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Abstract

The Nuclotron-based Ion Collider fAcility (NICA) is un-
der construction at JINR. The NICA goal is to provide of
colliding beams for studies of hot and dense strongly inter-
acting baryonic matter and spin physics. The ion mode ac-
celerator facility of the NICA Collider consists of the fol-
lowing accelerators: The new operating Heavy Ion Linac
(HILAC) with RFQ and IH DTL sections at energy
3.2 MeV/u, new operating superconducting Booster syn-
chrotron at energy up 600 MeV/u, operating superconduct-
ing synchrotron Nuclotron for the gold ion energy
3.9 GeV/u and two Collider storage rings with two interac-
tion points. There is the electron cooling system in the
Booster synchrotron, the Collider has electron and stochas-
tic cooling systems. The status of the NICA acceleration
complex and its cooling systems is presented. The applica-
tion of the cooling systems to the operation of the NICA
accelerators — the Booster and the Nuclotron are discussed.

NICA INJECTION COMPLEX

The NICA accelerator complex [1,2] is constructed and
commissioned at JINR. NICA experiments will be aimed
at searching of the mixed phase of baryonic matter and
studying the nature of the nucleon/particle spin. The new
NICA accelerator complex will permit implementing ex-
periments in the following modes: with the Nuclotron ion
beams extracted to a fixed target; with colliding ion beams
in the Collider; with colliding ion-proton beams; with col-
liding beams of polarized protons and deuterons. The main
elements of the NICA complex are an injection complex,
which includes a set of ion sources and two linear acceler-
ators, the superconducting operating Booster, the super-
conducting operating synchrotron Nuclotron, a Collider
composed of two superconducting rings with two beam in-
teraction points, a Multi-Purpose Detector (MPD) and a
Spin Physics Detector (SPD) and the beam transfer lines.

The heavy ion injection chain consists from electron
string ion source, the laser ion source, the plasma ion
source, the operating HILAC, the transfer line HILAC-
Booster, the superconducting operating synchrotron
Booster, the transfer line Booster-Nuclotron and the oper-
ating superconducting synchrotron Nuclotron.

The HILAC constructed by the JINR-Bevatech collabo-
ration is under exploitation since 2016. It is aimed to accel-
erate the heavy ions injected from KRION-6T, a supercon-
ducting electron-string heavy ion source. At the present
time KRION-6T produces 5x10% 7Au’!* and 2x10%
209Bi27* jons per pulse.

Especially for the test of the Booster [3] the plasma
source generating a single component He'* beam was cre-
ated. The efficiency of the beam transportation through
second and third IH sections was 78.5%. The maximal ion
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“He'" beam current at HILAC entrance during first Booster
runs corresponds to the project value of 10 mA. During
second Booster run the “He'*and °Fe'** ions produced in
the plasma and the laser ion sources were accelerated in
HILAC and injected in Booster.

The transfer line from HILAC to Booster [1] consists of
2 dipole magnets, 7 quadrupole lenses, 6 stirrer magnets,
debuncher, collimator, vacuum and diagnostic equipment.
The assembling of transfer line was done in 2020. The
achieved efficiency of the beam transportation during first
Booster beam run was of 90% at the beam current at the
HILAC exit of 4 mA, this value was sufficient for the first
experiments.

The Booster [1-3] (Fig. 1) is a superconducting synchro-
tron intended for accelerating heavy ions to an energy of
600 MeV/u. The magnetic structure of the Booster with a
211-m-long circumference is mounted inside the yoke of
the Synchrophasotron magnet.

Figure 1: Booster ring inside Syrichrophasatron yoke.

The main goals of the Booster are accumulation of 2-10°
197 Au3! ions, acceleration of the heavy ions up to the en-
ergy 578 MeV/u required for effective stripping, and form-
ing of the required beam emittance with the electron cool-
ing system. The Booster has a four-fold symmetry lattice
with DFO periodic cells. Each quadrant of the Booster has
ten dipole magnets, six focusing and six defocusing quad-
rupole lenses, and multipole corrector magnets. All
Booster dipole magnets and quadrupole lenses were fabri-
cated and tested at JINR.

The beam injection system of the Booster consists of an
electrostatic septum and three pulsed electric kickers.

The Booster RF system designed and constructed by
Budker Institute of Nuclear Physics (BINP), Siberian
Branch, Russian Academy of Sciences, provides 10 kV of
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acceleration voltage. The operating frequency range of the 65 MeV/u, where they were rebunched on the first RF har-
stations is from 587 kHz to 2526 kHz. monic and again accelerated. The *°Fe'*" ions were accel-
The electron cooling system (Fig. 2) designed and man-  erated in Booster up to the project energy of 578 MeV/u
ufactured by BINP SB RAS has the maximal electron en-  (Fig. 4).
ergy of 60 keV. The Booster electron cooling will be used
at first at an energy of 3.2 MeV/u for multiple or multiturn
injection. The application of the electron cooling permits
to increase in accordance to BETACOOL simulations the
intensity of 'Au*!'" stored ion beam by factor of 5 (Fig.
3) at the cooling time of 150 ms, the injection repetition
frequency of 10 Hz, the vacuum pressure life time of 5 s
and the electron recombination life time of 2 s. A reduction
of the beam emittance and the momentum spread will be
done by the electron cooling at the ion energy of
65 MeV/u and the cooling time of 1 s. This allows to pro-
vide acceptable beam parameters after acceleration to
578 MeV/u and the stripping on a target at extraction from

Circulation
65 MeV/u

Circulation

Acceleration 578 MaViu

c
]
k3]
(3]
y=b

€
S
<
©
o3
£
=
5
a
@
3
w
x
Y

Acceleration
+=Re-capturing 1 harm.

500 1000 1500 2000 2500

the Booster. Cvcle time. ms
Figure 4: Beam current transformer signal at °Fe'*" ion
acceleration.

The main results of the second Booster run are the fol-
lowing: the beam injection efficiency is larger than 95%
with adiabatic capturing at Sth harmonic; acceleration up
to the energy 65 MeV/u with recapturing from the Sth har-
monic to the 1th one with efficiency close to 100%; accel-
eration up to energy of 578 MeV/u with dB/dt = 1.2 T/s;
ultrahigh vacuum at *He™' ion life-time longer than 10 s;
the electron cooling of ions at energy of 3.2 MeV/u; the
beam extraction in to the Booster-Nuclotron transfer line
and the beam transportation in this transfer line with total
efficiency of 70%.

The *He!" ion lifetime (Fig. 5) during second Booster run
corresponds to 10.8 s. The equivalent residual gas pressure
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Figure 3: Dependence of stored Au’'*ion intensity on time

at multiple injection with electron cooling.

) 16 September 2021
The first technical Booster run was performed in No- o 0 i A0 2 o0 A0 S, Gs
vember-December 2020. After the orbit correction and  Figure 5: Parametric current transformer (PCT) signal at
tuning of the injection system the intensity of the *He!* cir-  4He!* jon energy 3.2 MeV/u.
culating beam was increased up to 7x10'° ions. This is

equivalent to the charge of 2x10° Au®'* ions. The lifetime The cryomagnetic and the power supply systems were
of ions corresponds to 1.3 s at the equivalent average resid-  tested at the design magnetic field cycle during first
ual gas pressure 2x107® Pa. Booster run (Fig. 6). The magnetic cycle has three plateaus:

During second run in September 2021 the beams of ions ~ for injection, electron cooling and beam extraction. The
“He'* and *°Fe'*" (mass-to-charge ratio A/Z=4) and inten-  achieved magnetic field ramping rate of 1.2 T/s corre-
sity up to 4x10'° and 4x10° respectively were injected in ~ sponds to the project value (Fig. 6). The achieved maxi-
Booster, bunched on the injection plateau of the magnetic ~ mum magnetic field of 1.8 T is also equal to the project
field on fifth RF harmonic and then accelerated up energy ~ value.
S
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The electron cooling of *°Fe'** ions was first done during
second Booster run. The ion beam circulation and acceler-
ation were performed from injection energy 3.2 MeV/u up
65 MeV/u, corresponding to designed energy range of elec-
tron cooling system (ECS), at ECS solenoid magnetic field
0.7 kGs. Operation of ECS was done with an effective re-
cuperation at the electron beam current range of 30 -
150 mA.

Maximum 1.8 T

Electron cooling plateau

—/Injection plateau

Fiue 6 The Booste magnetic ld cycle at es1g pa-
rameters.

The FWHM relative momentum spread of uncooled cir-
culated beam corresponds to 1.2:1073 (Fig. 7a). The FWHM
relative momentum spread of cooled ions is equal to
4x10* (Fig. 7b).

b)
Figure 7: Schottky noise signal at 4 harmonic of revolution
frequency and **Fe'*" ion energy of 3.2 MeV/u.

The horizontal and vertical beam profiles were measured
by Micro Channel Plate ionization profilometer. The root-
mean-square (rms) emittance of circulated beam was rather
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large €,/e,~14/8 m-mm-mrad at a mismatched and not opti-
mized injection during first run with electron cooling. The
horizontal cooling time corresponds to 3,1 s at the e-times
reduction in the beam emittance (Fig. 8a).

The BETACOOL simulated horizontal cooling time is
2.1 s at these emittances (Fig. 9).
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Figure 8: Dependence of MCP measured rms horizontal
(a) and vertical (b) of **Fe'* ion beam on time at ion en-
ergy 3.2 MeV/u and electron beam current of 76 mA.
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Figure 9: Dependence of horizontal, vertical and longitudi-
nal cooling time on vertical emittance €, at horizontal emit-
tance g,=1.94¢, and electron beam current of 76 mA.

The effects of electron heating were observed at an elec-
tron energy shifted from the corresponding ion energy re-
lated to the electron cooling. At a higher electron beam cur-
rent and a high ion intensity the coherent longitudinal os-
cillations were observed (Fig. 10). The coherent oscilla-
tions disappeared at a threshold value of the electron beam
current multiplied on the ion intensity (IxNi)m (Fig. 11).
The °Fe'*" ion lifetime is reduced at switch on the elec-
tron beam current (Fig. 12). The *°Fe'*" ion lifetime corre-
sponds to 4.9 s at the intensity of 4-10° ions and zero elec-
tron beam current (Fig. 12a). It is reduced to the value of
1.35 s at the electron beam current of 100 mA (Fig. 12b).
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Figure 10: Signal of cohen longitudinal oscillatirons at
5th harmonic of revolution frequency and *°Fe!#* ion en-
ergy 3.2 MeV/u.
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Figure 11: Dependence of threshold value (I.xNi)wm (rela-
tive units), at which coherent longitudinal oscillations dis-
appeared, on the ion intensity multiplied by the ion charge
(total ion beam charge).
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l]%%gure 12: PCT signal for °Fe!** ions at electron beam
current [=0 mA (a) and I=100 mA (b).

The Booster beam extraction system [1] consists of a
magnetic kicker, two magnetic septa, a stripping station
and a closed orbit bump subsystem including four lattice
dipoles with five additional HTS current leads. The
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Booster beam extraction system together with the transfer
line Booster-Nuclotron were fabricated by BINP. The first
beam experiments with extracted “He!" and *°Fe'*' ion
beams were performed during second Booster beam run.

The upgraded Nuclotron [4] accelerates protons, polar-
ized deuterons and ions to a maximum energy depending
of the sort of particles. The maximum ion energy corre-
sponds to 5.2 GeV/n at present time.

The installation in the Nuclotron of the Booster beam in-
jection system and the Collider fast extraction system are
required for its operation as the main synchrotron of the
NICA complex. The kicker and the Lambertson magnet
should be installed in the injection section in end 2021 or
in beginning 2022.

COLLIDER RINGS

The Collider [1,2,5] consists of two storage rings with
two interaction points (IPs). Its main parameters are as fol-
lows: the magnetic rigidity is up to 45 T-m; the residual gas
pressure in the beam chamber is not high than 107'° Torr;
the maximum field in dipole magnets is 1.8 T; the kinetic
energy of gold nuclei ranges from 1 to 4.5 GeV/u; the beam
axes coincide at the interaction section (zero intersection
angle); the average luminosity is 10>’ cm™2 s7! for gold
ions. The rings of the Collider are identical in shape to a
racetrack — two arcs are connected by two long straight
section (109 m each). The circumference of each ring is
503.04 m.

Methods for cooling charged particle beams represent
the key accelerator technologies, which are critical for
achieving the design parameters of the complex. The elec-
tron cooling system [1] for the NICA Collider at an elec-
tron energy of 2.5 MeV is intended for accumulation and
bunch formation at the ion kinetic energies in the range of
1.0-4.5 GeV/u. The cooling time of Au’" ions corresponds
to 20-100 s at ion energy 3-4.5 GeV/u (Fig. 13). The sole-
noid cooling section has the length of 6 m, the magnetic
field is of 1 kGs. The maximum electron beam current cor-
responds to 1 A. Construction of the electron cooling sys-
tem was started in BINP in 2016. The commissioning of
the cooling system in JINR will be in end of 2022.

The stochastic cooling system (SCS) [1] of the NICA
Collider (Table 1) must provide ion cooling up to 3.1 x 10°
197 Au” ions in a bunch. To achieve the design cooling time,
an SCS with the frequency bandwidth 0.7-3.2 GHz is nec-
essary. The Collider SCS uses pickup electrodes and kick-
ers. The main elements of the stochastic cooling system
also include signal delay system blocks, solid-state ampli-
fier and preamplifier cascades, and a rejector (comb) filter
system.
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Figure 13: Dependence of electron, stochastic cooling time
and IBS time on ion energy.

Table 1: Parameters of Stochastic Cooling System

Longitudinal cooling method Filter
Passband, GHz 0,7-3,2
Beam distance pickup -kicker, m 183,5-191,5
Phase from pickup to kicker, deg 1340-1360
Ion Energy Au”*, GeV/u 3.0
Slip-factor from pickup to kicker 0.0294
Revolution slip-factor 0.0362
Pickup/kicker coupling impedance, Q 200/800
Gain, dB 75-179
Peak power at kicker, W 3x200
Pickup/noise temperature, K 300/40

Three RF systems with 26 cavities of the acceleration ra-
dio-frequency voltage will be applied for ion accumulation
and formation of ion bunches [1,5]. Accumulation of the
beam of the required intensity is planned to be realized in
the longitudinal phase space with the use of the ‘technique
of barrier RF1 voltages’ and of stochastic or electron cool-
ing of the particles being accumulated. The barrier bucket
technique also will be used for ion acceleration in the rings.

The rms longitudinal emittance of injected beam in the
Booster corresponds to eg=Pinj(Ap/p)injCini=0,0048 m,
where (Ap/p)ini=107 is the relative momentum spread after
the HILAC debuncher, Cg=210 m is the Booster circum-
ference, Gin=Cg/(2%x3"2)=66 m is the rms length of injected
beam. The total longitudinal emittance of the ion beams
corresponds to €in=ninjep=0.39 m at n;;j=80 Collider injec-
tion cycles.

The longitudinal acceptance of RF barriers is equal to
£=YcBc(Ap/p)c=0.06 m at v, =3, (Ap/p)c=3-10"* is the rel-
ative rms momentum spread related to RF barrier ac-
ceptance, 6.=C/(4x3"2)=72 m is the rms stack length. The
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ratio of total longitudinal rms beam emittances at ni,=80
Collider injection cycles to acceptance of RF barriers cor-
responds to &inj/ec=6.5. The electron cooling time should be
shorter Tcool =Tinj €/€8 =100 s, where ;=8 s is the repeti-
tion injection time in each Collider ring. The Booster ion
precooling permits to reduce by a factor of 3 the relative
rms momentum spread dp/p~4-10-*. In this case the cool-
ing time of 7Tco =300 s provides the stack storage with
required intensity.

When the necessary intensity is achieved, the beam is
bunched the RF2 system at voltage up to 25 kV of the 22nd
harmonics of the rotation frequency with the subsequent
takeover by the RF3 system of the 66th harmonics. This
permits 22 short bunches with rms length of 0.6 m to be
formed (Fig. 14), which is necessary for achieving high lu-
minosity.
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Figure 14: Dependence of bunch length on time at cooling
time of 100 s.

The maximal RF3 voltage corresponds to 125 kV. The
RF solid state amplifiers developed by Russian firm TRI-
ADA are used for RF2 and RF3 cavities. The construction
of three RF systems was started in 2016-2017 in BINP.
Two RF1 stations, 8 RF2 and 16 RF3 cavities will be in-
stalled in Collider in 2022.
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