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Simulation and analysis of the transverse

spectrum in HIRFL-CSR *
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Abstract: Particles in a storage ring oscillate in the longitudinal and transverse dimensions. Therefore, the

signal that beam has generated can be analyzed in the frequency domain to extract many beam parameters, such

as tune, momentum spread, emittance and their evolution with time and so on. In this paper, the transverse

spectrum in HIRFL-CSR was simulated and analyzed under different conditions, including electron cooling,

hollow electron beam, solenoid effect, the tune shift caused by power supply ripple and the misalignment

between ion and electron beams. The result of the simulation shows that the longitudinal magnetic field of

the electron cooling device should be compensated by a “compensation solenoid”, and the power supply ripple

must be controlled, otherwise the accumulation would be affected and the beam would be lost.
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1 Introduction

HIRFL-CSR is a new ion cooler-storage-ring sys-

tem in China’s IMP (Institute of Modern Physics); it

consists of a main ring (CSRm) and an experimental

ring (CSRe). The overall layout of the HIRFL-CSR

can be seen in Ref. [1]. The heavy ion beams from

HIRFL will be first injected into CSRm, with the

accompanying accumulation, e-cooling and accelera-

tion, and finally extracted to CSRe for many internal-

target experiments [1]. Two electron coolers located

in the long straight sections of CSRm and CSRe, re-

spectively, are used for ion-beam accumulation and

cooling. In order to obtain a high density beam, dif-

ferent cases involving accumulation must be analyzed.

Spectral analysis is a powerful tool to complete this

work. The basic concepts of the spectrum theory are

given before describing the results of simulation.

2 Basic theories of the spectrum

2.1 Longitudinal spectrum

In a storage ring, a single particle of charge Z

circulating at a revolution frequency fk = 1/T induces

a series of δ functions onto a short pick-up placed

somewhere around the ring. With a passage time tk

given by the initial conditions, the current created

and its Fourier expansion are:

I(t) = Zefk +2Zefk

∞
∑

k=1

cos(nωk(t− tk)).

Here n is the harmonic number, Ze is the charge
of the beam. The longitudinal spectrum consists of

a DC part Ik0 = Zefk which is the circulating beam

current, and an infinite series of lines at all harmon-

ics of fk. Now assume a coasting beam consists of

N individual particles with random initial phases ϕk

and revolution frequency fk, within a distribution

fk ±∆f/2. Averaging Ik0 over N particles gives the

circulating beam current Ik = N(Zefk). Then each

particle will contribute its own series of harmonic

lines. It is important to note that in a coasting beam,

the initial phase is completely random, only the DC

term of the beam current is left if we directly sum all

particles. However the r.m.s current per band is non-
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zero and in any single band the rms current is given by

Irms = 2Zefk

√

N/2. The current distribution inside

each band provides valuable information on the mo-

mentum profile of the beam ∆P/P = (1/η)(∆f/nfk),

where η = |1/γ2−1/γ2
tr| is the off momentum param-

eter of the machine, γ is the relativistic energy factor

and γtr is called transition-γ [2].

2.2 Transverse spectrum

If the pick-up used to observe the longitudinal sig-

nal is made sensitive to the transverse position of the

particle, then the betatron oscillation of the particle

will be seen at the pick-up too. The betatron mo-

tion of the amplitude a0 of the particle is described

as x(t) = a0 ·cos(ωQt+ϕ0). Then the signal extracted

from the pick-up can be interpreted as the amplitude

modulation of the longitudinal current:

d(t) = Zefk ·a0

{

1+

∞
∑

n=1

[cos(ωk(n+q)t)

+cos(ωk(n−q)t)]
}

,

where q is the fractional part of the tune Q. The

spectrum at a given harmonic n of the revolution fre-

quency features two sidebands at (n±q)fk. The power

in each sideband is given by Irms = Zefkarms

√

N/2,

where arms is the rms oscillation amplitude of all

the particles, which is proportional to the square

root of the transverse beam emittance. The widths

of the sidebands at (n±q)fk are obtained by ∆f± =

[(n ± q)η ±Qξ]∆P/P · fk, where ∆Q/Q = ξ∆P/P .

Hence transverse spectrum provides a large set of fun-

damental beam parameters: the fractional part of the

tune, the transverse emittance and so on [2, 3].

3 Simulation and analysis process

According to the theory of the spectrum men-

tioned above and the parameters of HIRFL-CSR, sim-

ulations were done to investigate how to get a higher

intensity beam and avoid beam loss.

3.1 Ion beam initialization

First of all, a number of particles with certain

distribution must be initialized. The parameters of

ions and Twiss at the Cooler are assumed as the fol-

lowing: the type of ions is 12C6+, energy is 7 MeV,

the values of the betatron tunes are vx = 3.62 and

vz = 2.61, the values of the betatron amplitude func-

tions are βx = 10.5 and βy = 16.6, the emittances are

εx = 150 πmm·mrad and εy = 25 πmm·mrad. Accord-

ing to the parameters mentioned above, the Gaussian

distribution ion beams are adopted in the simulation.

3.2 Electron beam distribution

An electron gun equipped with a control electrode,

located at the electron-cooling device of HIRFL-CSR,

is capable of varying the transverse distribution of the

electron beam and making a hollow beam [4]. So in

the simulation, the hollow beam with different control

voltages which affect the distribution is taken into ac-

count (Factor means control voltage). Profile of the

electron beam under different factors can be seen in

Fig. 1.

Fig. 1. 2D profile of the electron beam.

3.3 Ring matrix and different effect

In this paper, the transform matrix is calculated

from its lattice parameters mentioned above. The

betatron coordinates are transformed in accordance

with the coefficients of the ring matrix. The electron

cooling device is considered as a thin lens. In this case

the ion angle variation is calculated as

∆ϑ =
F

MC2β2γ
LcoolNturn,

here F is the cooling force, M is the ion mass,

Lcool is the length of the electron cooling device and

Nturn is the revolutions number. The ion coordinates

are not changed inside the cooler. Some possibility

may occur during the accumulation such as the non-

compensated longitudinal magnetic field and mis-

alignment between the ion and the electron beams.

In addition, the level of power supply ripple is also

an important factor that will affect the accumulation

result. All those effects mentioned above are included

in the next simulation.



No. 2 LI Peng et al: Simulation and analysis of the transverse spectrum in HIRFL-CSR 185

4 Simulation result and discussion

4.1 Cooling time and FFT (Fast Fourier

Transform) spectrum

In HIRFL-CSR, the electron cooling is a powerful

tool for the accumulation, so the transverse cooling

time is given in the simulation first. The initial angle

of the electron beam is assumed as 5×10−4 [5]. The

calculation of the electron cooling effect is based upon

the cooling force. According to the result, the vertical

cooling time is about 0.3 s, and the horizontal cooling

time is about 0.6 s (The cooling time was calculated

as the time it took to cool the emittance value to its

1/e). Fig. 2 shows the transverse emittance decreased

with the time. Meanwhile, we can take the particle

coordinates as a discrete signal in the time domain

and transform this signal into its frequency domain.

Then the information about betatron motion of the

beam can be analyzed. The fractional value of tune

in two dimensions is 0.62 and 0.61, shown in Fig. 3.

Fig. 2. (a) The horizontal emittance evolution. (b) The vertical emittance evolution.

Fig. 3. (a) The fractional part of horizontal tune. (b) The fractional part of vertical tune.

4.2 Magnetic field compensation

In the electron cooling system, the longitudinal

magnet field is used for the compensation deflection

by the space charge of electron beam. Meanwhile, it

must be compensated, otherwise transverse coupling

will occur. During the operation of the machine un-

der the parameters, the current of magnet field power

is usually 48 A (390×10−4 T). If there is no other

compensated solenoid, the horizontal tune shift is

0.00547 and the other one is 0.00867. Meanwhile we

can see the coupling effect between the horizontal and

the vertical directions from the FFT result, shown in

Fig. 4. Fig. 5 is the tune shift result under different

magnet fields. So in order to avoid beam loss, there

Fig. 4. Spectrum under coupling effect. 0.60352

is the fractional part of vertical tune, and

0.63086 is the fractional part of horizontal

tune.



186 Chinese Physics C (HEP & NP) Vol. 35

Fig. 5. Tune shift under different currents.

are “compensation solenoids” in HIRFL-CSR used to

decrease the coupling [6].

4.3 Power supply ripple

In the storage ring, the causes of beam instability

and “blow-up”, sudden total or partial loss of beam

current, may be the power supply ripple. In this pa-

per, a program was added to simulate this instability.

We assumed there is a cosine oscillation on a

power supply. Its amplitude is 0.3 A and its frequency

is 50 Hz. The transverse tune shift is 0.0075 under

this modulation existence shown in Fig. 6. Fig. 7(a)

shows the result that we take Fourier transform on

the beam coordinates continuously. The horizontal

axis corresponds to frequency. The vertical axis cor-

responds to time. The color displays the magnitude

of the oscillation. It turns out that the sideband is

not a line, it is a cosine oscillation. The tune shift will

increase as long as the amplitude increases during the

process, finally it may cause the beam loss. Fig. 7(b)

is the spectrum result under modulation where the

amplitude increases with time. So during the opera-

tion of the ring, the level of the power supply ripple

must be controlled.

Fig. 6. Tune shift under amplitude modulation.

Fig. 7. (color online). The spectrum under modulation.

4.4 Misalignments between ion and electron

beam

The simulation which involves the nonzero angle

between the ion and the electron beams is also done

[7, 8]. The electron cooling will be valid when the an-

gle between two beams is too large. Assuming the

angle is 4 mrad, we can see that at first the trans-

verse emittance will increase with time under the elec-

tron cooling from Fig. 8. Because this angle is not

large enough, the emittance finally decreases. But the

Fig. 8. Emittance evolutions with time.

Fig. 9. Final distributions of ions.
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cooling time will be long. In addition, the ion beams

distribution shown in Fig. 9 will be different under

this condition. This means that the ion beams will

be hollow, most of the ions will distribute in the edge

and this result may cause the beam loss.

5 Conclusions

Simulations under different conditions involving

accumulation mentioned above have been given in

this paper. Great attention must be paid to those is-

sues in the operation to avoid beam loss. Information

on the spectral behavior of beams helps us to analyze

and solve the beam loss and instability problems at

the time of beam accumulation as well as during var-

ious experiments. More simulations and analyses of

the spectrum in the longitudinal and transverse di-

mensions will be done in the future.
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