIX peXXUMOB paboThl Komaiinepa NICA.

I'naBHBIe HanpaBJeHus paboT:

1. Teopermyeckue H OKCHCPHMEHTAlbHBIE HCCICOBAHHA PEXKHUMOB
HaKOIUIEHWS W OXJAXICHHUI HHTEHCUBHBIX HOHHBIX ITydKOB B HAaKOIUTEIBHBIX
kombiax (ESR, GSI, Darmstadt, COSY, FZ Juelich, I'epmanus, RHIC, BNL, CIIIA),
MIPUMEHEHNE IOJIyYEHHOTO OIBITAa U OTPabOTaHHEIX METOMVK AJIS IPOEKTHPOBaHUS
pabouero numkina komiuiekca NICA. Bribop pexuMoB paboThl, obecrieduBarOmuX
MaKCHMAJbHYI0 CBETUMOCTh (M3MUECKOTO SKCIEepHMEHTa B JHala3oHe SHeprui
kotainepa ot 1 mo 4.5 I'B/H.

2. MoznepHu3alys U pa3BUTHE CBEPXIIPOBOAAIIET0 CUHXpoTpoHa HykmoTpon
IUIs SKCIIEPHMEHTAIBHOTO WCCIENOBaHUS Ha HEM Pa3UdHBIX PEXHMOB DabOTHI
xosnarznepa NICA.

3. Moznepnauzaius BakyyMHO# cucTeMbl HykinoTposa. YirydiieHne BakyyMHBIX
yCIOBUM B ITy4KOBOH Kamepe IO YpOBHSI, HEOOXOAMMOTO I YCKOPEHHS B
HyxnoTpoHe MOHOB ¢ MaccoBBIM 4yHciIoM Oosee 100 10 pensSTHBUCTCKUX 3HEPTHUH.
MopnepHu3anys CUCTeMbl IIUTaHUSI U DBaKyallud SHEPTUM CTPYKTYPHBIX MarHUTOB
Hyxnotpona, obecredeHne Hage)XHOH W 0e30macHOil SKCIUTyaTallid MarHUTHOM
CHCTEMBI ITPY MaKCHMaJIbHOM IIPOEKTHOM YpPOBHE MarHUTHOroO 1mois 2 T,

4. Be6op ¥ ONTHMM3AIHS TapaMeTpoB 0a30BhIX dneMeHTOB KoMiuiekca NICA:
cxeMa IIOTOTOBKM BBHICOKOMHTEHCHBHOIO ITydKa TSKEJBIX MOHOB B MHXKEGKIIHOHHOMH
I[eTI0YKe, BBIOOp KOHOWIYpalWyl CBEPXIPOBOMIIIMX HAKONIUTENBHEIX KOJel Ha
BCTPEYHBIX  ITyyKaX, ONTHMHU3ALlUMs KX pasMENmeHus B  CyIIECTBYIOIIEH
HHPpacTpyKType TexHudeckol miomanky JIOBO.

5. Pazpaborka TmpoekTa CBepxXmHpoBoAsmero Oycrepa HyxiorpoHa,

IIPSAHA3HAYCHHOI'0 JIA IOBBIIICHHASA HWHTCHCUBHOCTU ITYYKOB TSDKEJIBIX HMOHOB H



yckopeHus uxX B HykinoTpoHe 1o MakcuMaibHOM sHeprum. PaspaboTka mpoexrta

(doxycupyromeil cucTeMbl 6yCTepHOI0 CUHXPOTPOHA, CXEMEI €€ IUTAHUS U 3allUThL

JInuHbli BRJIaJ aBTOpA

JluaHOe ydacTHe aBTOpa B paboTax, COCTABILIOIIMX OCHOBY IHCCEpTAlWy,
sBIsgeTcs ompenemomuM. Ilof ero pyKkoBOACTBOM H IIPH €ro OIpelesIioNlieM
y4JacTHH IIpOBelleHa MOJEpPHHU3alMs YCKOpHTeIbHOro koMiuiekca JI®BD, ycnentHoe
3aBepIleHHe KOTOPOH OTKPHUIO BO3MOXKHOCTH CO3JaHUs Ha 0a3ze CHHXPOTpOHA
HyxnoTpoH HOBOIO CBEpXIPOBOIAIIETO YCKOPUTEIHHO-KOIAMAEPHOro KOMILIeKca
NICA. VM 1U9HO NIPOBEASHBI TEOPETUUECKUE UCCIEeN0BaHMS, TI0JIOXEHHbIE B OCHOBY
KOHIENIIMY KOMIUIEKCa Ha BCTPEYHBIX IIydKaX TSKEIBIX HOHOB B [Hara3’oHe
pexoprHO HHM3KMX dHepruil. Ilpu ero ompenersionieM y4acTHH ONTHMH3UPOBAHEL U
BBIOpaHbl IapaMeTpbl Kommiekca NICA, co3maHbl KOHLENTyalbHBIE MPOEKTHI
OCHOBHBIX ITOJICUCTEM U 3JIEMEHTOB. ABTOP IPEAJIOKUI IIOCTAHOBKY SKCIIEPHIMEHTOB
Ha HyxioTpoHe, HMEBIINX LIENBI0 IPOBEPKY KIIOUEBHIX PEIICHHil U MPOBEICHHBIX

IIpY €0 OIPEAEeIAIONMEM yIaCTUU.

Hay4nasi HOBH3HA M NPaKTHYeCKasi HEHHOCTh PadoThI

1. BmepBble pa3paboTaHa KOHIENIMS CBEPXIPOBOMSIIIEr0 KOMIUIEKca Ha
BCTPEUHBIX ITydKax TsDKENIBIX MOHOB B JHAala3OHe PeKOpOHO Hu3kux sHepruil (1-
4.5T5B/H), obecrmeuuBaromas MaKCHMAaJIBHYIO CBETHMOCTH Ha YpOBHE 1-107
cMcex”'. B 3TOM JManasoHe SHEPruil CBETHMOCTh OrPaHMYEHa B NEPBYIO OUepelb
s dexTaMu IPOCTPaHCTBEHHOTO 3apsA/ia CIyCTKa, a He 3(dexramMu BCTpedH, KaK B
KOJTafimepaXx BBICOKMX OJHEPIrHif, M 3To TpebyeT MUHMMM3AIMH IepUMeTpa
HakomuTens. Cxema (GOpMHpOBaHHS HHTEHCHBHBIX CrYCTKOB OCHOBaHa Ha
[epBOHAYAIFHOM HaKOIUIEHWH B KOJbIAX KoJUIaiifiepa pacILyIeHHOTO IIy4Ka C ero
Hocienyromel IpynnupoBkod. JlnuTenbHOE MOINEpXKaHUS BBICOKOTO YPOBHS
CBETUMOCTH ObecIednBaeTcs 3a CUeT MOAaBlIeHus pocTa (a3oBoro o6bemMa Crycrka,

Tpebyromero 3G heKTUBHOTO IPHMEHEHHE IBYX METOIOB OXJIAXICHHS.



2. Ilpennoxer U 000CHOBaH CIIEHApUH HCIONB30BaHUS OXJIAKICHUS ITyYKa B
kowtaiinepe NICA: B nuanazone sHepruii oT 1 mo 3 I'sB/H cuctema 3I€KTpOHHOIO
OXJIXIEHUS ITydka 0OeclieuuBaeT CpaBHUTENIHHO KOPOTKUE BpeMeHa OXJIaXICHHUS H
pexuM paboThl Komnafimepa ¢ JOMHHHMPOBaHHEM IIPOCTPAHCTBEHHOI'O 3apsfoM
cryctka. B numamasone sHepruyd HOHHOro mmydka ot 3 mo 4.5 I'sB/H Hamboiee
3¢ }eKTHBHO HCIIOIB30BAHHE CHUCTEMBI CTOXACTHUYECKOIO OXJIAXKISHHUsS, IIPU 3TOM
YpOBEHb CBETHMMOCTH B 3TOM [IHAIla30HE HE HIKE 1-10%7 emcex”’ pocruraercs B
peXuMe TOMUHHMPOBAHUS Ipoliecca BHYTPUILyYKOBOTO PACCEsHHUA.

3. B pesynpraTe MomepHU3ALMU yCKOpuTenbHOro komiuiekca JIOBD OWSAU
CO3[jaHa YCTaHOBKA HOBOI'O IIOKOJIEHWS VIS PEIATHBUCTCKONM SIEpHON (QU3UKH H
HMHHOBALMOHHEIX SIIEPHO-OHEpreTHUecKUx TexHonoruii. B Hyximorpone Brepsble
YCKOPEHBI 10 PENATHBHCTCKUX dHepruil 1.5 I'9B/H 1 HCHob30BaHbl IS IPOBEICHUT
psiZia SKCIIePHMEHTOB HOHBI kceHoHa '**Xe'?*. Obecmeuena HaiexHas SKCILTyaTaIs
MarHuTHO-KpHOCTaTHOX cucTeMBl HyKIOTpoHa IIpH TPOEKTHOM  BeIHYUHE
MarsutHoro mois 2T

4, BriOpana ¥ ONTHMH3UpOBaHa (OKycHpyoomas CIpyKTypa byctepa
HyxmnoTpoHa ¢ yueToM pa3MelIeHHs CHCTEM BBOJA, OTHOOOOPOTHOTO M MEIIEHHOTO
BbiBOAa, BY craHmuWii W OpYyrUX YCTPOMCTB, BIMCaHHas B HHQPACTPyKTypy
KOMILTEKCa M IO3BOJIIONIAs OCYIIECTBUTH HAaKOIUIEHHE U YCKOpPEHHe MHTEHCHUBHBIX
IIyYKOB TSDKENBIX MOHOB IO SHEPIHH, NOCTATOYHOH i 3(GeKTUBHON 00oUpKH H
umxekuny B HyxinoTpoH.

5. Co3maH COBpeMEHHOM KOMIUIEKC 000pyInOBaHMs, 00€CIeUnBIINi pa3BUTHE
CBEPXMPOBOMAIIET0  CHHXPOTpOHAa  HyKIOTpOH  Iuii  3KCIEPHMEHTAIFHOI'0
HCCIIEIOBaHU Ha HEM Pa3IMYHBIX PEXHMOB paboThl Koiunaiinepa NICA: usMeperue
[apaMeTpoB YCKOPEHHOrO IIy4YKa, WHCCIeNOBaHHe paboTEl CBEpXIPOBOASIIEH
MarHATHOM CHCTEMBI IPH JUIAHHBEIX (TBICSYM CEKyHZ) IUIaTO MAarHUTHOTO IIOJIf,

HCCJICAOBAaHUE PA3IMYHBIX METOLOB CTOXaCTUYECKOI'O OXJIAXICHHUS.

OcHoBHbIE MMOJI0OKeHHsl, BBIHOCHMbI€ HA 3ALIUTY

1. KoHuenmus motydeHus BEICOKOH CBETUMOCTH B aJpOHHOM KoJutaiiziepe ¢



HU3KOM DHepruefl CTaNKWBAIONMXCS IIyYKOB, OCHOBAHHAs Ha HAKOIUICHUH
pacIymeHHOro Iydka B KONbIax Kollaliiepa C HCIONB30BaHMEM METOZOB
OXJIaXAEHWS IIyYKa, ero IocJeqyrolel IpynmipoBKe U NOAepKaHuK TpebyeMoro
YPOBHS CBETHMOCTH C IPHMEHEHHEM JIByX METONOB OXJIAKIEHWS IIydKOB —
3JIEKTPOHHOTO U CTOXACTHYECKOTO.

2. OCHOBHBIE IIapaMeTpbl 0a30BBIX 3IEMEHTOB YCKOPHTEIBHOTO KOMILIEKCA
NICA: ontuManbHas cxeMa MOATOTOBKH IIyYKa TSKEJIBIX MOHOB B HHXKEKIIMOHHOM
[[eNI0YKe, ONTUMalbHAsi CXeMa CBEPXIPOBONANIMX HAKONHMTENbHEIX KOJel[ Ha
BCTPEUHBIX IIy4Kax M WX pa3MelleHne B CyIIeCTBYIOUmEH WHOPacTpyKType
TexHmdeckoit mromanku JIOBD OMSM. KoHuenmuu CHCTEMBI 3JIEKTPOHHOTO
OXJIAXIEHUSI M CHCTEeMBl CTOXacCTHUYECKOro oxjaxaeHus B komiaiimepe NICA,
paboure mapaMeTphl ¥ CXeMa MX ONTAMAIBHOTO PACTIONOXKEHHUS.

3. PesynbTaThl MOZEpHU3AIMM BaKyyMHON CHCTEMBI CBEPXIPOBOISNIETO
OBICTPOIIMKIMPYIOIIETO CHHXPOTpPOHa HyKIOTpoH. YCKOpeHHWe HOHOB KCEHOHA
("**Xe**) o suepruu 1.5 I'B/u.

4. TexHu4ecKH# MPOEKT CHUCTEMBI NOCIEIOBATENHHOIO NUTAHUS MarHUTOB K
JVH3 U CHCTEMBl DBaKyallddl SHEPTHM CBEPXIPOBOIAIIETO OBICTPOLUKIMPYIOLIETO
cuHXpOoTpoHa HyKIOTpOH, MeToAMKa TIOSTAallHOTO BBOAA 3TUX CHCTEM B
9KCIUTyaTaluio. Pe3ynpTaThl JKCIUIyaTallMd CHCTeMbl NWTaHus HykiorpoHa c
JIOCTUTHYTOH BENUYNUHON MarHUTHOTO NOJIA, paBHOit 2 Ti.

5. Co3pmaHue COBPEMEHHOTO KOMILIEKca 00OpYZOBaHUS OOECIEUUBIIETO
pPa3BUTHE CBEPXIIPOBOASALIEI0 CHHXPOTpPOHa HyKIOTpPOH HJs SKCIIEPUMEHTAIBHOIO
WCCIIeJOBaHUs Ha HEM Pa3iIWJHbBIX PeXHMOB padots! Koiutaiinepa NICA: mMmepeHHs
mapaMeTpoB YCKOPEHHOTO IIy4Ka, WCCIeNoBaHUSI paboOTHl CBEPXIPOBOIAIICH
MarHUTHOW CHCTEMBl IPH JUIMHHBIX (THICSYM CEKyHI) IUIATO MarHWTHOTO MOJI,
WCCIIEZOBaHUS Pa3INYHBIX METOJOB CTOXAaCTUIECKOTO OXJIaXKICHUS.

6. KoHIenTyanpHBI IPOEKT CBEPXIIPOBOAIMIEH MarHUTHOM (oKycupyromei

CTPYKTYypHI cHHXpoTpoHa Bycrep xommnexca NICA, cucTeMBl ee MUTaHUS ¥ 3alUTHL.



Anpobanus AHCCEPTANHOHHOH PaGoThI

PesynmpTaThl, W3NOXEHHBIE B  OWCCEPTAlWM,  JOKIAIBIBAINCH  Ha
MeXIyHapoaHBIX KoHpepeHImax ~Workshop on Beam Cooling and Related Topics”
- COOL (Galena, IL, CIIIA, 2005 r.; Bad Kreuznach, I'epmanus, 2007r.; Anymira,
Vxpauna, 2011r.), "European Particle Accelerator Conference” — EPAC (Paris,
Opannus, 2003; Lucerne, Ilsefimapms, 2004 r.; Genoa, Wramums, 2008 r.),
“International Particle Accelerator Conference” — IPAC (Kyoto, SInonus, 2010 r.;
San Sebastian, Wcnanus, 2011 r.), “ICFA Advanced Beam Dynamics Workshop on
High- Intensity and High-Brightness Hadron Beams” — HB (Bensheim, I'epmanus,
2004; Tsukuba, Amorus, 2006 r.), “International Computational Accelerator Physics
Conference” — ICAP (Caumxr-Iletepbypr, 2004 r.), “Beam dynamics and
Optimisation Conference” — BDO (Carkt-ITetep6ypr, 2010 r.) Ha Bcepoccuiickux
KOH(EpeHIUIX 110 YCKOpUTENIM 3apspkeHHbIX dactul] — RUPAC (O6uumHCK, 2002r.;
Hy6na, 2004r.; HoBocubupck, 2006r.; 3senuropon, 2008r.; IIporeuno, 2010r) u ap.
A Takxe oOCyXmamuch Ha HaydyHBIX ceMuHapax OObemuHeHHOro HHCTUTyTa
smepHBIX  uccinemoBaHuit (1. JlyOHa), WHCTHTYyTAZ ~ TEOpeTHYecKod
9KCIlepuMeHTalIbHOY ¢u3uku (r.Mocksa), VHcTuTyTa (DU3UKM BBICOKHMX 3HEPrui
- (r.IIporBuro), HMucturyr SAnepuoit @umsuxku CO PAH (r.Hoocubupck),

EBpomnetickoro nenTpa snepaeix uccienosanuii [IEPH (CERN, Ilseitnapus).

ITo Teme nuccepTaruy omy6IuKoBaHO 57 paboT, U3 HUX B pedepupyeMbIX KypHanax
23 paboTsL.
TexkcT nuccepranuy U3noxeH Ha 212 crpaHunax, Bkmodaer 92 pucyHka, 18 tabmun

¥ CIIUCOK JIuTepaTyphl u3 111 HauMeHOBaHMH.

CTpykTypa H 00beM JHccepTAlNHU
JluccepTalyis COCTOUT U3 BBEJCHUS, 5 IJ1aB U 3aKIIOUCHHUS.

Bo BBegeHHH 000CHOBaHAa aKTyalbHOCTb TEMBI NUCCEPTALMH, NaH KpPATKHH
aHanmu3 IpoOyieM, pellaeMbIX B [JUCCEPTalNH, © CHOPMYIHPOBAHBI €U

HCCIIeOBaHuU, BOIIEAIIX B paboTy.



B mepgoii riaBe NaHO ONMCaHHE YCKOPUTENHHOTO KoMiuiekca HykioTpow,
KOTOpBI BKJIIOYaeT B ce0s HECKOJHKO THUIIOB MCTOYHHKOB HOHOB, JIHHEWHBIH
yckoputens JIY-20, yckopsromuii mpotoHsl mo sHepruu 20 MsB u HOHBI C
OTHOIIEHUEM 3apsza k Macce Z/A > 1/3 mo sHepruu 5 MaB/Hyxi, cBepXnpoBoaamuit
CHHXPOTpPOH ¢ IepuMeTpoM 251,52 M, 00OpyHOBaHHBI CHCTEMOI MeIJIEHHOTO
BEIBOJAa IIydKa UM CTaHIWMed BHYTpeHHMX MulneHed. Haywunasg mporpamma
yckoputensHoro kommiekca Hyknotpor OMSIM BiimodaeT B cebs pelueHue psiga
aKTyaJbHBIX IpoONeM  pEeNITHBHCTCKOH sSHepHOM GU3WMKH W  IIPOLIECCOB
MHO>XE€CTBEHHOTO POXKIEHUS YaCTHUII. ‘

B 2007 rony 8 OMSIM HauaThl paGoTHI IO CO3NAHUIO HOBOTO YCKOPHTEIBHO -
HaxonuTensHoro kommiekca NICA Ha 6ase cuaxpoTpoHa Hyknotpon. ®usnueckue
9KCIIEpHUMEHTHl OyIyT pealu30BaHBl B PEXKUME CTOJIKHOBEHHS BCTPEYHBIX ITyYKOB.
VYckopurenbupiit kommneke NICA pgomkxen Oynmer o0ecHeduTh WMOH-HOHHBIE
CTOJIKHOBEHHSI (C BO3MOXKHOCTBIO BBIOOpA KHHETHYECKON 3HEPIHH CTAIKHABAFOIINXCS
Iy4KOB B JuamnasoHe ot 1 1o 4.5 I'3B/H), a TakKe NPOTOH-NPOTOHHbIE CTONKHOBEHHS
(B nuanazoHe 3Hepruu oT 5 1o 12,6 I'3B/H) U CTOIKHOBEHHE IIyYKOB NEHUTPOHOB (B
IuanasoHe sHepruu ot 2 mo 5.8 I'»B/H). Ha BTopoM sTame peanusaliy MpOeKTa
IIaHUPYETCS OCYIIECTBICHHE CTOJKHOBEHWH BCTPEUHBIX I[y9KOB JIETKUX HOHOB,
IYYKOB IIOJIIPM30BaHHBEIX IIPOTOHOB M JedTpoHOB. Kpome Toro, miaupyercs
NIPOZIOJDKEHHE SKCIIEPUMEHTOB Ha BEIBeIeHHOM Ityuke HykJIoTpoHa U Ha BHYTpeHHEH
MUIIEHU.

KiroueBoii gacTsio nepBoit craguu npoekra NICA, 3aBepimennoii B 2011 roxy,
SBANAch MOZEpHH3alus CHHXpoTpoHa Hykmotpor (mpoexr «HykinoTpor-M»),
KMeBIIas LeNbI0 IPOJEMOHCTPUPOBATh BO3MOXKHOCTE €r0 JUIUTENIbHON U HaJeXKHOM
paboThl Impu NapaMeTpax, Omu3kux K TpeboBanusM npoekta NICA. B pesymsrate
YCIIEIITHOT'O 3aBepIIeHHs MOIEPHM3AllNH ObUI0O NPONEMOHCTPUPOBAHO YCKOpPEHHE
IyYKa MOHOB KceHOHa “"Xe'?* (10 Hauama mpoexTa caMBIMH TSKENBIMH HOHAMH,
yckopeHHBIMH Ha HyximoTpoHe, ObIIM HOHBEI JXele3a) M CTabmibHas paboTa
MarHMTHOM CHCTEMEI IIpY ypOBHE IIOJIS B TUIOJBHEIX MarHuTax 2T (MakcumanbHas

paHee nocturHyras BemuumHa Imons Obuta 1.2Tm). Xon peamusanus mpoekTa



MOAPOOHO IpeACTaBleH B IyONMKalMsAX, B NAHHOM IWlaBe IPUBORATCS JIMIIb
HanboJiee 3HaYMMBbIe pe3yJIbTaThl peallu3alliy IPOeKTa.

Bropoit aran npoekta NICA - 3T0 NpoeKTHpOBaHKE U CO3JaHKME KOMILIEKCa
CBEpXIpOBOJSIIEro Koibla bycrepa, - mpemyckopurens s HyknotpoHa wu
CBEPXIIPOBOASIIMX HAKONUTENBHBIX KOJIELl Ha BCTPEYHBIX IIy4kax (KoJutaiinep
NICA). Pa3memieHne OCHOBHBIX OJJIeMEHTOB U cucteM Komiuiekca NICA
OCYIIECTBISIETCS [IPU MaKCUMaJIBHOM HCIOJIB30BaHUH CYLIECTBYIOIIMX 3[aHUH U

HHOpacTpyKTyphl Iwiomankd JlaGopatopuu . Cxema KOMIUTeKca IOKa3zaHa Ha

PHCyHKe 1, AC€TAJIbHOC OIMMCAaHUE 3JICMEHTOB IIPUBOJUTCS B JUCCEPTALIUU.

- S N )

Puc. 1. Cxema xommnexca NICA. 1 - umxexrop, 2 — bycrep, 3 - HyxioTpos, 4
— TeJMeBBI OXIKUTENBHBIA KOMIUIEKC, 5 — 3KCIEPUMEHTANBHBIA KOPIYC JJIst
YCTAaHOBOK Ha BBIBEJEHHBIX IIy4Kax, 6 - KaHalbl TPAHCIIOPTHPOBKH IIyyka B
KoJutaiinep, 7 — cCUCTeMBl MUTaHUs Bcero komuiekca, 8§ — Kommaiinep; 9 u 10 —

nerekropHble yctanoBku MPD u SPD, 11 — nepumertp mnomanaku JI®BD OMAN.

B naHHOl I71aBe IMPOBOAMTCS BBIOOP ONTHMAJBHBIX ITApaMETPOB OCHOBHBIX
3]IEMEHTOB M PeKHMOB paGoTsl Komrnekca NICA ¢ myukaMu HOHOB 30m0Ta ~ Au'’.
IIpenmornaraercs, 4to KoJulaizep OyneT paboTaTh B peXUME HAaKOIMTENs Ha
(bUKCHPOBaHHOI YHepruy. MakcuMaIbHas MarHUTHAs )KECTKOCTh KOJIell KoJuIaiinepa
paBHa MaKCHMaJbHOH MarHMTHOH >kecTkocTd HyknoTpoHa, mostoMy B Koiulaiaepe

MOXHO IIPOBOAUTH SKCNIEPUMEHTBI HA BCTPEYHBIX ITyYKaxX HOHOB BO BCEM OHAIIa30HE
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SHeprui, noctynHoM it Hyxnorpora. OCHOBHbBIE IapaMeTphl 0a30BEIX 3IEMEHTOB

KOMINJIEKCa, KOTOpEBIE ObLIH BBIGpaHBI B pe3yJibTaTe ONTUMH3ALUU PEXKUMa pa60TI>I

Bcell MHIDKEKIIMOHHOM IIENOYKH, M KOTOpHIE OOECIEUMBAIOT IPOEKTHHIH YPOBEHBb

CBETUMOCTH B S3KCIICPUMECHTE Ha Konnaﬁz[epe, IIOKa3aHkbI B T36HI/IHG 1.

Ta6muna 1. OcHOBHEIE TapaMeTphl YCKOPUTENBHEIX yCTaHOBOK KoMimtekca NICA

JIy-20 Jlunax Bycrep Hyxmotpon Komnaiinep
Copruactun | pT,dT, merkwe | d+Au | Tsx. HOHEL Au”* Au”*
nomHI (A/Z<3) | A/Z <6 (Au™)
Tlepumerp 14.4 15 212.2 251.52 503.04
(mnuHA), M
E_mmx, [9B/H | 6107 (p) 3.3.10° 0.003 0.6 1+4.5
1.5-10* (i)
Emax, [9B/H 0.002 (p) 0.003 0.6 4.5 BO3MOXHOCTH
0.0005 (HOHEI) METUICHHOTO
YCKOpEHHS
wpy, MI'g 145 100.05 | 0.593 +2.4 | 0.947 +1.147 0.522 + 0.587
(b=1), 5xB
12.528 + 14.088
(mna h=24), 25 xB
37.584 + 42.264
(mns h=72), 125
kB
hpy - 4/17 1 72
Brmax, T - 1.8 2 1.8
dB/dt, Tn/c - 1 1 <05
N/maxn >10" 1.510° 1.5-10° 10° 510

" Ha sHepruu 100 MsB/H npou3sBogutes nepexox ¢ 4-it Ha 1-10 rapMOHHUKY
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Bo BTOpOi#i riaBe mpencTaBIeHBl Pe3yJbTAThl 110 UCCIENOBAHUIO IIPOLECCOB
BHYTPUITYYKOBOT'O PACCESIHUS U OXJIQKAEHUS ITy4Ka TSKEJIBIX HOHOB - SJIEKTPOHHOIO
¥ CTOXaCTHUYECKOTO.

BycTep mpemnoxeHO OCHACTHTh CHCTEMOM JJIEKTPOHHOIO OXJaxaeHus. Takas
cHCTeMa Ha 9Hepruu urkekiud (3 MaB/H) HeoOXxoauMa 11 HaKOIUIEHUs TpeOyeMoi
HHTEHCHBHOCTH YacCTHMI[ 38 CYET MHOTOKPATHO MIOBTOPSEMBIX UMITYJIbCOB HHKEKIUH.
MaxkcuMmanbHasi dHEprusi 3JIeKTPOHHOrO ITydka B CHCTeMe OXJIaXICHUS BBIOpaHa
paBHOW 55 K9B, YTO COOTBETCTBYET JHEPrHH OXJIAXIAEMOI'O HOHHOTO ITydKa
npumepHo 100 MbsB/H. Ha 3Toif sSHepruum oOXiaxaeHHe HEOOXOZMMO AT
obecrieyeHuss MapamMeTpOB IIy4YKOB, BBIBOOMMBIX M3 bycrepa, TpeOyemsIx mais
9KCTIEPUMEHTOB Ha HETIOBIKHOM MUIICHH.

Pe3ynpTaThl MOJENHPOBaHUS MOKA3bIBAIOT, YTO A OXJIQXKAEHHS HOHHOIO
nydka HawboJliee MOAXOASIIAM PEXHMOM BBINIIUT WHXXEKIUS HOHOB 30J10Ta C
MOOBIM W3 aHAIM3UPYEMBIX 3apsIOBBIX cocTosiHuel (32+, 52+, 65+) Ha sHepruu 3
MbsB/H, oxnaxaeHHe, N0-yCKOpeHHe M TepeBo] cryctka B Hykiorpon. Ilpumep
Pe3yJbTaTOB MOJEIMPOBAHKS 3BOIOLUM I1apaMeTPOB HOHHOIO IIydKa C Y4YETOM
3¢ HeKTOB MEKTPOHHOT0 OXJIAKACHUS ¥ BHYTPUILyYKOBOIO PacCesHUs, IPEeCTaBIeH

Ha Pucynke 2.

0.004

-0.004

0 0.02 -150 0 150
x[m] S-Soim

6)

P 197 5 32+
uc.2. Pe3ynpTaThl MOIEIMPOBAHHUS SBOJIFOLIMH TapaMeTPOB ITydKa HOHOB ~ Au’” Ha

0
x(m}

sHeprud 3 MaB/H: pacnpenenenne yacTull Ha (a30BbIX IUIOCKOCTAX (X,X') U (X,dp/p)

1o (a) u mocie oxyaxaeHus (6).

VcxonHble TpeOOBaHUS K KoJUIalnepy: obecreueHrne MaKCUMaIbHO GOJIBIIOro
IIMKOBOTO 3HAYECHUsI CBETUMOCTH U 00ecIiedeHue BpEMEHHU KU3HU CBETHMOCTH MHOTO

60JTLIHCFO, Y€M BpEMs MOATOTOBKH ITydKa. Hpeunoxceﬂa CXeéMa HakOIUICHHUS ITyYKa
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TpeOyeMo#l HHTEHCHBHOCTH B KoJUlaliziepe, KOTOPYIO IIAHUPYETCs OCYIIECTBIIATh B
IPOMOJIBEHOM (Da30BOM IIPOCTPAHCTBE C MHCIIONB30BaHMEM TEXHHKH «OapbepHBIX
HampspkeHui». Takad MeTOIUKa yCIEIIHO OCBOEGHA Ha HaKOIMTENbHOM Koiblle ESR
B I'epmanum, rhe aBrop IPHHAMAl  HENOCPEICTBEHHOE  ydacTHEe B
9KCIIEpUMEHTATIBHBIX HCCIEAOBAHUSIX PEXUMOB HAKOIUIEHUS C IIOMOLIBIO TEXHHUKH
GapbepHbIX HAIIPHKEHUH U CTOXaCTHIECKOTO OXJIaXICHHUS.

B mporecce SKCIeprMeHTa YMEHBIIEHHE CBETHMMOCTH MOXET OBITh BBI3BAHO
IByMs IIpoIlecCaMy — T'HOENbI0 YacTHIl U yBelndeHHeM (a3oBoro oobeMa CrycTKa.
Poct (azoBoro oObema CrycTka BBIBIBAETCS COBMECTHBIM MAEHCTBMEM MHOTHX
3 QeKTOB: BHYTPHUIyYKOBEIM paccesHueM (BIIP), nepeceueHHeM dacTHIIAMH
HEJIMHEeHHBIX PEe30HAHCOB BHICOKOI'O IIOpANKa, MHOTOKPAaTHBIM pacCesHHEM Ha
aToMax OCTaTOYHOIO ra3a, IIyMaMH CHCTE€Mbl IHTaHUS CTPYKTYPHBIX MAarHHTOB
komer, u np. Mg craGuwmusanuu  (pazoBoro obGbeMa CrycTKa IIPEATIokKEHO
HCIIOJIE30BaTh METOMBI OXJIAXKIEHHUS ITyIKOB — CTOXaCTHYECKOe H/MIIH DIEKTPOHHOE.

Ha ocHOBe IIpOBENEHHOIO TEOPETHYECKOTO aHaiW3a M  YHCISHHOTO
MOJENMPOBAHUS BIMSHHS pa3sIUYHEIX 95(QGEeKToOB Ha yCTOMYMBOCTh IIydKa,
copMyIHpOBaHEl apaMeTphl IIydka M CHCTeM Kojulalifiepa, IIpH KOTOPBIX
JOCTUTaeTCs MaKCHMalbHas ITHKOBasi CBETUMOCTb:

- MHHUMAaJIbHOE 3HaueHue Oera-pyHKIMHU B Touke Berpeul (TB) BEIOpaHO paBHBIM
35 cM, ucxons u3 TpeboBaHU 0OecHeYnTh MUHIMAIBHBINA SMUTTaHC Iyduka B TB, a
TaKKe OrpaHUYeHHUI reoMeTpUYecKol anepTypsl JINH3 (GUHAIBHOTO (okyca (40 MM -
JUIs1 0BeCIIeueH s B HUX TpeGyeMOro IpaiHeHTa MarHHTHOTo mois 10 30 Ti/v’);

- MaKCHMaJbHO BO3MOJXKHOE YHCJO CTYCTKOB B KOJNbIle — BBIOPaHO paBHBEIM 24,
HCXOMs U3 TpeGoBaHUs U30eXaTh Iapa3UTHBIX CTOJIKHOBEHMI Ha yJacTKe CBEIEHUS
IIy4KOB B OKPECTHOCTU TOYKM BCTPEYH C OXHOM CTOPOHEI, B IlepHMeTpa KoJulakinepa
(503.04 M), ¢ mpyrot;

- CpenHEKBaJpaTWYHBIA OTHOCHTENBHBIA pa3bpoc (MakcuMambHas ¢a3oBas
IUIOTHOCTh YacTHI[ N,/€ B CTyCTKE) II0 UMITYJIbCY Ha ypPOBHE +(1+1.5)-10”, uro
COOTBeTCTBYeT 1/6 BRIOpaHHOTO IIPOJOJIEHOTO aKCeNTaHca. Y BelIYeHue pa3opoca 1o

UMITYJIBCY ITOBBIIIACT IIOPOT Pa3BUTHUSA KOI'€PEHTHBIX HCyCTOﬁ‘-IHBOCTCfI CTyCTKa H, C
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ApYro¥ CTOPOHBI, He IIPUBOANUT K CHIDKEHHIO CBETUMOCTH. 1109TOMY [IS1 HOCTIDKEHUS
MaKCHMaJIbHON CBETHMMOCTH pa3bpoc 0 MMILYJIbCY ClIeLyeT BEIOMpaTh MaKCHMAaNbHO
BO3MOXHBIM, MCXOMS M3 OIPaHUYCHHUH IO MPOJONIBHOMY aKCeNTaHCy U TeXHUIECKU
DOCTIXKUMOM aMmImmmutyasl BU HampsikeHHs, He0oOXOIMMOM U COITIaCOBaHMS
cryctka (amxe 1MB).

- [UTHHA CTYCTKA JOJDKHA OBITH MUHMMAJIBHO BO3MOXKHOM, 4TOOB! H36exath 3¢ dexra
«IMECOYHBIX YaCOB» M 00€CIIeYUTh KOHIIEHTPAIUIO CBETUMOCTH B LIEHTPAIbHOH JacTH
nerexkropa. C Opyroii CTOpOHbl, yMEHBIIEHNE JUIMHb] CTYCTKa yBEIUYHBaeT TMKOBBIHA
TOK B HEM, YTO NIPUBOINT K YBEIHUUSHHIO CIBUTa JaCTOT O€TaTPOHHBIX KoneOaHui, a
TaKKe MOXET BBI3BaTh KOIEPEHTHYIO (MHKPOBOJIHOBYIO) IIPOJOJIBHYIO HIH
TIOTIEpEeYHYI0 HEYCTOMYMBOCTH IIydKa. B KagecTBe KOMIIpOMHCCA MEXAY STUMH
IByMs MPOTUBOIIOJOXHBIMU TPeOOBaHUSAMH, CpeJHEKBaJpaTHUYHas IJKMHA CTYCTKa
ObL1a BEIOpaHa paBHOH 60 cM.

B03MOXHOCTH BEIOOpa 9MUTTAHCA ITydKa CyNIECTBEHHO 3aBUCAT OT MEXaHU3Ma
HarpeBa CryCTKa, KOTOPBI JOJDKHA KOMIIGHCHPOBaTh CHCTEMa OXJIAXKIEHHUS.
OCHOBHBIMM HWCTOYHHKaMU HarpeBa sBisitorcs BIIP u, mpu Oonbmnoi BenuduHe
cIBHra 6eTaTpOHHBIX YacTOT, HArpeB 3a CUET IepeceyeHus JacTULaMi HelMHeHHBIX
PE30HaHCOB BEICOKOTO IIOpsfiKa. B 3aBHCHMOCTH OT TOro, Kakoit U3 3TuX 3(pheKToB
npeobnamaer, IPEUIOKEHO JBa pexuMa paboTsl: «moMuHupoBanus BIIP», u
«IZOMHHHPOBaHUS IPOCTPAHCTBEHHOT'O 3apsiay.

B pexume nomunupoBaHus BIIP BeNMYMHBI IIPOAOJBHOIO U IONEPEYHBIX
(tazoBBIX 00BEMOB IIy4Ka CBS3aHBl APYr C JAPYroM, W, IPU 3aJaHHOW BelH4uHe
pa3bpoca @O HMIyNbCy, MHMHEMYM TeMIla HarpeBa COOTBETCTBYET CTPOIO
OIIpefieNeHHOH BeIMYMHE  SMHTTaHca. B pexuMe  IOMUHHPOBAHUSA
npoctparcTBeHHOro 3apsana (I13) TeMmer pocta (azoBoro obbeMa CyIECTBEHHO
BBIIE, YeM IIpu AomuHupoBanuu BIIP, onmako, mpHpopa HarpeBa IPOROJIBHOM M
MIOIIEPEYHbIX CTEeNeHel CBOOOMAB! pa3iudHa, ¥ SMUTTAHC CTYCTKa MOXHO BEIOMpATh
[PaKTUYeCKy HEe3aBHCHMO OT pazbpoca mo umiyiscy. g pexuma JI13 3HaueHue
PaBHOBECHOI'O SMUITTAHCA MOXHO, KaK IOKa3blBaeT OIBIT PabOTH HakomuTenel c

3JICKTPOHHBIM OXJIAXICHUEM, BBIGpaTI: U3 yCJIOBUS paBEHCTBa CABUIA 66Ta’I‘p0HHBIﬁ
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gactotel AQsc Bemmumne 0,05. KommeHcarus HarpeBa Iydka B —pexuMe
nomunupoBanus BIIP  (JIBIIP) Tpebyer CymecTBEHHO MEHBINWX TEMIIOB
OXJIXK/IEHUSI, IO9TOMY OH 0oJiee NPeaNouTHTeNeH NPUA BBHICOKUX SHEPTHSX HOHOB,
KOrZla 3aMeTHO IIPOIle JOCTHYb IIPOEKTHOTO 3HAYEHHs CBETUMOCTH, HCIIOJNb3YS
CTOXacTHYecKoe OXJaxaeHwe. Ha MajbIX SHEPrUSX BO3MOXHOCTH YyBENMUEHUS
CBETHMOCTH CBsi3aHa ¢ InepexonoM B pexum [I13, a Heo6XomuMblil BEICOKHH TeMIT
OXJIXKICHUS] MOXKHO 00€CTIeUnTh, IPUMEHSIS SIEKTPOHHOE OXJIXKACHIE.

B XxoIe TEOpeTHYEeCKOro HCCISJOBAHUS W YHUCICHHOTO aHaiu3a, OBLIH
pacuuTaHsI XapaKkTepHble BpeMeHa Harpesa 3a cyet BIIP (Ta6muuna 2).
Ta6muna 2. ITapameTps! mydka ¥ OLIEHKH CBETUMOCTH KoJUIakiiepa mpH MpoBeeHUH

OKCIIEpUMEHTA I1I0 CTOJIKHOBEHHUIO HOHBIX ITY4IKOB.

Tlepumerp xounbIfa, M 503,04

Yucno crycTkoB 24
CpenuexBaipaTudHas AMKMHA CTYCTKa, M 0.6
Beta-yHKIMI B TOUKE BCTPEUH, M 0.35
AxcenTaHc Koiblia (JIMH3B! pUHAIBHOTO (OKyca) 40 T MM Mpaz
IpomonbHEIt akcenTanc, Ap/p +0.01

I'amMma xpuTHUIeCKas, ¥y 7.091

OHeprus uoHoB, ['9B/H 1.0 3.0 4.5
Yuco HOHOB B CTYCTKE 2.75:108| 2.410° | 2.2:10°
CpeHexB. pa3bpoc o uMIyIIsCy, 107 0.62 1.25 1.65
CpexnHexB. SMHUTTaHC Iydka (Topu3/BepT), 1.1/1.01 | 1.1/0.89 | 1.1/0.76
HEHOPMAaJIHU30BaHHBIH, T-MM-MpaJ

CBEeTHMOCTB, 1077 emZcex™! 0.011 1 1
XapakrepHsle BpeMeHa pocta BITP, cex 186 702 2540

CroxacTudueckoe OXJIaXAEHUE IPEIJIOKEHO WHCIIONB30BaTh B KOJUIaizepe
IJIaBHBIM 00pa3oM Uil TOTO, YTOOBI IOJNEPKUBATh BBICOKYIO CBETHMOCTH IPH
Gonpmux SHeprusx. J[ng BHIOpaHHOM ONTHYECKOH CTPYKTYphl KOJUTaiiiepa HalimeHa

OonTUMaJIbHasl pacCTaHOBKa 060pyI[0BaHI/I$I CHUCTEMBI CTOXAaCTHYCCKOI'0 OXJIAXICHU.
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Hcxons w3 BBIOPaHHOIO DPACIONOKEHWM IIHKalma M KUKepa IIOKa3aHO, 4TO ML
obecreueHns XapaKTepHBIX BPEeMEH OXJIaXAeHUS B 2-3 paza MeHbIIe (4TOOBI UMETh
TeXHUYECKHUI pe3epB), 4eM XapaKTepHble BpeMeHa Harpesa 3a cuet BIIP, nocratouno
MIOJIOCHI YacTOT CUCTeMbI 3-6 1T,

Jnst  TeXHUYeCKH JOCTHXKHUMBIX I1apaMeTPOB CHCTEMBI  JJIEKTPOHHOIO
oxJaxneHus (IpUBeNeHs! B paboTe) BO BceM [AuWala3oHe SHEPIHH HOHOB OBLIH
paccuMTaHBl XapaKTepHble BpeMeHa oxiuaxnaeHus. IlokasaHo, 4YTO B IMala30He
HU3KAX OHEpPIMH MOHOB, XapaKTepHbIE BpeMeHa OJIEKTPOHHOTO OXJIaKIECHHA
npuMepHo B 20 pa3 MeHBIIe XapaKTepHBIX BpeMeH HarpeBa 3a cuer BIIP, u
TpUMEHEHHe DIIEKTPOHHOTO OXJIAXICHUS OKasplBaeTcss Haubonee aJeKBaTHBIM
CpenCcTBOM I 00ecIedeHrs ONTUMAIBHOI0 pexxuMa paboThl Koiltaiinepa.

B pesymprare, NpemioxKeH CIEHApU{ HCIIONB30BAHHUS pa3IUYHBIX CXEM

oxnaxaenus (Pucysox 3).

10000

-@=-"BMNPnpu dQ<=0,05 u ceeTumoctu 1E27"

~A="CTOXaCTUYECKOe oxnaxaeHune"

=[J="Bpemn pekombuHauuu"

«$=351.0xn-e (nonepeuroe)

«B=3n.0xn-e (npogonsHoe)

1 1.5 2 2.5 3 3.5 4 4.5 5
JHeprus, MPB/H

Puc. 3. XapakTepHble BpeMeHa Harpesa 3a cueT BHyTPHUITYYKOBOI'O PAaCCESHUST
JUI yCTOMYMBOH TUHAMMKY HOHHOTO ITy4yKa, XapaKTepHbIe BpeMeHa 3JIeKTPOHHOTO
OXJIXKIEHUS I SHEpruy HOoHOB 10 3 I'aB/H B pexxume 113, u cToXacTUyecKoro

oXJIaXAeHus AJis oHepruu BeImte 3 I'sB/u s nonocs yactor 3-6 I'Tir.
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B saxmroueHmM TVaBBI IIPEICTAaBICHBI pa3pabOTaHHBIE KOHIIENTyalbHBIC
IIPOEKTHI CHCTEM 3JIEKTPOHHOTO U CTOXAaCTHYECKOTO OXIIXKAEHWUS, JaHBI OCHOBHBIE
[IapaMeTpHI 9TUX CHCTEM.

Ilpu pacueTax ¥ MOAENUPOBaHHM HcIOib30Banack nporpamma BETACOOL,
paspaboTaHHas ¢ HemocpeAcTBeHHBIM yuactueM aBropa. BETACOOL sBisercs
M3BECTHOM IpOrpaMMoi M MOZENHPOBAaHMS JONTOBPEMEHHBIX IIPOIECCOB B
yckopurensx. OHa ObUla MCIONB30BaHMS UL ONKCAHUA OOJBIIOTO KOIMYECTBA
9KCIePHMEHTANbHBIX (haKTOB Ha HAKOIHMTEJX 3apsDKSHHBIX YaCTHUI II0 BCEMY MHUDPY

1 UIA IPOCKTUPOBAHN BHOBB CO31aBA€MBbIX YCKOPUTEJIBHBIX KOMIIJIEKCOB.

B mepBoii wacT TpeThell IIaBBI OOCYXKITAIOTCS TEXHUYECKHI IIPOEKT
MOJIepHHU3alMY BaKyyMHOH CHCTEMBI OBICTPOIMKIHPYIOIIEr0 CBEPXIPOBOISIIIETO
CHHXPOTPOHA U Pe3yNbTaTHl €T0 pealn3alliy.

Onucad psx SKCHEPUMEHTOB, IIPOBEAEHHBIX Ha HyKIOTpoHE ¢ IIeNbo
U3MEpPEeHUs CpeJHEero 3HadyeHHs BaKyyMa B €ro IIydkoBod kamepe. V3mepeHus
[IPOBOOWINCH IO TEMIIy IIOTeph IMPKYJIUPYIOIIUX HOHOB H," ma "crome"
MarHUTHOTO IIOJSI, W IIPH IJIMTENbHOIN LMPKYJALUM ITydka IEeHTPOHOB, a TaKxke
CPaBHUBAIKCH C PaHee IIOJyIeHHBIMHI JAaHHBIMU 10 IOTePsIM MHTEHCUBHOCTH YACTHI]
Tpy yekopeHuH siepHbIX myaxos Li**, C*, C*, ¢ usBecTHOM HavanbHOM sHepruei 1
M3BECTHBIM TEMIIOM YCKOpeHHs. Ha IepBoM oTame MONEpHHM3ALMH YIATI0Ch
CYIIECTBEHHO - IIPUMEPHO B JECATh pa3, YMEHBIINTh CpefHee 3HaUCHNEe NaBleHUS B
KaMepe 3a CUeT yIIyulIeHHs BaKyyMa Ha «IpoGIeMHBIX» ydacTKax Koisua. Ha
BTOPOM 3Talleé MOJIEpHHM3AlMi BaKyyMHOW CHCTEMBI yHaloch Gonee, 4eM Ha [Ba
nopsnka (mo p < 1,0-10° 7 Ila) yMeHBIIWTb CpefHEee HHTETrpajibHOEe 3HaueHHe
JIaBJIeHMs B IIy4KOBOH KaMepe 110 CPaBHEHHIO C JaBIEeHUEM JI0 MOJIEpPHU3AIIHH.

JIeMOHCTDAIKS BO3MOXKHOCTH YCKODEHHS TSDKeNBX HOHOB B Hyxnotpone
paccMaTpuBaach Kak KOMIUIEKCHash —IIpOBEPKa BCEX OCHOBHBIX  CHCTEM
YCKOPHTEIBHOIO KOMILIeKca. B pesynpraTte, Ha mone 7,9 xl'c Obu1 peann3oBaH
MeJJISHHBIA BBIBOJ] MOHOB KCEHOHA, YTO COOTBETCTBYET SHEprHMH HOHOB 1 I'3B/m.

VIHTeHCUBHOCTD BBIBEICHHOTO My9YKa HA BEIXOHOM (hIIaHIle yCKOPUTENS JOCTUIaNa
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HECKONBKMX TBICSY HOHOB 3a LukiI. Ha »3Toif 5Hepruu OBUIM NPOBENEHE!
METOIMYECKHME UCCIENOBaHMA 0 PETHCTPAIlA HOHOB M IPOBeIeHO oOimydeHue. B
3aBepIIeHHe CeaHca GBLIO OCYIIECTBICHO YCKOPEHHe HOHOB KCEHOHa o mojis 10
kI'c, 9To codrneTCTByeT snepruu 1,5 I'sB/H.

Bo BTOpOii wacTH TpeTbed TIJaBbl OOCYXIAIOTCS TEXHUYECKHH IPOEKT
MOJIepHU3ALIIHT OCHOBHOH CHCTEMBI NHUTaHUS  OBICTPOLUKIMPYIOIIETO
CBEPXIMPOBOASAIIEr0 CHHXPOTPOHA U Pe3yJbTaThl €ro ocymiecTBiIeHHsA. OCHOBHON
3amadell pasBUTHSL CHCTEM MUTAHWI U 3alIUTHl CTPYKTYPHBIX MarHMTOB H JIMH3
Hyxnotpona sBIIOCH 0OecHedeHue HaexHON U JIUTENbHON paboThl ¢ MArHAUTHBEIM
moneM g0 2 Tin (YTO COOTBETCTByeT TOKYy B 0OMOTKax paBHoMy 6300 A) u
peanu3anys BO3MOXHOCTH ONITHMH3AIMK pabodeil TOUKky yckopuTes. Pemenue stoi
3a7auy OBUIO HEBO3MOJXKHO IIPY CYIIECTBOBABIIEH HO 3TOr0 CXeMe 3IEKTPOIUTaHUIL
MarHuTHOHX CHCTE€MBbI. MOIIHOCT MCTOYHWKA ITUTAHUS IUIOJBHBIX MAarHUTOB U
HaJIeXHOCTh CUCTEMbI 3BaKyalluyl SHEPIUH U3 CBEPXIPOBOAAIIMX MarHUTOB U JIMH3 B
Cllyvae BO3HMKHOBEHHS HOPMATBHOM MPOBOIIIEH 30HEI OBUIM He NOCTaTOYHBI I
rapaHTHPOBaHHOM HaJeXHOHM IUTEeIbHON paboThl NpU BeluuuHe o Beime 1 Ta u
Temre pocra moss Beime 0.6 Ti/c. PaGoTa ¢ IUIMHHBIME CTOJaMM TOKa Ha ypOBHE
6300 A G6pUTa BO3MOXKHA TOJBKO TP HHU3KOM 4YacTOTe MOBTOpPEHMs LUKIIOB. [lo
MPOBEJIEHNsT MOJEPHU3AIMH YCKOPUTENb 3KCILTyaTHPOBAICS IPHU PaBHBIX TOKAaX B
dboxycupyromux ¥ neoKyCHpYIOIHX JHH3aX, YTO I03BOJISUIO IIepeMeNntaTh pabouyio
TOYKY Ha AuarpaMMe 49acTOT TOJNBKO BIOJb IIPSIMO THHHUH.

ABTOpOM pa3paboTaHa KOHIENIUSI MOICPHU3AIIMH CHCTEMBI JJIEKTPOIIUTAHHUS
CTPYKTYPHBIX THUIIOJNBHBIX U KBaIpYIOJBHBIX MarHWTOB, OCHOBaHHAs Ha IPHHIHUIE
o0mieil CBI3M ATUX CTPYKTYPHBIX 3J€MEHTOB Kouyblla HykiIoTpoHa, IocienoBaTeabHo
coenuHeHHBIX McTOuHMKOB mutanus 19TB u 20TB, wmouell sBakyaruu 3HEPTUM
KT1...KT6(KT7) u cucteMbl maTdukoB Iepexopa. [IpakTiudueckas peanusaius dTOH
CXEeMBI IIpeAoaraia MOJEpHHU3aIMIO CyIecTByIomux ucrounukos 19TB u 20TB,
pa3paboTKy M co3maHWe JIByX HOBBIX KCTOYHHMKOB pasbajiaHca TOKa - MJIA

¢doxycupyronux u AehoKyCHpPYIOMUX JUH3. JJ19 OBBIEHNS HaJeXKHOCTH CHCTEMBI

17



3aIUTEl HeoOXOoAMMO ObLTO pa3paboTaTe W CO3JaTh HOBBIE KIIOYM SBaKyallld
SHEPIUHm.

B pabore moapoOHO mpoaHaNU3MpOBaHB! pa3lIWYHbBIE CUIIOBBIE CXEMBI HOBOM
KOH(Urypall CHUCTEMbI IMUTAHUS, cCHCTeMa (OPMHUPOBAHUS IONEBBIX (YHKIMH B
CTPYKTYPHBIX MarHUTHBIX 3jieMeHTax HyKkiIoTpoHa, mporiecchl KOMMYTAI[K TOKa BO
BpeMsl 3BaKyallid 3Heprud. Pa3paboTaH MpOEKT KOHCTPYKIUH KIIOYa 3BaKyalldH
SHEPrUH: BEIOOP ¥ KOMIIOHOBKa BCeX KOMIIOHEHTOB CXEMBI. B OCHOBY KOHCTPYKIIUH
K25

npousBoxacTBa tuna 15373-2000-20. MacmtabHbIH KOMIIIEKC paboT MO CO3JaHHIO

NOJOXKEH  CHJIOBOM  OBICTPOANEHCTBYIOIIMH  THPUCTOP  POCCHIICKOTO
HOBO# CHCTEMBI 3JIEKTPOIUTAHUS OBUT OCYIIECTBJICH B IPEAENBHO CXKAThIE CPOKU U
0e3 IIUTENBHBIX IEepephIBOB B paboTe yCKOPUTENBHOTro KoMiulekca. [l pemeHus
3TOH 3aauu OblIa pa3paboTaHa METOAMKA BBOJA B AKCILTYaTAIlHMIO HOBOM CHCTEMBI,
OCHOBaHHasI Ha MO3TAITHOM CO3/IaHHH ee SJIEMEHTOB U UX TECTUPOBAHUH U JJOPAOOTKH
B paMKax CYIIeCTBOBABILIEH CXEMBI MEXIy CEaHCAMH.

B nexabpe 2010 ropma, mocie TOro, Kak OCHOBHON HCTOYHUK ITUTaHUS H
CHCTeMa 3alIUThl OBUIM IOCIIEAO0BATENIFHO MPOTECTHPOBAHB! B IMKJIAX C IMOJIeM Ha

croxe 1.4, 1.6 u 1.8 T, mosne Ha crone 6puT0 yBemuueHo 1o 2 Tia (Puc.4).
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Puc. 4. lnarpaMma 1nuKia ¢ moJieM THUITOJIBHBIX MardHuToB Ha ctoie 2 Ti.

OtHomenre G/B — oTHOLIEHHE rpagv€HTa JIMH3 K IIOJIKO JUIIOJIbHBIX MAarHUuTOB.
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OGecneuenue HalexKHOI pabOTH MArHUTHOH CHCTEMBI IIPU IPOEKTHOM YPOBHE
TOJIsl ABHJIOCH IIPSIMBIM ITOATBEPXKICHHEM IIPaBHIBHOCTH OCHOBHBIX TEXHHYIECKHX

peIIIeHPIﬁ, TIOJIOXKCHHBIX B OCHOBY HOBO CHCTEMBI OJICKTPOIIUTAHUA U 3alllUTHI.

B uerBepToii riaBe obcyxnaroTcs pesyinpTaTsl pasBuTHsA HyxioTrpoHa B
Ka4ecTBe HKCHEPHMEHTAIBHOIO [IOJUTOHA AJIS MCCIe0OBaHKUA U MOJEIMPOBaHMs Ha
HeM pasMMYHBIX pexxuMoB pabots! kxomnaiinepa NICA. ITockonbsky B Koiaizepe
OymeT UCIOIb30BaThCAd METOIB! CTOXaCTHYECKOTO OXJIAKACHHUSA, IPHHATO pEIICHHE
pazpaboTaTh MPOTOTHII CHCTEMBl CTOXAaCTHYECKOTO OXIaXIEHUS AN Kolainepa H
ucneiTath ee Ha Hyxmorpore. B Poccum OTCYTCTBYeT OIBIT pa3pabOTKH H
OKCIUTyaTalldi CHCTEM CTOXAaCTHYECKOTO OXIAKASHUS, a pIf ocoOeHHOCTeH
komtaiinepa NICA He 103BOJsieT HampsAMyIO NIPAMEHUTh TEXHUYECKHE PEILICHHS,
HCIIOJIb3yeMBIE B 3apyOeXHBIX HaydHBIX IIeHTpax. [losToMy pa3paboTka CHCTEMBI
CTOXaCTHYECKOTO OXJaXICHWI ITydKa IS Koiulaiinepa TpeOyeT IpoBeNeHHS
HpeIlBapHTeJ"II:HHX SKCIIEPUMEHTAIBHBIX HCCIIEOBaHUI 10 M3yYEHHIO IpeebHBIX
BO3MOXHOCTEH MeToza.

Paspabotanneiii s HyknoTpoHa KaHal CTOXacTHYECKOTO —OXJAXICHU
IUIAaHUPYETCS IIOCIIeOBAaTeNIbHO HCIIOIb30BaTh YIS IIPOBEPKH Pa3iIM4YHBIX METOLOB
OXJIQXIEHHS MPOJOJIFHOM CTeleHH CBOOOIBI PACIyLIEHHOIO M CTPYyIIIHPOBAaHHOTO
IMy4Ka: MEeTOJa PEeXEKTOPHBIX GMIBTPoB, MeTona [lambMepa M BpeMs-IIPOJIETHOTO
MeTona. braromaps yHMBepCalbHON KOHCTPYKUMH IHMKal-CTaHIUM H 0co00ro
pasMenieHuss B Hefl CHTHAIBHBEIX SIIEKTPOIOB, obecledeHa TakXe BO3MOXKHOCTH
OXJI2)KAEHHSI HOIlepeyHOol creneHu cBoOonsl. CTpykTypa CO3IaHHOM CHCTEMEI
OpHEHTHpOBaHa Ha pealli3alliio B MEPBYI0 O4Yepeib NPOROIHFHOIO OXJIAXKIESHHUS IO
Merony pexekropHoro ¢uistpa (Tabmuna 3). KaHanm cocTOMT M3 NATH OCHOBHBIX
SJIEMEHTOB:  INUKAN-CTaHIWAA, JIMHAS  3aJEePXKKH, PEeKEKTOPHBIH  IIBTp,
Iuarsoctudaeckoe obopymoBaHue, kukep. Kukep yCTaHOBIEH B «TEIUIOH» CEKIUM
(7-#1 npsMONUMHEHHBIH TPOMEXYTOK) YCKOPHTENs, BBHAY TOTO, YTO B HEM
BBIIENAETCA JOCTaTOYHO OOIbIIas TeIIOBas MOIIHOCTb. IIuMKam ycTaHOBIEH B 3-M

IIPOMEXYTKE, - AUaMETPAJIbHO IIPOTHBOIIOJIOXXHOM KHKEDY. V4yacToKk MarHUTHO-
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KPHOCTaTHOM CHCTEMBI B OTOM IPOMEXYTKE HAaxXOIWUTCS TpPH KPHUOTEHHOMN
temmeparype (oT 4 mo 15 K), 9ro mo3BoiseT yMEHBIIWTH MOIIHOCTH TEILIOBOTO
[IyMa ¢ IuKana. TyHHeIb MEeXAy NUKAaoM W KHUKepOM JUIHHOW OKolo 85 MeTpoB
WCIIONIB30BaH IJisi KOaKCHAJbHOTO Kabess JHMHWUM OCHOBHOM 3alepXku. BribpaH
Kabenb, OONANAIOMIMM HAWIYYNIMMHU XapaKTepHCTHKaMH JUI1 pabOTHl CHCTEMBI
(3amepxxka 3.7 Hcexk/Metp, notepu curHana 0.03 nb/M) u ocHOBHOE oOopyzoBaHHe
Ut 00paboTKU CUTHaa ¥ (POPMUPOBAHUS CUI'HAIA BO3AEHCTBUS Ha I[y4OK B KHKEpe,

a TaKXKe U3MEpUTEIbHasd NUAarHoCTUKa pacriojioKeHa HEIIOCPEACTBEHHO Y KHUKepa.

Tab6muna 3. [TapameTps! KaHaIa CTOXaCTHYECKOro oxnaxneHus Ha Hykmorpore.

[lepumeTp yckopurens, M 251.52
OxJanaeMple HOHBI da”, c*
Omneprus, I'>B/H 3.5
MaxkcuManbHOe OTHOCUTENIFHOE OTKIOHEHHUE 110 uMIynsey | 10-3
Cnun-haxTop KoNbIia, 1 0.0322
[Monoca nponyckanus cucteMs! fmin/fmax, I'T'ry 2/4
VIHTeHCHBHOCTD OXJIaXKIaeMOTO ITy4uKa 10°
OxumaeMoe BpeMs OXJIaXIEHH, C <10

YT0oOB! yBEepEeHHO 3apeTHCTPHPOBATh I(M(EKT OXIAKITEeHWsA, HHTSHCHBHOCTD
IIy4Ka JOIDKHA GHITH HAa YPOBHE HECKONBKHX emuuu Ha 10° uactim. Taxoke KpaliHe
Ba)XXKHO KMMETh JOCTaTOYHO BPEeMEHM U1 OXJaXIEeHHs. biaromaps mpoBeneHHOM
MOJIepHU3ALMA CHUCTEMbl IIMTaHMS U CHCTEMBbl 3BaKyallid OHEpPTUH, a Takxke
LUKJIO3analomel anmapaTypsl, CTajlo BO3MOXXHBIM IIPOBEECHNE SKCIEPUMEHTOB IO
H3MEpPEHHIO IapaMeTPOB YCKOPEHHOTO MOHHOTO ITyYKa, IUPKYIUPYIOIIETo Ha CBEpX-
JUIMHHBIX IJIaTO MarHUTHOTO IOJA AIuTeNbHOCTHI0 1000 cexyHa, 4To OueHb OJIM3KO
K pexuMy IpoBeIeHus (pU3MIecKoro sKCIeprMeHTa B KoiUlaiinepe. B atom ciydae
IpolLlecC HACTPOMKM CHCTEMBl, YaCTOTHOI'O aHAJIM3a ITy4dKa U HOIBITKYA HaOIIONeHHUS

s dexTa OXNaXKAEHHS CIIIBHO YIPOIIAIOTCS.
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Ins OIEHKHM OCHOBHBIX IIapaMeTpPOB CHUCTEMBHI (B IIEPBYIO OYepenb,
HeOOXOAUMOM MOLIHOCTH YCHIIMTENS) ObUT pa3paboTaH alrOpUTM U IPOBEIEHO
YUCIICHHOE MOJENUPOBaHME SBOJIONMK (YHKIHUH pacHpeleleHUsS YacTHI] IIyTeM
pemrenust ypaBHeHus ®oxkepa-IInanka. Pe3ynbTaThl MOAENUpPOBAaHMS MO3BOJIHIM
chopmynupoBath TpebOBaHMA JUII KaHajla IIPOJOJNBHOTO  CTOXacCTUYECKOTO
oxjaxneHns. Hampumep, nAns Iydyka HOHOB yTIJepoja (C6+) TpeGoBaHUI K
HEOOXOIMMBIM MOITHOCTH ¥ KOS(MOUIHEHTY YCIICHHIO cocTaBisioT Ao 10 Barr u
130 1B COOTBETCTBEHHO.

IpennoxeHa ¥ peajM30BaHa CXeMa ONTHYECKOr0 PeXEKTOPHOro (GuibTpa, B
KOTOpOM JIyd Jlazepa MOIylupyercs BXomHbIM BU-curmamoM c¢ mnukama.
Hcnonp30BaHue ONTOIJIEKTPOHUKHA Jal0 BO3MOXKHOCTh PEaU30BaTh JIMHUIO
3aZIepXKKH CHCTEMBI, OCHOBaHHYIO Ha ONTOBOJOKOHHBEIX COOpKaxX. JTo MMeeT psn
NIPEUMYIIECTB II0 CPaBHEHHUIO C KOAKCHAJIbHOM 3aJIepXKKOH: pa3Mephl HOIydaroTcs
ropasno KOMIIaKTHee, 8 HaCTPOHKa CTAaHOBUTCS O4eHb TOYHOM U IIPOCTOH.

B pesynbrare HCIIBITaHUH DIIEMEHTOB KaHala CTOXaCTUUECKOTO OXJIaXIEHHUI U
obopynoBaHusl Mo ympaBieHH0 BY yckopsromero mons, BIepBble IPOBEIEHEI
9KCIEpPUMEHTAIbHEIE K3MepeHus (a30-4acTOTHBEIX XapaKTEPUCTUK CHUCTEMBI H
IIapaMeTpoB IUPKYIUPYIOIIEro MOHHOTO Iydyka B Nuama3oHe sHepruit ot 0.5 mo 4
I'sB/u (Puc.5).
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Puc. 5. IIpuMepsl SKCIIEpUMEHTAIBHO U3MEPEHHBIX CIEKTPOB IIyMa MyYKa Ha

sueprun 2 ['3B/H. Criesa - Iy4ok IefTPOHOB, CIpaBa - Iy4oK HoHoB C°'.
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B nsiToif riaBe JaeTcs 00OCHOBaHWE BHIOPaHHOTO BapHaHTa pa3MeIleHHS,
¢bokycupyromei CTPYKTyphl, THIIA CTPYKTypPHBIX MarHMTHBIX 3JIE€MEHTOB, IPOEKTa
BaKyyMHOHW CHCTEMBI, IIpOE€KTa CHCTEMbl IIMTaHMS M 3allUTl OT CpBIBa
CBEpXIPOBOIMMOCTH, a Takke  pa3MellleHHi JApyrHX IOACHCTeM bycrepa B
cymectByronux 3nanuax JIOBO OMANM. MaruutHas cucrteMa bycTtepa cocTouT u3
YeThIpeX KBaJPaHTOB, IIOBOPOTHBIE YJacTKH KOTOPBEIX Pa3MEINAOTCs BHYTPH spMa
marauta CuHXpo(azoTpoHa, a MPSMONUHEWHbIE IPOMEXKYTKH COBIANalOT C
COOTBETCTBYIOLIMMH IPOMEXyTKaMu MarHuTa CHHXpo(ha30TpoHa.

Ilnan pasmemenus bycrepa u (parMeHT IONEPEeYHOro CEYeHHs KopIryca
mpuBeieH B rmaBe. @okycupyromas cIpykrypa bycrepa wmmeer FODO
TIEPUOIUIHOCTE U COCTOUT U3 4-X CyIepIepHONOB, B KaXKIBIA U3 KOTOPHIX BXOISAT 5
peTyISpHBIX IIEPHONOB W OAMH IEPHOX, HE COJACpKAIUWH AWMIIONBHBIX MarHUTOB.
OnemenTsl MarHutHo# cucteMbl bycrepa NICA mmaHupyeTcss IOCTPOUTH IO
QHAJIOTMH{ ¢ MarHUTaMy JeHCTBYIOMEro ObICTPOIMKINPYIOMIETO CBEPXIIPOBOASILETO
yckoputens Hyknorpon. [[ns pasmemenus 44 KOppeKTUPYIOIIMX 3JIE€MEHTOB H
JIUarHOCTHYeCKOTO o0opynoBaHus B byctepe ortBemeHo 48 Mamblx CBOOOIHBIX
MPOMEXYTKOB BONM3M IMH3. B Kaxmod CTPYKTYpHOH KBaJpyIOJIBHONH JHH3E
PAaCIIONIOKEHBI JIEKTPOCTATHUECKIE MTHKaI-3eKTPOIE! (Bcero 48 cranimit).

CucreMa HHXEKIHH ITydka HOHOB B Byctep obecriednBaet Tpu pexuma paboTsL:

1. OpHoXpaTHAs OXHOOOOPOTHAS MHKEKIHUS [UTUTEIFHOCTEIO 8.3 MUKPOCEKyHIBI;

2. JIByx-Tpex o0OOpOTHasi OJHOKpaTHas WHXEKIUS MJIUTeNBHOCTBIO g0 27
MHUKPOCEKYH/I ¥ HAKOIUIEHUEM ITydKa B [1OIIepedHOM (ha30BOM IIPOCTPAHCTBE;

3. PexxuM MHOTOOOOPOTHOW WHXKEKIMH JUIUTENBHOCTHIO C HAKOIUICHHMEM IIydKa B
(haz0Boii MIOCKOCTH TOPU30HTANBHBIX KONeOaHU, IIpeJHasHadeHHBIH s paboTEI ¢
HMCTOYHHMKAaMH HOHOB IPYroro THIIA.

CucreMa MeJIUIeHHOTO BBIBOJIa BKITIOYAeT B ceOs DIEKTPOCTATHUECKUH CeNTyM
U CeNTyM-MarHuT, pacloJOo)KeHHBIE BO BTOpPOH HpsMoJMHelHo# cexuum bycrepa.
MeeHHbIH BBIBOJA OCYIIECTBIISIETCS 32 CUeT cMellleHus paboueit Touku bycrepa B
obyacTp HenmHeWHoro pesoHanca 3Q,=17, Bo3byxmaemoro 17-oif rapMoHHKOM

CeKCTyHOJ'[LHOﬁ HEJIUHEWHOCTH. BI:ICTpHﬁ BBIBOJ IIPEAHA3HAYCH UM IIEPEBOAA ITyIKa

22



B Hyxnotpon. [lns BBIBOJA IIy4Ka MCIONB3YETCS MMILYJIbCHBIM yIApHBIA MarHuT
(xuKep) U CeNTyMHBIH MarHUT, PacllojOKeHHBIE B TpeThell IpAMOIMHEHHON CeKLIUH
Byctepa. B rimaBe chopMynupoBaHEl OCHOBHEIE TapameTphl bycrepa (Tabmuua 4).

Tab6mura 4. [Tapametps! Bycrepa NICA.

OHueprus nmxexknuu, MaB/H 3
MakcuMaTbHas SHeprist HOHOB AU, MaB/HyK/I0H 600
MaruuTHas JKeCTKOCTE, TJ-M IIPY HEKEKIVH / MaKCHMAbHAsL 1,5/25,0
Ilepumetp, M 211,2
KymoHoBckuit mpejien 0 HHTEHCHBHOCTH, JACT/ITAKIT 3-10° A/q2
Kpuruaeckas sueprus, [ 3B/H 3,8

CprKTypa YU MarHuTHBIC 3JICMCHTHI:

Kommgectso cyneprepuonos / nepronos tuna FODO 4724
IUTIOJIBHEIX MarHUTOB 40
KBaApyHOJBbHBIX JIUH3 48
MarsuTHOE I10JI€ B TUIIOJIBHBIX MarHUTax, 11 1,8

Panuyc xpuBU3HEI B TAMIOIBHBIX MarHUTAX, M 14
I'paguent B nuH3ax, To/mM 19,7 /-20,3

I[I/IHaMI/I"IeCKI/Ie XapaKTECPUCTUKU CTPYKTYPHI U ITy4dKa:

YacToTsl GeTaTPOHHBIX KOJIEOaHH 5,8/5,85
XpoMaTHIHOCTE AQ, /(Ap/p) / AQ,/(Ap/p) -6,8/-6,5
OMUTTAHC ITyUKa, T-MM-Mpaj TIPY UHXEKIWH €y , 10

B KOHIIE YCKOPEHHS &y /€, 1,7/2,0

[IpuBeneHs! TpeOOBaHUS IOATOTOBKY IIyIKOBOTO M M30JISIIIOHHOIO 00beMa, a
TaKKe OIpeJelicHa pacCTaHOBKa OOOpYHOBaHHS ¥ THIBI OTKAYHOTO |
JIarHOCTUYECKOTO 000pyTOBaHHSL.

[Ipy DOCTpOEHMH CHCTEMEBI SIEKTPONHTAHUS bycTepa MPUHATO 3a OCHOBY
TpeOoBaHUe IOCIIeNOBATEIEHOTO COSIMHEHNUS CTPYKTYPHBIX IHUIONBHEIX MarHHTOB
(cymmapHas ~MHIYKTHBHOCTH 16,4 MI'H), KBaJpymoibHBIX  (DOKYCHPYIOIIHX

(cymmaprast wmHmykTHBHOCTE 0,6 M[H) u  nmedokycupyromux (cymmapHas
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uHaykTuBHOCTh 0,6 MI'H) muH3 Bycrepa. OCHOBHOI MOIIHBIM HCTOYHHK CHCTEMBI
muTaHus GopMupyeT TpeOyeMsrit Tok (mo 12,1 KA) ¢ 3amaHHOH CKOpPOCTBIO pOCTa
moJst 1 Ti/c B obmmeit wemu g ruOKoro perynupoBKU pabodeil TOUKH yCKOPHUTEILT
npenHa3HadeHbl JBa JOIONTHUTENbHEIE UCTOYHUKA MTUTaHUS CYLIECTBEHHO MEHbIIeH
mouHocTd. OIMH W3 HUX IO3BOJIIET OJNHOBPEMEHHO H3MEHATh I'PaAUCHT IIONI B
tdokycupyromux H  IehOKyCHpPYIOLIMX JHH3aX, JApPyrod — TONBKO B
nedoxycupytomux. CructeMa NUTaHUS BKIIOYaeT TakXkKe YCTPOHCTBa peryIupoBaHus,

YIpaBJICHUA U NUarHOCTUKH.

B 3axioueHHM AWccepTAlMH CQOPMYIHMPOBaHBl HAyYHBIE pPE3yNbTATHI
paboTHI, COCTOSIINE B CIEAYIOIEM:

1. BmepBoie cdopMynupoBaHa KOHIENIUS TsDKEJIOWOHHOTO KoJUlaizepa
HU3KUX DHEPruil ¢ MaKCUMAaJIbHO BBICOKOI CBETHMOCTBIO CTaJIKHBAIOIMXCS ITy4KOB.
Pa3paboTka CBepxmpoBozsIIero Koilaiinepa, 0oOecIeuuBAaIOIEr0 MaKCHMaJIbHO
BO3MOJXHYIO CBETUMOCTh (PU3MYECKOro KCIIepUMeHTa (Ha ypoBHE 107 CM—ZCCK—I) B
[Ualia3oHe SHEeprui \s\n=4+11 THB/H — 570 HOBOe HaydHOE HaIpaBlieHUe
YCKOpUTeNnbHOH  (U3MKM M TEeXHWKH. [IpoBemeHBl  TeopeTHdeckue U
9KCIIepUMEHTAIbHbIE HCCIENOBaHUA II0 ONTHMM3alMd M BBHIOOPY OCHOBHBIX
mapameTpoB komiuiekca NICA. PaccumraHsl ¥ BbIOpaHBI: ONTHMAalbHasg CxeMa
TIOJITOTOBKK IIyYKa TSDKENBIX MOHOB B MHXXEKLIMOHHOHM ILENOdYKe, ONTHMalIbHas C
TOYUKHM 3peHHS pa3MemIeHus, KOHGUIypalys CBEpXIpPOBOIALNIMX HAKOIMUTEIbHBIX
KoJIel] Ha BCTPEYHBIX ITydIKax.

2. BriepBble Ha OCHOBE TEOPETUYECKHUX M 3KCIIEPUMEHTAIBHBIX UCCIEIOBaHUH
paspaboTaHa ONTHMalbHas cxeMa (OPMUPOBAHUSI BHICOKOMHTEHCHBHBIX HOHHBIX
CrycTKOB B cBepxnpoBozsmieM komraiimepe NICA: HakomnmeHne TIydka C
WCIONB30BaHUEM TEXHUKH OaphepHBIX HaNPSKEHHH M OXJIAXASHMS, a TaKKe
IoAfiepXKaHie MaKCHMaJbHOTO YPOBHS CBETHMOCTH OKCIEpPHMEHTa BO BCEM
Jana3oHe KUHETWYeCKOM »Hepruu IydkoB oT 1 mo 4.5 I'sB/u. Pa3zpaGoran u
IPEAIoXKEH CIEHapHil HCIOJb30BaHUS OXJaXICHUS Iydka B KoJUlalimepe: B

IuanazoHe sHepruil oT 1 no 3 I'sB/H cucTeMa 3JI€KTPOHHOTO OXJIAXIECHHS ITy4Ka
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CMOXET O0eCIeduTh IOCTATOYHO KOPOTKHE BpEMEHa OXJIaKACHHUSI M paboTy
KoJulaliiepa B pexuMe AOMUHMPOBAHHS IIPOCTPAHCTBEHHOIO 3apsifa Crycrka. B
JFana3oHe dHePIUU UOHHOTO ITy4Ka oT 3 1o 4.5 ['3B/H npemiokeHo UCIob30BaHue

CHCTEMBI CTOXaCTHYICCKOI'0 OXJIXKIACHUA. ypOBeHB CBCTHMOCTH B 3TOM OHAIIa30HEC HE

2 1

mmke 1107 cmZcex”’ nocTMraercs B pexuMe JOMHHHpOBaHES dbdexTa
BHYTPHITYYIKOBOTO paccesHusi. BBIOpaHO ONTHMalbHOE PACIIONOXKEHHE NHUKAIloB U
KHAKEepOB CHCTEMBI CTOXaCTHYECKOrO OXJIaXIeHHs, ChOpMyIMPOBaHE OCHOBHBIE
napameTpsl 00eux cucTeM, odecreduBaonye 3pGeKTUBHOE OXIIAKICHHUE.

3. BriepBele IpoBeieH psill SKCIIEPUMEHTOB 10 H3MEPEHUIO CPEIHEr0 3HAUCHHUS
BaKkyyMa B IIy4KOBOM KaMepe CBEpXIpPOBOASIIETO  OBICTPOLUKIMPYIOIIETO
CHHXPOTpoHa HyKIIOTPOH IIyTeM M3MepeHHs TeMIla IOTeph NUPKYIUPYIONUX HOHOB.
B pesynbrare 5THX paboT GBLT BIIepBHIE pa3paboTaH KOMILIEKC Mep II0 YITyqIICHHUIO
BaKyyMHBIX YCIOBHH B IIydKOBOM Kamepe YCKOpHTeNlsi. YpPOBEHb BaKkyyMa B
Imy4KoBoif kamepe HykinoTpoHa ynanoch yiaydmuTts Oojiee yeM Ha J1Ba IOpsOKa, YTO
TIO3BOJIMIIO YCKOPATH TsDKENble HOHBI C MaccoBbIM duciioM 100 u Beime. Briepsrie B
GBICTPOIMKITUPYIONIEM CBEPXIPOBOANIEM CHHXPOTPOHE HOHEI KceHoHa '~ 'Xe'?
ycKopeHs! 1o sHepruu 1.5 I'3B/H.

4. Brmepsrle pa3paboTaH U peau30BaH TEXHUYECKUH IIPOEKT CXEMBI
[I0CIIeNOBATEIbHOTO NUTAHMS MarHUTOB U JIMH3 CBEPXIPOBOJSINIEIO CHHXPOTPOHA
HyxnoTrpon. BHeApeHbI KOHCTPYKIMH 3JIEMEHTOB U YHHKAJIBHBIE CXEMOTEXHUYECKUE
peLIeHrsT MOAEPHU3AIMM OCHOBHBIX WCTOYHHMKOB IIMTaHUS, PETYJIATOPOB TOKa B
MarHuTax U JMH3aX, a TaKXKe KIIodell 9BaKyalluy SHepruu. BeeeHa B 5KCIITyaTaIlHIo
MOJIEpHU3HpPOBaHHAs cHucTeMa IHTaHuid HykioTpoHa, KOTOpas MO3BOJNMIIA TOCTUYb
BeIMYMHBl MarHuTHOro mois 2Tn B TINaBHBIX CTIPYKTYpPHEIX OJeMEHTaX
CBEPXIIPOBOAAIIEro CHHXpoTpoHa HyknoTpoH.

5. Bmepsele NpemoOXKEHO M OCYIIECTBIGHO CO3JaHHE KOMIDIEKCa
COBPEMEHHOT0 000pYyIOBaHMS, OOECIEUMBABIIEI0 Pa3BUTHE CBEPXIPOBOMAIIETO
CHHXpOTpoHa HyKIOTpOH [ SKCIIEpEMEHTAIBHOTO HCCIENOBaHHS Ha HEM

PasNIMYHBIX PEeXUMOB pabotel Koiaiifepa NICA. McciemoBaHs! 3JeMEHTH KaHala

CTOXaCTHYECKOI0 OXJIAXICHUS B CBEPXMNPOBOIAAIEM CHHXPOTPOHE HyKJIOTpOH.
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BrnepBele NpOBefEHBI  OKCIIEPHMEHTANbHEIE H3MEpeHHs  (pa30BO-4aCTOTHBIX
XapaKTepUCTHK CHCTEMBI W IAapaMeTpOB IHPKYIHUPYIONIEr0 HMOHHOIO IIydKa B
nmuanasoHe sHeprui ot 0.5 mo 4 I'sB/n. HccnenoBana pabGoTa cBEepXIMpoBOASIIEH
CHUCTEeMEI IIPY JUTHHHBIX (THICSYH CEKyHI) [LIaTO MarHUTHOT'O ITOJS.

6. BriepBrie BBIOpaHa ONTHMaNbHas (OKyCHpYIOmias CTPYKTYpa, HapaMeTphl
CHCTeMBI BBOZIA M BHIBOZIA ITy4Ka, CHCTEMBI KOPPEKIHK OUIMOOK MAarHWTHOIO ITOJ,
CUCTeMBl IIWTaHWsS H 3allATHl OT CphBa CBEPXIPOBOJMMOCTH HOBOTO
CBEPXIPOBOAANIEro GHICTponmKIMpytomero OycrepHoro cuaxporpona (bycrepa
NICA), BHHCaHHOTO B CYIIECTBYIONIIYI0 HHQPACTPYKTYpPY YCKOPHTEIHBHOI'O
komiuiekca JI®BD. PaspaboranHas u mpemioxeHHas (GoKycHpyromas CTpPyKTypa
BycTepa m03BOJUT OCYIIECTBUTH YCKOPEHHE HOHOB 30JI0TA 0 SHEPIHH, JOCTATOUHOM
s oddexTuBHOR 06mupkM M uEXKeKimu B Hykmorpon. Ha ocHoBe ombita
IPOSKTHPOBAHUS  CHCTeMBl ~ mWTaHWst  HykioTpoHa, ©  pe3yJbTaToB
SKCHEePUMEHTANBHEIX HCIBITaHUM BBEIEHHS ee B OKCIUTyaTalluio, pa3paboTaH

KOHIIETITYalIbHbIN PoeKT cucTeMsl uTanus bycrepa NICA.

OcHoBHBI€ pe3yJbTaThl JUCCEPTALOHHON PabOoTH! OIMyOIHKOBAaHEL B paboTax:

1. The Project NICA/MPD at JINR: Search for the mixed phase of strongly
interacting matter at Nuclotron-based ion collider facility, A.Sissakian, G.Trubnikov
u 1p., XXIII Int. Symposium on lepton and photon interaction at high energy, Daegu,
Korea, 2007.

2. Progress of the NICA project, A.Sissakian, G.Trubnikov, u ap., Proceedings of the
5th Int. Workshop CPOD 2009, BNL, NY, USA. PoS (CPOD 2009) 051.

3. Project of the Nuclotron-based Ion Collider fAcility (NICA) at JINR, G.
Trubnikov, N. Agapov, V. Alexandrov, u ap., p.14-16, Proceedings of the RUPAC-
2010, Protvino, Russia.

4. TIporpecc B pa3BUTUM yCKOpuUTeJIbHOro Komiuiekca Hykmotpos, I'.B.TpyGuukos,

A.O.Cunopus, u 1p. «ITucema B DUAS», ISSN 1547 4771, 2010, 1.7, Ne7, ctp.442.
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5. Heavy ion collider project NICA/MPD at JINR (Dubna), G.Trubnikov,
A.Kovalenko, V.Kekelidze, et al.,. Proceedings of the 35th International Conference
of High Energy Physics (ICHEP2010), Paris, France. PoS(ICHEP 2010)523.

6. The MPD detector at the NICA heavy-ion collider at JINR, NIM A, 2011, A628,
p 99-102, Kh.U.Abraamyana, S.V.Afanasiev, G.Trubnikov et al.

7. Demonstration of longitudinal stacking in the ESR with Barrier Buckets and
stochastic cooling, M. Steck, G. Trubnikov, C. Dimopoulou, u ap. Proceedings of the
COOL’11, Alushta, Ukraine, September 2011, TUPS20.

8. NICA project at JINR, G.Trubnikov, A.Sorin, V. Matveev, 1. Meshkov, u np.
Kypnan «I[Tucema B OUA Sy, Usn: OWAAMN, BeimnL 4, 1.7, c1p. 521, 20121,

9. Mopepuu3anus HHXEKIHOHHOro Komiuekca «Hyxinorpon», A.B.Byrerko,
A.N.ToBopos, I.B.Tpy6uuxoB, u ap., XKypuan «IIucema B OQUAS», Usn: OMSIH,
BHIIL 4, 1.7, cTp. 654, 2012r..

10. Design of the Nuclotron booster in the NICA project, A.Butenko, N.Agapov,
G.Trubnikov, Proceedings of the International Particle Accelerator Conference
(IPAC’10), p. 681-683, 2010.

11. PasButre cuctemsl mutanus Hyknorpona, B.H.Kapnuuckuii, I'.B.Tpy6HuKos,
A.B.Bytenxo u np. «ITucsma B QUAS», ISSN 1547_4771, 2010, 1.7, N7, c1p.9.

12. Cryogenic test of full-size superconducting magnet for the Booster synchrotron of
the NICA project, H.Khodzhibagiyan, G.Trubnikov, u gmp. Proceedings of the
EUCAS-2011, sxypHan “Physics Procedia” (2011).

13. T'.B.Tpy6Huxos, u ap. «Yuactue OVISIY, poccuiickux Hay4HBIX OpraHU3alui
OpEeNIpUaTHii B CO3JaHUM  CBepXmpoBoAasmed MarautHo# cuctemsl CHIC100»,
XKypHan «ATOMHast SHEPTHs», BEIIYCK 2, cTp.68, 2012 1.,

14. Utorn peam3anuu npoekra Hyxiotpor-M, XKypran « YAy, 2012, 1.43, BN
Ne4, T".B.Tpy6nuKoB, A.O.CunopuH u ap.

15. Status of the Development of Superconducting Magnets for the NICA Project ,
H.Khodzhibagiyan, P.Akishin, G.Trubnikov, u ap., Proceedings of the Conference on
Magnetic Technologies MT-22, #3AP3 — 6.
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16. Numerical simulation of crystalline ion beams in storage ring. I.Meshkov,
D.Moehl, G.Trubnikov, u np. NIM A, 532, 376-381, 2004

17. BETACOOL program for simulation of beam dynamics in storage rings.
I.N.Meshkov, A.O.Sidorin, G.V.Trubnikov, u gp. NIM A, 558, 325-328, 2006

18. UucneHHOe MOIENMPOBAaHHME [MWHAMHKHA YaCTHIl B  HAKONHUTENAX C
ucnons3oBanreM — mporpammel BETACOOL. W.H.Memkos, P.B.ITuBus,
A.O.Cunopus, A.B.CmupHoB, I'.B. Tpy6HuKOB, [Tucema B OUAS , ISSN:1814-5957 ,
eISSN:1814-5973 , U3n: OVAN], 3, 7, 82-86, 2006

19. Electron cooling application for luminosity preservation in an experiment with
internal targets at COSY. L.Meshkov, G.Trubnikov, et al., Juel-4031, 2003 ,
ISSN:0944-2952 , zn:Institute fuer Kernthysik, 2003

20. Numerical simulation of particle dynamics in storage rings using BETACOOL
code, I. Meshkov, A. Smirnov, E. Syresin, G. Trubnikov, P. Zenkevich, A.Sidorin,
18-22, Proceedings of RUPAC XIX, 2004

21. A.V. Fedotov, I. Ben-Zvi, G. Trubnikov, u gap. Electron Cooling Dynamics for
RHIC, p.415-419, Proceedings of 33d ICFA Advanced Beam Dynamics Workshop
on High Intensity and High Brightness Hadron Beams, Bensheim, Germany, 2004

22. Electron cooling of RHIC, 1. Ben-Zvi, G.Trubnikov, et al., Particle Accelerator
Conference (PAC2005), Knoxville, USA,

23. IBS for ion distribution under electron cooling, A.V. Fedotov, I. Ben-Zvi, Yu.
Eidelman, G.Trubnikov, u mp., p.4263-4265, Proceedings of Particle Accelerator
Conference (PAC-2005), Oak Ridge National Laboratory, Knoxville, USA.

24. Cooling dynamics studies and scenarios for the RHIC cooler, A.V. Fedotov, 1.
Ben-Zvi, G. Trubnikov u zp., Proceedings of Particle Accelerator Conference (PAC-
2005), Oak Ridge National Laboratory, Knoxville, USA, p.4236-4238.

25. BETACOOL code for simulation of long term beam dynamics in ion storage
rings, LMeshkov, R.Pivin, A.Sidorin, A.Smirnov, G.Trubnikov, Proc. of
RuPAC’2006, Novosibursk, Russia.

26. Implementation of Synchrotron Motion in Barrier Buckets in the BETACOOL
Program, O. Boine-Frankenheim, A.O.Sidorin, G.V.Trubnikov, A. V. Smirnov,
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Proceedings of the COOL 07 (Workshop on beam cooling and related topics), GSI,
Bad Kreuznach, Germany. 2007.

27. Code benchmarking studies with the ESR internal target. V. Gostishchev, C.
Dimopoulou, G. Trubnikov, u mp. GSI scientific report 2006, GSI report 2007-1,
GSI-ACCELERATORS-06, p.83, 2009

28. Compensation of Nonlinearities in NICA Collider Optics, S.Kostromin ,
0.Kozlov, G.Trubnikov u 1p., Proceedings of the RUPAC’10, Protvino, Russia, Oct.
2010, p. 35

29. Simulation of Au*** Beam Losses Due to Charge Exchange and Dynamic
Vacuum in Nuclotron Booster, A.Philippov, L.Meshkov, G.Trubnikov u mp.,
Proceedings of the RUPAC’10, Protvino, Russia, Oct. 2010, p. 89

30. Design of NICA collider rings, S.Kostromin , O.Kozlov, G.Trubnikov u np.,
Proceedings of the IPAC’11, San Sebastien, Spain, September 2011, p.1807

31. O Bonpocax co3OaHHs CHCTEMB] CTOXaCTHIECKOT0 OXJIaXKAEHHUS TIy<KOB HOHOB Ha
CBepXIpoBOAsiieM yckopurteiabHoM kommiekce Hywnorpon OMSIH, A. Kobeu, A.
Cunopun, I'. Tpy6uuxos, H. Hlypxwo, XKypran «IIucema B DUAS», Han: OMSIH,
BHIIL 4, T.7, c1p. 604, 2012r.. ’

32. IlpumeHeHMe MeTOROB oxjaxuenns myukoB B npoexte NICA, I'.B.TpyOHuxos,
C.A Kocrpomun, 1.LH. Memikos, u np., Xypran «Ilucema B DQUAS», Wsn: OMSINA,
BB 4, T.7, c1p. 537, 2012r.

33. NICA at JINR: New Prospects for Exploration of Quark-Gluon Matter,
V. Kekelidze, A.Kovalenko, I. Meshkov, G.Trubnikov, A.Sorin, Xypuan “IlicsMa B
QYA 2012 1., T.75, Ne5, ctp. 542

34. CBepxnpoBOIAIINIi SKpaH I COTICHOUA CHCTEMBI SIIEKTPOHHOIO OXJIaXTEeHHU,
H.H. Aranos, [I.E. [lonen, I'.B.Tpy6bmuxos, I'.JL Hopodeer mu nap., Kypnan
«IIucema B QYA S», M3n: OMSIHY, Beim. 4, 1.7, cTp. 689, 20121, |
35. I'.B.Tpy6rukos, H.AIllypxso, A.O.Cunopms, «Mogenuposanue poLecca
CTOXaCTHYECKOTO OXIaXIECHHA ¢ IoMoliplo ypaBHeHus Pokxepa-Ilnanka. Pacuer
KOHCTPYKIMH CHCTEMBI CTOXacTHYECKoro oxnaxneHms mna Hyxmorpona», XKypran

«Becrruk Cankr IleTepOyprekoro ynuBepeTuteta», ToM 1, cepus 10, 2012 r., ctp.70

HMosnyueno 20 uronsa 2012 r,
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