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Abstract

Intra-Beam Scattering (IBS) is one of the main limit-

ing processes for the performance of low energy ion stor-

age rings, such as the Extra Low ENergy Antiproton ring

(ELENA) that is being constructed at CERN. IBS effects

limit the achievable equilibrium 6D beam phase space vol-

ume during the cooling process, as well as the stored beam

intensity. In this contribution we analyse the IBS effects on

the beam dynamics of the ELENA ring in detail. Numerical

simulations using the codes BETACOOL and MAD-X have

been performed to compute the beam life time and the equi-

librium phase space parameters with electron cooling in the

presence of IBS.

INTRODUCTION

ELENA [1] is a small synchrotron equipped with an elec-

tron cooler, which is currently being constructed at CERN to

further decelerate antiprotons from the Antiproton Deceler-

ator (AD) [2] from 5.3 MeV to 100 keV kinetic energy with

a beam population of ∼ 107 cooled antiprotons. Electron

cooling will be used to counteract the emittance and the mo-

mentum spread blow-up caused by the deceleration process.

This will increase the intensity of antiprotons delivered to

the antihydrogen experiments at the AD by one to two orders

of magnitude.

The ELENA cycle is schematically shown in Fig. 1. There

are two cooling plateaus: the first cooling plateau lasts ap-

proximately 8 s at 35 MeV/c momentum, and the second one

is applied for 2 s at 13.7 MeV/c. In both cases the cooling is

applied to a coasting beam. A third cooling at 13.7 MeV/c

will be applied to bunched beams prior to extraction.

Figure 1: ELENA cycle.

A particular challenge for low energy ion storage rings,

such as ELENA, is the question of achievable beam life time

and stability. To address this question, we are investigating
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the long-term beam dynamics in ELENA considering dif-

ferent effects limiting the achievable phase space volume

obtained under electron cooling. Among these effects, IBS

and rest gas scattering are important sources of beam heat-

ing.

For ELENA with the nominal vacuum pressure P = 3 ×

10−12 Torr, it has been estimated that the effect of rest gas

scattering would be practically negligible with respect to

IBS [3, 4]. Therefore, in this paper we focus mainly on the

study of the IBS effects.

IBS can be defined as a beam heating effect produced

by multiple small-angle Coulomb scatterings of charged

particles within the accelerator beam itself. It causes an

exchange of energy between the transverse and longitudinal

degree of freedom, thus leading to the growth of the beam

phase space dimensions. The theory of IBS is extensively

described in the literature, e.g. [5–8], and many of these IBS

models are implemented in the simulation code BETACOOL

[9,10]. This code allows us to calculate the evolution of beam

distributions in the transverse and longitudinal phase space

under the action of cooling and different scattering effects,

and has been successfully benchmarked against experimental

data, see e.g. [11].

IBS becomes stronger when the phase space volume of the

beam is reduced by cooling, thus limiting the achievable final

emittances, which are determined by an equilibrium state

between IBS and cooling. In the next sections we investigate

the beam evolution for the two ELENA cooling plateaus in

the presence of IBS.

BEAM EVOLUTION

Beam dynamics simulations are performed using the code

BETACOOL [9, 10], using the nominal beam parameters

and electron cooling parameters adopted from [1,12] and the

ELENA ring lattice with working point Qx ≃ 2.3, Qy ≃ 1.3

[13] in MAD-X format [14].

The simulations are based on a Monte-Carlo method

(model beam algorithm of BETACOOL), with the following

conditions: 1000 modelled macroparticles; electron cooling

considering a cylindrical uniform electron beam distribution

with transverse temperature kBTe⊥ = 0.01 eV and longitudi-

nal temperature kBTe ‖ = 0.001 eV; the cooling friction force

is computed using the Parkhomchuk’s model for a magne-

tised electron distribution [15]; rest gas and IBS effects are

also included. For the IBS, the Martini model [7] is used.

More details can be found in [4].

First Cooling Plateau

Let us consider first initial Gaussian distributions with

relatively large rms transverse emittances and momentum



spread: (ǫ x , ǫ y ) = (8,8) π mm·mrad, ∆p/p = 0.1%. Fig-

ure 2 shows the time evolution of these parameters during

the first cooling plateau for 10 simulated random seeds.The

corresponding beam profile distributions at different times

of the cooling process are shown in Fig. 3. The beam distri-

bution quickly deviates from a Gaussian profile and a very

dense core appears.

Figure 2: Evolution of the rms horizontal emittance (a) and

momentum spread (b) over the first cooling plateau. The

rms vertical emittance evolution is similar to (a).

Figure 3: Horizontal (a) and momentum spread (b) distribu-

tion for different times during the first cooling.

Core-tail Development: For relatively large beam sizes

at the beginning of the cooling, the beam distribution devel-

ops a very dense core and highly populated tails. This is due

to the strength of the electron-antiproton friction force as a

function of the relative velocity. Figure 4 shows the distri-

bution of modelled antiprotons in the (x,∆p/p) space at the

beginning and at the end of the first cooling plateau. The

parabolic momentum spread of the electrons due to space

charge is also represented. Because of this space charge

effect, antiprotons at large amplitudes experience a weaker

friction force than those in the centre.

It is necessary to point out that in the case of cooling

with large initial beam sizes, where the distribution quickly

deviates from a Gaussian, the use of a standard IBS model,

such as the Martini model, is probably underestimating the

IBS effect for the core, thus leading to an overcooling of

the core, as observed in Fig. 3. In the past, this was already

noticed in [16]. Standard models of IBS are based on the

growth of the rms beam parameters of Gaussian distributions.

However, in the case of a non-Gaussian beam with a very

dense core and large tails, it would be more correct to apply

IBS induced kicks based on diffusion coefficients which

are different for particles inside and outside of the core.

Different IBS models for non-Gaussians distributions have

been proposed in the literature [16–20], and implemented

in the code BETACOOL [21].

Figure 4: Distribution of an ensemble of 1000 modelled

antiprotons in the cooler at t = 0 s (A) and at t = 8 s

(B) for the first cooling plateau. The parabola represents

the momentum spread of the electrons due to space charge

charge. The straight blue line represents the dispersion line

∆p/p = x/Dx for the antiproton beam.

Applying an IBS core-tail model [16, 17], we have recal-

culated the time evolution of the ELENA beam distribution

during cooling at 35 MeV/c, and compared it with the previ-

ous result where the IBS Martini model was applied (Fig. 5).

The cooling of the core is smoother if an IBS core-tail model

is applied and, probably, it describes more accurately the

actual process.

Figure 5: Horizontal (a) and momentum spread (b) distribu-

tion at t = 8 s for the first cooling plateau (p = 35 MeV/c),

comparing the results using two different models of IBS:

Martini model (solid red line) and a core-tail model (dotted

blue line). The vertical distribution presents similar features

to (a).

Second Cooling Plateau

For the second cooling plateau of a coasting antiproton

beam at 13.7 MeV/c, Fig. 6 depicts the rms emittance and

momentum spread as a function of time. For simplicity, in

this case, we have adopted an initial Gaussian beam distribu-

tion with rms emittances (ǫ x , ǫ y ) = (2.8,2.8) π mm·mrad

and 0.05% momentum spread. These initial values take

into account the adiabatic emittance increase by a factor

(βγ)35 MeV/c/(βγ)13.7 MeV/c ≃ 2.55 because of the deceler-

ation ramp from 35 MeV/c to 13.7 MeV/c. See Table 1 for

a summary of the beam parameter values at the beginning

and at the end of each cooling plateau.

Cooling of Bunched Beams

Before ejection, further cooling applied to bunched beams

at 13.7 MeV/c momentum (for ∼ 0.2–0.3 s) is planned to

counteract IBS effects and reduce the phase space volume of



Cycle step ǫ x , ǫ y ∆p/p (1/τx ,1/τy ,1/τp )IBS (1/τx ,1/τy ,1/τp )COOL

[π mm·mrad] [%] [s−1] [s−1]

Cooling at 35 MeV/c, coasting beam, 8 s

Start 8.0, 8.0 0.1 1.7 × 10−4, −2.5 × 10−5, 8.3 × 10−4 -0.2, -0.2, -0.5

End 1.1, 1.1 0.02 0.02, -0.02, 0.7 -1.4, -1.4, -3.1

Cooling at 13.7 MeV/c, coasting beam, 2 s

Start 2.8, 2.8 0.05 0.03, -0.009, 0.3 -1.1, -1.1, -1.9

End 0.52, 0.33 0.033 1.6, 1.8, 3.0 -2.5, -2.3, -4.5

Cooling at 13.7 MeV/c, bunched beam, 0.3 s

Start 0.78, 0.49 0.049 2.6, 3.4, 0.7 -2.2, -2.0, -1.9

End 0.9, 0.55 0.043 1.7, 2.2, 1.7 -2.1, -2.0, -1.9

Figure 6: Evolution of the rms horizontal emittance (a) and

momentum spread (b) over the second cooling plateau. The

rms vertical emittance evolution is practically similar to (a).

bunches required by the experiments. Figure 7 compares the

beam evolution between the cases with and without cooling

for bunched beams. The cooling will keep transverse emit-

tances < 1 π mm·mrad and momentum spread < 0.05%.

In the bunching process we have assumed 50% emittance

blow-up. Initial and final values of emittances, momentum

spread and growth rates are written in Table 1.

OUTLOOK

IBS is one of the main heating processes limiting the

achievable phase space volume during the beam cooling in

low energy ion rings. In ELENA, it becomes significantly

stronger at the second cooling plateau (p = 13.7 MeV/c) of

the cycle and for cooling of bunched antiproton beams.

In this paper, BETACOOL simulations of the e-cooling

process in ELENA are presented to describe the features of

the beam evolution in the presence of IBS. The convenience

of applying an IBS core-tail model is also discussed when

large initial beam sizes are assumed at the beginning of the

cooling process, as we have assumed here for the case of the

cooling at 35 MeV/c.

Table 1 summarises the values of rms emittances and mo-

mentum spread as well as the IBS growth rates and cooling

rates before and after the electron cooling.

Figure 7: Evolution of the rms horizontal emittance (a), ver-

tical emittance (b) and momentum spread (c) for bunched

beams prior to extraction. The cases with and without cool-

ing are compared.

It is also worth mentioning that for simplicity we have as-

sumed initial Gaussian beam profiles. However, in practice,

the distribution of the beam injected from the AD could have

a dense core with significant non-Gaussian tails [22]. This

characteristic will be taken into account in future studies.
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