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Generaliinformation

NICA is an international project

realizing by international intergovernmental organization —

the Joint Institute for Nuclear Research

and brings the efforts of 16 member states and 6 associated countries.

Project NICA started as a part of the JINR Roadmap for 2009-2016
was described in the JINR 7-years Program.

It was approved by Scientific Council of JINR and

the Committee of Plenipotentiaries of JINR in 2009.

NICA is a flagship project of JINR presently.

In 2016 between RF and JINR was signed a contract
presuming start of operation of basic configuration of the NICA complex in 2024.

Project web-site: http://nica.jinr.ru/



The primary purpose‘of the NICA'construction

The project comprises experimental studies of fundamental character
in the fields of the following directions:

- Relativistic nuclear physics;

- Spin physics in high and middle energy range of interacting particles;
- Radiobiology.

Applied researches based on particle beams generated at NICA

are dedicated to development of novel technologies in material science,
environmental problems resolution, energy generation,

particle beam therapy and others.

Education program is one of the first priority activities at JINR,

as formulated in JINR Roadmap.

The proposed NICA facility offers various possibilities for teaching

and qualification procedures including practice at experimental set ups,
preparation of diploma works, PhD, and doctoral theses.



Stages of the experimental program realization

Stage |

-Fixed target experiment with heavy ions (2018)
Stage Il

-Basic configuration of the collider and MPD (2024)
-Full configuration, heavy ion collisions

-Collisions of heavy ions with light ions (protons)
Stage Il

-Spin physics program
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- Set of accelerators providing the particle beams for fixed target and collider
experiments,

- Experimental facilities (BM@N, MPD, SPD, IT, Area for applied researches)

- Line for assembling and cryogenic testing of SC-magnets,

- Workshops for construction of the detector elements,

- NICA innovation center,

- Required infrastructure.



Challenges for heavy ion collider

* Luminosity of the collider
* Space charge effects at low energy
* Requirements to low energy collider



Lumtnosityof the cellider

The global scientific goal of the NICA/MPD

IS to explore the phase diagram of strongly interacting matter
In the region of high compression.

The proposed program allows to search for possible signs

of the phase transitions and critical phenomena

In heavy ion (up to Bi) collisions

at centre-of-mass energies up to 11 GeV/u.

General requirement is optimum operation of the Multy Purpose Detector:

- Zero crossing angle in the interaction point,
- The luminosity has to be concentrated inside vertex detector

The collider has to be operated with a bunched beam
at the bunch length <60 cm



Luminosity<of the callider

Required luminosity:
Event rate is limited by MPD electronics N < 7 KHZ

24 2
The cross-section o=/(-107" cm

L=N__ /o <1.10 cm2s?

event

This level is typical for RHIC (Au-Au) and LHC (Pb-Pb),

However the ion kinetic energy is below 4.5 GeV/u



Lumtnosityof the cellider

Technical limit related with the ion production rate by injection chain:
N pr — |\.lloss
— Nevent + N
L<N /o

N loss other loss

NICA heavy ion injection chain is designed to provide 10° Au nuclei each 5 sec:
\ = 2.108 g1
N or 2-10°% s
L <3-103t cmst
Four orders of magnitude of the technical reserve permits

to use the injection chain for a few experiments in parallel.
The collider luminosity is limited by particle dynamics.



LEumtnosityof the cellider

For round beams at the same cross-section

L = NNy f| s f(asj: 1 7 exp(-u®)du
dreT., \ S A

)
1+ 2

p
Number of bunches n, has to be as large as possible,
but the inter-bunch distance is to be large enough
to avoid parasitic collisions inside detector

At high energies (Tevatron, RHIC, LHC)

the collider is used for the beam acceleration also

Train of bunches is prepared by injection chain

-the bunch intensity N, has to be maximum,

-the emittance ¢ growth has to be minimized in all elements of injection chain

Beta function in collision point #* has to be as small as possible,
but comparable with bunch length o,
to avoid luminosity reduction due to “hour-glass” factor



Space charge effects atilow.energy

The bunch brightness N, /¢ is limited by two main space charge effects:

Incoherent shift of the betatron tune (Laslett tune shift)

2
AQ:—Z PN EF
A AdreBiyd 2P
F = C - Bunching factor
\272'(75

Beam-beam parameter
(linear part of the tune shift due to fields of opposite bunch)

gzzzrp N, 1+p°
A Aref’y 2

The bunch brightness can be increased to the limit by beam cooling application:
-Synchrotron cooling at electron-positron colliders
-Stochastic cooling at RHIC



Space charge effects atilow.energy

The bunch brightness N, /¢ is limited by two main space charge effects:

Incoherent shift of the betatron tune (Laslett tune shift)
2
Z°r, N,

Fsc |:b
A Arep f ij)
C

Fb — - Bunching factor

AQ = -

A 272'(75

Beam-beam parameter
(linear part of the tune shift due to fields of opposite bunch)

gzzzrp N, 1+5°
A Arefty 2

Lasslett tune shift fast decreases with energy (as y9),
because the magnetic field compensates electrical repulsion



Space charge effects atilow.energy

The bunch brightness N, /¢ is limited by two main space charge effects:

Incoherent shift of the betatron tune (Laslett tune shift)

2
AQ:—Z PN EF
A AdreBiyd 2P
F = C - Bunching factor
\272'(75

Beam-beam parameter
(linear part of the tune shift due to fields of opposite bunch)

The beam-beam parameter decreases with energy as v,
because the magnetic field of the opposite bunch
Increases electrical repulsion



Space charge effects atilow.energy

At high energy (RHIC, LHC):
Lasslett tune shift is negligible,
the luminosity Is limited by beam-beam parameter

At low energy:
Beam-beam parameter and Laslett tune shift can be comparable (RHIC BES)
or Laslett tune shift dominates (NICA: £~ 0.1-AQ)

Important difference & does not depend on the ring circumference C
while AQ ~ C (via bunching factor)



Space charge effects atilow.energy

At low energy the beam brightness can be expressed
from maximum achievable tune shift AQ that gives for luminosity:

A nN.c - 2zc o _C
L = 5 b *b R > > ysﬁsf i AQ (Trev - ,BCJ
Zr, p C o)

This formula relates to the case when the bunch intensity is constant
and determined by injection chain performance

To reach this maximum value the beam emittance must be varied with energy
_Zrn N, C
A 4zB°y°AQ \/EGS

active formation of the beam phase volume (beam cooling) is mandatory



Space charge effects atilow.energy

The way to increase the luminosity is to vary bunch intensity with energy,

In this case
2
A ¢ 8rlo’c o
L:(zz J " e, yGﬁSf[ iJAQZ
rp ﬂ bb ﬂ

(I, is the minimum inter-bunch distance approximately equal to the detector length)

In difference with high energy collider
eAQ?

L ~ c?

-The bunch intensity should be varied with energy
-The beam emittance has to be as large as possible (close to acceptance limit)
-The ring circumference has to be minimum

-The working point has to be far from low order resonances



Space charge effects at low energy

Important peculiarity of low energy collider:
Fast grows of the beam phase volume due to Intra-Beam Scattering:

RHIC ~4 h
LHC >>10h

NICA 3 =+ 30 minutes

At large emittance the RF system of the collider should provide
large momentum spread of the bunch
(to avoid relaxation between degrees of freedom)

Beam cooling during experiment is mandatory



Challenges for{ow energy .collider
-Minimum collider circumference

- Preliminary beam storage and bunch formation,

adjustment of bunch intensity at each energy
(complicated structure of RF system)

-Maximum achievable beam emittance
(Large dynamic aperture of the ring)

-Large momentum spread corresponding to minimum IBS rates
(chromaticity correction has to provide large acceptance on momentum deviation)

-Control of tune spread to achieve maximum AQ
(octupole correction system)

-Beam cooling during storage, bunch formation and experiment
(High energy electron cooling (2.5 MeV), stochastic cooling of bunched beam)



NICA collider for gold-gold collisions

Circumference of the ring, m 503.04
Structure of the bending arc FODO, 12 cells
Number of bunches 22
R.m.s. bunch length, m 0.6
p-function in IP, m 0.35
Betatron frequinces, Q,/Q, 9.44/9.44
Chromaticities, 0°,/Q°, -33/-28
Acceptance, z mm-mrad 40
Momentum acceptance, Ap/p +0.010
Critical energy factor , ytr 7.088
Energy of Au™*, GeV/u 1.0 3.0 4.5
Number of ions per bunch 2.0-108 2.4-10° 2.3-10°
R.m.s. momentum spread, 4p/p | 0.55-10° | 1.15-107 1.5-10°3
R.m.s. emittance, 7 mm-mrad 1.1/0.95 1.1/0.85 1.1/0.75
Luminosity, cm=2s1 0.6-10%° 1.0-10% 1.0-10%
IBS growth time, s 160 460 1800
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Status of‘the project

Baryonic Matter at Nuclotron (BM@N)
Elements of the accelerator complex
Injection facility commissioning
Collider construction



fixed target experiment at the Nuclotron extracted beams
which main goals are investigations of strange / multi-strange hyperon,
hypernuclei production and short range correlations.
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BM@N assembly




BM@N test at the Nuclotron beam

-Three technological runs (2016 — 2017)
-5.02 — 4.04.2018 experiments with C, Ar, Kr beams

(Short range correlations, strange production)
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Intensity of the extracted Kr beam. Spill duration 2.5 sec.
Up to 5-10° ions per cycle



NICA accelerators

Main accelerator of the NICA complex is the Nuclotron —
superconducting ion synchrotron at magnetic rigidity of about 42 T-m
equipped with two injection chains: for heavy and for light ions.

Injection chain for heavy ions consists of:
the ion source (KRION-6N), heavy ion linear accelerator (HILac),
superconducting booster synchrotron (Booster) and required beam transport lines.

Injection chain for light ions includes:

Laser ion source (LIS), Source of polarized ions (SPI), Duoplasmatron,
RFQ accelerator as a foreinjector, Drift tube linac of Alvarec type (LU-20)
and required beam transport lines.

The collider experiments will be provided at two storage rings
with two interaction points (IP).



NICA accelerator complex

Booster (25 Tm
1(2-3) single-turn injegtion,
storage of 2 X10°iops,
acceleration up to 65 MeV/u
lectron cooling, accelgratigh
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Heavy ions: ESIS + HILac + Booster + Nuclotron
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Stages of the accelerator complex commissioning

Started 2020

HILAC + transfer line to Booster

- HILAC + Booster
- HILAC + Booster + transfer line to Nuclotron
- HILAC + Booster + Nuclotron + transfer line to BM@N

- ESIS + HILAC + Booster + modified Nuclotron + transfer line to BM@N

Completed 2023
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HILAC + transfer line to Booster

First beam: Oct. 16
T =

Acceleration of ;,C?* ions with A/Z=6.
Maximal ion ,Hel* beam current at
HILAC entrance corresponds to project
value 10 mA, efficiency of beam
transportation through second and

' third IH sections 78.5%.
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Transfer line HILAC-Booster.

Hél+ lon beam at HILAC exit measured by . :
4 -00o
current transformer and Faraday Cup Efficiency of beam transportation 9028/021




Stable and safe operation during complex commissioning

with Hel* Fe 14+ C % Ar 14+ Xe 2%* beams

Transmission of carbon
—a | &° sl iONs about 70% from
‘ /— 7-ar RFQ to the exit of linac,

Phase probe’s signals
RFQ (red), IH1 (yellow), IH2 (blue)

[ ] tecro

++++++++++

A/q (Target lon Au3'*) 6.25
Beam current <10 emA |
Repetition rate <10 Hz =

Output energy 3.2 MeV/u




Booster injection beam line
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beam transport
channel
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v'Debunching

v'Matching

v'Separation and adsorption of neighbor
charge states of ions.

v'Provide different schemes of the beam
injection into the Booster.
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HILAC + Booster

First commissioning run 12.11 — 30.12. 2020, Hel* beam :

- assembly and test of vacuum system

- cooling, thermometry commissioning

- commissioning of quench protection system, tuning of power supply,
- tuning of the HILAC — Booster transfer line

- tuning He'* beam circulating

- test of beam diagnostics, beam acceleration, test of electron cooling

- test of power supply, magnetic and cryogenic systems at design field



Assembly BNTL after the first run




HILAC + Booster + transfer line to Nuclotron

Second commissioning run 06.10 — 24.10 2021, Hel*, Fel®* |ons:

Improvement of the vacuum conditions

Optimization of the beam dynamics,

Test of the Booster Electron Cooler

Test of the BNTL
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Beam transport from Booster to Nuclotron

The orbit bump system was tuned at the beam extraction,
The systems for the beam extraction from the Booster and transport line to the
Nuclotron were put into operation and tuned,

Helium beam and then the iron >°Fel4* beam were transported through the beam
transfer line.

Beam of Fe ions on the phosphor screen
at the end section of the Booster-Nuclotron transport line



HILAC + Booster + Nuclotron + transfer line to BM@N

Third commissioning run 2.01.2022 — 01.04.2022, C ions:

_Tuning of the Booster cycle:

- adiabatic capture at injection (5 harmonics),
- recapture at 65 MeV/u (1 harmonics),

- Single-turn extraction

Transport Booster — Nuclotron:
- Stripping C4* - C®*

Nuclotron:

- Injection from Booster (new kicker and Lambertson magnet),
- adiabatic capture at 5" harmonics,

- acceleration to 3 Gev/u,

- Slow extraction during 6 sec.

Beam transport to BM@N area:

- Test of new power supply, diagnostic and control systems,
- Stable operation during 24 days
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Tuning of the beam acceleration

Booster Nuclotron

Stayseen sy . = 13.03.2022 18:47:13
13.03.2022 18:47:14 Z/A=6/12 Binj = 2240 Ic

Z/A=4/12 Binj = 539 Ic

Average efficiency ~ 30%:
- pulse-to-pulse variation of the injected beam parameters
- non-optimum stripping target thickness

SRC collaboration registered 185 MEvents of carbon interaction with hydrogen target



09.03,2022 19:15:42

Spill_Gate
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Intensities of the 3 GeV/u carbon beam as a function of time
measured at the BM@N setup (SRC experiment) for one spill.

X axis shows time in seconds.

Colors indicate different trigger module channels, which correspond
to some scintillator counters and combinations of those used as triggers.37
The beam intensity at the BM@N area was around 10° ions per spill.



ESIS + HILAC + Booster +
modified Nuclotron + transfer line to BM@N

ESIS Krion-6T installed and tuned at HILAC

- Nuclotron structure was modified for installation of fast extraction

Forth commissioning run:
from 20.09.2022 to 03.02.2023 Ar, Xe ions

Acceleration of Ar ions in the Booster, operation of SOCHI

Tuning of Xe acceleration

ARIADNA program

BM@N I
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Beam acceleration and slow extraction

Intensity,
19.01.2023 16:02:44 .
elementary charges Z/A=54/124 Binj = 2234 I'c Field, Gs

4 S0F9

42589
3.75E%

3 25E9

‘‘‘‘‘‘

[ TV PRI Al iy VTR

Beam acceleration in the Nuclotron up to 1.65 T magnetic field plateau (about 3.6GeV/u).
Intensity of the accelerated beam up to about 2-107 ions.
Extracted beam spill duration up to 2 s (cycle period 12 s).

BM@N collaboration stored 500 MEvents



Electron cooling system for NICA Booster
(constructed at BINP)
during assembling 2017
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Intensity

4™ NICA technology run

Xe beam at injection energy

Without cooling

Iength measured Wlth FCT

Cooling time ~ 100 ms



Inj1

NICA collider: two rings separated vertically

RF21 RF31

[]

RF11 —_— o
4 4 ! PU X “:)c PSO(:) er
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- HIT g
MS K RF Ring 1 | . Ly 7
131 I31 SFFD : Kickers of '
S Stoch. Cooler
Start configuration Basic configuration

* RF-1 (barrier voltage) for ion storage
* RF-2 in a reduced version: 2 cavities per
ring instead of 4 (50% of HV)

- +1channel of S-cooling per ring (cooling

Inj2

in longitudinal space)

Result: 22 bunches of the length 6~2 m
per ring that L~5E25 cm™ s,

RF32 RF‘I 2
/ Ml

[4]

[81|

* RF-1 (barrier voltage) for ion storage

* RF-2 project version = 8 cavities

* RF-3 project version = 16 cavities

* S-cooling (project vers.)

* E-cooling

* Back loop svstem

Result: 22 bunches of the length 6~0.6m

per ring that L~1E27 cm™ s2.
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NICA collider: building construction

Technical project 2015
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2016 — start of construction '







NICA Colllder superconductlng magnets

Twin aperture dipoles
and quadrupoles Final focus quadrupole
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NICA collider: RF system
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Nuclotron-Collider beam transport |
channel’” ~ . . 7 "7¥" 0  SigmaPhi

Nuclotron-Collider transfer line is under delivery and construction by Sigma Phi

w Effective | Max. magnetic field g e 2

element length, m : ‘ o =, (R
Long dipole 21 2 . prr— .
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*Fabruary 2022 - delivery of yacuum equipme

*July 2022 — second | , > N

*September 2022 — startomeeimnissionim © c/lannel equipment.
*December 2022 — commissioning of the-c..on0¢! with a beam.

Fabrication in RF will be finished 2024 50




NICA 'milestones

2009

Start of the project

2009 - 2013

Nuclotron modernization

2015

Technical project completion

2016

Start of the collider building construction
2018

BM@N |

2019 - 2021

The Booster assembly and commissioning
2022

SRC (BM@N)

2023

BM@N II, ARIADNA

Plans:

Creation of the collider in starting configuration permitting to provide experiments
with colliding ion beams up to Bi*®3

at mean luminosity of L = 5-:10% cm™2 ¢t in the energy range Vs, = 8 =11 GeV/u
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NICA:

Pa3BuTtne HaumMoHanbHbIX HAaY4HbIX LUEeHTPOB

NAD CO PAH M IN.N.byakepa

BY cuctema bycTtepa,
DNIeKTPOHHOEe oxJlaXkaeHune
3 cucteMbl BY konnanaepa

W

Budker INP

BbicokoBonbTHaa C30 konnanaepa vorse \
DNeKTPOHUKA, UHXEKLMSA, KaHanbl, U Np U np

NMPBS HUL KU (MpoTBMHO):

RFQ, aMHaMunka nydka, BY,
CucrteMbl obpaTHOM CBA3K

AN PAH (Tpouuk):
NONsIPU30BaHHbIN UCTOYHUK,

JINHENHbIE YCKOPUTENN, ANATrHOCTUKA NYyYKa
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@

UTO® HULU KM

[nHaMuKa nyyka B Kos1anaepe,

JInHenHbIn yckoputenb RFQ, NMHEeNHbIN
yckoputenb SC

i HUL «Kyp4yaTOBCKNiA MHCTUTYT>»
7 TokoBBOAbI, TexHonorum BTCI n T1.4.

MY, MNP, MBTY, MO, MOTHU,
Criory, KasaHs, ...
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