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Abstract 
The Nuclotron-based Ion Collider fAcility (NICA) [1] 

is a new accelerator complex being constructed at JINR. 
It is designed for collider experiments with ions and 
protons and has to provide ion-ion (Au79+) and ion-proton 
collisions in the energy range 1÷4.5 GeV/n and collisions 
of polarized proton-proton and deuteron-deuteron beams. 

Collider conceptions with constant γtr and with 
possibility of its variation are considered. The ring has the 
racetrack shape with two arcs and two long straight 
sections. Its circumference is about 450m. The straight 
sections are optimized to have β*~35cm  in two IPs and a 
possibility of final betatron tune adjustment. 

INTRODUCTION 
NICA collider lattice development has a number of 

challenges which must be overcome in the design process. 
The requirements set by physics goals are: changeable 
energy of the Au-ions collision in the range 1÷4.5 GeV/n, 
operation with different ion mass (Au79+, deuterons and 
protons), the peak luminosity up to 5•1027 cm-2s-1 at 4.5 
GeV/n, and, additionally, the collider rings must fit into 
existing JINR infrastructure. 

The ring lattice is based on super-ferric magnets with 
2T bending field. The technology of fabrication of such 
magnets operating at 4.5K with hollow composite NbTi 
cable is well established in JINR.  

The main luminosity limitation is set by the direct space 
charge tune shift. In this case the luminosity is 
proportional to the beam emittance and, consequently, to 
the collider acceptance. Thus, good optics for NICA 
implies that in addition to the standard requirement of 
small beta-function in IP, β*, there is a requirement of 
maximizing the machine acceptance.  

INTRA-BEAM SCATTERING STUDY 
The intra-beam scattering (IBS) is one of the main 

factors which have to be taken into account in a collider 
ring design. For operation below transition IBS is 
significantly reduced if the local beam temperatures 
averaged over the ring are equal. In this case the 
emittance growth rate due to IBS is equal to zero for a 
perfectly smooth lattice. Beta-function and dispersion 
variations destroy this thermal equilibrium resulting in an 
emittance growth in all three planes: larger variations 
excite faster emittance growth.    

First, the IBS rates were computed for the ideal rings 
(without straight sections) constructed from ODFDO - 
and FODO -cells [2]. For the same number of particles 
the beam emittances were adjusted to have the same 
growth rates for all planes (thermal equilibrium) and to 
have the same vertical space charge tune shift (bunch 
density). Due to“smother” optics the IBS heating rate, 

τIBS
-1, for the ring based on the triplet cells is ~5 times 

smaller than for the singlet cells ring with the same phase 
advance per cell. Therefore the ODFDO-cell ring was 
chosen as a reference for the collider optics. 

A transition from the ideal ring to the collider optics 
with low-β straight sections increases β-function and 
dispersion variations and yields an increase of IBS rates. 
Finally, the collider ring lattice based on FODO-cells has 
only ~1.5 times larger rates: the growth time of ~890 s 
versus ~1350 s for the luminosity of 6·1027 cm-2s-1.  

Table 1: Main parameters of the collider rings optics 

Beam species and energy Au79+, 4.5 GeV/n 
Ring circumference 454 m 

Gamma-transition, γtr 6.22 
Betatron tunes 9.46 / 9.46 
Particles per bunch (of 20 bunches) 5.3·109 
Acceptance  40 π mm mrad 
Longitudinal acceptance, Δp/p +/- 0.0125 
RMS emittance, εx/εy 1.1/0.6 π mm mrad 

Beta function at IP, β* 35 cm 
Rms bunch length  60 cm 
IBS growth time  1350 s 
Luminosity (for Au79+ 4.5 GeV/n) 6·1027 cm-2 s-1 

 
Figure 1: β-function & dispersions for half of the ring. 

COLLIDER RING OPTICS STRUCTURE 
Two main options of the NICA optics were considered. 

Triplet based racetrack with γtr=6.22 
This option was considered in Ref.  [3] (see Fig.1). The 

objectives for the optics design are: (1) small β*, (2) an 
operation near thermal equilibrium where IBS rates can 
be minimized, (3) large transverse and momentum 
acceptances, (4) small circumference, (5) optimal location 
of collider tune and (6) two IPs. That determined the 
following design choices: (1) mirror symmetric racetrack 
with IP in each straight section, (2) triplet focusing 
through the entire machine (including IPs), (3) phase 
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advance of 90° per cell, (4) dispersion zeroing in the 
straight sections by a half-dipole without changing phase 
advance per cell, and (5) vertical beam separation at IPs 
with two-step vertical elevation for zeroing the vertical 
dispersion in IPs. The ring parameters are listed in 
Table 1. 

Important to note, that a relative smoothness of the 
optics resulted in a 3.5 times difference between the 
heating of all degrees of freedom and the temperature 
exchange time between different planes (τexchange≈380 s). 

 
Figure 2: Tune dependence on the momentum offset. 

  
Figure 3: Dependence of the tune and β* on Δp/p with 
different sextupoles strength. 

A chromaticity correction includes 4 families of 
sextupoles (2 focusing and 2 defocusing ones). It allows 
one to correct both the tune chromaticity and the beta-
function chromaticity excited by IP quadrupoles. 
Sextupoles of each family are located with 180° betatron 
phase advances for their nonlinearity compensation. The 
dependence of the collider tune on Δp/p is shown in Fig. 2. 
It is very nonlinear due to large β∗ which excites large tune 
and β-function chromaticity. The natural chromaticity of the 
ring are: ξx=-27.1, ξy=-23.2 (Δξx,y ~ −17 from two IPs). 
Corrected chromaticities are:  ξx = −1.54, ξy = −1.50. The 
sextupole strength is ~0.35 kG/cm2. A non-linear 
dependence of tunes and β-functions on Δp/p and the 
optics smoothness requirement do not allow the perfect 
chromaticity correction. However sextupole settings 
making reasonably good compensation were found (see 
Fig. 3). That allowed us to avoid adding octupoles. Note 
also that the nonlinearity of tunes is actually profitable. It 
allows us to have large tune chromaticity required for 
transverse instabilities suppression with moderate tune 
variation across the momentum aperture. 

The stochastic cooling system is assumed to be used in 
the collider. The slip-factor was chosen for optimal 
cooling at 4.5 GeV/n. The cooling time is ~200 s which is 
significantly smaller than the IBS heating time. The slip 
factor is increasing fast with beam energy decrease. For 
fixed momentum spread and bunch length it would result 
in an unacceptably high RF voltage. However, the beam 
thermal equilibrium yields a momentum spread decrease 
with energy decrease as the beam emittance is determined 
by the ring acceptance and stays constant. That results in 
that the maximum RF voltage of 0.9 MV is achieved at 
2.5 GeV/n. This is only 2 times larger than at 4.5 GeV/n – 
the energy where optics was optimized. 

FODO-cell based racetrack with changeable γtr  
To meet the NICA requirements of operation with Au-

ions in range 1÷4.5 GeV/u and with proton 6÷13 Ge 
lattice with changeable transition energy is considered. 
Such lattice has to be capable to operate with the 
minimum IBS heating for Au-ions, to provide increased 
transition energy for operation with protons [4] and 
ensure slippage factor in a range 0.01÷0.05 for acceptable 
RF-voltage and efficient stochastic cooling. 
Table 2: Main Parameters of optics with changeable tr 

 
Energy of the 
experiment 

Ion-ion and ion-proton 
collisions 

Polarized 
protons 
5÷12 
 GeV 

1.5  
GeV/n 

3.5 
GeV/u 

4.5 
GeV/u 

Ring circumference, 
m 534.2 

Transition energy, tr 3.2 5.8 7.6 68 
Phase advance per 

cell, ° 30 60 90 varied 

Slippage factor, ηω 0.051 0.015 0.013 0.004 

Betatron tune Qx/Qy 
8.44/ 
7.44 

10.44/ 
10.44 

12.44/ 
12.44 

12.44/ 
12.44 

Number of bunches, 
nbunch 

26 

Total chromaticity 
of the ring(before 
correction) x y

-28.8/ 
-27.5 

-29.6/ 
-32.4 

-38.3/ 
-36.6 

-37.2/ 
-33.5 

Ring acceptance, 
π⋅mm⋅mrad 

200/ 
300 

200/ 
200 40/40 40/70 

Ring long. 
acceptance, Δp/p ±0.005 ±0.005 

Maximum 
acceptable RMS 

emittance,  
εx/εy π⋅mm⋅mrad 

1.1/0.5 1.1/0.6 1.2/ 
0.6 1.1/0.6 

RMS momentum 
spread 0.6·10-3 1.3·10-3 1.7·10-3 1.2·10-3 

Particle per bunch 
corresponding to 

tune shift (ΔQ +ξ) = 
0.05 

0.4·109 2.5·109 
 

4.9·109 

 2.5·1011 

β*, cm 35 35 
Bunch length, cm 60 60 60 60 
IBS growth time, s 110 600  710  8700 

Maximum 
achievable 

luminosity, cm-2 s-1

1.8·102

5 
2.0·102

7 
4.2·102

7 4.2·1031 

γ

γ

ξ ξ/
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 The ring optics (Table 2) is optimized for operation 
with Au79+ ions at the energy of 4.5 GeV/u. Increasing of 
�tr was carried out by adjusting gradients in structural 
lenses [4]. Decrease of �tr was fulfilled by decrease of the 
phase advance in each FODO-cell in the arcs. 

Optics structure of the ring for different regimes of 
operation is presented in Fig. 4. 

 

 

 

 
Figure 4: β-function & dispersions for half of the ring. 

 
The horizontal dispersion suppression was provided by 

adjusting of focusing gradients in cells near the entrance 
to the straight section. Such a choice allows tuning of the 
suppressor at different lattice options when phase advance 
per cell is changed. 

In the proton mode the number of cells in one 
superperiod Ncell and the number of superperiods Sarc per 

arc are dictated by the required betatron phase advance in 
the horizontal plane. Horizontal betatron phase advance in 
the arc νarc is close to the number of superperiods Sarc as 
possible keeping them both being integers. This means 
that the phase advance in one superperiod should be 
2πνarc/Sarc, and the phase advance of radial oscillations 
between the cells located in different superperiods and 
separated by Sarc/2 superperiods 

is narcarcS

arcS
arc ππ

ν
π

ν
π 2

2
2

2
2 +=⋅=⋅⋅ . It corresponds to the 

condition of first-order compensation for the nonlinear 
effects of sextupoles in the arcs. Considering all 
implications arc consist from 12 FODO cells. They are 
grouped into 4 superperiods by gradient modulation in the 
case of proton mode and remain a regular periodic 
structure (no modulation) for Au-ions (see fig.4). A 
transition from one option to another is done by gradient 
change in two focusing quadrupole families in the arcs 
and then by optics match to the straight sections. 
The horizontal dispersion suppression was provided by 
adjusting of focusing gradients in cells near the entrance 
to the straight section. Such a choice allows tuning of the 
suppressor at different lattice options when phase advance 
per cell is changed. In the proton mode the dispersion in 
the straight sections is suppressed due to the 2π integer 
betatron phase advance in the arc. 

Straight sections were designed to provide β*~35 cm, 
to bring minimum chromaticity into the ring, to ensure 
total ring tune adjustment, and to have space for non-
structural equipment positioning. 

Nevertheless due to two IP the NICA has sufficiently 
high normalised chromaticity value ξx,y/νx,y~3.5, and use 
of quite strong sextupole magnets for chromaticity 
correction sharply restricts the dynamic aperture (see 
Table 2). The ring tunes have non-linear dependence on 
Δp/p especially for Au 1.5 GeV/n and Protons options. 
Thus, may be, adding of the octupoles is needed. 
However in the region of momentum acceptance Δp/p 
±0.005 the tunes have acceptable values to avoid crossing 
of dangerous resonances (especially half-integer). 
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