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Abstract

A dual-purpose structure has been developed for the NICA
collider accelerating heavy multiply charged ions and light
polarized nuclei of protons and deuterons. For heavy mul-
tiply charged ions, it is necessary to solve the problem of
intra-beam scattering, which requires minimal modulation
of the beta and dispersion function. For light particles, the
problem of crossing transition energy arises. In the proposed
structure, both problems are solved due to a specially devel-
oped structure of magnetic arcs. This lattice can be used to
accelerate both heavy ions and light polarized protons and
deuterons without a loss of beam quality.

LIGHT PARTICLE MODE

In a classical regular lattice, the transition energy is ap-
proximately equal to the horizontal betatron tune y . = v,
[1]. For the same magnetic rigidity B p, the maximum en-
ergy for light particles is greater than for heavy ions due to
charge-to-mass ratio. This means heavy ion lattice optimized
for operating up to a certain transition energy and would re-
quire overcoming for light particle. In general, the transition
energy is determined by the momentum compaction factor
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a= ds, (1)
where C — orbit length, D(s) — dispersion function, p(s) —
radius of orbit curvature, s — longitudinal coordinate. It is a
characteristic of the lattice and remains constant regardless
of the particle type. In the first order the slip-factor =
no = 1/y2 — 1/7?, and thus the frequency of synchrotron
oscillations wg ~ 7 tends to zero when the beam energy
approaches the transition value. In this case, the adiabaticity
of the longitudinal phase motion is violated, which leads to
instabilities, as well as the influence of non-linear effects
of momentum spread §. The introduction of modulation
into the D (s) or p (s) function leads to variations in the
momentum compaction factor.

Resonant Lattice

The equation for the dispersion function with biperiodic
variable focusing [2]

d*D 1
e + [K(s) + €k(s)] D = m, 2)
where K (s) = I%G (s), ek (s) = %AG (s), G (s) — gradient

of magneto-optical lenses, AG (s) — superperiodic gradient
modulation. Here is considered an additional perturbation
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to regular one gk (¢) = Y., 8 cos(k¢), where g; — k-th
harmonic of the gradient modulation in the Fourier series
expansion of the function. The solution for MCF for one
superperiod as follows for only gradient modulation

L, (R )4 g7

as_vz 4(l—kS/V) v [1—(1—kS/V)2]2 ’

_ 3
where R, — the average value of the curvature, v — horizon-
tal betatron tune on arc, S — number of superperiods per arc.
Eq. (3) considered without curvature modulation due to the
possibility of introducing a transition energy variation into
a stationary lattice. For this reason, the sum sign must be
negative, this is realizable under the condition kS/v, 5 > 1.
First harmonic £ = 1 has a dominant influence, the condi-
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Figure 1: Resonant lattice with missing magnet and in-
creased transition energy.

tion is implemented for § = 4, v, ,.. = 3. For a 12 FODO
cells per arc, 3 FODO cells are combined into one superpe-
riod [3]. Thus, an integer number of betatron oscillations
on arc, so the arc has first-order achromat property. Straight
sections can correct tune for a whole ring to avoid any be-
tatron resonances. Moreover, by according choosing the
ratio of superperiod and tune for arc, it is possible to achieve
second-order achromat property. Such structure have been
considered first for KAON factory [4], later for neutrino fac-
tory [5] and implemented at J-PARC [6]. It can be also adapt
for a lattice with the missing magnet technique (Fig. 1), but
the dispersion at the arc’s edges must be suppressed [7].

HEAVY ION MODE

The lifetime of the beam luminosity in a collider experi-
ment is achieved through the reduction of intra-beam scat-
tering effects, coupled with the application of stochastic
and electron beam cooling techniques. This approach is of

MOPM: Monday Poster Session: MOPM
MC1.A04 Circular Accelerators and Storage Rings




16th International Particle Accelerator Conference, Taipei, Taiwan

JACoW Publishing

ISBN: 978-3-95450-248-6

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2025-MOPM071

490

MC1.A04	Circular Accelerators and Storage Rings

MOPM071

MOPM: Monday Poster Session: MOPM

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


16th International Particle Accelerator Conference, Taipei, Taiwan

ISBN: 978-3-95450-248-6

particular importance when dealing with high-intensity ion
beams. The temporal evolution of emittance in the presence
of cooling processes is governed by equation

de 1 de
& ot (@) @
cooling heating

where ¢ — transverse emittance, T, — transverse cooling time,
Tlong — longitudinal cooling time. For time-independent,
stationary values, the time derivatives become zero, then

de
st = T (E)IBS

The benchmark for evaluating the effectiveness of a
cooling technique can be determined by comparing the
timescales of stochastic or electron cooling processes with
the beam lifetime due to IBS over the entire energy spectrum.

®)

E=Eg

Stochastic Cooling

Let’s consider stochastic cooling using the approximate
theory developed by D.Mohl [8,9]. Based on his main find-
ings, the cooling rate can be determined as

1 w
— 2
T = wl2gcosd (1-1/M%) - ¢*(My,+U) 1,
coherent incoherent
effect(cooling) effect(heating) ,

(6)
where W = f,.x — fmin — System bandwidth, N — effective
number of particles, g — fraction of observed sample error
corrected per turn, U — the ratio of noise to signal, M, My,
— mixing factors between pickup-kicker/kicker-pickup. Eq.
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(6) in the absence of noise at g = g =

maximum
2 \2
1 _wlong) o
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The mixing coefficients are defined as
1
M =
pk Ap’
2 (fmax +fmin) nkakaP (8)
1
Mkp =

A b
2 (fmax _fmin) nkakPTP

where 7, T4 S, 1y, TS — relative particle displacement
times (mixing), 7., 7y — slip-factor, as a first approx-
imation, a, ay, — first-order of local momentum com-
paction factors, Ty, Ty, — the absolute times between pickup-
kicker/kicker-pickup.

The maximum value of the frequency band is determined
by the requirement that the Schottky beam bands do not
overlap. In the simplest case, this can be expressed fi,.x <

a7 » thus, a mixing factor My > 1. Otherwise, the

NokTpk 3~
cooling efficiency becomes zero. Modern technologies allow

the implementation of a 10 GHz frequency band [10].
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As an example, considered the case of NICA with max-
imal beam form-factor Fi ¢, = 4 with Cyy, = 503.04 m,
Opunch = 0.6 m, Nyypen = 2.2+ 10°. For NICA JSmax = 4 GHz
and f,;, = 2 GHz. With these parameters, the maximum
achievable cooling rate is 1/t = 1/230s~1.

Based on Eq. (8), it is evident that asymptotic growth
may occur in two scenarios:

1

z(ﬁnux +f;nin)Tpk6 ?
Schottky spectrum becomes continuous and My — 1;

1. slip-factor approaches the value n —

2. slip-factor approaches zero, mixing between the kicker
to the pickup does not occur and M, — oo.

The efficiency of stochastic cooling depends on the prop-
erties of the magneto-optical structure. In classical regular
lattices, transition energy is acquired through the horizontal
frequency y = v, and slip-factor can achieve zero. To
avoid asymptotic growth, it is necessary to vary the slip-
factor which means y .. This is possible in resonant lattice,
where transition energy can be increased or even reach com-
plex value. In more exotic case, can be used combined lattice
then np = 1/ yZ—1/7? (pickup-kicker) with real transition
energy at one arc compensated by 7y, = -1/y2 - 1/y?
(kicker-pickup) with complex transition energy at another
for the whole ring. Such structure achieves the required
ratio of mixing factors for a maximum cooling rate close to
ideal [11].
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Figure 2: Regular lattice with missing magnets.

The straight sections remains constant in all lattices and
essential for analyzing of the resonant characteristics of the
entire structure. Their arrangement does not affect the intra-
beam scattering and transition energy. To suppress disper-
sion in the regular lattice, missing magnets technique imple-
mented on both sides of the arc (Fig. 2). The resonant lattice
can be obtained from a regular one by introducing additional
family of focusing quadrupoles. To suppress dispersion can
be used either two edge focusing quadrupoles on both sides
of the arc or only two families of focusing quadrupoles on
the arc, when an integer number of betatron oscillations is
reached. The combined lattice requires a greater modulation
depth of the quadrupoles than in purely resonant lattice with
increased transition energy (Fig. 3).

As illustrated on Fig. 4, for a resonant lattice the second
asymptotic is at higher energy compared to regular one. In
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combined magneto-optics, the cooling efficiency is closer
to the ideal in a large energy range 2.5 — 4.5 GeV/u, while
in regular the cooling rate is almost two times lower at the
most optimal point ~ 3 GeV/u. This behaviour is explained
by absence of the second point of asymptotic growth.
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Figure 3: Combined lattice with real and complex transition
energies in arcs.

Stochastic cooling

Cooling time, seconds

Energy. GeViu

—— Regular with both real arcs
—— Resonant with both real arcs
—— Resonant with real & imagine arcs
— - Ideal case
Figure 4: The dependence of stochastic cooling time on the

energy for various lattices. Energy range 0-30 GeV/u.

Intra-beam Scattering

Intra-beam scattering represents a fundamental limitation
on the beam lifetime in the collider. This is derived from the
fundamental principles governing this process

N )
Corb ﬂ3 385/2<JE> ©)

(1757 5)

Unlike stochastic cooling, the IBS rate increases as de-
creasing energy 1/y3. In addition, the expression in paren-
theses is proportional to the slip-factor 5. Therefore, it
should be expected that in optics with a value 5 close to
zero, the heating rate should decrease. Figure 5 shows the
dependences of the heating time constant in the three above-
mentioned lattices calculated using MADX programs [12]
for the parameters of the heavy ion beam 737Au of the NICA
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collider with maximum luminosity 10*” cm=2s~!. The cor-
responding IBS time for heavy and light beam presented
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at Table 1 for beam intensities Nyeqyy = 2.2 X 10 ppb and
Nijgne = 1 x 10'2 ppb with ny,,, = 22. Consequently, it
states that at experiment energy IBS times differ at about
10 times, so the issue of intra-beam scattering becomes
critical for heavy-ion beam. From the comparison of the
IBS lifetime with the cooling time it can be concluded that
in a regular lattice, stochastic cooling is able to balance
intra-beam scattering in the energy range W > 4.5 GeV/u.
In order to apply stochastic cooling over the entire energy
range, it is obvious that we must sacrifice the luminosity of
the beam at low energies by increasing the emittance. In
resonant lattices, the IBS time is notably reduced. Thus, for
the case of heavy ions, the configuration should be regular
and minimally modulated. Electron cooling is used lower
4.5 GeV/u [13,14].

Intrabeam Scattering
3000

—— Regular
2500 7 —— Resonant

—— Regular and resonant
2000 1

1500 -

IBS time, sec

1000 -

500 1

0 T P T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Energy, GeV/ju

Figure 5: The dependence of the beam lifetime due to intra-
beam scattering in regular, resonant and combined lattices
on the beam energy for heavy ion beam.

Table 1: Main parameters of lattices

Lattice Regular Resonant Combined
Energy, GeV/u 4.5 12.6 12.6
Y 7 15 i50
Modulation depth - 25% 45%
Tgc for Au, s 2500 1500 800
Tgs for Au, s 2500 400 250
T1gs for p, s 1.8x10% 45x103  7.9x103
CONCLUSION

The dual magneto-optical structure is proposed for accel-
erating both light and heavy particle beams, exemplified by
the NICA facility. In a resonant lattice, transition energy can
be increased. Regular one is optimal for multiply charged
particles due to ratio between IBS and stochastic cooling.
To convert a regular lattice into resonant one, it is enough
only to introduce a separate family of focusing quadrupoles.
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