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Abstract

The Extra Low ENergy Antiproton storage ring
(ELENA), which is currently being commissioned at
CERN, will further decelerate antiprotons extracted from
the Antiproton Decelerator (AD) from 5.3 MeV to energies
as low as 100 keV. It will provide high quality beams for
the antimatter experiments located within the AD hall. At
such low energies, it is important to correctly evaluate the
long term beam stability. To provide a consistent explana-
tion of the different physical phenomena affecting the
beam, tracking simulations have been performed and the
results will be presented in this contribution. These include
electron cooling and various scattering effects under real-
istic conditions. The effects of several imperfections in the
electron cooling process will also be discussed. In addition,
analytical approximations of the temporal variation of
emittance under these conditions will be presented, and
compared with numerical simulation results.

INTRODUCTION

ELENA is a low energy storage ring designed to increase
the efficiency of the antimatter experiments at CERN [1],
its final layout is represented in Fig 1.

Figure 1: Sketch of the ELENA ring layout with its main
components.

Currently under final commissioning phases, ELENA
will accept antiprotons from the Antiproton Decelerator
(AD) [2] and employ the use of an electron cooler [3]. At
these lower energies, fewer antiprotons will be lost to de-
grader foils at the end of the deceleration process and as a
result the anti-hydrogen experiments will receive higher in-
tensity beams, considerably increasing the number of
trapped antiprotons.

In the past few months the ELENA ring has been
equipped with an extremely compact electron cooler.

* Work supported by European Union’s Horizon 2020 research and innovation pro-

gramme under the Marie Sklodowska-Curie grant agreement No 721559.
T bianca.veglia@liverpool.ac.uk

05 Beam Dynamics and EM Fields

IPAC2018, Vancouver, BC, Canada
doi:10.18429/JACoW-IPAC2018-THPAFO15

ELECTRON COOLING

Electron cooling is a method of increasing the phase-
space density of ‘hot’ heavy charged particles, ions or an-
tiprotons, through Coulomb interactions with a ‘cold’ elec-
tron beam, co-propagating with the same average speed in
a small section of a ring. The method was proposed by G.
Budker in 1967 [4], successfully tested in 1974 with low-
energy protons [5], and later implemented at a many sto-

rage rings [6-8].
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Figure 2: ELENA cycle.

Electron cooling is extremely important in ELENA since
it reduces or eliminates the emittance blow-up caused by
the deceleration process of the antiproton beam. Very small
emittances are needed to achieve further deceleration and
ease extraction to the trap experiments. The ELENA cycle
(Fig. 2) comprises two cooling plateaux, one at 35 MeV/c
of 8 seconds and another at 13.7 MeV/c for just 2 seconds

(Table 1).

Table 1: ELENA Electron Cooler Parameters

Beam momentum

35-13.7 MeV/c
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Velocity factor, f = v/c 0.037-0.015
Electron beam energy 355-55eV
Electron current, /. 5-2mA
Electron beam density, 7. 1.38-1.41 102 m™
Magnetic field in the gun, Bgun 1000 G
Magnetic field in the drift, Baisr 100 G
Expansion factor 10
Cathode radius 8 mm
Electron beam radius, r» 25 mm
Betatron functions, Sy, 2.103,2.186
Horizontal dispersion, Dx 1.498 m
Flange-to-flange length 193 m
Solenoid length I m
Effective length (good field region) 0.7m
Electron beam transverse tempera- 0.01 eV
ture, kpTeL
Electron beam longitudinal tempera- 0.001 eV
ture, kpTe||
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< Friction Force

An antiproton moving in a free electron gas with a ve-
s locity distribution experiences a friction force [9], which in
a model of binary collisions can be written as:

ame* _Ame ne
(4meg)2m

F) = — ey Lc(u)f(ve) a3, (1)

), title of the work publisher, and D

= where e, n.and m, are the electron charge, density and

S mass respectively, L¢is the Coulomb logarithm defined as
= the logarithm of the ratio of the maximum and minimum
£ impact parameter f (v,) is the electron velocity distribu-
gtionand = v, — 7, is the relative ion velocity.

The electron cooling systems employed at low-energy
rings are typically based on an electron beam immersed in
the longitudinal magnetic field of a solenoid (magnetised

electron beam) [10].

In the presence of a finite-strength magnetic field the bi-
S nary collisions analytical approach has complications. It
= does not provide a closed form solution anymore, because
E‘ the relative motion and the centre of mass motion are cou-
g < pled. Even if a variety of theoretical models for the friction
B force has been developed, the available expressions make
5 various approximations, and the discrepancy between the-
< ory and experiments can be large. In this study, to avoid
& limitations of the models, the Parkhomchuk semi-empirical
Z formula was used [11]:
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§ where A, is the effective electron velocity spread taking

© into account variations of the magnetic field line position
' in the transverse direction.
The logarithm is here defined as:

Ly = In (w) , 3)

PmintpL

O Where pyq, and pp,;, are the maximum and minimum

% impact parameters respectively and p, = m,cA, , /(eB).
f For ELENA we can approximate Ly = 10. The expres-

© sion (2) has been successfully benchmarked with meas-
gurements [12] and its accuracy is sufficiently good to esti-
‘> mate the e-cooler performance. Among others, Eq. (2) is
f implemented in the BETACOOL [13] code, which will be

S described in the following section.
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BEAM DYNAMICS SIMULATIONS

An investigation of the ion beam dynamic evolution was
& performed using multi-particle simulations with the BETA-
o COOL program [14]. The general goal of the program isto
g simulate long-term processes such as IBS, various types of
2 cooling, rest-gas scattering, internal target, beam losses,
= etc. In this algorithm, the ion beam is represented as an ar-
£ ray of modelling particles. Heating and cooling processes
= involved in the simulations led to variations of the ion dis-
%‘) tribution function in six-dimensional phase space. The

© THPAF015
of
2976

may be used un

IPAC2018, Vancouver, BC, Canada

JACoW Publishing
doi:10.18429/JACoW-IPAC2018-THPAFO15

code BETACOOL has been benchmarked with measure-
ments in the past, giving a good agreement [10, 15, 16].

Electron Cooler Imperfections

In this study different possible imperfections of the cool-
ing section of the storage ring were considered. For exam-
ple, a common defect of the machinery is the presence of a
misalignment between the circulating ion beam and the
electron beam. It could be a horizontal or transversal dis-
placement or a tilting angle. In all of the cases, simulations
were run with different values of shifts.
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Figure 3: Horizontal emittance in presence of different tilt
angles on the transversal plane.

The effect of the presence of a tilt angle between electron
beam and the circulating particles is that part of the elec-
tron longitudinal velocity is experienced by the ions as
transverse velocity spread. This increases the effective
electron temperature that the ions are subjected to and the
efficiency of the cooler is hence reduced. The long term
emittance evolution depicted in Fig. 3 shows the reduced
effect of the cooling section as the shift between the up-
stream extremities of electron and ion beams gets larger.
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Figure 4: Horizontal emittance with parallel vertical dis-
placement.

Figure 4 shows the effect of a parallel vertical displace-
ment of the electron cooler in respect of the antiproton
beam longitudinal axis. For small shifts the cooling rate is
improved. This effect can be explained by observing that
the displacement of the electron beam produces a horizon-
tal gradient in the longitudinal cooling force because of the
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parabolic velocity profile of the electrons due to the space
charge [17].

Electron Velocity Distributions

The simulation software BETACOOL contains algorithms
that allow us to take into account local properties of elec-
tron distribution as well as calculate friction force for an
arbitrary velocity distribution. In the program, the follow-
ing models of the electron beam are realized:

e uniform cylinder;

e cylinder with round (or elliptical) cross-section
with Gaussian distribution in transverse plane
(Gaussian cylinder);

e  hollow beam;

e  parabolic.

We investigated how different electron density distribu-
tions affect the cooling rate. Simulations to compare the
emittance evolution in case of different electron distribu-
tion shapes are plotted in Fig. 5. For each distribution the
program calculates the electron density taking into account
the real value of the electron peak current (I.=2 mA).
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Figure 5: Plot of the horizontal emittance evolution for the
different electron beam models provided in BETACOOL.

Figure 6 shows the behaviour of the longitudinal com-
ponent of the approximated friction force for a Gaussian
cylinder and a uniform distribution of the electron density.
We can see that for low velocities the two different distri-
butions lead to different intensities of cooling.

Measurements of the actual electron distribution are
planned, in order to build a realistic model of the electron
beam. In the meanwhile a study of the effect of the different
distributions on the friction force acting on the circulating
ion beam is currently being carried on.
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Figure 6: Longitudinal component of the approximated
longitudinal friction force as a function of the antiproton
velocity for different electron distributions.

SUMMARY AND OUTLOOK

A detailed study on the effect of imperfections and real-
istic models of the electron cooler is being developed.

Next steps are to analytically predict the cooling rate and
the evolution of the emittance under different conditions.
The simulated results along with the theoretical expecta-
tions will be then compared with the measurements from
the real machine, in order to better understand the predom-
inant effects acting on the cooling process.

Furthermore, a study aiming to simulate the magnetic
field produced by the electron cooler coils is currently in

progress.
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