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Electrostatic storage rings operate at very low energies in the keV range and have proven to be

invaluable tools for atomic and molecular physics. Because of the mass independence of electric rigidity,

these machines are able to store a wide range of different particles, from light ions to heavy singly charged

biomolecules, opening up unique research opportunities. However, earlier measurements have shown

strong limitations in maximum beam intensity, fast decay of the stored ion current, and reduced beam

lifetime. The nature of these effects has not been fully understood and an improved understanding of the

physical processes influencing beam motion and stability in such rings is needed. In this paper, a

comprehensive study into nonlinear and long-term beam dynamics studies is presented on the examples

of a number of existing and planned electrostatic storage rings using the BETACOOL, OPERA-3D, and MAD-X

simulation software. A detailed investigation into ion kinetics, under consideration of effects from

electron cooling and multiple scattering of the beam on a supersonic gas jet target, is carried out and

yields a consistent explanation of the physical effects in a whole class of storage rings. The lifetime,

equilibrium momentum spread, and equilibrium lateral spread during collisions with the target are

estimated. In addition, the results from experiments at the Test Storage Ring, where a low-intensity

beam of CFþ ions at 93 keV=u has been shrunk to extremely small dimensions, are reproduced. Based on

these simulations, the conditions for stable ring operation with an extremely low-emittance beam are

presented. Finally, results from studies into the interaction of 3–30 keV ions with a gas jet target are

summarized.
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I. INTRODUCTION

Electrostatic storage rings are able to store beams of
charge particles at very low energies between some eV � q
and a few hundreds of eV � q, where q denotes their charge
state. These storage devices have been developed alongside
ion traps in response to the needs of the astrophysics,
atomic physics, and molecular physics communities
[1,2]. They rely on electrostatic bending and focusing
elements rather than the bending magnets and focusing
magnetic quadrupoles used in magnetic storage rings.
The main difference between magnetic and electrostatic
storage rings is that the fields in the latter are mass inde-
pendent and hence there is no upper limit on the particle
mass that can be stored. For magnetic storage rings, the
magnetic rigidity depends on the ion charge to ion mass
ratio q=A. In electrostatic rings, the electric rigidity and
voltage applied to the electrostatic bending elements are

proportional to the ion kinetic energy T and ion charge q
but do not depend on the atomic number A. Compared to
magnetic storage rings, they have essentially lower limits
for beam energy because of the absence of eddy currents
and hysteresis in bending elements. In addition, a so-called
reaction microscope for the study of high-precision effects
in collisions between an ultrasonic gas jet target and the
stored particle beam, integrated in such low-energy storage
ring, promises access to hitherto impossible experimental
studies [3].
Despite their distinct advantages for fundamental re-

search in the low-energy regime, few electrostatic ion
storage rings are currently in operation around the world.
Those that are in use all have a comparable compact
racetrack-shaped layout and work at a fixed energy of 20
[4,5] or 30 keV � q [6] with a continuous beam. A
double electrostatic ring, operating in a merged beam
configuration and at temperatures below 20 K, is pres-
ently being commissioned at the Manne Siegbahn
Laboratory in Stockholm, Sweden [7]. In addition, a
fixed energy storage ring for energies up to 50 keV � q
has been designed, assembled and tested at the
University of Frankfurt, Germany [8,9], a cryogenic
storage ring (CSR) is being commissioned at the Max
Planck Institute for Nuclear Physics in Heidelberg,
Germany [10], and a fixed energy ring for beam energies
of up to 30 keV � q has been designed by researchers at
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KACST in Saudi Arabia in collaboration with the au-
thors of this paper [11,12].

Beam parameters measured in operating electrostatic
rings include emittance, beam profile, beam current loss
rate, and energy spread, see e.g. [4–6,13,14]. Strong limi-
tations on beam intensity and reduced lifetime have been
indicated and ion losses have been shown to be highly
dependent on the lattice structure of the storage ring and
beam current [15]. The nature of these effects has not been
fully understood yet.

Possible causes of these limits to beam current and
lifetime proposed to date [16,17] include nonlinear fields
in the electrostatic elements, parametric resonances due to
modulation of the space charge tune shift, as well as
coupling between the longitudinal and transverse particle
motion. It has already been noted that excessive beam
losses occur at beam intensities too low to be explained
by a negative shift of the betatron tune due to space charge
or parametric resonances.

An improved understanding of beam behavior—
especially nonlinear effects, long-term beam dynamics,
ion kinetics, and ion equilibrium conditions—in low-
energy storage rings will pave the way for successful
operation and optimization of these machines. Therefore,
additional studies have been initiated to improve knowl-
edge of the nature of beam losses and the physics of
processes in ultra-low-energy storage rings.

II. ACCEPTANCE AND BETATRON TUNE SHIFT
IN ELISA RING

We have carried out simulations of the beam behavior
including nonlinear terms in the equations of motion de-
rived from a harmonic Fourier analysis of the electric field
distribution in the electrostatic deflectors. We have also
tracked ions in a full 3D computer model of the ring using
relaxation maps of the electric field distribution in the
bending and focusing elements. Finally, we have investi-
gated transition processes, equilibrium conditions, and
long-term beam dynamics based on the kinetic equations.
On this basis we propose a consistent explanation of effects
previously observed in electrostatic storage rings.

In order to verify our computer studies we chose ELISA,
the first electrostatic ring dedicated to atomic physics
experiments and in operation at Aarhus University since
the late 1990s [4], as an example. The layout of the ELISA
ring is illustrated in Fig. 1. In this ring two 160� electro-
static deflectors and two 10� parallel plate deflectors,
together with four electrostatic quadrupole doublets, form
a simple racetrack structure. Split deflectors allow neutral
particles to be detected at the end of the straight sections.
Rings with a similar lattice geometry have been built at
KEK in Japan [5] and at Tokyo Metropolitan University,
Japan [6]. It should be noted that spherical-shaped deflec-
tors were used in the original design of ELISA to provide
equal focusing in both horizontal and vertical planes [13]
but have later been replaced by electrostatic deflectors of
cylindrical shape.
Systematic experimental studies of beam parameters in

ELISA showed strong limitations on the beam current and
a reduced beam lifetime. As an example, the measured
decay of a stored beam of negative oxygen ions at 22 keV is
presented in Fig. 2(a). It can be seen that the ion losses are
highly dependent on beam intensity, especially for the ring
using spherical deflectors.
The theory of ion motion in electrostatic bending and

focusing elements is well developed, see e.g. [17–20]. The
expressions for particle oscillations in a spherical deflector
might be written as

x00 þ 1

R2
eq

x� 1

R3
eq

x2 � 3

2R3
eq

y2 ¼ 0;

y00 þ 1

R2
eq

y� 3

R3
eq

xy ¼ 0:
(1)

Second order equations of motion for a spherical deflector
include sextupole components as well as coupling between
radial and vertical planes. In linear approximation a spheri-
cal deflector provides equal focusing in both horizontal and
vertical planes.
The motion in a cylindrical deflector is described by the

second order equations

FIG. 1. Model of the ELISA ring in OPERA-3D. The dimensions and distances were taken from [4,13]. Particles were tracked over
many turns in order to find a stable solution for the closed equilibrium orbit.
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x00 þ 2

R2
eq

x� 1

R3
eq

x2 ¼ 0; y00 ¼ 0: (2)

The sextupole component for a cylindrical deflector is
smaller than that for a spherical deflector and affects only
the horizontal plane. There is also no coupling between
horizontal and vertical motion in a cylindrical deflector, at
least up to the second order. The focusing strength of a
cylindrical deflector in the horizontal (bending) direction is
twice that of a spherical one. In the vertical direction, a
cylindrical deflector might be considered as a drift.

In order to study ion motion and nonlinear effects we
created a model of the ELISA ring in the commercial
OPERA-3D field simulation software [21], see Fig. 1. This

code package incorporates a number of different modules
including the electrostatic 3D field solver TOSCA3D and
SCALA3D programs and allows for beam tracking under the

influence of space charge effects. In order to benchmark
earlier experimental data, two different maps were created
with both spherical and cylindrical deflectors implemented
for the main bending elements. The ELISA ring model was
then searched for a closed orbit by tracking ions through
the full 3D electric fields over many revolutions.
The linear ion optics parameters of ELISA, such as its

beta functions, betatron tunes, and dispersion function,
were obtained from the TRACE-3D [22] and MAD-X [23]
simulation codes. We incorporated linear transfer matrices
for all electrostatic elements into MAD-X because the pro-
gram does not include such deflectors as predefined ion
optical element. At low energies (� � 1) the linear trans-
fer matrix < of electrostatic deflector with bending angle
�, bending radius R, and effective length L ¼ R � � might
be written in the nonrelativistic form [19,20]

R¼
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(3)

where the electric field index n ¼ 1 for a cylindrical de-
flector and n ¼ 2 for a spherical deflector.

The periodicity of ELISA is two and its original lattice
with spherical deflectors showed a strong waist in the
horizontal plane in the middle of the 160� spherical de-
flector, where �x ¼ 0:14 m [4]. Also, there were two in-
stances of a sharp minimum of the vertical beta function

�y ¼ 0:1 m inside the 160� deflector due to the strong

focusing of spherical shape electrodes in the vertical plane
[24,25]. When the spherical deflector was replaced by
cylindrical electrodes, acting as a drift in the vertical
direction, it was possible to vary the vertical beta function
inside the 160� deflector between 0.2 and 2 m. However,
the higher value of the beta function in the middle of the
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FIG. 2. Decay of stored O� ions in ELISA at 22 keV beam energy: (a) experimental data, from [15]; (b) BETACOOL simulations
[26,27]. The pink curve shows the drop of the beam current in the ELISA ring with electrodes of spherical shape; all remaining data
refer to the ELISA ring equipped with cylindrical deflectors.
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cylindrical electrode was accompanied by a reduction of
the vertical betatron tune to �z < 1. With early ELISA tests
having indicated that regimes with a vertical tune of less
than one were unstable, ring operation with 160� cylindri-
cal deflectors was performed with a vertical waist �y ¼
0:4 m in the middle of the cylindrical deflector and two
strong focal minimums in the horizontal plane �x ¼ 0:1 m
inside the deflector [15,24,25].

For further analysis we implemented sextupole, octu-
pole, and higher order components of the electric field
distribution as aberration factors for a stable analytical
solution. The field integrals were calculated along trajec-
tories inside the deflectors at a distance of 14 mm from the
equilibrium orbit where the gap between the electrodes
inside the 160� deflector is 30 mm. Fourier analyses of
the field integrals were then performed using OPERA-3D/
TOSCA3D. The resulting amplitudes of the electric field

harmonics, normalized to the main dipole component
(n ¼ 1), are listed in Table I. It is noted that the sextupole
and octupole components of the electric field distribution
in the spherical deflector is a few times larger than in the
cylindrical deflector. Such strong sextupole and octupole

components lead to a reduced region of stable betatron
motion and large spread of betatron tune in the spherical
deflector [24].
We then tracked particles through the ring to determine

the dynamic aperture of ELISA. The higher order Fourier
components of the electric field distribution were treated as
field errors and implemented over the total length of each
deflector as a set of thin multipole elements, spaced at equal
azimuth steps. We found that all nonlinear terms reduced
the ring acceptance and that the sextupole component was
the most important. As a result the dynamic aperture of the
ring with spherical-shaped deflectors was found to be
significantly smaller than of the ring with cylindrical
deflectors, especially in the vertical direction [24].
In addition, the amplitude dependence of the betatron

tunes in the model of the ELISA ring has been studied. We
used fast Fourier transformation analysis of the phase
space profile of the tracked beam and derived the fractional
part of the betatron tune [25]. Figure 3(a) shows the frac-
tional part of the betatron tunes and one can see that the
tune spread for the ring with spherical deflectors is much
larger than that for the ring with cylindrical deflectors. For
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FIG. 3. Parameters of the ELISA ring: (a) amplitude dependent tune shift in the ring with deflectors of spherical (red) and cylindrical
(black) shape, simulated by MAD-X [23]; (b) vertical acceptance of the ELISA ring. Stable orbits have been tracked in relaxation
electric field mesh generated by OPERA-3D /TOSCA3D. The middle of the long straight section is marked as (1) and the middle of the
160� cylinder deflector as (2). The ring acceptance in vertical phase space is less than 30� mmmrad [22].

TABLE I. Integral electric field harmonics of cylindrical and spherical deflectors. Data are
normalized to the main dipole component n ¼ 1.

1 2 3 4 5 6

n Dipole Quadrupole Sextupole Octupole Decapole Hexapole

ESD-CYL 1 5:6� 10�2 1:7� 10�3 4:3� 10�5 2:7� 10�5 1:9� 10�5

ESD-SPH 1 1:1� 10�1 6:1� 10�3 1:3� 10�3 3:4� 10�4 1:0� 10�4
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a span of radial oscillations at �10 mm, the horizontal
betatron tune spread is 3� 10�3 in the case of the ring with
cylindrical deflectors, and for the ring with spherical de-
flectors the tune spread is 3:5� 10�2. The betatron tune
spread in the vertical direction is 3:5� 10�3 for the cylin-
drical deflector and 4� 10�2 for the spherical one. The
betatron tune of the ring with spherical deflectors is close
to a third order resonance and crosses higher order reso-
nances, in agreement with estimations provided in [16].

Finally, the ring acceptance in the radial and axial phase
spaces was estimated by tracking the beam over many
revolutions through the relaxation electric field grid gen-
erated by OPERA-3D. The initial position and momentum of
ions with respect to the reference orbit were varied over a
wide range to find the maximum amplitude of stable
betatron oscillations. It was found that the acceptance in
the radial plane was less than the ring acceptance deter-
mined by the available mechanical aperture in the focusing
elements. Also, the ring acceptance in the vertical plane
was less than Ax < 30� mmmrad, see Fig. 3(b), i.e., a few
times smaller than would be expected from geometric
considerations [24]. For spherical deflectors, the accep-
tances in both planes were found to be even more limited
and thus the effects more pronounced [25]. In the follow-
ing, we present results from a study into the main forces
that drive low-energy ions to the periphery of the reduced
ring acceptance and hence lead to beam loss.

III. ION KINETICS AND LONG-TERM
BEAM DYNAMICS

In order to find the driving forces responsible for push-
ing ions out of the aperture of the ELISA ring, as well as for
a reduced beam lifetime, ion intensity losses, and beam
degradation, we have studied transition processes and
equilibrium conditions in low-energy storage rings. We
have derived growth rates of root mean square (rms)
beam emittance and rms momentum spread by simulating
the evolution of the ion distribution function with time,
using the BETACOOL code to study the long-term beam
dynamics in storage rings [26,27]. Initially developed by
JINR scientists in collaboration with leading scientific
centers worldwide to estimate heating and cooling effects
in high-energy storage rings with electron cooling,
BETACOOL has been successfully benchmarked at different

accelerator labs worldwide [28–37]. The software is under
continual development and new physics models in the low-
energy range were implemented for our particular studies.
Existing applications include the study of electron, sto-
chastic, gated stochastic and laser cooling methods, as well
as the interaction of circulating ions with residual gas,
interaction with different kinds of internal targets, intra-
beam scattering, beam-beam collisions, external heating of
the ion beam, different kinds of particle losses, and barrier
rf bucket regimes.

In general, BETACOOL is intended to simulate long-term
beam dynamics (in comparison with the ion revolution
period in a ring), leading to a variation of the ion distribu-
tion function in six-dimensional phase space. The betatron
motion inside a storage ring is supposed to be stable and it
is treated in linear approximation. Nonlinear effects
strongly restrict the amplitude of stable betatron oscilla-
tions in storage rings. In our studies we took these non-
linear effects into account by variation of the ring
acceptance as input parameter in BETACOOL [38,39].

A. Kinetic equations

Studies of ion kinetics in storage rings are based on the
application of stochastic (kinetic) differential equations to
periodic motion. It is assumed that diffusion (i.e. heating
processes) and friction (i.e. cooling processes) leading to
the growth, reduction or equilibrium of beam phase spaces
are small with respect to electromagnetic forces from
external bending and focusing elements. The evolution of
the ion distribution function is described by the Fokker-
Planck equation with friction and diffusion forces of
stochastic nature [40]. The main methods of solving sto-
chastic differential equations are based on the transforma-
tion of the initial kinetic equation to the form of the
Fokker-Planck equation and finding a solution for the
density distribution probability function. In some cases,
when the effects acting on the distribution function do not
lead to change of its shape, the Fokker-Planck equation can
be reduced to an equation for the second order moments of
the distribution function or Langevin equation in invariant
or momentum space.
Three numerical algorithms are realized in BETACOOL in

order to simulate the evolution of the ion distribution
function: root mean square (rms) dynamics, the model
beam (MB) algorithm, and the multiparticle tracking
(MPT) algorithm [26,27]. Root mean square dynamics
calculate the evolution over time of the rms parameters
of the ion distribution function during motion in the storage
ring under a common action of a few heating and cooling
effects. Each effect can be artificially included or excluded
from consideration in order to distinguish the influence of
different processes. The rms algorithm is based on solving
a system of four differential equations for second order
momentum in all 3 degrees of freedom, plus one equation
for beam intensity change:

d"x
dt

¼ "x
�hor

;
d"y
dt

¼ "y
�vert

;

d"long

dt
¼ "long

�long
;

dN

dt
¼ N

�life
;

(4)

where "x;y;l are rms emittance in one of transverse or

longitudinal planes.
Characteristic times �i of the evolution of the beam

parameters are estimated under the assumption of a
Gaussian distribution function:
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1

�i
¼ "fin � "in

"inTrev

; (5)

where Trev is revolution time. Growth rates 1=�i are posi-
tive for heating processes while cooling rates are negative.
The beam lifetime is inversely proportional to the average
value of ion loss probability hPlossi over revolution period
1=�life ¼ �hPlossi=Trev.

An investigation into the ion beam dynamics for an
arbitrary shape of the distribution function is performed
using multiparticle (MB) simulations. Here, the ion beam
is represented by an array of several thousand modeling
particles, with the algorithm realizing a solution of the
Langevin equation in invariant or momentum space. The
heating and cooling processes lead to a change of the
particle momentum components and number of particles.
The MPT algorithm uses real particles with arbitrary distri-
bution and modeling of optical elements based on a
Hamiltonian with nonlinear and space charge terms. The
molecular dynamic (MD) technique [41] is applied in
BETACOOL as part of the MPT procedure with the assump-

tion that particles in a coasting beam have a periodic distri-
bution along the ring. For a bunched beam, one can simulate
the beam dynamics using so-called ‘‘macroparticles.’’ MD
is used for simulating intrabeam scattering (IBS) as well as
for studying crystalline beams. A detailed description of the
BETACOOL procedures is contained in [27].

B.Multiple scattering of ions and rms emittance growth

In low-energy storage rings beam emittance growth is
caused mainly by small-angle multiple Coulomb scattering
of circulating ions on atoms and molecules of the residual
gas (vacuum losses) as well as due to intrabeam scattering
(IBS) when beam intensity is high. If an internal target is
installed in the ring the circulating ions are lost because the
projectile beam is scattered on the target atoms when
particles cross the gas jet many times. The transverse
beam emittance might also grow due to energy straggling
(fluctuations of energy losses) if the dispersion is not zero
in the ring.

In BETACOOL the target is treated equivalent to a thin lens
in ion optics [42]. A collision of the incident ion with a thin
target atom produces a small-angle kick which is of sto-
chastic nature. After crossing the target the ion’s coordi-
nates do not change, but it does experience angular
scattering, i.e., all three components of particle momentum
are changed and the particle might be lost with some
probability. A change of transverse momentum is related
mainly to multiple Coulomb scattering of ions on the
nuclei of target atoms. The longitudinal momentum of
the ion is reduced due to ionization and excitation energy
losses occur during the interaction of the ion with the
electron shell of the target atom. Fluctuation of ionization
energy losses leads to the growth of the beam momentum
spread.

Introducing the mean square scattering angle per target
traversal, �2rms, one can describe the emittance change after
N target traversals [42]. In the presence of dispersion D
and the derivative of dispersion D0, emittance growth
depends not only on the rms scattering angle but also on
the momentum spread introduced by fluctuations of the
ionization and excitation energy losses:

�"h;v ¼ "� "0

¼ N
�h;v�

2
rms

2
þ N

2

�ð1þ �h;vÞ2
�h;v

D2
h;v

þ 2�h;vDh;vD
0
h;v þ �h;vD

0
h;v

2

�
�2
rms; (6)

where �, �, � are the Twiss parameters and �2
rms is the

mean square relative momentum deviation per target tra-
versal. In order to reduce the growth rate of beam emit-
tance, maximize the luminosity of the experiment, and
improve the lifetime of ions, one should therefore provide
low-beta mode and achromatic conditions at the target
location.
Small-angle Coulomb scattering is well studied at inter-

mediate and high energies and can be obtained from the
Rutherford cross section [43]. As no specific expressions
for ion scattering at an ultra-low-energy range exist which
are of interest to our studies, we therefore apply the ex-
pression for mean square scattering angle to each scatter-
ing event based on Moliere’s formula for a screened
ion-atom potential [44] of the Thomas-Fermi type [45] to
Fano’s contribution of ion inelastic collision with atomic
electrons [46],

�2str ¼ 2�	x

�
ZTZirp

Ai�
2�

�
2
�
ln

�
�2
2


2

�
� 1þ �b

�
: (7)

Here 	 and x are target density and thickness. AT , Ai, ZT ,
and Zi are the mass number and charge of the target and
projectile ion, �, � are the relativistic factors, and rp is the

classical proton radius. The parameter �2 is the upper
integration constant of the rms scattering angle and is
proportional to the ratio of the De Broglie wavelength
and the sum of the target and projectile nuclei radii. The
screening angle 
 takes into account the deviation from the
Born approximation [47]. The inelastic collision factor
with atomic electrons �b was introduced by Fano [48]
and includes a constant determined by the electron con-
figuration of the target atom and estimated from the
Thomas-Fermi model.
When the beam crosses the target, ion energy is lost due

to excitation and ionization of atomic electrons. The ex-
pectation of the mean energy loss �EBB for one target
traversal is calculated in accordance with the simplified
Bethe-Bloch equation [49]. Fluctuations in energy loss
might be estimated by the square of the standard deviation
of the ion distribution function in energy space. The mean
energy loss leads to deceleration of the beam while the
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fluctuation of the energy loss causes growth in ion momen-
tum spread.

Growth rates due to the scattering of ions on the residual
gas are calculated by the same methods as for a thin
internal target such as a gas jet. The residual gas model
is composed of gas cell targets which are distributed along
the whole circumference of the ring. The rest gas heating
rates are integrated over the whole lattice structure and
lattice functions are used from each optical element. The
effective partial densities of the residual gas components
are calculated from the input vacuum value and the per-
centage of gas composition, and energy losses are esti-
mated with the Bethe-Bloch formulas. Finally, the
characteristic growth rates 1=�i are derived in accordance
with the percentage of gas components.

The ion loss probability after crossing the target is
proportional to the linear target density 	 � x. The total
cross section of ion losses is a sum of the cross sections of
the different processes that lead to particle losses. Here the
most significant factors are single scattering on large an-
gles �ss, the capture of an electron or the charge-exchange
�ec in general, and nuclear reactions in the target at high
energies �nr. The cross section of single scattering at an
angle larger than the acceptance angle �acc of the ring
might be estimated by the formula

�ss ¼ 4�

�
ZTZprp

A��2

�
2 1

�2acc
; (8)

where rp is the classical proton radius. The acceptance

angle is estimated by the expression

�2acc ¼
Ax;y

��x;y

�
1� "2x;y

A2
x;y

�
; (9)

where Ax;y is the ring acceptance at the x or y plane and

�x;y is the corresponding value of the betatron function at

the target position. Similar expressions are used to estimate
beam losses due to multiple scattering of ions on the
residual gas.

Intrabeam scattering (IBS) refers to the small-angle
Coulomb scattering of ions in the beam, and IBS effects
in circular accelerators are of particular interest here. IBS
is essentially a diffusion process and leads to the relaxation
of ions at thermal equilibrium and to diffusion growth of
beam volume in 6D phase space. This is due to the varia-
tion of lattice parameters along the ring circumference, as
well as the presence of dispersion in the ring and coupling
between longitudinal and transverse motion. Analytical
calculations of IBS growth rates are based on the estima-
tion of particle momentum variation caused by Coulomb
interaction with other ions in the beam. The MD technique
is also applied to a coasting beam [26]. For the IBS
process, both techniques represent each optical element
of the ring as a map, and the IBS growth rate is then
averaged over all elements of the ring. The models of
Piwinski [50], Martini [51], Bjorken-Mtingwa [52], and
Jie-Wei [53] are some of the IBS scattering models that
can be chosen in BETACOOL. The smooth focusing approxi-
mation IBS model of Piwinski neglects the betatron func-
tion derivative�0 and dispersion function derivativeD0 and
does not require a lattice structure, but does require mean
values of the lattice functions. The Bjorken-Mtingwa
model is based on a quantum-mechanical approach, and
both the Martini and Bjorken-Mtingwa models account for
the ring structure, i.e., the variation of beta functions in a
ring lattice.

IV. BENCHMARKING OF ELISA EXPERIMENTS

The long-term beam dynamics during beam circulation
in ELISA have been investigated using BETACOOL. To
benchmark our simulations we chose the same beam pa-
rameters as in the ELISA tests with coasting O� and Mgþ
ions, see Table II. Small-angle multiple scattering of the
circulating ions on the residual gas atoms and molecules,
IBS, energy straggling, and charge exchange were all in-
cluded in our simulations. We assumed that ions in the
ELISA ring are lost on the elements of ring aperture
because of the high growth rate of beam emittance and

TABLE II. BETACOOL beam parameters of the ELISA ring.

Ion 16O 24Mg
Charge �1 þ1
Ion energy, keV 22 18.4

Initial beam intensities 5� 105–1:6� 107 2:7� 107

Ring circumference, m 7.616 7.616

Initial horizontal/vertical rms emittance, � mmmrad (�) 1=1 0:7=0:35
Ring acceptance ESD-CYL, � mmmrad 10 10

Ring acceptance ESD-SPH, � mmmrad 6 6

Initial rms momentum spread, �P=P 10�3 10�4

Equilibrium rms momentum spread, �P=P �4� 10�3 �1:5� 10�3

Vacuum pressure (hydrogen), Torr 2� 10�11 10�11

Electron detachment lifetime of O�, sec 26

Lifetime of O� at 22 keV, sec �12
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the low ring acceptance. It was found that the reduction in
beam intensity due to single scattering on large angles at a
vacuum level of 10�11 Torr is essentially less than that
caused by other factors, even at such a low beam energy,
and we have therefore excluded the process of single
scattering from further consideration.

The lifetime of O� ions due to electron detachment
during the process of ion collision with the residual gas
has been measured [15] and a value �exp ¼ 26 s was used

as a BETACOOL input parameter. In our studies we assumed
a low ring acceptance even with cylinder deflectors,
ACYL � 10� mmmrad. On this basis, the measured rates
of beam intensity decay for a 22 keV O� beam have been
reproduced with good accuracy, see Fig. 2(b) and compare
to Fig. 2(a). This gave rise to the conclusion that the main
reason for beam size growth in electrostatic storage rings is
multiple scattering of ions on the atoms and molecules of
the residual gas, i.e., vacuum losses as well as Coulomb
repulsion of the ions from each other at high intensities,
i.e., IBS. As a consequence of fast beam size growth, the
ions are then lost on the ring aperture because of a rather
small ring acceptance. The rate of beam loss increases at
higher intensities because IBS adds to vacuum loss. The
initial shape of the decay curve depends on the emittance,
the momentum spread, and the intensity of the injected
beam.

The kinetics of negative oxygen ions have been studied
at different initial intensities, from 5� 105 up to 1:6� 107

particles in the beam. The IBS effect is clearly seen in
Fig. 2 as an excessive drop of beam current during the first
few seconds when the beam intensity is still high (the green
and red curves correspond initially to 8� 106 and 1:6�
107 ions, respectively). The long-term slope of this loss
curve is determined by the ring acceptance and by the rate
of multiple scattering on the residual gas, i.e., to the
pressure level in the ring. The slope of the decay curve
also depends on the lifetime due to electron detachment for
negative ions or electron stripping for positive ions. At very
low beam intensities, when IBS is negligible and only

multiple scattering on the residual gas is present, the loss
rate does not depend on the beam current or details of the
ring lattice. For this reason, all lines are almost parallel
towards the end of the cycle.
An exception is seen in the pink curve with more tilted

slope, representing the decay of the beam intensity in
ELISA with spherical deflectors. Our conclusion is that
significantly higher loss rates are caused in this case by the
reduced ring acceptance. Also, the effect of IBS is stronger
when the beam density is high, and therefore particularly in
regions where the beam is strongly focused. The IBS rates
for ELISA with spherical deflectors are higher than with
cylindrical electrodes because of the double focusing effect
of the former and the resulting small beam size in both
planes. As highlighted in the previous section of this paper,
the ELISA ring acceptance in the vertical plane is mainly
restricted by the sextupole component of the electric field
of electrostatic deflectors and should be less than
30� mmmrad. Any misalignments of the beam equilib-
rium orbit out of the central curve in the space between the
deflector plates will further reduce the area available for
the stable motion. Thus, the real value of ring acceptance
will be even less than what followed from our idealized
OPERA-3D model studies.

Since the long-range slope of the decay curve depends
on the ring acceptance and is in full agreement with the fact
that the ring acceptance with spherical electrodes is smaller
than with cylindrical electrodes, the fast decay in ELISA
with spherical deflectors can be explained by the small
acceptance Asph 	 6� mmmrad.

We have compared the measured equilibrium profile of
an 18.4 keV Mgþ beam in ELISA with deflectors of
spherical shape to BETACOOL simulations made under the
assumption that the transverse beam size is mainly defined
by losses on elements of the ring structure, see Fig. 4. The
simulated rms width � ¼ 1:5 mm corresponds to a ring
acceptance of A� 6� mmmrad, see Fig. 4(a). These re-
sults are in good agreement with the ELISA experiments
where a beam profile of full width on half maximum

(a) (b)
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0.2

0.4

0.6
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Width [mm]

Beam intensity [arb. units]

FIG. 4. Beam profile of 18.4 keV Mgþ ions in the ELISA ring with spherical deflectors: (a) BETACOOL simulations. The blue curve
corresponds to a ring acceptance of A ¼ 6� mmmrad (� ¼ 1:5� mmmrad) while the red curve is a predicted beam profile assuming
a ring acceptance of 50� mmmrad; (b) measured profile, corresponding to a ring acceptance of about 5� mmmrad (�x ¼ 3:5 m),
plot taken from [15].
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FWHM ¼ 3:43 mm was measured at the point where the
horizontal beta function is equal to �x ¼ 3:5 m [Fig. 4(b)].
The ring acceptance was then varied as an input parameter
in BETACOOL. Assuming a ring acceptance of A 	
50� mmmrad, the resulting rms beam size was � 	
3 mm, i.e., twice that measured in the experiment, see
Fig. 4(a).

The beam size of Mgþ ions was measured as a function
of time, and no increase in the width was seen over the first
0.3 s [15]. We explain the steady beam size in the ELISA
experiments by the fact that the initially high-intensity
Mgþ beam (N0 ¼ 2:7� 107 ions) spreads out to the ring
aperture due to a small ring acceptance in the first
�200 ms after injection, see Fig. 5(a), and no further
increase of beam emittance occurs, only beam losses on
ring elements. In contrast, for a ring acceptance as large as

A ¼ 50� mmmrad, the beam emittance in ELISA should
grow steadily for at least 50 seconds during the circulation
of O� ions in the ring, see Fig. 5(b), which is not in
agreement with experimental data.
We have included all listed heating processes in the

BETACOOL model, as well as the experimentally defined

lifetime due to detachment of negative oxygen. The life-
time of an O� beam circulating in the ELISA ring, esti-
mated by counting the beam intensity decay rate, is
�1=2 	 12 s, see blue curve in Fig. 6. However, for an

acceptance as large as A ¼ 50� mmmrad the lifetime of
the O� beam should be at least 24 s (red curve), which
contradicts the measured value of �1=2 	 12 s.
Because of fluctuations in ion energy loss on molecules

of the residual gas (i.e. energy straggling), the initial
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FIG. 6. BETACOOL simulations of beam loss rates in ELISA.
The rate of intensity decay in the ring with acceptance A ¼
10� mmmrad corresponds to a lifetime � ¼ 12 s (blue curve 1).
Assuming a ring acceptance of A ¼ 50� mmmrad the lifetime
would be � ¼ 24 s (red curve 2), i.e., double the observed value.
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FIG. 5. Evolution of rms emittance in ELISA in horizontal (blue) and vertical (red) planes: (a) Mgþ beam grows to the ring
acceptance of A ¼ 6� mmmrad in the first 200 ms after injection, such fast growth was observed in ELISA; (b) assuming a ring
acceptance as large as A ¼ 50� mmmrad the emittance of the O� beam should grow steadily in �50 s which contradicts ELISA
measurements.
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FIG. 7. Evolution of rms momentum spread of a 22 keV O�
beam. While 106 ions are injected in the ring (red curve 1),
equilibrium is dp=p 	 2:2� 10�3 (rms). When 1:6� 107 ions
are injected in the ring (blue curve 2), the growth rates are higher
and equilibrium momentum spread is dp=p 	 4� 10�3 (rms).
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momentum spread of the oxygen beam increases until
equilibrium conditions are reached. At initial low beam
intensity (N0 ¼ 106 ions) the rms momentum spread dou-
bles from 10�3 to�2� 10�3, see red curve in Fig. 7, while
at high intensities (N0 ¼ 1:6� 107 ions) the effect of
intrabeam scattering in the longitudinal phase space is
more pronounced, and here momentum spread quadruples
to �4� 10�3 and reaches ring acceptance, see blue curve
in Fig. 7.

The behavior of a 22 keV O� ion beam in 3D phase
space is shown in Fig. 8 where the distribution of the beam
emittance is plotted against the distribution of the beam
momentum spread. Ions are injected into the ring with an
initial emittance of "x ¼ 1� mmmrad (rms) and initial
momentum spread of dp=p ¼ 10�3 (rms). We compared
the 3D phase space distribution at both low and high initial
beam intensities. Because of the high growth rate of trans-
verse emittance, the beam reaches the ring aperture in the
first few seconds even with a low injected beam current.
That is why the beam distribution in the transverse direc-
tion is sharply cut off by the ring acceptance at Ax ¼
10� mmmrad. The growth rate of momentum spread
due to the fluctuation of energy losses depends on the
initial beam intensity. We determined special conditions
which allowed us to couple the transverse motion invariant
with the longitudinal momentum spread of a coasting beam
through the BETACOOL model beam algorithm. The ion is
then considered to be lost as soon as the momentum spread
exceeds the limit defined by the following expression:

Inv long � hDxi2 > acceptx � h�xi: (10)

Here, hDxi and h�xi are average values of dispersion and
horizontal betatron function over the ring circumference,
and acceptx is a predefined ring acceptance. The current
value of the longitudinal motion invariant of the coasting
beam calculated for each model particle is twice the lon-
gitudinal rms emittance Invlong ¼ 2"rms

long ¼ 2ð�prms=pÞ2.

We applied these conditions to a circulating beam of O�
ions in ELISA and found that the momentum spread of
low-intensity (N0 ¼ 106 ions) beam is less than the
longitudinal ring acceptance and that the momentum
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FIG. 8. Distribution of a 22 keV O� ion beam in 3D phase space (�p=p, "x). Scattered points (blue) are particle invariants simulated
in the frame of the model beam algorithm. Evolution of rms emittance and momentum spread in time is outlined by red circled points:
(a) low-intensity beam (No ¼ 106 ions), the beam distribution in energy is of Gaussian shape; (b) high-intensity beam (No ¼
1:6� 107 ions), the ions with high momentum spread are cut off by longitudinal ring acceptance.
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FIG. 9. Momentum spread of an 18:4 keV=A Mgþ beam as a
function of time. The initial beam intensity is 2:7� 10þ7 ions:
(a) experimental data taken from [14]; (b) BETACOOL simula-
tions. Because of IBS the rms velocity spread increases from
around dp=p ¼ 10�4 at injection to dp=p ¼ 7� 10�4 in about
200 �s.
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distribution for small currents is Gaussian, see Fig. 8(a). At
high initial beam intensities IBS adds to the energy spread
growth which increases to the limit where the distribution
is sharply cut off at �p=p ¼ 1%, see Fig. 8(b). Thus, we
can conclude that the energy acceptance of the ELISA ring
is about �E=E ¼ 2%.

In addition, the fast growth in momentum spread of a
high-intensity (2:7� 107 ions), low-energy (18.3 keV)
Mgþ beam has been reproduced. For example, a ‘‘blow
up’’ in rms momentum spread from around 10�4 at beam
injection to 7� 10�4 about 150 ms after injection has been
measured in the ELISA ring, see Fig. 9(a), and our simu-
lations have achieved excellent agreement with these ex-
perimental results [Fig. 9(b)], demonstrating that a fast
increase in momentum spread during the first moments
after beam injection is mainly caused by intrabeam scat-
tering in longitudinal phase space. Results from measure-
ments that a high-intensity beam with a small initial
momentum spread of �p=p ¼ 10�4 grows more or less
instantaneously to �p=p ¼ 10�3 were confirmed in our
simulations.

V. OPERATION WITH INTERNAL TARGET

Based on the results on the previous sections, we have
studied the kinetics of ultra-low-energy antiprotons circu-
lating in a small recycler storage ring and their interaction
with an internal supersonic gas jet target. This recycler
ring is made of electrostatic elements and has been de-
signed by the QUASAR Group [54] in close collaboration
with the ASACUSA-MUSASHI collaboration and col-
leagues from the Max Planck Institute for Nuclear
Physics in Heidelberg [55].

The measurement of ionization cross sections in colli-
sions between low-energy beams of antiprotons and differ-
ent target gases, such as for example helium, directly
addresses the few-body Coulomb problem and provides
experimental data to aid in understanding many-body in-
teractions. Studying ionization by antiproton impact rather
than electron and proton impact is an advantage because
competing processes such as exchange and/or capture of
bound electrons are excluded during antiproton impact,
while the multiple scattering of antiprotons on the nuclei
of target atoms might be distinguished from ionization
measurements by a coincidence scheme in the experimen-
tal setup of the reaction microscope [56].

In order to understand the ionization interaction pro-
cesses, it is necessary to obtain fully differential cross
sections in experiments where the momentum vectors of
the He ions and electrons from the ionization events by
antiproton impact can be measured. So far, low-energy
antiproton experimental studies have been limited to the
level of total cross sections due to the single pass setup of
the experiments and the very limited availability of high-
quality low-energy antiproton beams. The advantage of
incorporating the reaction microscope into the ring over

the single pass experiment is that the antiproton beam can
be recirculated and passed through the helium supersonic
gas jet target for thousands if not millions of times, thus
increasing the count rate to enable low-energy partial
differential cross-section measurements.
Antiprotons circulate in the recycler with an energy of

between 3 and 30 keV and the ring has been specifically
designed to provide a projectile beam size of�1 mm and a
divergence angle of no more than 20 mrad in the center of a
dedicated reaction chamber. The ring layout and lattice
parameters are presented elsewhere [55]. The simple race-
track lattice with two straight sections each 1.3 m long has
been optimized for studies requiring multiple interactions
between the ions of the circulating beam and atoms of a
helium gas jet target at the crossing point where the
Reaction Microscope will be located. Two sets of low-
beta inserts located in both straight sections are needed
to provide a sharp focus and reduced beta functions in the
interaction region to �x;y 
 10 cm. The dispersion func-

tion is vanished in long straight sections to achromatic
conditions, D ¼ D0 ¼ 0. A combination of low-beta
mode and achromatic conditions allows the count rate of
ionization events to be increased by operating the reaction
microscope with a high-density gas jet target of up to
ntgt ¼ 1012 cm�3.

The long-term beam dynamics in the recycler ring were
studied. In addition to multiple scattering of the circulating
antiprotons on the residual gas, IBS and beam losses on the
ring aperture, we also investigated into small-angle mul-
tiple scattering of ions on the nuclei of the helium gas jet
target. The effects of mean energy loss and fluctuations of
energy loss due to excitation and ionization of the electron
shell of the helium atoms by the incident beam were also
included.
We compared the ring performance at different initial

conditions: low (No ¼ 5� 105) and high (No ¼ 107)
beam intensities, different rms emittance ("rms ¼ 1 and
2� mmmrad), and different rms momentum spreads
(dp=p ¼ 10�3 and 10�4). The feasibility of combined
ring and target operation at 3 to 30 keV beam energy range
has been checked. Table III gives a summary of the ring,
beam, and target parameters as well as results of numerical
studies.
Similar to the ELISA studies, we assumed that due to the

multiple scattering of ions on the residual gas and target
atoms, as well as due to IBS at high beam intensities, the
ultra-low-energy antiproton beam is spread out and lost on
the ring aperture because of the limited acceptance of the
recycler ring estimated to be Ay ¼ 15� mmmrad [55].

The growth of the beam emittance and momentum spread
at 3 keV is much faster than at 30 keV. But in the consid-
ered energy range the equilibrium rms beam emittance is
limited by the ring acceptance regardless of ion energy,
initial intensity, or initial emittance of the injected
beam. Providing achromatic conditions are realized the
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equilibrium beam spot at the target depends on ring accep-

tance and the value of the betatron functions �
tgt
y at the

target location y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�tgt

y � Ay

q
. With a low-beta achromatic

lattice and a rather small ring acceptance, the beam size at
the target can be reduced to 2 mm in diameter. In the focus
point the angular divergence is less than the 10 mrad, as
required by the experiment. The beam shape at the target
location might be adjusted by variation of the horizontal
and vertical betatron functions. Nevertheless, due to non-
linear astigmatic aberrations it would be difficult to reduce
the beam size further to �1 mm. A combination of a
reduced ring acceptance (beam collimation) and very small
betatron functions at the location of the target might help
achieving a 1 mm beam spot on the target, but at the
expense of an increased loss rate.

Growth of the beam momentum spread is caused by

fluctuations of antiproton energy loss during the interaction

of ions with the residual gas and internal gas jet target.

Additional fluctuations of energy losses during multiple

crossings of a high-density target (ntgt ¼ 5� 10þ11 cm�3)

will double the growth rate of energy loss fluctuations due

to residual gas only and momentum spread reaches ring

acceptance at dp=p ¼ 8� 10�3 (rms). We compared

beam distribution in 3D phase space of a 30 keV high-

intensity (No ¼ 107 ions) beam with an initial momentum

spread of dp=p ¼ 10�4 (rms), see Fig. 10(a), to the beam

distribution of a 3 keV low-intensity (5� 105 ions) beam
with an initial momentum spread of dp=p ¼ 10�3 (rms),

see Fig. 10(b). Evolution of rms parameters is shown by

red circled dots here and the tilted line presents equilibrium
conditions. While growth rates are different at 3 and
30 keV the equilibrium parameters are primarily deter-
mined by the ring acceptance and almost the same regard-
less of the initial conditions. Also, the distribution of the
emittance as well as the distribution of the momentum
spread (scattered points of particle invariants simulated in
frame of the model beam algorithm) are sharply cut off at
large values. Thus, it can be concluded that the antiproton
beam fills the transverse ring acceptance Ax;y ¼
15� mmmrad as well as the longitudinal ring acceptance
�p=p ¼ 2%.
Furthermore, we studied mean energy loss of antiproton

beams due to the excitation and ionization of atomic
electrons of the gas jet target in accordance with the
Bethe-Bloch formula [49]. The energy spread and mean
energy loss of a high-intensity (No ¼ 107 ions) antiproton
beam interacting with a He target of ntgt ¼ 5� 1011 cm�3

density are shown in Fig. 11.
Antiproton ions injected into the ring at 3 keV can lose

almost 1.6% of initial beam energy in the first 200 ms of
interaction with the internal target, see curve 1 in Fig. 11.
At 30 keV the rate of mean energy loss is a few times less
and beam energy will be reduced to 0.6% of the initial
value in the first�4 s, see curve 2 in Fig. 11. Because of a
lack of experimental data at these energies more detailed
studies into energy loss are required. In our simulations we
have assumed that the ratio between ionization and exci-
tation events resembles the interaction between high-
energy ions and target atoms. At 3 keV more than 99.7%

TABLE III. Overview of the recycler ring parameters

Ring circumference, m 8.165

Betatron tunes �x=�y 3:315=1:76
Length of straight section/available for experiments, mm 1300=466
Ring acceptance, � mmmrad 15�
Vacuum pressure (hydrogen), Torr 10�11

Horizontal/vertical beta functions at target �X=�Y , m 0:1=0:1
Dispersion and derivative of dispersion at target, m D ¼ D0 ¼ 0
Full size of beam spot at target location, X� Y, mm 2� 2
Processes included in simulations rest gasþ gas jet targetþ IBSþ acceptance

IBS models Martini and Bjorken-Mtingwa Gaussian

Helium target diameter, mm 1

Helium target density, cm�3 5� 1011

Equilibrium momentum spread �8� 10�3

Antiproton energy, keV 3 30

Rotation period of antiprotons in the ring, �s 10.7 3.4

Ionization cross section of He atoms by antiprotons, cm�2 2� 10�17 5� 10�17

Initial intensity of injected ions, N0 5� 105 107 5� 105 107

Initial rms emittance, � mmmrad (1� emittance) 2 1 2 1

Initial rms momentum spread, dp=p 10�3 10�4 10�3 10�4

Beam lifetime �, ms 130 100 �1500 �1300
Time to achieve 90% of all ionization events, ms 300 200 �2:5 s �1:5 s
Integral of ionization events 3:9� 103 2:6� 104 3:5� 105 3:2� 106

Average rate of events per revolution in the ring �0:12 �1:2 �0:5 �7
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of the ions will be lost due to multiple scattering on the
target nuclei, and only 0.2% of incident beam will ionize
He atoms. Thus, in our model the mean energy losses at
3 keV result from excitation of the electron shell of He
atoms, rather than by ionization. It should be pointed out
that the results of the simulations are in better agreement
with experimental ionization cross-section data at 30 keV
beam energy.

Even though the position of the beam will not be shifted
when ions lose some of their energy in the target since
achromatic conditions are applied in the long straight
sections of the recycler ring, the energy losses should still
be compensated, e.g., by means of a small drift tube rf
system.

Beam intensity losses, lifetime, and ionization events
due to antiproton impact with helium atoms were calcu-

lated for different target densities, for low- and high-
intensity beams, and at the lowest and highest beam
energy, see Table III. Experimental data of the ionization
cross section of He atoms by antiproton impact at differ-
ent projectile energies [57] were used to estimate the
number of useful events in the reaction microscope
where the momentum vectors of the helium ions and
electrons are measured. In the experimental data, it was
assumed that every ionization event will lead to the loss
of an antiproton. This assumption is not evident since the
maximum transferable energy is less than 0.2% of the
beam energy and thus lower than the longitudinal ring
acceptance. If the ions continue to circulate in the ring
after an impact and hence produce more than one ion-
ization event, the count rate and total number of useful
events will be higher than estimated here. At low beam
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FIG. 11. Mean energy loss (pink curve 1) and energy straggling (green curve 2) of a high-intensity (No ¼ 107 ions) antiproton beam
interacting with a He target of ntgt ¼ 5� 10þ11 cm�3 density: (a) ion kinetic energy 3 keV, energy shift �T=T ¼ �8� 10�3;

(b) kinetic energy 30 keV, energy shift �T=T ¼ �3� 10�3.
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FIG. 10. Beam distribution in 3D phase space in the presence of a target. Scattered points (blue) are particle invariants simulated in
the frame of the model beam algorithm. Evolution of rms parameters is shown by red circled dots and the tilted line presents
equilibrium conditions: (a) 30 keV high-intensity (No ¼ 107 ions) beam with initial emittance "x ¼ 1� mmmrad (rms) and
momentum spread �p=p ¼ 10�4 (rms); (b) 3 keV low-intensity (No ¼ 5� 105 ions) beam with initial emittance "x ¼
2� mmmrad (rms) and momentum spread �p=p ¼ 10�3 (rms). While the growth rates are essentially different, the equilibrium
parameters are restricted by the ring transverse as well as longitudinal acceptances and almost identical, regardless of the initial
conditions.
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intensity, i.e. No ¼ 5� 105 ions, the average count rate
in the ring is less than one event per revolution even at a
high target density of ntgt ¼ 5� 1011 cm�3, see

Table III. Such a low rate is not very favorable for the
operation of the reaction microscope.

Losses of an initially high intensity, No ¼ 107 ions
beam (black) and the total number of ionization events
(red) during multiple crossings of the stored antiprotons
with a helium gas jet are shown in Fig. 12. The lifetime
of a 3 keV beam is limited to �120 ms because of the
high multiple scattering rate of ultra-low-energy ions on
a dense target, where ntgt ¼ 5� 1011 cm�3. In total,

over 24 000 ionization events can be detected during
the first 200 ms of beam circulation in the ring, see
Fig. 12(a). Thereby, more than 99.7% of a 3 keV beam
will be lost on the ring aperture before the helium atoms
can be ionized. At 3 keV the beam will complete more
than 20 000 revolutions in the ring before it is com-
pletely lost with an average count rate of �1:2 ionization
events per revolution. This rate is reasonable for mea-
surement of differential cross sections in experiments
with a reaction microscope.

In the case of multiple crossings of a 30 keV antiproton
beam withNo ¼ 107 ions and a high-density helium gas jet
target, ntgt ¼ 5� 1011 cm�3, up to 3� 106 ionization

events might be detected in the first two seconds of ion
circulation in the ring, see Fig. 12(b). The beam lifetime of
30 keVantiprotons in the presence of a dense helium target
is of the order of one second. In this case the average count
rate is more than five events per turn. The beam lifetime of
30 keVantiprotons circulating in the ring without a target is
more than 5 s. Thus, one may expect to accumulate a
similar total number of ionization events even at a reduced
gas jet density. In this case the count rate is less but since
the gas load from the target is reduced the conditions for
the experiment are more relaxed and beam lifetime
increased.

VI. SIMULATIONS OF BEAM SHRINKING
IN THE TSR ELECTRON COOLING EXPERIMENT

WITH SLOW IONS

Experiments with electron cooling of slow ions provide
important information about the possible performance and
limitations at the keV-energy range and are of crucial
importance for future generation facilities, such as the
CSR and the ultralow energy storage ring (USR). Cold
electron beams at an energy range of 150 eV down to 10 eV
and possibly even less are a key element of the next
generation of electrostatic storage rings where electron
cooling of keV ion beams needs to be achieved [58]. For
this purpose, electron beams with a very low-energy spread
at eVenergies are required to guarantee lowest longitudinal
beam temperatures and thereby increase the friction force
of electron cooling.

A. Application of a photocathode gun for electron
cooling of low-energy ions

Experiments with electron cooling of CFþ ions
(A ¼ 31) at the Test Storage Ring (TSR) [59] of the Max
Planck Institute for Nuclear Physics in Heidelberg,
Germany have been reported [60], in which a low-intensity
beam of 93 keV=A CFþ ions has been shrunk to an ultra-
small size using a cold beam of 53 eV electrons produced
by a cryogenically cooled GaAs photocathode.
CFþ ions at an intensity of a few hundreds of pA have

been injected into the TSR ring with an initial emittance of
"inx;y 	 1� mmmrad and initial momentum spread of

ð�p=pÞin ¼ 2� 10�4. The TSR electron target setup
was converted to act as an electron cooling device [61].
A cooling time of less than �cool < 2 s and an equilibrium
beam size of about 0:2� 0:04 mm2 (rms) after �6 s of
cooler operation were measured. Assuming an upright
orientation of the phase space ellipse in the middle of the
straight section of the ring where the electron target is
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FIG. 12. Losses of a high-intensity (No ¼ 107 ions) beam (black) and total number of ionization events (red) during multiple
crossing of antiprotons and a helium gas jet. Target density is ntgt ¼ 5� 1011 cm�3: (a) energy of projectile ions is 3 keV, number of

ionization events is 2:6� 104 (curve 1), and lifetime is about 100 ms (curve 2); (b) energy of projectile ions is 30 keV, number of
ionization events is 3:2� 106 (curve 1), lifetime is 1.3 s (curve 2).
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located, and subtracting 0.1 mm dispersion from the total
0.2 mm radial width of the beam, one may estimate the
equilibrium emittance of cooled ions as "

eq
x;y � ð1–2Þ �

10�3� mmmrad (rms).

In this experiment the initially ‘‘hot’’ ions with an

injected beam diameter twice the diameter of the electron

beam have been successfully cooled in �6 s. The detector

measurements have indicated an extremely low divergence

angle of the cooled ions at about 3� 10�2 mrad and a

small momentum spread of only ð�p=pÞeq ¼ 5� 10�5.

In the TSR electron target the atomically clean
pþ-GaAs photocathode, covered with a thin layer of
cesium and oxygen, is cryogenically cooled down to
90 K and emits up to 1 mA of electrons with a reduced
energy spread of about 7 meV, which is 15 times less
than that of the thermocathode used in standard electron
guns of cooler systems.
The ultracold electron beam has been obtained in the

TSR experiment by adiabatic expansion of cold photo-
electrons in the guiding magnetic field of the cooler. The
transverse and longitudinal temperatures of photoelectrons

TABLE IV. Parameters during the TSR experiment and for the USR when operating with an internal target

Ring TSR USR

Ion CFþ �p
A=Z 31=1 1=� 1
Ion energy, keV=A 97 300� 20
Ring circumference, m 55.4 42.598

Horizontal/vertical betatron tunes 2:84=2:77 2:567=1:576
� ¼ v=c 1:4� 10�2 2:5� 10�2 � 6:5� 10�3

Rotation period, �s 13 5.6–21.8

Vacuum pressure (hydrogen), Torr 10�11 10�11

Injected beam intensity, ions �2� 104 2� 107

Ion lifetime, s 4 >106

Initial/equilibrium emittance (rms), � mmmrad 1=10�3 5=0:3
Equilibrium emittance low-beta mode (rms), � mmmrad 0.7–1

Initial/equilibrium 2� 10�4=5� 10�5 10�3=6� 10�4

Equilibrium momentum spread (rms) low-beta mode 10�3

Ring acceptance, � mmmrad 120 100

Ring acceptance for low-beta mode, � mmmrad 40 30

Number of straight sections 4 4

Length of achromatic straight section, m 5.2 4

Periodicity: cooling mode 2� 2 (FP, �FP) 4 (D ¼ D0 ¼ 0)
Low-beta mode Antisymmetric 2 (D ¼ D0 ¼ 0)

Electron cooler

Length of electron cooler, m 1.2 (e target) 2

Electron beam energy, eV 53 162� 11
Magnetic field at cooler, kG 0.4 0:4� 0:1
Beta function at cooler (horizontal/vertical), m 4=1:5 7=7
Dispersion at cooler, m 2 D ¼ D0 ¼ 0
Friction force model Parkhomchuk Parkhomchuk

Electron beam radius, mm 6.5 10

Electron beam current, mA 0.3 (3� 106) 1� 0:05
Adiabatic magnetic field expansion factor 20 20

Cryogenic photocathode temperature (kTC), meV 10 10

Electron temperature (kT?=kTk), meV 0:5=0:03 0:5=0:045 (162 eV) 0:5=0:03 (11 eV)

Thermocathode temperature (kTC meV 100

Thermocathode electron temperature (kT?=kTk), meV 4=0:5
Gas jet target

Helium jet target density, cm�3 5� 1011

Target diameter, mm 1

Beta function at target (horizontal/vertical), m 0:1� 0:5
Dispersion at target, m D ¼ D0 ¼ 0
Cross section of He atoms ionization, cm�2 5� 107

Integral of ionization events 	 107
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in the gun were estimated as kT? ¼ 0:5 meV and kTk ¼
0:03 meV, respectively.

The main limitations of the photocathode technique,
such as degradation of the emission efficiency with time,
have been overcome in the TSR electron target and the
lifetime of the electron gun exceeds 24 hours.
Photocathodes emit a rather small electron beam current
compared to commonly used thermocathodes. But at the
ultra-low-energy range the thermocathode performance is
limited by the gun Perveance and the available electron
current at 50 eV beam energy is of the order of Ie ¼
400–700 �A; the emitted current from a thermoelectron
gun at 10 eV might thus not exceed Ie ¼ 30–60 �A [60].
Moreover, space charge effects in the electron beam limit
the optimum electron beam current to the level available
with photoguns. Thus, the photocathode performance itself
and the emitted electron current are found to be satisfac-
tory at low electron energies and close to the operating
conditions of thermoelectron guns.

B. Collapse of beam emittance at low beam intensities

Simulations with BETACOOL have been benchmarked
against measured data from the TSR with keV energy
CFþ ion beams and the results of these experiments
have been successfully reproduced. We have studied the
long-term beam dynamics and ion kinetics during beam
circulation in the TSR storage ring. For the first time in the
here-presented study, electron cooling has been added to
the different heating processes that already included small-
angle multiple scattering of the circulating ions on the
residual gas atoms and molecules, IBS and ionization
energy losses. Recombination was also taken into account
by reducing the lifetime of CFþ ions to 4 s as reported in
[60]. Competing cooling and heating processes, the ratio
between cooling and growth rates of beam emittance and
momentum spread, beam intensity change as well as equi-
librium conditions have all been investigated by simulating
the rms parameters of the evolution of the ion distribution
function over time. The theory of electron cooling is

well developed and detailed information might be found
at [62–64]. In our studies, the thin lens approximation of
the electron cooler was chosen because both the variation
in friction force, as well as the particle momentum change
along the 1.2 m cooling section of the TSR, are small. The
model of an electron gun of uniform cylinder shape with
radius re and constant beam density ne was used in our
simulations.
In order to compare electron cooling experiments with

computer simulations and benchmark BETACOOL at an
ultra-low-energy range, we used the same parameters as
reported above for the TSR experiment, see Table IV.
Particles with a small emittance of about "inx;y 	
1:5� mmmrad and low momentum spread of
ð�p=pÞin ¼ 2� 10�4 are injected into the TSR and
accumulated using multiturn injection in combination
with rf stacking [65,66]. In the TSR experiment with
photoelectron cooling of low-energy CFþ ions, a single
turn injection of a low-intensity beam was employed.
Thus, the initial parameters of the injected CFþ beam,
i.e., emittance "inx;y ¼ 1� mmmrad (rms), momentum

spread ð�p=pÞin ¼ 2� 10�4 (rms), and beam intensity
of No ¼ 2� 104 ions, were chosen in our BETACOOL

studies on beam shrinking.
The parameters of the standard TSR electron cooler are

not optimized to reduce the already small initial emittance
of the circulating beam of CFþ ions. In our simulations we
therefore used the parameters of the TSR cryogenically
cooled photocathode with a transverse electron tempera-
ture of kT? ¼ 500 �eV and longitudinal electron tem-
perature kTk ¼ 30 �eV, see Table IV.
We plotted the beam cross section of the circulating

beam in the middle of the dispersion-free straight section
of the ring just after injection into the ring but before
cooling took place, see Fig. 13.
The rms widths of the beam are equal to �rms

x ¼ 2:2 mm
and �rms

y ¼ 2:4 mm and the simulated beam spot before

electron cooling is equal to 12� 20 mm2, which corre-
sponds to experimentally measured beam dimensions [60].
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FIG. 13. Snapshots of a CFþ beam injected into the TSR ring in the middle of straight section. Initial beam emittance is "inx;y ¼
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A snapshot of the CFþ injected beam in the x-x0 phase
plane is also shown in Fig. 13(b). The area occupied by
the beam in phase space corresponds to a 4 rms emittance
of "inx;y 	 6� mmmrad. After two seconds of cooling

time the beam emittance was reduced from
"0x;y ¼ 1� mmmrad to an equilibrium at "eqx;y ¼
10�3� mmmrad (rms), see Fig. 14(a), showing that the
emittance of the low-intensity beam has been reduced by
a factor of 1000. Cooling by low-energy spread electrons
emitted by photocathode reduces the transverse phase
space of a low-intensity beam at least 10 times more
efficiently than by conventional thermocathode. The mo-
mentum spread of ions cooled by photocathode is reduced
by a factor of 10 and equilibrium is reached at
ð�p=pÞeq ¼ 1:8� 10�5 (rms), see Fig. 14(b). The esti-

mated cooling time is �cool ¼ 0:3 s. The equilibrium di-
mensions of the cooled CFþ beam are presented in
Fig. 15. The envelope of the cooled beam is approxi-
mately equal to 0.2 mm, see Fig. 15(a), and the angular
divergence is less than 3� 10�2 mrad, see Fig. 15(b).
One may derive the rms beam width of �rms

x;y ¼
0:06–0:07 mm in the middle of the TSR straight section.

This corresponds to an equilibrium emittance of "eqx;y ¼
6� 10�4� mmmrad (rms).
So far, the agreement with experimental data is excellent

despite some minor differences in numbers which we
would refer to the simplifications of the model, to the
uncertainties of the initial beam parameters, and to the
margins in estimating the longitudinal and transverse tem-
perature of the photocathode electron target cooler.

VII. COMPENSATION OF IBS AND INTERNAL
TARGET EFFECTS BY ELECTRON

COOLING IN THE USR

The transition processes and equilibrium conditions of
stored ions under the combined action of electron cooling
and multiple scattering of the beam on residual gas, IBS,
and scattering on an internal gas jet target have all been
investigated by using BETACOOL and the results from nu-
merical simulations have been successfully benchmarked
against experimental data. In a final step, feasibility studies
into the ion kinetics and long-term beam dynamics of
ultra-low-energy ions have been performed on the example
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of the USR; a future facility designed to operate with
antiprotons as well as with negatively and positively
charged ions [67] in the keV range.

The USR design has been completely reconsidered since
its initial layout from 2005 [68,69]. In order to match
different requirements from a large variety of proposed
experiments, several modes of operation are foreseen in
the ring [70–72]. The modified geometry of the USR ring is
based on a fourfold symmetry split achromatic lattice with
four 4 m long achromatic straight sections which gives the
necessary flexibility to satisfy multiple boundary condi-
tions. The linear machine lattice was developed using the
MAD-X and TRACE3D software and was reported elsewhere

[69–71].
The parameters of the ring lattice, electron cooling

system, target, and beam are listed in Table IV. The gas
jet target and other components of the reaction microscope,
the different rf systems for the short bunch operation mode
[70,71], the electron cooler, the decelerating drift tube, and
the elements for fast/slow extraction [72] are all located in
three straight sections. One of the straight sections is kept
free for the possible inclusion of a merged positron ring
[73]. The beam characteristics might be varied over a wide
range to operate the machine in various regimes in the tune
diagram and specifically to achieve achromatic conditions
in all four long straight sections as well as modify ring
lattice to a twofold symmetry low-beta mode during op-
eration with reaction microscope.

BETACOOL was used to find and optimize the parameters

of the USR lattice and electron cooling system. The pa-
rameters of the antiproton beam are predefined by the
previous chain of accelerators as well as by the efficiency
of the antiproton production target [74]. The energy of the
antiprotons injected into the USR is fixed at 300 keV. It is
anticipated that the emittance of the injected beam will be
about "inx;y ¼ 5� mmmrad (rms) and the initial momentum

spread about ð�p=pÞin ¼ 10�3 (rms). The intensity of the
ions circulating in the USR can be varied widely between
N0 ¼ 104 and 2� 107 ions [68].

We have checked the electron cooler performance for
different initial conditions, such as at high and low-ion
beam current, and at different ring settings. The ring,
cooler, and target parameters are also listed in Table IV.
An operation mode with a fourfold symmetry lattice is
applied during injection, cooling, and deceleration. In
this mode the high-intensity (No ¼ 2� 107 ions) beam
of 300 keV ions can be cooled by a thermoelectron gun
to equilibrium conditions corresponding to an emittance
value of "eqx;y ¼ 0:055� mmmrad (rms) and a momentum
spread of ð�p=pÞeq ¼ 2:5� 10�4 (rms), see Fig. 16.

We have also compared the cooling rates and equilib-
rium conditions of the USR beam cooled by an electron
gun with a thermocathodewith those cooled by a cryogenic
photocathode [60,75]. The evolution of the rms emittance
of a high-intensity beam of N0 ¼ 2� 107 antiprotons,

cooled at 300 and 20 keV is shown in Fig. 16.
Antiprotons cooled at 20 keV are marked with (1) for the
thermocathode gun and (2) for the photocathode gun.
Antiprotons cooled by thermo- or by photocathode at an
injection energy of 300 keV are marked with (3) and (4),
respectively. In the considered energy and current range,
for low (N0 ¼ 104 ions) and high (2� 107 ions) beam
intensities, the cooling rates and equilibrium parameters
of a beam cooled by the photocathode are much better than
those available with the thermocathode. At an injection
energy of 300 keV, the high-intensity beam of antiprotons
should be cooled by a photocathode to an equilibrium
emittance of "eqx ¼ 0:04� mmmrad (rms), and by a ther-
mocathode to equilibrium at "eqx ¼ 0:055� mmmrad
(rms). At 20 keV energy the equilibrium emittance of a
beam cooled by photocathode is "eqx ¼ 0:35� mmmrad
which is half the emittance of the beam cooled by thermo-
cathode to equilibrium at "eqx ¼ 0:73� mmmrad.
One might expect that the beam emittance should

adiabatically grow from equilibrium value "eqx ¼
0:04� mmmrad (rms) at 300 keV (curve 4) to equilibrium
value "

eq
x 	 0:16� mmmrad (rms) at lowest beam

energy, i.e., at 20 keV. BETACOOL simulations at 20 keV
provide a different value of equilibrium emittance "

eq
x ¼

0:35� mmmrad (rms) (curve 2) which is twice the equi-
librium emittance anticipated at 20 keV due to adiabatic
growth of the beam motion invariant alone. In these studies
we did not take into account any beam mismatching, such
as during rf capture or rebunching, or during deceleration.
Thus, one may assume that the increased rate of intrabeam
scattering at the lowest energy is one cause of the higher
value of equilibrium emittance.
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A. I. PAPASH, A.V. SMIRNOV, AND C. P. WELSCH Phys. Rev. ST Accel. Beams 16, 060101 (2013)

060101-18



The evolution of momentum spread (rms) of the high-
intensity beam with N0 ¼ 2� 107 ions of 20 keV antipro-
tons cooled to equilibrium is presented in Fig. 17. Cooling
by electron gun with thermocathode would lead to an
equilibrium momentum spread of ð�p=pÞeqrms ¼ 10�3,
while by photocathode equilibrium is reached at
ð�p=pÞeqrms ¼ 6� 10�4.

Because of a better performance, we chose the parame-
ters of the photocathode electron gun for further consid-
eration. We also took into account the potential to conduct
a technical realization of a simulated electron cooler with
photocathode within the experiment.

Electron cooling of ultra-low-energy antiprotons will
compensate for intrabeam scattering at high beam inten-
sities of up to N ¼ 2� 108 ions as well as multiple scat-
tering of ions on an internal target at high gas jet densities
of up to ntgt ¼ 1012 cm�3. We estimate that the number of

useful ionization events might be as high as 1:5� 107

counts during a 16 s operation cycle with an average count
rate of about �20 events per turn. We estimate that the
beam lifetime will then be about �life 	 12 s.

VIII. SUMMARYAND OUTLOOK

In this paper we have presented the results from a
comprehensive study into the beam behavior in low-energy
storage rings. Nonlinear and long-term beam dynamics and
ion kinetics were studied on the examples of ELISA, the
antiproton decelerator antiproton recycler ring, the TSR in
Heidelberg, and the USR. A consistent explanation of
beam growth and associated ion losses based on bench-
marking of ELISA experimental data was given. It was
shown that the beam size in these rings is increased due to
multiple scattering of ions on atoms and molecules of the
residual gas, as well as due to intrabeam scattering at

higher beam intensities. The main reason for ion losses at
ultralow beam energies was identified in a reduced ring
acceptance of nonlinear nature.
In addition, the requirements and conditions on ring

operation with an internal gas jet target have been formu-
lated. An achromatic lattice and low-beta mode of opera-
tion should be used in collision experiments with an
internal gas jet target in order to provide a sufficient count
rate of ionization events and reasonable beam lifetime. It
was shown that operation with a dense gas jet target will be
possible even at keV beam energies if these conditions are
fulfilled. With a beam size on the target of around 1 mm
and providing the initial intensity of the injected beam is
more than 107 antiprotons, it should then be possible to
measure up to two counts of ionization events per turn in a
recycler ring operating at the lowest energy of 3 keVand up
to seven events at a beam energy of 30 keV.
In addition, beam shrinking in the TSR experiment on

electron cooling of low-energy CFþ ions has been repro-
duced with good accuracy. The merits of photocathode
guns for cooling of ultra-low-energy ions have been justi-
fied using both examples, TSR and USR. An optimization
scheme of the USR ring lattice parameters has been for-
mulated to improve the performance of electron cooling. It
was shown that almost 20 ionization events per turn might
be available in the USR ring during multiple crossings of
20 keV antiprotons with a dense gas jet target.
Future beam dynamics studies will investigate further the

effects of space charge on the stored beam, and in particular
the evolution of the beam under consideration of the effects
from electron cooling and an in-ring gas jet target.
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