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DOuU3NYeCKUU NMYCK JUHEHHOTO
YCKOPHUTEJI TAKEJIbIX HOHOB
HHKEKIIUOHHOU EeMOYKH
kostaaepa NICA

Huxexunonusit komruieke koitaiinepa NICA B pexxume ctoii-
KHOBEHHH TSDKEJIBIX MOHOB BKJIIOYACT B ceOsl JIMHEHHBIA yCKOPHUTEIH
TspKesbix HoHoB (HILac), my4ok M3 KOTOpOro MHKEKTHpyeTcs: B Oy-
cTep, yckopsiercs 1o sHepruu npumMepHo 600 MsB/HykinoH, mpu Ko-
TOpPOW MPOU3BOAUTCS Mepe3apsiika MOHOB M NEpeBO MyyKa B HyKJIO-
TPOH, TJIE TIy4OK YCKOPSIETCSI IO DHEPruu sKkcnepumMenTa. Jliist odecre-
YeHUs] TpeOyeMol MHTEHCHMBHOCTH CTYCTKAa Ha BBIXOJE HYKJIOTPOHA
noJiHbIM TOK myuka Ha Bbixoge HILac nomken cocrapisats 10 10 MA.
DHeprus Mmydka IpH ITOM ONPEJeNIIeTCs ONTUMANBHBIMU YCIOBUSIMU
WHXKeKIMU B OycTep u cocrasisier 3—7 MaB/Hykion. [IpoekT Takoro
yckoputens Obu1 pazpabdoran ¢upmoit Bevatech OHG (®pankdypr,
I'epmanmst). HILac cocTouT M3 Tpex YCKOPSIIOIINX CEKIUH (CEKIUH C
MIPOCTPAHCTBEHHO-OJTHOPOJHOM KBaAPYNOJIBLHONH (OKYCHPOBKOW —
RFQ u aByx cexmmii ¢ TpyOokamu nperidha Ha ocHoBe [H-pe3onaropa)

A. Sidorin, A. Butenko

Commissioning of the Heavy
Ion Linac of the NICA
Collider Injection Chain

The NICA collider injection complex for heavy ion operational
mode consists of the heavy ion linear accelerator (HILAC) whose beam
is injected into Booster accelerating it up to about 600 MeV/nucleon,
thereafter the ions are stripped and transferred into the Nuclotron for
acceleration up to the experiment energy. To obtain required beam in-
tensity at the exit of the Nuclotron, the total current of the HILAC is
to be up to 10 mA at the final energy of 3—7 MeV/nucleon. The design
of such an accelerator was performed by Bevatech OHG Company
(Frankfurt, Germany). The HILAC consists of three accelerating sec-
tions (RFQ and two DTL sections based on IH cavities) and medium
energy beam transport (MEBT). The design of RFQ and IH-tankl
follow closely to 2 MeV/nucleon BNL EBIS-based pre-injector.
IH-tank?2 is added to reach a final kinetic energy of 3.2 MeV/nucle-
on. The HILAC RF system includes solid-state power amplifiers and

-]




B JIABOPATOPUAX MHCTUTYTA

¥ KaHaja TPaHCIOPTHPOBKHU cpemuer suHeprum (MEBT).
Koncrpyknust RFQ u nepBoit cexium ¢ TpyOkamu apeid-
(ha momoOHa KOHCTPYKIMK YCcKopuTes Ha 2 MaB/HykiI0H,
CO3IMaHHOTO IS BpykXeWBEeHCKOW HAIMOHAIHHOH J1abo-
paropun (CIIA). [lomonHuTeNnbHAas CEKIMsS Ha OCHOBE
[H-pe3onaropa moGaBieHa I YBEIWYCHUS SHEPTHH JI0
3,2 MaB/nyxioH. BeicokouactotHas cucrema (BU) ycko-
puTesst coOpaHa Ha OCHOBE MOITHBIX TBEPIOTEIbHBIX YCH-
auTenel u ynpasisomeid BU-cucteMbl HU3KOTO ypOBHSI
MOIIIHOCTH, 00eCIeunBaroNnell COBMECTHYIO COIVIaCOBaH-
HyI0 paboTy Bcex pe3oHaTopoB. PaGouas wactoTa Bcex
pe3onaropoB cocrasiser 100,625 MI'n. JlnuHa cexuuu
RFQ Ha ocHOBe 4-TIpOBOJHOMN JIMHUU cOCTaBisIeT 3,16 M,
cekuuu Ha ocHoBe IH-pe3onatopoB umeror miuny 2,42
u 2,15 M. DHeprus myuka Ha Beixozge RFQ 300 xaB/Hyk-
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70H 1 3,2 M>B/HYKIIOH Ha BBIXO/IE CTPYKTYpHI C TPyOKa-
MU apeiida. st pOEKTHOro OTHOILIEHUSI MAcchl K 3apsi-
ny Alg, paBHOrO 6,5, MONHAS AKBHBAJICHTHAS Pa3sHOCTH
noreHuuanos pasHa 20,8 MB.

Bce Tpu pe3onaropa ObLTM HM3roTOBJIECHBI B 2013—
2015 rr. (puc. 1), cexmus RFQ — u3 Heprkaseromeit cra-
1, cekunu [H-pe3onaTopoB — u3 00bIYHOMN cTanu, Tpyo-
K japeiida u 3IeKTposl 4-IPOBOIHOM JIMHUU — M3 MEJIH.

Juis pa3MenieHust YCKOPUTEIIS U CHCTEMBI BBICOKOYA-
CTOTHOT'O MHUTaHUS OBUIO PEKOHCTPYHPOBaHO 31anue 'S
(mpuctpoiika x mepsomy kopmycy JI®BD, tme B 1957
JIOJDKEH OBUT pasMenarbest AIeKTPOCTaTHYECKUH TeHepa-
Top Ha 5 MB — mnepBblii HHKEKTOP CHHXPO(A30TPOHA).
Ha mepBom 3Take 3maHUS yCTAHOBJICHA CIWMHAS CTaJb-
Hast pepMma JuIsd pa3MeIeHns] UICTOYHUKA U YCKOPSIOMINX

Puc. 1. YersipexnpoBoanast ctpykrypa RFQ B mporecce MoHTaxa (ciieBa) u cekius ¢ Tpyokamu apeiida B nporecce coopku (cripasa)

Fig. 1. The 4-rod-RFQ during installation work (left) and IH1 cavity with drift tubes under assembly (right)

LLRF (Low Level RF system) providing a joint coordi-
nated work of all cavities. The cavities for the NICA injec-
tor operate at 100.625 MHz. Downstream a 3.16 m long
4-rod-RFQ there are two Interdigital H-type cavities (IH)
with 2.42 m and 2.15 m outer length, respectively. The fi-
nal energies are 300A keV for the RFQ and 3.2A MeV for
the IH-DTL. For the design A/q value of 6.5 the sum volt-
age gain is 20.8 MV.

During 20132015 all three cavities were fabricated
(Fig. 1). The material is stainless steel for the RFQ-tank,
black steel for the [H-tanks and bulk E-Cu for the inner
elements like 4-rod structure and drift tubes.

For the accelerator rooming the building EG-5 was
repaired and prepared for the accelerator and amplifier as-
sembly. In 2015 after copper coating all the HILAC ele-
ments were transferred to Dubna. The solid state 140-kW
RFQ amplifier and two 340-kW IH DTL amplifiers have
been pre-tested with full power on a water load and a cali-
brated bidirectional coupler. Additionally, a cavity with a
Q factor of around 7000 has been used to test sensitivity
and behavior in the matched and unmatched case. Long-
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term stability tests at 90% full power have been performed
over two days. A digital Low Level RF system developed
by ITEP and also in use at LU20 of the Nuclotron facility
is providing the amplitude and phase adjustments in all
cavities. After installation of all amplifiers, connectivity to
LLRF system, rigid lines and HILAC cavities at JINR, the
preconditioned cavities were tested successfully up to full
power.

For the HILAC commissioning the following equip-
ment was designed, fabricated and assembled at JINR:

— HV platform for the ion source including HV
source up to 120 kV with accelerating tube and divider
transformer;

— low-energy beam transport line;

— vacuum system of the accelerator;

— water cooling system;

— low level RF and control systems, required power-
ful rigid lines;

— power supply for quadrupole lenses.

The ion beam was provided with the Laser lon Source
(LIS) based on a commercially available Nd-YAG laser
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CEeKIMH, Ha BTOPOM OHTa)ke IOATOTOBJICHO MOMEIIECHHUE
st yeunuteneid momHoctu. Ilocne mennenus u BU-
TECTUPOBaHUs Pe30HATOpPOB Bce aneMeHThl HILac ObLm
nocrasieHsl B /lyory B 2015 . TBepoTenbHbIE YCHIUTE-
mu: 140-kBt st RFQ u aBa ycunutens o 340 kBT nis
CeKIMi ¢ TpyOKkamu npeiia — ObLIM NperBapUTEIbHO
MPOTECTUPOBAHBI HA SKBUBAJCHTHOW HAarpyske MpH IMOJ-
HOM ypOBHE MOIIHOCTH, KOHTPOJIUPYEMOH C MOMOIIBIO
HalpaBJIeHHBIX OTBETBUTENCH. [/ MpoBepKU UX MoBee-
HUSI IPU paboOTe Ha COMIACOBAHHYIO M HECOIIACOBAHHYIO
Harpy3Ky MpeaBapUTEIbHO HCIIOIB30BAJICS PE30HATOP C
nobportHocThio okoto 7000. B TeyeHne aByX CyTOK OBII
MIPOBEJICH TECT Ha JIOJITOBPEMEHHYIO CTAOMIIBHOCTH TP
90 % mnonnoi MomHocTH. Paspadorannas B UTDD uud-
poBasi BU-cucrema Huzkoro ypoHsi MomHocTH (LLRF,
aHajoruyHasi ucnoiaszyemoit Ha RFQ u yckoputene JIY-
20 MHXXEKIIMOHHOTO KOMIUIEKCa HYKJIOTpOHa) obecredn-
Jla coracoBaHue (a3 M aMIUTUTY/ BO BCEX PE30HATOpAX.
[locne ycTaHOBKM M NPOBEPKH YCHIIMTEINCH, MOACOEAN-
venust LLRF, ¢duneprpix nuaAi 1 npeaapurenbHoit BU-
TTOATOTOBKH BCE PE30HATOPBI OBIIIH YCTICIIHO TPOTECTHPO-
BaHbI HA TTOJTHOM YPOBHE MOIIIHOCTH.

Jns BBoma yckoputens B Jkcinryaramuio B OWSN
ObLTH pa3pabOTaHbI, H3TOTOBJICHBI 1 CMOHTHPOBAHBI:

— BBICOKOBOJIBTHAs IIIaT(OpMa MCTOYHHMKA HOHOB
C MCTOYHMKOM HMMITYJILCHOTO BBICOKOTO HAINpsDKCHUS IO

120 kB, pa3nenuTensHBIM TPaHC(HOPMATOPOM U YCKOPSIIO-
el TpyOKoi;

— KaHaJl TPAaHCIIOPTHPOBKH ITyYKa HU3KOH SHEPTUH;

— BaKyyMHasl CHCTEMa YCKOPHUTEJIS;

— cHUCTeMa BOJASHOIO OXJIAXKICHUS,

— cucreMa BU-niutaHus, BKIIOUArONMIas 3aJaroliuid
TEeHEPATOP, CUCTEMY YIPABICHUS HA HU3KOM YPOBHE MOIII-
HOCTHU U HCO6XOI[I/IMI)IG MOIITHBIC (bI/IL[epHBIe JIMHUU,

— CcHCTEeMa IUTaHUS MarHUTHBIX (OKYCHUPYIOIINX
JIMH3.

VloHHbIe My4KH 11l TECTUPOBAHUS YCKOPHUTEIs ObLIH
MOJy4eHbl OT ja3epHoro uctounuka (LIS) Ha ocHoBe
CTaHJIapTHOTO HUOAMM-TpaHaToBOro jaszepa LPY 7864-2.
Ha skcriepumeHTanpHOM CTEHIE ja3ep ObUT MpeaBapu-
TEJILHO MTPOBEPEH B PEKMMAX I'eHEepallii HOHOB yIIIepo/a,
a TaK)Ke MCIOJIb30BaH B CEaHCE HYKIJIOTPOHA.

Jluist onperniesieHnst SHEPTUU YCKOPEHHBIX MOHOB pa3-
pa0oTaH M CO37aH aHAJIM3aTOp CIIEKTpa Ha OCHOBE M-
MOJBHOTO MarHuTa.

[lepBOHa4YanbHO B INTaTHOE MOJIOKEHHE ObLIA ycTa-
HoBieHa cekuust RFQ u mpoBeneHs! ee MccienoBaHus B
pEeXUME YCKOpEHHS ITydKa. BeIxomgHas sHeprus, n3MepeH-
Hasi MATHATHBIM CTIEKTpOMeTpoM, cocTaBmiia 300 kaB/Hyk-
noH £ 3%. Koadduuuenr 3axsara c* JUIST MHOTOKOM-
IOHEHTHOTO Tyuka yraepoma ot LIS (C*, C3F, ) co-
crasun 6osee 90%. B xoze ceaHca B aBrycTe—CeHTSIOpe

LPY 7864-2. The laser was preliminarily tested at its oper-
ational regimes producing carbon ions at a test bench and
used during the Nuclotron run for the beam acceleration.

For measurements of the beam energy, a spectrum
analyzer on the basis of dipole magnet was constructed.

Before installing the IH cavities the RFQ has been
tested with beam. The beam energy was measured with a
magnet spectrometer to be 300 keV/nucleon = 3% . The
beam injected into the RFQ contained a mixture of carbon
ion species C** and C?* from the LIS. The total REQ beam
transmission was 90%. During daily runs in August and
September 2016, the RFQ demonstrated a stable operation
with good reserve of RF power when extrapolated to the
A/Q design value of 6.25.

The injector commissioning took three weeks.
Vacuum conditions were at the 10~ mbar level after three
days of continuous pumping. In October 2016, at the exit
of HILAC the beam of C?* (the same mass-to-charge ratio
as for ions Au®'") from laser source was obtained at the
designed energy. The energy behind the RFQ and for each
IH cavity was validated to be well in agreement with the
design values. The ion source, LEBT, RFQ, MEBT and
IH DTLs are in good agreement between simulations and
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measurements. The RFQ was operated absolutely stable
with a transmission of > 90% for all carbon species from
the LIS mixed beam. During this time a total transmission
of accelerated beam after LEBT of more than 50% for C**
was measured in first tests. All accelerating structures, the
solid state RF power amplifiers and the digital LLRF sys-
tem run stable.

The optimization process for HILAC will start
in 2017. As one of the next steps, the ESIS source will be
added providing beam with A/Q = 6.25 using target ions
of Au?* for which HILAC was designed. The goal of the
next steps is to optimize all settings for maximum beam
transmission.

After four and a half years of design and development
work, the HILAC at JINR’s new injector complex has been
successfully commissioned. The created accelerator is the
first high-current heavy-ion accelerator in JINR Member
States and first accelerator with solid-state powerful RF
amplifier. For the JINR Member States it is a remarkable
achievement in the accelerator physics and technique —
aworld leading level facility was created in the framework
of a wide international collaboration.
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2016 r. ObITa TIPOJEMOHCTPUPOBAHA YCTOMUUBAs padboTa
RFQ c 3amacom no BU-MOIIHOCTH, JOCTaTOUHBIM, B CO-
OTBETCTBHHM C SKCTPAIOJISIIUCH, ST yCKOPEHUSI ITyYKOB C
MIPOCKTHBIM OTHOIIICHHEM MAacChl K 3apsiy.

[Tocne oxoHuarenbHOH COOPKM B TEUEHHE TpEX He-
JIeNTb OBIITH TPOBEICHBI PaOOTHI IO (PH3MUECKOMY ITyCKY
UHKeKTopa. JlaBJIeHHWe OCTAaTOYHOrO raza Ha YpOBHE
1078 MBap 6GbUTO TOMTYYEHO MOCITE TPEX CYTOK HEMpephIB-
HOM oTkauku. B okTsiOpe 2016 T. Ha BBIXOJE YCKOPUTEIS
6T TONMydeH mMydok noHOoB C2* (Takoe e OTHONICHHE
Macchl K 3apsaiy, Kak M [Uis LeTeBbIX HOHOB Au’l™) ¢
poeKTHOH 3Heprueid. COOTBETCTBUE YHEPIUU PACUETHO-
My 3Ha4eHHIO OBIJIO yCTaHOBJIIEHO Kak Ha BbIxozne RFQ,
TaK M Ha BBIXOAE KAXKTOH M3 CeKUuil ¢ TpyOKamu apeii-
¢a. IMapamerper LEBT, RFQ, MEBT u nByx crtpykryp ¢
TpyOKkamu npeiida okasanuch B XOpOIIEM COIIACHH C pe-
3yIbTaTaMyi MOJIEMPOBaHus AuHaMuku dactuil. Ha RFQ
JUIsl BCEX KOMITOHGHTOB HMOHOB YINICPOAA W3 HCTOYHHKA
Obu1 nonyueH ko3 dunnent 3axsara conee 90 % npu aod-
COJIIOTHO cTaOWiIbHOHM pabote cexiuu. B mepBbix Tecrax
IUTSI HIOHOB C3" monHbIi k03¢ duIeHT 3axpaTa OT BbIXO/Ia
LEBT no Beixoma yckoputens coctaBui 6oiee 50 %. Bee
YCKOPSIIOIIME CTPYKTYPBI, MOIIIHBIC YCHIIUTEIN U CHCTEMA
ynpasiaeHus: BU HU3KOro ypoBHsI MOIHOCTH IPOAEMOH-
CTPHPOBAIIN YCTOWYHBYIO paboTy.

Ontumu3anust peKUMOB PabOTHl MHXKEKTOpa HaMme-
yera Ha 2017-2018 rr. [Imanupyercs TOHKas HacTpolka
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BCEX CHCTEM IS TIOTyICHHUS] MAKCUMaJIBHOTO KO3 HIIH-
eHTa 3axBata. OMHUM K3 00S3aTEIbHBIX IIAr0B SBIISETCS
YCTaHOBKAa MCTOYHMKA TSDKEJBIX MOHOB U JAEMOHCTPALUS
yCKOpeHHs HOHOB Au’?", 11 KOTOPBIX YCKOPHTEb ObLT
CIPOEKTHPOBAH.

®u3nyeckuil MycK HOBOI'O YCKOPHUTENS SIBUICS pe-
3yJIBTaTOM YETHIPEX C TOJIOBUHOM JIET YIOPHOH paboThI
[0 KOHCTPYHUPOBAHUIO, U3TOTOBICHHIO M MOHTaXy €ro
aneMeHTOoB. CO3JaHHBIN yCKOPUTED TSKEIBIX HOHOB SIB-
JsieTcd MepBeIM B cTpaHax-yuacTHunax OMSAN cunbHO-
TOYHBIM TSKEIIOMOHHBIM YCKOPHUTENIEM, BIEPBBIE B HEM
UCTIONB3YeTCs CHCTEMa BBICOKOYACTOTHOTO NMUTAHMA Ha
OCHOBE TBEPJOTENBHBIX TPAH3UCTOPHBIX YCHIUTEIEH.
Hus crpan-ygactaun OSSN 3T0 3aMeTHOE JTOCTHKCHHE
B 001aCTH YCKOPUTEIBHOW HAayKH M TEXHUKH — CHJIAMHU
OoIBIION MEXTYHAPOIHOH KOJUTabopalyy co3JjaHa yHU-
KaJbHasl yCTAHOBKA C MMApaMeTPAMHU, COOTBETCTBYIOIUMU
HEepe0BOMY MUPOBOMY YPOBHIO.
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HILAC team for commissioning
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