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HUTorn 4erBeproro 3rana myCKOHaJaJ049HbIX
padoTr Ha komiiekce NICA

B nepnoz ¢ 20 centsiops 2022 1. o 3 deBpans 2023 .
cocTosuicst 4-1 ATan MyCKOHAAI0YHbIX PabOT Ha YCKOpH-
tensHOM komiiekce NICA, 3agadeil KOTOporo sBisIach
0TpaboTKa PeXKMMOB COBMECTHOH pabOTHI BCEX DIIEMEHTOB
TSOKEJIOMOHHONW HMHMKEKIIMOHHOM IIETIOYKM  KoJIIaijepa:
MPOTOTHUIA CIEHUATU3UPOBAHHOTO UCTOYHMKA TSIKEJNBIX
HOHOB «KpHOHY, TMHEIHOTO yCKOPUTENS TAKEIBIX HOHOB
W JIBYX CBEPXIPOBOSIINX CHHXPOTPOHOB — OycTepa U
HYKJIOTpoHA. [ToHast IPOAOIKUTENBHOCTD C€aHca COCTa-
Bmita 3250 yacoB. OCHOBHAs 4acTh ITOTO BpPEMEHH OblIa
MOCBSILIEHA PAa3BUTUIO0 YCKOPUTEIBHOTO KOMILIEKCA, U
okos1o 700 vacoB 3aHsuTH paboTHI MO Iporpamme (usuye-
CKUX HKCIIEPUMEHTOB.

ITogroroBka k ceaHcy Hauanachk B ampene 2022 T ¢
ycTaHOBKM uCTOuHHMKa «KpuoH-6T» Ha BBICOKOBOIBT-
HOU TIaropme (GOpUHIKEKTOPA JIMHEWHOTO YCKOPHUTEIIS.
[MapamiensHO ¢ oNTUMHU3ALUEd PEXKUMOB IEHEpALUU U
YCKOPEHUS TSDKEIBIX MOHOB Oblila TpoBeneHa Momaudu-
Kalus MarHUTHO-KPUOCTATHOM CHCTEMBI HYKJIOTpPOHA.

A. O. Sidorin

Yckopsirommasi BRICOKOYACTOTHASI CTaHIIUS ObLIA TIEpeHece-
Ha B JPYTYIO MPSMOJIMHEHHYIO CEKIMIO KOJbla — TOA-
TOTOBJICHO MECTO JIJIsl YCTAHOBKH B Oy/IyIIEM 3JIEMCHTOB
CHUCTEMBI OBICTPOTO BBIBOJIA ITy4YKa JIJIsI MHXKEKIIUH B KOJI-
naizep, 3aMeHeHa OJiHa U3 CTPYKTYPHBIX KBaPYHOJIbHBIX
nuH3. Ha 0cHOBE pe3ynbTaToB BECCHHETO ceaHca Oblia OIl-
TUMHU3UPOBaHA PadOTa CaTeIUIMTHOTO pedprokepaTopa B
CHCTEME KPHOTEHHOTO obecrieucHst OycTepa. BakyymHuas
CHCTEMa KaHAJIOB BBIBEJICHHOTO MMyYKa ObLiIa TIOATOTOBIIC-
Ha K MOJIEPHU3AIINH, 3aBEPIICHHON YXKe B XOJ/I€ CeaHca.

Ha nayanbHOM 3Tame ceaHca MPOBOAUIIOCH YCKOpe-
HHUC MOHOB aproHa. ONTUMU3UPOBAIUCH PEIKUMBI PAOOTHI
JUHEWHOTO YCKOPUTENS U OycTepa, a TakiKe OBLIO TPOBE-
JeHO oOiyueHne mukpocxeM Ha ctannuu COYU. 3arem
KOMIUICKC OBUT HACTPOCH HAa YCKOPCHHE W BBIBOJ MOHOB
KCEHOHa.

B xozne ceanca cyliecTBeHHOE pa3BUTHE MOTYUYWIH
MPaKTUYECKH BCE CUCTEMBbI KOMIUIEKCA: pealr3oBaHa Ju-
HaMHYECKask KOPPEKIHs OPOUTHI ITy4Ka B OycTepe, uccie-

Results of the 4th Stage of Commissioning

Works at NICA

From 20 September 2022 to 3 February 2023, the
fourth commissioning run at the NICA Accelerator
Complex was held. The project team worked out the con-
ditions of joint operation of all the elements of the collid-
er’s heavy-ion injection chain: a prototype of the special-
ized heavy-ion source KRION, the linear heavy-ion ac-
celerator, and two superconducting synchrotrons, namely,
the Booster and the Nuclotron. The facilities operated for
3250 hours. Most of the beam time was devoted to the de-
velopment of the accelerator complex and about 700 hours
to physics experiments.

Preparation for the run began in April 2022 with the
installation of the KRION-6T source on the high-voltage
platform of the linear accelerator foreinjector. Together
with the optimization of the modes of production and ac-
celeration of heavy ions, the magnet cryostat system of the
Nuclotron was modified. The accelerating RF station was
relocated to another straight section of the ring. A place
was prepared for the installation of elements of the fast

beam extraction system for injection into the collider in
the future. One of the structural quadrupole lenses was
replaced. Based on the results of the spring run, the oper-
ation of the satellite refrigerator in the Booster cryogenic
support system was optimized. The vacuum system of the
extracted beam channels was prepared for the upgrade,
which was already completed during the run.

At the initial stage of the run, argon ions were acceler-
ated. Employees optimized the operating modes of the lin-
ear accelerator and the Booster and irradiated microchips
at the SOCHI (Station Of Chip Irradiation) station. Then
the configuration of the complex was tuned for accelerat-
ing and extracting xenon ions.

Almost all systems of the complex were significant-
ly developed during the run: a dynamic correction of the
beam orbit in the Booster was put into operation; the modes
of ion recharge during extraction from the Booster were
studied; operating conditions of accelerating RF systems
were optimized; radiotechnical parameters of the proto-
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JIOBaHbI PEKUMBI TTepe3apsaIKi HOHOB IIPH BBIBOJE U3 Oy-
cTepa, ONTUMHU3UPOBATIHUCH PEXKUMBI pAOOTHI yCKOPSIOMINX
BBICOKOYACTOTHBIX CHCTEM, UCCJIEIOBaHbl paJMOTEXHNYE-
CKHE XapaKTEePUCTUKH MPOTOTHIIA THKAIA CHCTEMBI CTO-
XaCTHYECKOTO OXJIAKICHUS KoJIaiiepa, yCTaHOBIEHHOTO
B «TEIUIOI» CEKIIMU HYKJIOTpoHa. OJHUM U3 BaKHEHIHNX
pe3yIbTaToB SBWIIOCH YTOYHEHHWE CTPATETHH MOITyYCHHUS
WHTEHCHUBHBIX ITyYKOB TSKEIIBIX HOHOB JUTS TOCIIEAYOIIEei
WH)KEKIMU B KOJIJIAlaep.

[lepen 3aBepmieHHEM MOJEPHU3ALMM BaKyyMHOU
CHCTEMbI MOHOMPOBOJA KaHala BBIBEJCHHOTO IMydYKa pe-
JIITUBUCTCKAMHU SIIPAMU KCCHOHA OBbLIM OOJTydeHBI siIep-
Hble (hoToaMyabcnu U tactuika CR-39. beuin n3mepeHst
CTIEKTPBI B ONITHYECKOM /INANa30He MePEX0OTHOTO 1 YePeH-
KOBCKOTO M3JTy4€HHUsI TIPH IPOXOXKICHUH PENIATHBUCTCKOTO
IIyyka yepe3 TOHKYI0 aJIMa3HyH MUIIEHb I10Jl pa3HBIMU
yIJlaMu, 4TO B JajibHEHIIIEM MO3BOJIUT CO3/1aTh HOBBIH Jie-
TEKTOp IyYKOB HOHOB B 3HEPI€THYECKOM JHAIla30HE Hy-
KJIOTPOHA.

B pesynbrare onTuMu3anmu padoThl BCEX CHCTEM
JOCTUTHYTa PEKOpAHAs Ul HyKJIOTPOHA WHTEHCHBHOCTh
nyuKa sijiep kceHoHa (cBbiie 107 saep 3a IUKT), yCKOpeH-
HBIX 10 3Hepruu 3,9 ['3B/aykinonH. boree Mecsma yckopu-
TEIBHBIA KOMIUIEKC CTa0MIBHO OTpaboTan Ha IKCIEpH-
MeHT BM@N, Ha snepruu 3,9 I'5B/Hykion Obuto 3amu-

cano mpumMepHo 500 MitH coOBITHH 1 ermne nmpuMepHo 50
MHJUTHOHOB — Ha dHepruu 3 ['3B/HyKIoH.

[TapaiiensHo ¢ HAOOPOM CTaTUCTUKU Ha yCTAaHOBKE
BM@N B (oHOBOM peXHME MPOBENEH IMUPOKUI ITHKI
HccIeJ0BaHnH 1o mporpamme koyutabopannu ARIADNA.
Ha munrenn BM@N ontrkoit kanana Obu1 chopMUpOBaH
IIy4OK C OYE€Hb MAJIOW PACXOAMMOCTBIO, YTO ITO3BOJIMIIO
pacronarath 00pasis! Uil 00Iy4YeHHs Tepe]] MOrIoTHTE-
neMm mydka. [TocnenoBarenbsHO HCCIEAOBANINCH 3AIIUTHBIC
CBOWCTBA, paJvaliOHHAs CTOWKOCTh M PaguoMOAn(puKa-
U1 HOBBIX KOMITO3UTHBIX MaTepualioB JUIsi KOCMUYECKOH
OTpaciii, paauanvdoHHble Moaudukaimuu B carndupax
(Al,05), momureTpad TOPI THIECHOBBIX, TOIUITUIECHTEPED-
TAJIATHBIX, MOJUATUICHOBBIX W TOJMAMUAHBIX IUICHKAX.
IIposeneno odmyuenue BTCII jieHT ¢ 1ebI0 M3YYCHUS
BO3MOKHOCTH TTOBBIIICHHST KPUTHIECKOTO TOKA. B pamkax
nporpammel «Plants and Vegetation in Space» o0imy4deHbI
16 KOHTEIHEPOB ¢ ceMEeHaMHU TOPUHIlbI, callaTa, YKpora 1
nHpay. [IpoBonuics aKTUBALMOHHBIN aHAJIN3 MaTEpPHAIOB
pu OOJTy4EHUH PENSITUBUCTCKUMH TSDKEIBIMH HOHAMHU.
Ha ycranoske COUU 0b1T0 TIPOBECHO O0TyUCHHE HOHA-
MH KCEHOHa TEPMOpPaANAIIMOHHO-MOIU(PHUIIMPOBAHHBIX
nonurerpadropatuneHoBbX (TPM-ITTDI) mieHok.

type pick-up of the collider’s stochastic cooling system
installed at the Nuclotron’s “warm” gap were studied. One
of the crucial results was the development of a strategy
for obtaining intense beams of heavy ions for subsequent
injection into the collider.

Before the upgrade of the vacuum system of the ion
pipe for the extracted beam channel was completed, nu-
clear photoemulsions and the CR-39 plate were irradiated
with relativistic xenon nuclei. The spectra in the optical
range of transition and Cherenkov radiation were mea-
sured during the passage of a relativistic xenon beam
through a thin diamond target at different angles, which
in the future will allow constructing a new detector of ion
beams in the energy range of the Nuclotron.

Optimization of operation of all systems resulted in
achieving a record for the Nuclotron intensity of the Xe
beam (up to 107 nuclei per cycle) accelerated to an energy
of 3.9 GeV/nucleon. For more than a month, the accel-
erator complex was operating stably for the BM@N ex-
periment. About half a billion events were recorded at an
energy of 3.9 GeV/nucleon, and about 50 million events at
an energy of 3 GeV/nucleon.

Within the operation of the BM@N facility, a wide
range of research under the ARIADNA collaboration pro-
gramme was performed. A beam with a very small diver-
gence was formed on the BM@N target by the optics of
the channel, which made it possible to place samples for ir-
radiation in front of the beam absorber. Specialists succes-
sively studied protective properties, radiation resistance
and radiation modification of new composite materials for
the space industry — radiation modifications in sapphires
(AL,O5), PTFE, PET, PE and PI films. HTSP tapes were
irradiated in order to study the possibility of increasing the
critical current. Within the framework of the programme
“Plants and Vegetation in Space”, 16 containers with mus-
tard, lettuce, dill and indau (arugula) seeds were irradiated.
Activation analysis of materials under irradiation with rel-
ativistic heavy ions was carried out. Thermoradiationally
modified polytetrafluoroethylene (TRM-PTFE) films were
irradiated with xenon ions at the SOCHI station.

The interaction of the Xe beam with the Nuclotron
internal targets made of tungsten and silver was studied at
two energies.

One of the most striking physics achievements of
this run was the optimization of the operation mode of
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IIpu AByX 9HEPrusix NpOBEAEHbI UCCIEA0BAHUS B3au-
MOHGﬁCTBHﬂ IIy4YKa KCCHOHA ¢ BHYTPEHHUMHU MHUIICHAMHA
HYKJIOTpOHA U3 Bolib(hpama u cepedpa.

OmanM w3 Hambonee SPKUX (UIUIECKUX TOCTH-
JKeHWH CeaHca SBHJIACh ONTHMH3AIMS PEXHMa PaOOTHI
CHCTEMBI 3JIEKTPOHHOTO OXJIaXJIeHHsl Oycrepa, 4To MpH-
BEJIO K YMEHBIICHUIO NONEPEYHBIX Pa3MEpOB U DHEpre-
THYECKOTO pa3dpoca Mmydyka Ha BeIXOe U3 Oycrepa U, Kak
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CJIEJICTBUE, K ABYKPAaTHOMY YBEJIMYEHUIO HHTEHCUBHOCTH
My4YKa, YCKOPEHHOTO B HYKJIOTPOHE (CM. PUCYHOK). MeTos
JIEKTPOHHOI'O OXJIAXKICHUS, IPEUIOKEHHBIM 1 BIIEPBBIE
peanuzoBanHblil B MAD um. I U. Bynkepa, nHawen npu-
MEHEHHE BO MHOTHX 3apyOeKHBIX HayYHBIX IIeHTpax. B
HCTOPUM POCCUMCKON HAYKH 3JIEKTPOHHOE OXJIAXKICHHE
B SICPHO-(PU3UIECKOM DKCIIEPUMEHTE HCIIONb30BAIOCHh
BIIEPBBIE.

BBeryZ HpO(i)I/IIIL IIy4YKa Ha HIOMI/IHO(i)Ope B KaHaJI€ TIE€PEBO/Ia I1y4Ka U3 6yCTepa B HYKJIOTPOH; BHHU3Y: UHTCHCUBHOCTDL
IIy4Ka Ipu YCKOPEHUU B HYKJIOTPOHE — IIPU BKIIFOUCHHOM (cneBa) W BBIKJITFOYCHHOM (cnpaBa) DJIEKTPOHHOM OXJIQXKICHUU
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The beam profile on the phosphor screen in the Booster—Nuclotron transport channel (upper photos) and the beam intensity during
acceleration in the Nuclotron (lower graphs) with electron cooling on (left) and off (right)

ing method proposed and first implemented at the Budker
Institute of Nuclear Physics has been applied in many for-
eign scientific centres. In the history of Russian science,
electron cooling was used in a nuclear physics experiment
for the first time.

the Booster’s electron cooling system. This led to a de-
crease in the transverse dimensions and energy spread of
the beam at the output from the Booster, and, as a conse-
quence, to a twofold increase in the intensity of the beam
accelerated in the Nuclotron (figure). The electron cool-
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