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PaszBuTne xomiiexkca NICA

IMocne yCHEIHOTO TECTUPOBAHHUSI OCHOBHBIX CHCTEM
Oycrepa B aekabpe 2020 r. akTUBHO BEJIMCh PabOTHI MO
MOATOTOBKE yCKOpUTEIbHOro Komriekca JIOBO k peanu-
3alMM [IPOrpaMMbl MCCIENOBAaHUM Ha IIydyKax HYKIJIOTPO-
Ha. K cents0pro 2021 r. ObLI 3aBepIlieH MOHTaX KaHaja
nepeBojia myuka u3 Oycrepa B HyKJIOTpoH. TecTupoBanue
BCEX €r0 CHCTEM M HACTPOMKa PEeXKUMOB, HEOOXOMUMBIX
JUIs TIepeBOJia My4YKa B HYKIIOTPOH, SIBJISJIMCH OCHOBHOM
3azaucii ceanca paboThl Oycrepa B miepuos ¢ 6 mo 24 ceH-
Ts0psi. B 3TOM ceaHce HacTpoiika cucteM Oycrepa Obuia
NpOBE/ICHA TAK JKe, KaK M B TIEPBOM CeaHCe, — Ha HOHAX
Hel*, a 3arem 6bLI OCYIECTBJIEH MEPEXOJl Ha Ja3ePHBbIi
HNCTOYHUK, PEKUM KOTOPOTO 6])1.]'[ ONITUMU3UPOBAH IJId I'C-
HEpALUH Ty4Ka HOHOB OFel4t,

ITo cpaBHEHHIO C IEPBBIM CEaHCOM JaBICHHE OCTATOY-
HOT'O ra3a B Iy4KOBOW KaMepe Oycrepa ObLIO CYIIECTBEH-
HO yMeHblIeHo. Bpemst xusnu uonos “He!™ na «ctone»
UHKeKImK coctaBuiio domnee 10 ¢ (Bmecto 1,3 ¢ B mepBoM
ceance), a noHoB °Fel4" — Gonee 5 ¢, uTO COOTBETCTBY-
eT MPUMEPHO CPEAHEMY MO OpOHTE TABICHHUIO — OKOJIO

A. O. Sidorin

5-10T1a. TTorepu nonos °Fel4" npu snepruu unskekumn
U3-32 B3aUMOJICHCTBHUS C OCTATOYHBIM I'a30M COCTABIISUIH
1-2 % npu MHTEHCHBHOCTH TTyuka j10 4 - 10° noHos.

Ha nyuke nonos “°Fel4t Gpu1 ocymecrsien ajguaba-
TUYECKUH 3aXBAaT B PEKUM YCKOPEHUS Ha IISITOM rapMo-
HHKE YCKOPSIOILETO 11oJist ¢ 3 dekTuBHOCTBIO Oosee 95 %.
[TpakTryecku 6e3 NOTEPh My4OK ObUT YCKOPEH 10 SHEPTUH
65 MaB/nHykiioH. B COOTBETCTBHHU € MPOEKTHBIM IIUKIOM
Oycrepa Ipu ATOW DHEPrHU IyHOK ObLI pa3rpynmupoBaH
W CHOBa CIPYIIHMPOBAaH YK€ Ha MEPBOM rapMOHHKE, I10-
CJIe Yero yCKOpPEH 0 MPOeKTHO# 3Hepruu 578 MaB/uy-
KJIOH ITPH TeMIIe pocta MarHuTHoro mosst dB/dt =1,2 Ti/c.
3areM ObL1a OTJIAKEHA CHCTEMA YIPABIIEMOr0 JIOKAJIbHO-
TO CMEIIEHHsI OpPOUTHI TP BBIBOJIE ITyYKa, U YCKOPEHHBIN
My4YOK OBLT BBIBE/ICH U3 OyCTepa v MPOBEJICH 10 KaHAIY JI0
BXO/Ia B HYKJIOTPOH C CyMMapHO# 3 (QeKTHBHOCTBIO BbI-
BOJIa U TPAHCIIOPTUPOBKH Iyudka okojio 70 %.

BakHbIM Hay4yHBIM pe3yJbTAaTOM CeaHca CTajlHu Ha-
CTpOWKa CHUCTEMbI 3JIEKTPOHHOIO OXJIKICHHUS U pea-
JM3aLUsl  DJIEKTPOHHOTO OXJIAK/ACHHS HOHOB JKeJse3a.

Development of the NICA Complex

After successful testing of the main Booster systems in
December 2020, we have been actively working to prepare
the VBLHEP accelerator complex for the implementation
of the research programme at the Nuclotron beams. By
September 2021, we had completed the installation of the
beam transport channel from the Booster to the Nuclotron.
Testing all its systems and tuning the modes necessary for
transporting the beam to the Nuclotron was the primary
goal of the Booster run carried out from September 6 to
24. During this run, we adjusted the Booster systems in
the same way as for the first run with He!" ions. Then we
changed the source to the laser one, the mode of which was
optimized for producing the °Fel4* ion beam.

Compared to the first run, the residual gas pressure in
the Booster beam chamber was significantly reduced. The
lifetime of #He!* ions at the injection plateau was more
than 10 s (instead of 1.3 s during the first run), and the life-
time of °Fe!4" jons was more than 5 s, which corresponds
to approximately the average orbital pressure of about
5-107? Pa. Due to the interaction with the residual gas, the

losses of 3°Fe!4* jons at the injection energy were 1-2% at
the beam intensity of 4 - 10 ions.

We successfully implemented the adiabatic capture of
the °Fel4* ion beam in acceleration at the fifth harmonic of
the accelerating field with an efficiency of more than 95%.
The beam was accelerated to an energy of 65 MeV/nu-
cleon with almost no ion losses. According to the Booster
project cycle, at this energy, the beam was debunched and
then bunched again at the first harmonic. After that, we
accelerated it to the design energy of 578 MeV/nucleon
at the ramping rate of the magnetic field dB/dt=1.2 T/s.
Then we debugged the system of controlled local displace-
ment of the orbit at the beam extraction, and the acceler-
ated beam was extracted from the Booster and transported
through the channel to the Nuclotron with a total efficiency
of beam extraction and transportation of about 70%.

An important scientific outcome of the run was tuning
of the electron cooling system and implementation of elec-
tron cooling of iron ions. To implement this, we initially
adjusted the circulating beam orbit when we increased the
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Puc. 1. M3MepeHHBIH ciekTp 1poOOoBOro Iyma Imydka (myma
[oTTkn) Ha 4-1 TapMOHUKE YaCTOTHI OOpaNIeHNsI HOHOB Hepex
OXJIXKJICHUEM (CBEPXY) H IOCIIe OXIAXKICHUS (CHU3Y)

field of the solenoid in the cooling section to 700 G. With
the solenoid operating, we accelerated the beam. There
were no additional losses. Then we provided the recupera-
tion of the electron beam with a current of up to 160 mA.
We carried out the diagnostics of the cooling process by
measuring the Schottky noise of the beam, using one of
the standard beam position sensors and an ionization profi-
lometer based on micro-channel plates. Fine tuning of the
electron energy and optimization of the mutual position
of the electron and ion beams have resulted in the imple-
mentation of ion cooling at the injection energy. The mean-
square relative momentum distribution of ions during the
injection was about 5-1074. As a result of the cooling, it
was reduced to about 1.7- 10~ (Fig. 1). The characteristic
cooling time of the longitudinal degree of freedom was ap-
proximately 0.2 s. In addition, we recorded a decrease in
the width of horizontal and vertical beam profiles with the
characteristic time of about 2.3 s.

EI

Fig. 1. Measured spectrum of the Schottky noise of the beam at
the 4th harmonic of the ion circulation frequency before
cooling (top) and after cooling (bottom)

By now, we have produced the elements of the beam
injection system from the Booster to the Nuclotron. They
are being tested and installed to the Nuclotron ring. We
have upgraded the power supply system for the magnet-
ic optics elements of the transport channel of the beam
extracted from the Nuclotron. In early 2022, the first run
of the accelerator complex in full configuration was per-
formed and the beam was transported to the BM@N de-
tector location.

The infrastructure for conducting applied and radio-
biological studies within the framework of the ARTADNA
collaboration is being actively developed. The significance
of the NICA complex for applied studies is primarily con-
nected with the possibility to obtain heavy charged particle
beams with energies from several MeV/nucleon to several
GeV/nucleon. For instance, currently in Russia there is no
technology for carrying out research and testing of highly
promising products of semiconductor micro- and nano-




B JIABOPATOPUAX MHCTUTYTA

Jns 3TOrO mepBOHAYAIBHO OPOHMTA IUPKYIUPYIOLIETO
ny4ka ObUla CKOPPEKTHPOBAaHA TPH MOJbEME IOJIsl B CO-
ne”ouze cekuuu oxyaxaenus 1o 700 I'c. Ilpu BxmodyeH-
HOM COJIEHOUJE NMPOBEACHO YCKOPEHHE ITyduKa, U JIOMOJ-
HUTENbHbIE TIOTepH He Habmonanuck. [locie atoro Obut
obecrieueH peXuM peKyIepalyy dIEKTPOHHOTO ITydKa C
ToKOM 10 160 MA. JlnarHoctuka mnporecca OXJIaxaeHHs
OCYIIECTBISIACh 32 CYET M3MEpeHHs JpoOOBOTO IIyma
(mryma IloTTKHM) my4ka Ha OJHOM M3 IUTATHBIX JATyYH-
KOB IOJIOXKEHHUSI IIy4YKa U C MOMOIIBI0 MOHU3AUOHHOTO
npoduIoMerpa Ha OCHOBE MUKPOKAaHAIBHBIX MJIACTHH. B
pe3yJibTaTe TOHKOM HACTPOMKU SHEPTUHU 3JIEKTPOHOB U OI1-
TUMU3AIUH B3aMMHOTO MOJIOKEHUS IIEKTPOHHOTO U UOH-
HOTO ITyYKOB OBUIO PEa30BaHO OXJIAXK/ICHHE HOHOB TIPH
SHEepruM MHKeKIuu. CpeHeKBaipaTHYHbI OTHOCHTEIb-
HBII pa30poc HOHOB IO UMITYJIECY B IPOLIECCE MHKEKIINT
coCTaBJIsI IpUMepHO 5 - 1074, B pesysbrare oXJIaxkaeHus
OH ObUI yMEHbIIEH 0 BEJIMYUHbI HpuMepHo 1,7-107%
(puc.1). Ilpu Toke snexTpoHHOrO My4ka 46 MA Xxapak-
TEPHOE BPeMs1 OXJIAXkKIEHUs NPOJOIBHOM cTe-
neHu cBoOonbl cocraBmwiio mnpumepno 0,2c.
Taxxe ObUIO 3a(MKCHPOBAHO YMEHBIICHHE
IIMPUHBI TOPU30HTAIBHOIO U BEPTUKAIBHOTO
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W3roToBieHHbIE DJIEMEHThl CHCTEMbl HHXEKIUH
nmy4ka u3 Oycrepa B HYKJIOTPOH OBUIM MPOTECTHPOBAHBI
W YCTaHOBJICHBI Ha KOJIBIIO HYKJIOTPOHA. 3aBepIIeHa MO-
JICPHHU3AIMST CUCTEMBbl MUTAHHs SJIEMEHTOB MarHUTHOMN
ONTHKHM KaHaja TPaHCIOPTUPOBKH BHIBEACHHOTO U3 HY-
KIOTpoHa myd4ka. B Hauanme 2022 1. cOCTOSUICS TEPBBIi
ceaHc pabOThl YCKOPHTEJILHOTO KOMIUIEKCA B TTOJTHOI KOH-
(durypanuu, a Takxke ObUT MPOBEJICH MYYOK JI0 TOUYKH Pac-
noJokeHust nerekropa BM@N.

AKTHBHO pa3BHBaeTCsi MH(paAcTpyKTypa Jisi Ipo-
BEJICHHSI TIPUKJIAIHBIX ¥ PagroOMOIOTHYECKUX HCCIle-
nmoBaHUi B pamkax koimaboparunm ARIADNA (Applied
Research Infrastructure for Advance Development at NICA
fAcility). 3nauenue komruiekca NICA i mpuKIaIHBIX
UCCJICZIOBAaHNUI, B IIEPBYIO OYEpEb, CBSI3aHO C BO3MOXKHO-
CTBIO TOJYYCHHS ITyYKOB TSDKEIbIX 3apPSDKCHHBIX YaCTHIL
C JHEPrusiMU OT HECKOJbKUX M1B/HYKJIOH 70 HECKOIIb-
kux ['9B/HykioH. DT0 HEOOX0AMMO Ul UX JalibHEHIIe-
IO HCIOJIb30BaHMS B COCTaBE KOCMHUYECKUX allllaparoB U

Puc. 2. Cranuus
HPUKIIAHBIX UCCIIC0BAHUM HAa TMHEHHOM YCKOPUTENE TSDKEJIBIX HOHOB

npoduiiell mydka ¢ XapaKTepHBIM BPEMEHEM
npuMepHo 2,3 c.

electronics, solid-state microwave electronics
and micromechanical systems using beams
with an energy of 150—-500 MeV/nucleon in
order to predict, evaluate and control their ra-
diation resistance. This is necessary for their
further use as part of spacecrafts and aviation
systems. To solve this problem, an experi-
mental station is being constructed in a small
measuring hall. Another experimental station
is being constructed to continue studies at a
higher level in the field of space radiobiology
and simulation of the effects of heavy charged
particles of galactic cosmic radiation on bio-
logical objects, including cognitive functions
of the brain during long-term interplanetary
spaceflights. For testing encapsulated micro-
circuits, a station has been constructed on the
channel of the beam accelerated in the linear
accelerator to an energy of 3.2 MeV/nucle-
on (Fig. 2). The completion of installing the

equipment of these stations and its testing
with the beam is expected in 2022.

Fig. 2. Applied research station at the heavy-ion linear accelerator
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aBHALMOHHBIX cucTeM. Tak, B HacToswee BpeMs B Poccun
OTCYTCTBYCT TEXHOJIOIUSA MNPOBCACHUA I/ICCJ'IC}IOBaHI/II‘/II n
WCIIBITaHUH Ha Iy4kax ¢ sHepruei 150-500 MaB/nykinon
TIEPCIICKTUBHBIX M3IENNHN MOTYTPOBOJHUKOBON MHUKPO- U
HaHOXJIEKTPOHUKH, TBepAOoTeNbHONH CBUY-31eKTpOHUKN |
MHUKPOMEXaHHYCCKUX CHCTEM C IIETbI0 MPOTHO3UPOBAHUS,
OLICHKM M KOHTPOJISl MX paguallMOHHOM cToWkocTH. st
pElIeHUsT ATOW 3aJa4M CO3JACTCS DKCTIEpUMEHTATbHAS
CTaHIIMS B MAJIOM M3MEPHUTEIBHOM MaBwWiboHE. Elie onHa
SKCTIICPUMCHTAIBbHAS CTAHIUA CO3MACTCS UL MPOIOIIKE-
HUS Ha Oosiee BEICOKOM YPOBHE HCCIICIOBAHMHN B 00JIacTH
KOCMHYECKO# pajinoONOIOrHU U MOJICITHPOBAHUS BO3ICH-
CTBUSI TSDKEIIBIX 3aPsKCHHBIX YACTHIL FAJIAKTHYECKOTO KOC-
MHYECKOTO H3ITydeHHs Ha ONOIOTHYECKHEe 0OBEKTHI, B TOM
YHCJIC HA KOTHUTHBHbIC (I)yHKHI/II/I MoO3Ta Npu JJIUTECIbHBIX
MEKIUIAHETHBIX KOCMHUYCCKUX Tonerax. s TecTupoa-
HUS MHKAIICYIIMPOBAHHBIX MHKPOCXEM CO37aHa CTAHIIUS
Ha KaHaJje My4YKa, YCKOPEHHOTO B JIMHEHHOM yCKOpUTEse
1o sHeprun 3,2 MaB/uyknoH (puc. 2). 3aBeplieHre MOH-
Taka 00OPYIOBaHUS ATHX CTAHIUH W €ro TECTUPOBAHHE
Ha mmyuyke oxumaercs B 2022 T.

B Onmkatiiee Bpemst Ha HyKJIIOTPOHE TIAHUPYETCS ITPO-
JOJDKEHHE UCCIIEIOBAaHUI B3aMMOJICHCTBHS ITPOTOHOB, JICH-
TPOHOB U JIETKUX HOHOB 1ipu 3Heprusix 0,3—4,5 [B/ayknon
C KOMITIO3UTHBIMH TSKCJIBIMU MUIICHAMUA C LECJIbIO TTOJTYyYC-

In the near future, we plan to continue research of
the interaction of protons, deuterons and light ions at the
Nuclotron at energies of 0.3—4.5 GeV/nucleon with com-
posite heavy targets to obtain new data required for the
development of technologies for processing nuclear ener-
gy waste and the electronuclear method for energy gener-
ation. The experimental zone intended for this purpose is
being equipped with modern diagnostic equipment.

Together with the development of the existing accel-
erator complex, we are constructing a new experimental
facility for conducting research using colliding beams —
the NICA collider. The main systems of the launch config-
uration of the equipment have been produced and are be-
ing tested. The production and testing of collider magnets
are in the final stage at VBLHEP: 100% of the dipole mag-
nets of the arches have been produced and tested, 100% of
the quadrupole magnets of the arches have been produced,
50% of them have been tested. In December 2021, we
started the installation of equipment in the tunnel, and the
phased tuning and commissioning of collider systems are
scheduled to begin at the end of 2022.

N | 16

AT THE LABORATORIES OF JINR

HUS HOBBIX JAHHBIX, HEOOXOIUMBIX JUISl Pa3BUTHSI TEXHOJIO-
THI TIepepabOTKH OTXOIOB SICPHOM SHEPTETHKA H 3IEKTPO-
AIEPHOTO MeTofia reHeparmu >Heprud. IlpenHasHaueHHAs
JUISL 3TOTO 3KCTICPHMEHTAIbHAsl 30Ha 00OpYIyeTcs COBpe-
MEHHOH TUarHOCTUUYECKOH anmaparypoi.

[TapannenbHO ¢ pa3sBUTHEM CYIIECTBYIOIIETO YCKOPH-
TEJIHOTO KOMIUIEKCA MPOBOISTCS pabOTHI MO CO3JAHUIO
HOBOW 3KCIIEPUMEHTAIILHON YCTAaHOBKH JUIS MTPOBEJCHUS
HCCIIEN0BaHUM B PEXXUME BCTPEUHBIX ITyYKOB — KOJUIAM-
nepa NICA. U3rotoBneHsl M MPOXOAAT TECTUPOBAHKE
OCHOBHBIE CHCTEMBI CTAapTOBOH KOH(MHUTYparuu 00opy-
noBanus. B JIOBD B 3aBepmaromnield cTaguy HaXOAATCS
M3TOTOBJICHUE U MCIBITAHUE MarHUTOB KOJUTaiiiepa: u3ro-
ToBJIeHO W HcmbITaHo 100 % AUITOTBHBIX MarHUTOB apoK,
nzrorosieHo 100 % KBazpymnoIbHBIX MarHUTOB apok, M3
Hux nponum ucnsitanusg 50 %. B nexabpe 2021 r. 6bu1 Ha-
gaT MOHTaX 00OPYIOBaHU B TYHHeNe, a Ha kKoHer] 2022 .
HaMEUEeHO Hayalo MpOLEAypbl MO3TAIHON HACTPOUKH M
BBOJIa B 3KCIUTyaTaIMIO CHCTEM KoJlTaiiiepa.
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