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Transverse electron cooling of heavy molecular ions has been studied at the Test Storage Ring (TSR).
Electron beams from a cold GaAs:(Cs,O) photocathode, with kinetic energies down to 31 eV, have
been used for cooling of singly-charged ions of masses up to 41 u. We believe that these are the heaviest
singly-charged ions for which successful electron cooling has been reported so far. Transverse ion-beam
emittances ≪1 μm were reached after typically several seconds of cooling time. The measured transverse
cooling rates agree with a simple binary-collision model, assuming a transverse electron temperature
of approximately 1 meV=kB. The results serve as benchmark for electron cooling at the new Cryogenic
Storage Ring, which uses the same photocathode electron source and is targeting singly-charged ions of
even higher mass.
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I. INTRODUCTION

Electron coolers were originally developed to enhance
the brilliance of proton beams in storage rings or synchro-
trons [1]. As was realized early, their merged-beams
geometry also enables their usage as high-resolution
electron targets for stored ions. Once beam cooling is
complete, careful de-tuning of the electron velocity allows
one to study electron-ion collisions at energies down to the
meV scale [2,3], as are of interest in low-temperature
plasmas. Naturally, the latter are characterized by relatively
low equilibrium ion charge states, and, with the advent of
suitable heavy-ion storage rings, electron cooling has been
applied to ions of ever-lower charge-to-mass ratio q=mi.
The cooling rate is approximately proportional to q2=mi.
Thus, even heavy ions can be cooled efficiently as long as
their charge states q are sufficiently high [4–6]. Singly or
weakly charged ions can be challenging, as their mass
outweighs the effect of charge, so that cooling rates become
small compared to protons.

Motivated by precision studies of electron recombination
[7–16], electron cooling has been applied to many singly-
charged molecular cations at the Test Storage Ring (TSR)
[17] of the Max Planck Institute for Nuclear Physics
(MPIK), whose high-resolution Electron Target [18] was
complemented by a cold photocathode electron source in
the process [19–21]. In this paper, we review some of these
experiments under aspects of accelerator physics. They
involved electron-cooled, coasting beams of singly-charged
molecules with masses up to 41 u. Because of the low
stored ion currents, observation of the longitudinal cooling
process based on pickup signal analysis was not possible.
However, the transverse cooling rates and equilibrium
beam properties could be measured via single-particle
imaging of recombination products. To the extent of our
knowledge, these are the heaviest singly-charged ions for
which electron cooling has been studied.
While electron collision experiments with similarly

massive and even heavier molecular ions have been
realized at CRYRING, they did not rely on electron cooling
as a means to reduce phase-space spreads of the beams,
specifically because the expected cooling times were longer
than the storage lifetime of the ions as limited by residual-
gas collisions [22–24]. The latter can lead to relatively fast
beam loss, given the low velocities at which singly-charged
heavy ions must be stored. Our work at the TSR demon-
strated that electron cooling can successfully prepare
low-emittance beams for experiments even under such
conditions. In that sense, it is an important step toward
electron cooling at the Cryogenic Storage Ring (CSR),
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recently commissioned at MPIK as a replacement for
the TSR [25]. The CSR is an electrostatic ion storage
and cooler ring targeting even heavier molecular ions
(q=mi ≥ 1=160 u) at 300 kV electric rigidity [26]. The
CSR electron cooler re-uses the cold photocathode electron
source from TSR [27], a key element of the work discussed
here. A first CSR experiment on electron recombination of
a (relatively light) molecular ion has been published
recently [28].
The structure of this paper is as follows: Section II

provides an overview of the experimental methods. It
presents the TSR, the high-resolution photocathode
Electron Target, as well as its associated product particle
detector systems that served as ion-beam diagnostics.
These descriptions are kept short, as all systems have been
presented at length in previous publications. Section III
presents a basic formalism of transverse electron cooling as
needed to interpret the measurements. In Sec. IV, the
individual experiments are presented, analyzed using the
developed methods, and put into context by comparison to
theoretical expectations. Section V closes with a summary
and outlook to future electron cooling activities at MPIK.

II. METHODS

Until end of 2012, the heavy-ion facility of MPIK
consisted of three main accelerators: a 12-MV Tandem
Van-de-Graaff accelerator, a smaller 3-MV single-stage
Van-de-Graaff Pelletron, and an RFQ/drift-tube-linac com-
bination. The pre-accelerators were followed by a common
optional post-accelerator structure [29]. All machines could
inject beam into the 1.4-Tm heavy-ion storage ring
TSR [17].
Figure 1 provides an overview of the layout of TSR. The

inset displays the horizontal and vertical beta functions βx
and βy as well as the horizontal dispersion Dx for the
standard operation mode of the ring [30].
The TSR vacuum system reached pressures of a few

10−11 mbar all along its circumference of 55.42 m [30].
Storage times of several tens of seconds were possible, even
for heavy molecular ions.

A. The TSR “Electron Target”

While one electron cooler (5 in Fig. 1) had already been
part of the original design of TSR [31], a second device, the
Electron Target, was later added to the ring (2 in Fig. 1).
Even though its name does not reflect that function, the
“Target” was in fact an electron cooler optimized for lowest
beam temperatures (cf. Fig. 2). Its beam transport system,
described in detail by Sprenger et al. [18], featured a
superconducting gun solenoid for strong expansion of the
electron beam, followed by a long, adiabatic acceleration
section. For low electron velocities, as in the experiments
discussed here, the full acceleration voltage was applied
already in the electron gun, so that expansion took place at

the final beam energy. 90° toroidal coils merged and
separated the electron and ion beams. The interaction
solenoid had a length of 1.5 m. The region where the
noncollinearity of the beams is negligible with respect to
the transverse electron temperature defines the “effective
length” leff of the cooler. For the experiments discussed
here, we expect leff ¼ 1.30ð5Þ m.
After interaction with the ions, the electron beam was

decelerated and dumped into an analyzer Faraday cup. Via
a movable pin-hole aperture, the latter was able to measure
the transverse beam profile, which allowed us to determine
the electron density ne in the cooler beam [18].
Besides a conventional thermionic emitter, the Target

could be equipped with a cryogenic photocathode electron
source [19,20]. The photocathode setup is the only major
subsystem of the TSR that is reused at the new CSR facility
[25,26]. It is based on GaAs:(Cs,O) cathodes, prepared to
the state of negative electron affinity [32]. Transmission-
mode illumination of the photocathode, in our case by an

FIG. 1. Overview of the heavy-ion storage ring TSR: After
injection from a linear accelerator (1, not shown), singly-charged
molecular ions were electron-cooled in the photocathode Electron
Target (2). Recombination (3) led to neutral products that left the
ring via an extraction beam line and were recorded by a fragment-
imaging detector (4, not shown). The primary electron cooler of
TSR (5) is shown only schematically, as it is not discussed here.
The inset (6) shows the beta (βx and βy) and horizontal dispersion
(Dx) functions of the TSR in standard operation mode [30]. The
solid blue line in the graph indicates the position of the Electron
Target.
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808-nm laser, combined with space-charge-limited extrac-
tion, allows formation of electron beams having a temper-
ature close to that of the GaAs bulk. Cooled by liquid
nitrogen, the latter can be an order of magnitude colder than
a thermionic emitter [33]. Technically, operation of the
GaAs:(Cs,O) cathodes is significantly more involved, as
the useful lifetime of a prepared cathode sample is limited
by degradation of the (Cs,O) activation layer, which can
proceed quickly at elevated DC emission current. For fast
ion beams, this sets a practical limit to the current at
∼1 mA, which allows a GaAs sample to operate for 24 h
[21]. In electron cooling of slow ions, as in the experiments

described here, the maximum current is space-charge-
limited to lower values already by the small acceleration
voltage in the electron gun, and several days of operation
become possible with no compromise on beam density. The
setup contains facilities for in-vacuum replacement, clean-
ing and reactivation of a number of cathodes, and thus
allows quasicontinuous operation of the electron gun. The
long-term behavior of the GaAs photocathodes has been
discussed in a previous publication [34].
Combined with the photocathode, the Electron Target

reached very high energy resolution in electron-ion colli-
sion experiments [35]. For the reasons discussed in Sec. III,
its much lower electron temperature compared to the
original TSR electron cooler was of great advantage
regarding cooling of singly-charged heavy ions [36].
Thus, in TSR experiments involving heavy molecular ions,
electron cooling was soon performed using the photo-
cathode Electron Target exclusively.

B. Neutral-product detectors

The Target was followed by an extraction beam line
for neutral products, as typically result from electronic
recombination of singly-charged molecular ions. Two
imaging-capable, single-particle detector systems were
available [37].
The first was an 8-cm diameter MCP-phosphor-screen

detector, located at a distance of 12.2 m from the center of
the electron cooler. CCD imaging of the screen allowed to
determine the impact positions of individual recombination
products on the MCP. In addition, the detector was
equipped with a highly-precise (≤1 ns) optical timing
system, that could measure arrival time differences of
several neutral fragments emerging from a single recombi-
nation event [38]. Although the MCP is not sensitive to the
kinetic energies of individual particles, fragment identifi-
cation is possible via a statistical procedure as described by
Strasser et al. [39].
The second detector was a 10 × 10 cm2 surface-barrier

diode equipped with a 128 × 128multi-strip readout [40].
It could alternatively be moved into the extraction beam
line at a distance of 9.6 m from the Target center. Its
timing system was much less precise, so that only
transverse (2D) fragment momentum imaging was pos-
sible. However, its detection principle allowed direct
identification of molecular fragments via their mass-
dependent energy deposition.
While both detector systems were experimental systems,

primarily designed for studies of molecular recombination
processes in the cooler beam, their ability to reconstruct the
phase-space distribution of the recombining ions also made
them powerful beam diagnostics, as explained below.

C. Beam diagnostics

Because of the relatively low saturation limits of the
neutral-product imaging detectors, TSR experiments on

FIG. 2. Overview of the Electron Target (2 in Fig. 1). The
electron beam (blue dashed line) was emitted from a cold GaAs:
(Cs,O) photocathode (1) embedded in a strong axial magnetic
field. Magnetic expansion of the beam took place at the entrance
of the adiabatic acceleration section (2). For low ion velocities, as
discussed here, the latter was not used, as electrons reached their
final energy already in the electron gun. A toroidal coil (3) merged
the electrons with the ion beam (solid red line). After a 1.5-m-
long interaction section (4) the beams were separated by another
toroid. After deceleration (5), the electrons were dumped into a
Faraday cup (6). The GaAs:(Cs,O) emitter was illuminated in
transmission mode by an 808-nm laser from the photocathode
setup (7). The latter contains facilities for in-vacuum cleaning and
reactivation of cathodes (8), allowing quasicontinuous operation.
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molecular ions usually involved very low ion beam
currents. Typically 104 to 106 particles were injected at
the beginning of each TSR cycle. In combination with the
low revolution frequencies (typically ∼100 kHz, see later
Table II) this led to stored ion currents ≲10 nA and a very
weak Schottky noise of the coasting beam. Although the
latter was detectable for various molecular beams, and
could help with coarse velocity-matching of the electron
cooler [41], observation of the (longitudinal) electron
cooling process based on Schottky analysis was normally
not possible because of the very low signal level.
Fine-tuning of Electron Target settings therefore relied

on observation of the transverse cooling process. While the
TSR was equipped with a residual-gas-ionization beam-
profile monitor [30], its dark count rate was usually too
high to detect the weak molecular ion beams. Instead, the
recombination signal from the neutral-product imaging
detectors (cf. Sec. II B) was used, taking advantage of
their much higher signal-to-background ratio.
Compared to the total momentum of a stored ion, the

momentum transfer related to recombination in an electron
cooler is negligible. Hence the product particle maintains
the velocity and direction of its parent ion. For protons,
imaging of hydrogen atoms from recombination has been
used as diagnostics for the transverse ion beam properties
since the early years of electron coolers [1,42,43].
At the TSR, this technique has been extended to singly-

chargedmolecular ions [44]. A complication lies in the fact
that molecular ions dominantly recombine via dissociative
recombination (DR), which leads to two or more neutral
fragments for each recombination event [45].
Because of the significant kinetic-energy release asso-

ciated with many DR processes, the fragments recede from
each other and scatter on the detector at typical distances of
a few cm from the original ion beam axis. Unlike for
protons, the distribution of detector hits can thus not be
directly interpreted as an image of the extrapolated ion
beam envelope. However, the center-of-mass (c.m.) of all
fragments from a given recombination event does propa-
gate along the original axis of the parent ion. If the neutral
masses can be assigned to the individual detector hits, their
c.m. distribution can thus be reconstructed and evaluated
analogously to the proton case.
The center of the Electron Target coincides with a beam

waist in the TSR (at s0 ≃ 13.9 m in the coordinate system
of Fig. 1). We denote by indices x and y the horizontal and
vertical directions transverse to the beam trajectory,
equivalent, respectively, to the radial and axial degrees
of freedom of ion motion in the TSR. In the standard
operation mode of TSR [30], the horizontal and vertical
beta function amplitudes at s0 are βx ¼ 6.0ð3Þ m and
βy ¼ 2.3ð1Þ m, respectively (cf. Fig. 1). From there, the
beta functions β̃x;yðsÞ of the neutral product beam follow
the evolution for a drift space. At a distance d from the
Target center, we have

β̃x;yðs0 þ dÞ ¼ βx;y

�
1þ d2

β2x;y

�
: ð1Þ

With the horizontal and vertical beam emittances denoted
by εx and εy, the sizes of the neutral beam envelopes are

σ̃x;yðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β̃x;yðsÞεx;y

q
: ð2Þ

For better readability, we introduce the shorthands σx;y ¼
σ̃x;yðs0Þ and σ̂x;y ¼ σ̃x;yðs0 þ dÞ. Equations (1) and (2) can
thus be used to calculate the horizontal and transverse
envelopes σx and σy of the ion beam in the Electron Target
from those of the neutral-product beam σ̂x and σ̂y,
measured using a detector at distance d:

σx;y ¼ σ̂x;y

�
1þ d2

β2x;y

�−1=2
: ð3Þ

As the Target center (s0) is a beam waist, the following
simple relations between envelope sizes σx;y, transverse
emittances εx;y, and beam divergences σ0x;y hold:

εx;y ¼
σ2x;y
βx;y

and σ0x;y ¼
σx;y
βx;y

: ð4Þ

In the following analysis, we define σ̂x;y to be the standard
deviations of the product c.m. distributions at the detectors.
Then also σx;y, obtained from Eq. (3), are standard devia-
tions and εx;y from Eq. (4) are 68% transverse beam
emittances. In the later Sec. IV we tabulate more commonly
used 95% horizontal and vertical beam emittances defined
by ε95%x;y ¼ 4εx;y.
One should note that, in Eq. (2), we have assumed that

the beam envelope at s0 is defined only by betatron motion
of the ions. In principle, the relative longitudinal momen-
tum spread δp=p can additionally contribute to the overall
horizontal beam size σtotx via the nonvanishing horizontal
dispersion at the Electron Target (Dx ≃ 2 m, cf. Fig. 1), i.e.,

σtotx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2x þ

�
Dx

δp
p

�
2

s
with σ2x ¼ βxεx: ð5Þ

This effect can however be neglected: as the longitudinal
cooling force is usually greater than the transverse one, the
relative momentum spread δp=p is expected to be smaller
than the divergence σ0x ¼ σx=βx. Using 0 < δp=p < σx=βx
with Eq. (5) yields σx < σtotx < σx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðDx=βxÞ2

p
. With

βx ≃ 6.0 m and Dx ≃ 2.0 m, we thus have σx < σtotx ≲
1.05σx. As will become clear in Sec. IV, this effect is
too small to be resolved in the experiment. As implicitly
stated in Eq. (2) we have, effectively, σtotx ≈ σx.
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III. TRANSVERSE ELECTRON COOLING

Transverse electron cooling leads to damping of betatron
oscillations in the storage ring. We regard the radial (x)
and axial (y) betatron motions as independent. Along both
directions, the transverse cooling forces Fx and Fy are
functions of the respective ion velocity components ux and
uy perpendicular to the electron beam axis. For better
readability, we mostly omit the indices x and y while
remembering that the formalism applies independently to
both degrees of freedom.

A. Basic model

Traditionally, the cooling force is derived in the binary
collision approximation [46], analogously to Bethe stop-
ping of ions in an isotropic electron medium. This leads to
the following expression for FðuÞ [4]

FðuÞ ¼ mi _u ≈ −6π
�
qe2

4πϵ0

�
2 neLC

me

u
juj3 þ 2Δ3

e
: ð6Þ

Therein, q is the charge state of the ion, e the elementary
charge, and ϵ0 the vacuum permittivity. me and mi denote
the electron and ion masses, respectively, and ne the
electron density. Δe is the transverse electron velocity
spread, discussed below. The Coulomb logarithm LC ¼
ln ðbmax=bminÞ results from integration over all relevant
impact parameters b in the ion-electron scattering process.
Equation (6) neglects the axial magnetic field used to

guide the electron beam in most coolers. A thorough
theoretical treatment of electron cooling including a finite
magnetic field is difficult, as it gives rise to nonlinear
dynamics in the ion-electron interaction [47].
Thus, extensions of the original (nonmagnetic) analytic

models of electron cooling have been developed in order to
account for the field in approximate ways [48]. They predict
an overall enhancement of the cooling effect due to the
electrons being tightly confined to the field lines, so that their
transverse velocity spreads become irrelevant for ion inter-
actions slower than the cyclotron period. These “magnet-
ized” models have gained some experimental support,
mainly from measurements of the longitudinal cooling force
at various machines [49,50]. However, also quite large
discrepancies have been found in some cases, and semi-
empirical formulas remain in widespread use [6,51,52].
For our transverse cooling experiments, we consistently

found that magnetized models predicted much higher cool-
ing rates than observed in reality. In our comparison to
theoretical predictions, we thus adopt a nonmagnetic binary
collision model as in Eq. (6). Effects of the anisotropic
velocity distribution will be discussed in Sec. III C.

B. “Deep” electron cooling

For large betatron amplitudes, the transverse velocities of
the ions can be greater than those of the electrons. Using

juj3 ≫ Δ3
e in Eq. (6) leads to jFðuÞj ∼ u−2. Analogous to

stopping in matter, the force is very weak for fast ions and
increases nonlinearly as the particles slow down.
While, for the slow ion beams discussed here, values

juj > Δe are reached only for extreme emittances, an
additional complication in our experiments is related to
the finite electron beam diameter (of 12.5(7) mm in most
cases): for ions performing excursions greater than the
electron beam radius, the cooling force vanishes for a
certain range of betatron phases, as ions do not interact with
the electron beam at every revolution. Transverse damping
rates during the early stages of electron cooling therefore
strongly depend on the initial emittance of the ion beam,
and are difficult to compare among different experiments.
The situation clears up once betatron motion has been

sufficiently damped for the ion envelope to become
completely embedded in the electron beam. From this
moment on, juj3 ≪ Δ3

e and Eq. (6) simplifies to

FðuÞ ≈ −3π
�
qe2

4πϵ0

�
2 neLC

me

u
Δ3

e
≕ − 2λmiu: ð7Þ

This defines the betatron damping rate λ for “deep” electron
cooling. Over many revolutions of an ion the friction
force FðuÞ (proportional to −u) leads to exponential
amplitude decrease of the betatron oscillation according
to juðtÞj ∼ expð−λtÞ.
In contrast to the initial stages of cooling, the deep

cooling rate λ is constant, depending only on well-
controlled experimental parameters.

C. Transverse cooling rates

Contrary to the assumption underlying Eq. (6), the
velocity distribution of the cooler electrons is usually
not isotropic, as the short beam transit time and the axial
magnetic guiding field of most coolers suppress coupling
between the transverse degrees of electron motion (indices
x and y) and the longitudinal one (index z). Under the
assumption that the velocity spreads mostly stem from
thermal electron energy, the electron beam can be charac-
terized by its independent transverse and longitudinal
temperatures.
In our nonmagnetic approximation, electron cooling of

betatron motion is mostly defined by the transverse velocity
spread Δe. However, the longitudinal spread does have
an indirect influence resulting from integration over the
3-dimensional velocity distribution [53]. While kinematic
compression in the accelerated beam initially suppresses
the longitudinal spread with respect to the transverse,
subsequent plasma relaxation leads to a final value that
is difficult to predict precisely [3,54–56]. We will consider
two limiting cases: a fully isotropic electron velocity
distribution, and a “flattened” distribution where the
longitudinal velocity spread is so small compared to the
transverse that it can be neglected.
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The relation between the transverse velocity spread Δe
and the corresponding transverse temperature Te of the
electron beam is a longstanding source of confusion, as
competing definitions are used in the original literature on
electron cooling. This has first been pointed out by Bell and
Bell [53], and we follow their reasoning.
We write the transverse velocity of an electron with

respect to the mean beam axis as v⃗⊥ ¼ v⃗x þ v⃗y. We takeΔe

to be the r.m.s. spread of that velocity in the electron
ensemble, i.e., Δ2

e ¼ hjv⃗⊥j2i. As electron motion along x
and y is coupled by the magnetic guiding field, the
corresponding thermal energies are equal: mehjv⃗xj2i ¼
mehjv⃗yj2i ¼ kBTe. With the definition of v⃗⊥ from above
we thus have Δe ¼ ð2kBTe=meÞ1=2.
With this, and for the case of an isotropic velocity

distribution (i.e., for hjv⃗zj2i ¼ hjv⃗⊥j2i=2 ¼ kBTe=me), Bell
and Bell derive a deep transverse cooling rate [53]

λiso ¼
2
ffiffiffiffiffiffi
2π

p

3

�
qe2

4πϵ0

�
2 ne
memi

LC

�
me

kBTe

�
3=2

; ð8Þ

which agrees with Eq. (7) to within 1%. Notably, this also
agrees with the early result obtained by Spitzer [57] for
the temperature relaxation rate of an ion-electron plasma, if
one again considers the case where the ion velocities
are much smaller than those of the electrons. Note that
Eq. (8) describes the damping of velocity rather than
temperature—slower by a factor 2—and that the presence
of betatron oscillation leads to another factor-2 decrease of
the rate compared to free ion motion as discussed by
Spitzer [53,57].
For the case of a flattened electron velocity distribution

(hjv⃗zj2i ≪ hjv⃗⊥j2i=2), Bell and Bell obtain [53]

λflat ¼
π
ffiffiffiffiffiffi
2π

p

2

�
qe2

4πϵ0

�
2 ne
memi

LC

�
me

kBTe

�
3=2

; ð9Þ

i.e., at given Te the betatron damping rate is higher by a
factor ≃2.4 compared to the isotropic case of Eq. (8).
For the Coulomb logarithm we assume, in both cases (8)

and (9), a value of

LC ¼ ln
�
bmax

bmin

�
¼ ln

 
4π

ffiffiffiffiffi
2

ne

s
ðϵ0kBTeÞ3=2

e3q

!
: ð10Þ

Therein, the maximum impact parameter bmax is identified
with the screening length rD ¼ Δeðϵ0me=nee2Þ1=2 in the
transverse plane. bmin is found from the reasoning that, if
the ion velocity can be neglected, the maximummomentum
transferred in a single collision is equal to 2ðkBTemeÞ1=2 for
a given degree of freedom. Because of the logarithmic
nature of LC, these assumptions have only a minor impact
on the model.

D. Scaling laws

In the experiment, the stage of deep transverse electron
cooling is characterized by the time τcool during which the
size of the ion beam envelope shrinks exponentially by a
factor 1=e. It is the inverse of the cooling rate λ, scaled by
the ratio of storage ring circumference C and electron
cooler effective length leff :

τcool ¼
C
leff

1

λ
: ð11Þ

As mentioned above, for the TSR Electron Target,
C ¼ 55.42 m and leff ¼ 1.30ð5Þ m, resulting in a scaling
factor C=leff ≃ 43.
Disregarding the logarithmic dependence of LC on Te

and ne, τcool is thus expected to scale like

τcool ∼
CmiT

3=2
e

leffq2ne
: ð12Þ

Equation (12) shows why electron cooling of molecular
ions is challenging: On the one hand—in contrast to highly
charged atomic ions—molecular ions usually carry a
charge q ¼ 1, as it is often not possible to strip more
valence electrons without breaking the molecular bonds.
On the other hand, the total ion mass mi is naturally quite
large. These two facts directly lead to long cooling times
according to Eq. (12).
In addition, the low charge-to-mass ratio of the ions

limits the velocity at which they can be stored, given the
maximum rigidity of the ring. As the electron extraction
energy must be correspondingly low, the maximum elec-
tron cooler current becomes limited by the Child-Langmuir
law [58]. Hence, τcool cannot be arbitrarily reduced via an
increase of ne for such ion beams. With this, it is clear that a
low effective value of Te is imperative for betatron cooling
of massive singly-charged ions.
Directly after extraction, the electron temperature is

defined by that of the emitting cathode Tcath. A cold
emitter is therefore of great advantage [27]. Via adiabatic
magnetic expansion, Te can be decreased further with
respect to Tcath according to

Te ≈
Tcath

α
; ð13Þ

where α is ratio of magnetic fields at the cathode and in the
interaction section of the cooler [50,56]. After expansion
and acceleration of the beam, the transverse temperature Te
is practically not affected by plasma relaxation processes
(as opposed to the longitudinal temperature where these
effects dominate) [3].
In magnetized models of electron cooling, the effective

value of Te is reduced further as cyclotron motion adia-
batically averages-out the transverse electron motion for a
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certain class of ion collisions, so that only the (lower)
longitudinal temperature remains relevant in those cases
[48,51]. Our nonmagnetic binary collision model would
thus underestimate the cooling rates if magnetization
effects were significant in the experiments. As we show
in Sec. IV C, this appears not to be the case.
For fast (∼few MeV=nucleon) ion beams, field imper-

fections of the cooler solenoid or suboptimal alignment of
electron and ion beams can mimic an increased transverse
temperature Te [59]. For the heavy molecular ions discussed
here, these effects are strongly suppressed by the low
electron energies and are not believed to have played a role.

E. Equilibrium beam size

Electron cooling is ultimately limited by competing
heating effects acting on the ion beam, which rise in
magnitude as the beam envelope shrinks. For the TSR,
intrabeam scattering (IBS) is the limiting effect counter-
acting transverse cooling [17]. Hence, near the end of the
cooling process, the beam size σ evolves as

1

σ

dσ
dt

¼ λIBSðσÞ −
1

τcool
; ð14Þ

where λIBS is the IBS heating rate, itself depending on
the beam size. A full theory of IBS for strong-focusing
machines has been developed by Martini [60]. For the TSR,
Artikova et al. found that λIBS could be described well by
the simplified formula [61]

λIBS ≈ ax
q4

ðmi=uÞ2
�

c
f0C

�
3 Ni

σγ
; ð15Þ

where Ni is the number of stored ions, f0 their revolution
frequency in the ring, and mi=u the ion mass relative to the
atomic mass unit. ax and γ are empirical constants. The
exponent γ is expected to be close to 5 for a coasting beam
and is thus responsible for a sharp onset of IBS in the final
stage of electron cooling. Artikova et al. obtained values
of ax ≃ 4 × 10−13 mmγ=s and γ ≃ 4.68 by measuring the
horizontal IBS heating rate of beams of 12C6þ at 73.3 MeV
in the TSR [61].
From Eq. (14), we expect an IBS-limited equilibrium ion

beam size after cooling

σf ≈
�
ax

q4Niτcool
ðmi=uÞ2

�
c

f0C

�
3
�

1=γ

: ð16Þ

While the horizontal and vertical beam sizes σx;y vary
along the ring lattice, Eq. (4) relates them to the constant
emittances εx;y. At the center of the Electron Target, the
horizontal and vertical beam divergences σ0x;y correspond to
transverse ion velocity spreads

σvx;y ¼
σx;y
βx;y

f0C: ð17Þ

In equilibrium between electron cooling and IBS heating,
σvx;y can be interpreted as thermal velocity spreads, and
transverse ion temperatures

Tx;y
i ¼ σ2x;yf20C

2mi

β2x;ykB
ð18Þ

can be associated to the respective degrees of freedom of
the betatron motion.

IV. EXPERIMENT

Electron cooling has been applied to many molecular ion
beams in the TSR. Motivated by questions on molecular
quantum dynamics and astrophysics, many of the experi-
ments have already led to specialized publications in these
fields [7–16]. The data were normally analyzed in equi-
librium conditions, excluding phases of ion beam cooling.
However, in many cases the neutral fragment detectors

did record data also during beam preparation. In fact,
they were actively used as beam diagnostic devices to
help with alignment of electron and ion beams. Here, we
revisit some of these experiments with focus on analysis
of the transverse cooling process using the methods
developed above.

A. Datasets

In order of rising mass, the ions included in this study
are Hþ

3 [9,11], HFþ [8], DFþ [10], N2Hþ, DCOþ [12], CFþ

[7], HSþ [14], 16O18Oþ, H35Clþ [13], and D2
37Clþ [16].

These datasets have been chosen for their similar operating
parameters with regard to the photocathode electron gun of
the Target.
Except for the special cases discussed below, the

magnetic field at the electron gun was 0.8 T, as opposed
to 0.04 T in the remaining cooler solenoids, equivalent to a
magnetic expansion factor α ¼ 20. Given the emitting area
of the cathode, this resulted in an electron beam diameter of
12.5(7) mm in the interaction section.
In all experiments, the cathode was illuminated using the

808-nm laser in transmission mode, so that electrons could
thermalize with the GaAs lattice before extraction [27]. The
temperature of the photocathode is not directly measured in
operation. From off-line tests, it is known that the liquid
nitrogen cooling system can reduce the GaAs temperature
to ≲100 K when used at full cooling power. However, it
has been observed that so low cathode temperatures lead to
unstable emission currents—probably as cryo-adsorption
then causes accelerated degradation of the (Cs,O) activation
layer [21]. Normally, a reduced cold nitrogen flow was
therefore used, for which, unfortunately, no temperature
calibration exists, although it is clear that the cathodes must
have been colder than room temperature. We assume that
the cathode temperature was around 200 K in the experi-
ments discussed here. Adopting the most conservative
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uncertainty of �100 K for this estimate, and considering
that relaxation processes can somewhat increase the elec-
tron temperature Tcath upon emission to the vacuum [27],
we expect an electron temperature Te after expansion
[Eq. (13)] between 0.5 meV=kB and 1.5 meV=kB, with a
most likely value Te ≃ 1 meV=kB.
All ions under study had a (positive) charge q ¼ 1, while

their masses ranged from 3 u to 41 u. Operational
parameters of TSR and Electron Target for the different
experiments are given in columns 2–6 of Table I. For the
heavier molecular ions (mi ≥ 30 u), electron energies
≤51 eV were required to match the low ion velocities.
The storage ring always operated in coasting-beam mode
(i.e., without rf-bunching), so that the ion velocity after
cooling was defined by that of the electrons.
The gun acceleration voltages were greater than the

given electron energies by approximately 10%, accounting
for the electron space charge potential and the difference in
work functions between the stainless-steel beam pipe and
the activated GaAs:(Cs,O) surface. Especially the latter
effect is difficult to model. A calibration procedure that
allows one to predict the true electron energy from the
measured voltage and current of the electron gun in spite of
this uncertainty has been developed as a preparation for
CSR operation of the photocathode, where cooling times
can be much longer [62]. In the TSR experiments, a coarse
estimation of the space-charge and contact potential
corrections was sufficient, followed by empirical fine-
tuning of the acceleration voltage based on observation of
the cooling process.
Typical emission currents from the photocathodes

between 170 and 300 μA were used for the heaviest ions,
which is close to the Child-Langmuir limit of the electron
gun for so low energies. With the magnetic expansion
factor α ¼ 20, this resulted in electron densities of the order
of 106 cm−3 as given in Table I.

B. Data reduction

For each experiment, we measured the transverse elec-
tron cooling times and the resulting final beam envelopes.
The principle of the data analysis is illustrated in Figs. 3
and 4 on the examples of 16O18Oþ and HSþ. Both ion
beams were produced from the Pelletron Van-de-Graaff
accelerator at a kinetic energy of 2.7 MeV. No further
(synchrotron) acceleration in the TSR was employed, so
that electron cooling by the Target could start immediately
after ion injection.
DR of the molecular ions led to neutral fragments that

reached the imaging detector in the extraction beam line. For
each recombination event, the c.m. of the fragments—and
thus the hypothetical point of impact of the undissociated
parent molecule—was reconstructed. Horizontal and vertical
ion motions were analyzed separately. Binning of the single-
particle events according to detector hit coordinates and
elapsed storage time yielded two-dimensional histograms as
shown in Figs. 3 and 4 (upper left frames). Usually, the data
of several equivalent ion injections was summed in order to
improve counting statistics.
For each subdataset resulting from the chosen binning of

the time axis, a Gaussian was fit to the distribution of c.m.
coordinates to determine the standard deviation of the
detector hits. These fits are shown for three particular
storage times in the respective subframes (a), (b), and (c) of
Figs. 3 and 4. One sees that the density of counts near the
detector center increased as a function of storage time,
although the integral ion current naturally decreased during
the same time interval. As, in the regime of deep cooling,
the recombination rates depend only on the dominating
electron velocity spread [45], this effect must be explained
by cooling of the remaining stored ions to higher transverse
phase-space density.
Separately for the horizontal (x) and vertical (y) dimen-

sions, the Gaussian fits yield the standard deviations σ̂x;yðtÞ

TABLE I. Operating parameters of the Electron Target, measured transverse cooling times τcool, and normalized measured cooling
rates λexp deduced from Eq. (19) for different molecular ions in the TSR. In all experiments, the photocathode operated at an estimated
temperature of ≃200 K, and the beam was magnetically expanded by a factor α ¼ 20 [Eq. (13)]. The column “betatron motion”
indicates whether the horizontal (x) or vertical (y) betatron damping of the ion beam was evaluated. A label “xþ y” indicates that the
cooling times for horizontal and vertical motions matched within their uncertainties, and that the given numbers are the average of both.

Ion
Ion

mass (u)
Ion energy
(MeV)

Electron
energy (eV)

Electron
current (μA)

Electron density
(106 cm−3)

Exp. cooling
time τcool (s)

Exp. cooling
rate λexp (s−1)

Betatron
motion (x=y)

Hþ
3 3 4.1 736 465 1.46 (15) 0.14 (7) 210 (109) xþ y

HFþ 20 4.7 128 312 2.34 (23) 1.15 (19) 15.8 (3.1) x
DFþ 21 4.5 117 315 2.47 (25) 0.95 (10) 18.2 (2.7) x
N2Hþ 29 3.2 61 158 1.69 (17) 1.33 (28) 19.0 (4.3) xþ y
DCOþ 30 3.1 51 273 3.19 (32) 1.21 (45) 13.2 (3.2) xþ y
CFþ 31 2.6 44 235 2.95 (30) 1.38 (14) 10.6 (1.2) xþ y
HSþ 33 2.7 44 219 2.78 (28) 1.12 (21) 13.8 (2.8) xþ y
16O18Oþ 34 2.7 43 225 2.89 (29) 1.13 (18) 13.2 (2.3) xþ y
H35Clþ 36 2.4 37 219 3.00 (30) 1.93 (58) 7.4 (2.1) xþ y
D2

37Clþ 41 2.3 31 169 2.49 (25) 3.3 (2.3) 5.2 (3.7) x
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of the detector hit coordinates as a function of storage
time t. Via Eq. (3), σ̂x;y is proportional to the ion beam size
σx;y in the Target.
As discussed in Sec. III, the transverse cooling process is

divided into a slow and a fast phase, depending on the
average ion velocities being large or small compared to the
electron velocity spread. In our data, the slow phase of
cooling is difficult to observe, as the initially large beam
emittance led to scattering of the neutral products over
practically the entire detector area, resulting in very large
uncertainties on σ̂x;y. This can be seen in Figs. 3 and 4: in
both measurements, the evolution of the beam envelopes

cannot be followed clearly for the first ∼4…5 s of storage
time (note that, for HSþ, data recording started only 2 s
after injection, although electron cooling was enabled all
the time). Once electron cooling has sufficiently decreased
the emittance, the Gaussian fit provides a meaningful
approximation of the product beam envelope, now much
smaller than the detector aperture. From ∼6…7 s onwards,
exponential shrinking of σ̂x;y to a final value below 1 mm is
observed. We identify this with the phase of deep cooling.
In this time window, the temporal evolution of the detector-
hit standard deviation can be fit by an exponential
decay σ̂ðtÞ ¼ A0 expð−t=τcoolÞ þ σ̂f (once more, we omit

FIG. 3. Transverse electron cooling of 16O18Oþ at 2.7 MeV (79 keV=nucleon). The left and right subfigures show the horizontal (x)
and vertical (y) ion motions, respectively. Electron cooling started directly at ion injection (0 s storage time). Recombination of the
molecular ion in the cooler led to neutral fragments 16O and 18O that were detected via neutral-fragment imaging. The top left frames
show the distribution of the reconstructed centers-of-mass (c.m.) of these fragments as a function of storage time. The density of dots in
the histogram is proportional to the density of hits on the detector. For 1-s time intervals, normal distributions were fit to the vertical and
horizontal c.m. histograms, as exemplified in frames (a), (b), and (c). The obtained standard deviations are shown in the lower left
frames. From 7 s of storage time, the evolution of the horizontal and vertical beam envelopes can be fit by an exponential decay (solid red
curve), yielding the cooling times τcool and final envelope sizes σ̂f (see text).

FIG. 4. Transverse electron cooling of HSþ at 2.7 MeV (81 keV=nucleon). Although electron cooling started directly at ion injection,
data was recorded only for storage times ≥2 s. The plots are analogous to the case of 16O18Oþ from Fig. 3.
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the indices x or y for clarity). This yields, both, the
experimental cooling time τcool as well as the final beam
envelope at the detector σ̂f (cf. Figs. 3 and 4, lower left
panes). In this, we assume that IBS heating [λIBS in
Eq. (14)] is negligible during the phase of exponential
shrinking, and becomes relevant only just before the
equilibrium beam size σf is reached. Because of the strong
inverse dependence of IBS on the beam size (λIBS ∼ σ−4.68),
this is a reasonable assumption.
For a typical dataset, the period of constant beam size is

similarly long as the beam cooling phase, hence the fit
results for τcool and σ̂f are practically independent of each
other, and different temporal and spatial binning of the data
can be used, depending on which fit parameter is of interest.
While σ̂f can be determined quite precisely, τcool is tied to

a relatively large uncertainty for some of the experiments.
This is because time-resolved analysis of the datasets was
originally not foreseen. Resulting from short test measure-
ments, performed in-between production runs, their
intended purpose was merely to verify the good working
condition of the electron cooler by observation of the final
beam diameter, which is possible even at low numbers of
counts. The resulting low statistics in the time-resolved
analysis often makes it difficult to identify the onset of deep
cooling. As a consequence, determination of the suitable
region of interest for the exponential fit (indicated by
vertical dashed red lines in Figs. 3 and 4) is linked to some
uncertainty in itself that has been propagated to the results
for τcool.

C. Cooling rates

The so-measured cooling times τcool range from ∼0.1 to
∼3 s for the different ions. For meaningful comparison of
the experiments, we calculate normalized experimental
cooling rates λexp as

λexp ¼
1

τcool

106 cm−3

ne

C
leff

; ð19Þ

where, following Eq. (12), we normalize to a typical
electron density of 106 cm−3 and cancel-out the scaling
by the factor leff=C in order to obtain results that are
independent on the geometry of our particular setup.
The results from all experiments are summarized in the

last three columns of Table I. For most ion beams, very
similar cooling times were found for the horizontal and
vertical betatron motions. In these cases, indicated by labels
“xþ y” in Table I, the given values of τcool and λexp are
averaged over the two degrees of freedom. In three experi-
ments (HFþ, DFþ and D2

37Clþ), cooling of the vertical
betatron motion could not be measured, as data acquisition
of the fragment imaging detectors started only after the
vertical cooling process was practically complete. In the
horizontal dimension, however, the onset of deep cooling

was delayed—probably because of the larger initial hori-
zontal emittance after multiturn injection—so that it was
still observable in the data. For these experiments, only the
horizontal cooling rate was evaluated, as indicated by the
labels “x” in Table I.
By the normalization of Eq. (19) we remove the

straightforward linear dependence of the cooling rate on
the electron density. Such a pure proportionality would be
expected if both, the transverse electron temperature Te and
the Coulomb logarithm LC were completely independent of
ne. While no dedicated experiments were carried out to
probe this independence, it is supported to hold in good
approximation by the analysis of the available data.
The effective n−1e -dependence of the cooling time τcool

could be verified via three experiments on CFþ. Except for
small differences in ion energy (2.6 MeV vs 2.8 MeV), the
same ion beam was electron cooled using three different
emission currents from the photocathode, at otherwise
identical operating parameters of the electron target.
Figure 5 shows the measured cooling times τcool as a
function the corresponding electron densities ne. The
dotted black curve is a fit of a simplified τcool ∼ n−1e law
as in Eq. (12). The other curves show fits of Eq. (11) with λ
taken from the full binary collision models for flattened
[dashed-blue curve, Eq. (9)] and isotropic [solid red,
Eq. (8)] velocity distributions. The latter two models thus
take the density dependence of LC from Eq. (10) into
account. The transverse electron temperature Te is the
only free parameter and fits at Te ¼ 0.86ð4Þ meV=kB

FIG. 5. Measured transverse cooling times τcool for beams of
CFþ (mi ¼ 31 u) as a function of the electron density ne. The
short-dashed black curve is a simplified 1=ne-dependence as in
Eq. (12). The other curves are fits of Eq. (11) using the cooling
rates λ from Eqs. (9) (long-dashed blue) and (8) (solid red),
respectively, thus taking the density- and temperature-dependence
of LC into account.
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(10.0� 0.4 K) and Te ¼ 0.41ð2Þ meV=kB (4.7� 0.2 K)
for the flattened and isotropic models, respectively.
As visible in Fig. 5, differences between the three models

are hardly relevant, considering the statistical uncertainty of
the data. By extrapolation, we estimate that the systematic
error introduced in our λexp by assumption of a constant
value of LC is no larger than 10%.
The assumption of a constant electron temperature Te in

all experiments from Table I is justified if Eq. (13) holds,
i.e., if Te is defined by the cathode temperature Tcath and the
magnetic expansion factor α only. If so, an increase of
the expansion factor has two counteracting effects on the
transverse cooling time [cf. Eq. (12)]: At fixed total electron
current, the electron density ne decreases ∼α−1 due to the
rising cross section area of the beam, which, in itself, would
lead to an increase of the cooling time. However, also Te

decreases ∼α−1 and outweighs the effect of reduced density
in Eq. (12) so that, as a net effect, τcool decreases ∼α−1=2.
Figure 6 shows the measured cooling time for a beam of

HFþ, stored at 4.7 MeV (233 keV=nucleon), as a function
of the magnetic expansion factor α. The magnetic field at
the electron gun was increased from the nominal value of
0.8 T to 1.2 T and 1.6 T. The guiding field in the interaction
section of the target was kept fixed at the usual value of
0.04 T, resulting in values of α ¼ 20, 30 and 40. The
electron kinetic energy and the emission current of the
electron gun were held at the values given in Table I.
Again, the dotted black curve is a fit of the simplified

α−1=2 law motivated above, while the dashed-blue and solid
red curves are fits of the full binary collision models
defined by Eq. (11) in combination with the “flattened” and
“isotropic” cooling rates from Eqs. (9) and (8), respectively.
Te has been substituted using Eq. (13), so that, this time,
Tcath was the only free parameter in the latter two fits.
For the isotropic model, we find Tcath ¼ 88� 10 K. As

noted in Sec. IVA, this result is somewhat unrealistic, as
cathode temperatures close to the boiling point of nitrogen
are known to cause unstable emission currents [21]. Using
the cooling rate for a flattened velocity distribution yields
Tcath ¼ 193� 17 K which agrees better with the previous
estimates.
Overall, the measurement agrees quite well with the

models. The fact that no rise in the cooling time is observed
with increasing α supports the interpretation that the
density-related weakening of the cooling force was indeed
over-compensated by the lower transverse temperature Te
after stronger expansion. We note that, in the given low-
voltage operation of the Electron Target, expansion took
place only after acceleration of the electrons to their final
energy, hence the longitudinal electron temperature—
defined by (density-dependent) plasma relaxation effects
[3,56]—is expected to have been constant in all three cases.
For the normally-used electron beam expansion α ¼ 20,

Fig. 7 shows the measured normalized cooling rates λexp
from all experiments of Table I as a function of ion massmi.

The shaded areas indicate the expected cooling rates for
effective electron temperatures Te between 0.5 meV=kB
(upper bound) and 1.5 meV=kB (lower bound), calculated
for flattened [Eq. (9), dotted blue] and isotropic [Eq. (8),
dashed red] electron velocity distributions, respectively.
The dotted black curve is a fit of the experimental data to

a 1=mi-law as expected from Eq. (12). The single fit
coefficient corresponds to an average Te of 0.92(5) meV/kB
(10.7� 0.6 K) or 0.45ð3Þ meV=kB (5.2� 0.3 K) for the
“flattened” and “isotropic” cases, respectively. The good
agreement with the expected 1=mi-dependence suggests
that electron cooling could be used efficiently over the
entire range of ion masses from 3 u to 41 u. Again, the
“flattened” model provides a more useful prediction of
the measured cooling rates based on our above estimate of
≃1 meV=kB for the transverse electron temperature.
We note that, in resonant recombination of Sc18þ,

Lestinsky et al. observed a transverse electron temperature
of 1.1ð1Þ meV=kB, the lowest value reported for the
Electron Target in that kind of experiment [35]. In an
effort to achieve highest energy resolution, they cooled the
photocathode to a lower temperature (≃110 K) and used
somewhat stronger magnetic expansion (α ¼ 28).
However, because of the much higher electron beam
energy, their experiment is more sensitive to virtual
increase of Te by field imperfections [59], which may
explain why their effective value of Te is so similar to ours.
The fact that our effective transverse temperature

deduced from the observed cooling rates agrees relatively

FIG. 6. Cooling time τcool for HFþ at 4.7-MeV (233 keV=
nucleon) as a function on the expansion factor α of the electron
beam, with other Target parameters held fixed. Only the hori-
zontal component of the betatron motion has been analyzed. The
data is compared to a simplified α−1=2-law (short-dashed black
curve) and to the models from Eqs. (9) (long-dashed blue) and (8)
(solid red) as described in the text.

TRANSVERSE ELECTRON COOLING … PHYS. REV. ACCEL. BEAMS 24, 050101 (2021)

050101-11



well with the value obtained from recombination measure-
ments may come as a surprise, as one could have expected
that the magnetic field—neglected in our simple cooling
model—would increase the damping rates at least some-
what, while not affecting the resolution of recombination
experiments [48]. Based on our data, we are unable to
explain that divide between our experiments and more
recent magnetized cooling models. However, we note that
the latter have mostly been probed against direct measure-
ments of the longitudinal cooling force as a function of the
discrete relative ion-electron velocity u [6,50,52]. For the
transverse cooling process—that is most often observed

only as a statistical evolution of the incoherent ion
ensemble—fewer and arguably less precise measurements
have been published. While some experiments did observe
a dependence of the transverse cooling rate on the magnetic
field [63], absolute cooling times have often been reported
to agree quite well with a simple nonmagnetic model, as in
our case [64,65]. In fact, early experimental studies of
magnetized cooling noted that the overall rate enhancement
by the magnetic field may be less obvious for the transverse
directions because of higher-order effects in the electron-
ion interaction [49].

D. Final beam quality

Via the methods laid out in Secs. II and III, the steady-
state spreads σ̂f of the neutral c.m. distribution give
information about the achieved ion beam quality. Using
Eq. (3), the ion beam sizes σx;y in the Electron Target can be
computed which, in-turn, are connected to the transverse
emittances ε95%x;y and velocity spreads σvx;y via Eqs. (4)
and (17). The so-derived steady-state beam properties are
listed in Table II.
In most cases, 68% beam diameters 2σ ≲ 1 mm are

achieved for both planes. The horizontal beam envelope is
always wider than the vertical one, as expected from the
different values of the beta functions at the Electron Target
(cf. Fig. 1). Assuming equal horizontal and vertical cooling
forces, the equilibrium ion beam divergences σ0x and σ0y
should be equal as well. From Eqs. (4) we thus expect

σy ¼
βy
βx

σx: ð20Þ

As shown in Fig. 8, the measured aspect ratios of the
beam cross sections agree very well with this simple
reasoning. Although the Electron Target’s nonzero
dispersion (Dx ¼ 2.0 m) opens up the possibility of dis-
persive cooling, which can enhance the horizontal cooling
rate compared to the vertical one [66], such asymmetry is

FIG. 7. Overview of the measured normalized cooling rates for
magnetic expansion α ¼ 20. The dots represent the data from
Table I. The dotted-black curve is a fit of the measurement to
a 1=mi-model as expected from Eq. (12). The shaded areas
delimit the expected rates in the electron temperature interval
0.5 meV=kB ≤ Te ≤ 1.5 meV=kB for a flattened and isotropic
electron velocity distribution, as indicated.

TABLE II. Ion beam properties after electron cooling. Equilibrium beam sizes, velocity spreads and final emittances are derived from
the measured steady-state envelope sizes σ̂f of the neutral-product beams at the particle detectors using Eqs. (3), (17) and (4).

Ion
Mass
mi (u)

Energy
(MeV)

Velocity
(c)

Revolution
frequency

f0 (103 s−1)

68% diameter 2σ (mm) Velocity spread σv (m/s) 95% emittance ε95% (nm)

x y x y x y

Hþ
3 3 4.1 0.054 290 0.16 (2) 0.08 (1) 212 (24) 284 (26) 4.2 (7) 2.9 (4)

HFþ 20 4.7 0.022 121 0.21 (3) 0.07 (1) 118 (15) 108 (16) 7.4 (1.3) 2.4 (5)
DFþ 21 4.5 0.021 116 0.26 (2) 0.08 (1) 141 (9) 113 (15) 12 (1) 2.9 (6)
N2Hþ 29 3.2 0.015 84 0.53 (14) 0.23 (9) 205 (53) 235 (89) 47 (17) 24 (13)
DCOþ 30 3.1 0.014 76 0.55 (8) 0.25 (2) 195 (28) 227 (22) 51 (11) 27 (4)
CFþ 31 2.6 0.013 71 0.37 (2) 0.19 (1) 121 (6) 164 (10) 23 (2) 16 (2)
HSþ 33 2.7 0.013 71 0.40 (4) 0.15 (2) 133 (12) 126 (13) 27 (3) 9.5 (1.3)
16O18Oþ 34 2.7 0.013 70 0.62 (9) 0.22 (3) 200 (29) 187 (25) 63 (13) 21 (4)
H35Clþ 36 2.4 0.012 65 0.9 (3) 0.4 (2) 265 (79) 290 (116) 129 (55) 59 (34)
D2

37Clþ 41 2.3 0.011 60 1.7 (3) 0.6 (1) 467 (88) 435 (67) 479 (127) 160 (35)
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visible—if at all—only for two experiments: Hþ
3 and CFþ.

All other measurements align perfectly with Eq. (20). A
possible explanation lies in the fact that the standard
working point of TSR is very close to the first-order
coupling resonance [30], so that horizontal and vertical
betatron motions are entangled, and heating and cooling
effects averaged between the two degrees of freedom.
As discussed in Sec. II C, the nonzero dispersion in

the Target could additionally contribute to the total hori-
zontal beam width σtotx as given by Eq. (5). Using the
transverse divergence as a conservative estimate for
the momentum spread δp=p, Eq. (20) changes into
σy ¼ ðβy=βxÞσtotx =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þD2

x=β2x
p

. This is visualized as the
blue dash-dotted-curve in Fig. 8. As noted before, the effect
of dispersion on the horizontal diameter of the electron-
cooled beam is insignificant.
Already from Fig. 8 it appears that heavier ions have

larger final beam diameters. This may surprise at first, as
the IBS heating rate (∼m−2

i ) decreases faster with mass than
the cooling rate (∼m−1

i ). Unfortunately, the heavier ions
also have lower revolution frequencies in the TSR, so that
the velocity-dependence ∼ðf0CÞ−3=γ in Eq. (16) outweighs
the favorable effect of mass. Figure 9 shows the measured
final beam diameters as compared to an estimate for the
IBS-limited horizontal beam size according to Eq. (16)
(green-shaded area). The latter was calculated using the
measured cooling times τcool and revolution frequencies f0
for each ion species. The number of stored ionsNi certainly

varied strongly among the experiments (and as a function
of storage time), hence it is difficult to estimate precisely.
From the known acceptance limit of the detector systems
and the usual electron recombination rate coefficients, we
estimate a typical ion number 104 ≤ Ni ≤ 106. The lower
and upper bounds of the shaded area correspond to these
limits, combined with the experimental uncertainty of τcool.
The coefficient ax ≃ 4 × 10−13 mmγ=s in Eq. (15) is
obtained from measurements of the horizontal IBS process
(Fig. 3 of Artikova et al. [61]), hence also Eq. (16) is strictly
valid only for the horizontal dimension.
For the lighter ions, the directly measured beam enve-

lopes agree with the predicted IBS limit. While the latter
does in fact increase smoothly with rising ion mass, the
model cannot explain the significantly larger beam diam-
eters obtained for some of the heavier ions (mi ≳ 30u).
The measured ion velocity spreads (cf. Table II) are

indeed much smaller than the transverse electron velocities
that should have been in the order of 104 m=s for
Te ≃ 1 meV=kB. Assuming that they stem from thermal
population of the betatron oscillations, transverse ion beam
temperatures in the Target can be computed according to
Eq. (18). These are plotted in Fig. 10 together with the
average electron temperatures obtained from the cooling
rates (Fig. 7) under assumption of the “flattened” (blue) and
“isotropic” (red) binary collision model, respectively.
Again, the green shaded area shows the expectation for
equilibrium between electron cooling and IBS heating. The
IBS-limited beam size was calculated from Eq. (16) analo-
gously to Fig. 9 and converted into an ion temperature via

FIG. 8. Steady-state beam diameters (68% envelopes) after
electron cooling. The black dots represent the data from Table II.
The dashed red line indicates the expected ratio of diameters at
equal horizontal and vertical divergence, given the amplitudes of
the beta functions of the TSR at the Electron Target (see also
Fig. 1). The blue dashed curve also accounts for the dispersion
(Dx ¼ 2.0 m) in the Target, assuming a momentum spread
δp=p ¼ σy=βy (see text).

FIG. 9. Steady-state horizontal (x) and vertical (y) beam
diameters 2σ as a function of ion mass. The shaded green area
shows the span of expected horizontal beam diameters in
equilibrium between electron cooling and IBS heating
[Eq. (16)], given the observed τcool. The upper and lower limits
correspond to 106 and 104 stored ions, respectively.
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Eq. (18). Also this plot shows that the IBS model provides a
reasonable prediction for the lightest ions, while the heavier
ones have significantly higher temperatures.
The beam quality thus seems close to optimal for the

lower half of the ion mass range, but worsens more strongly
than expected for mi ≳ 30. The reason for this is difficult to
identify. An explanation may lie in the fact that, with longer
cooling times, adjustment of the electron cooler becomes
more difficult and time-consuming for the operator, so that
cooler and ion beams are less likely to have been optimally
aligned. This may have resulted in small angles ∼1 mrad
between the electron and ion beams. At the low beam
velocities, the transverse collision energy related to such a
misalignment is much smaller than Te, hence cooling is still
expected to work overall in that situation. However, recent
numerical simulations of electron cooling at ELENA
suggest that even angular misalignment smaller than the
thermal divergence of the electron beam can lead to a
notable increase of the final ion emittance [67].
In spite of these beam envelopes slightly larger than

expected, Table II shows that 95% transverse beam
emittances ε95% much better than 1 μm were obtained in
all experiments. In fact, values of ε95% in the order of 10 nm
have been measured even for some of the heavier ions.

V. SUMMARY AND OUTLOOK

By analysis of a series of past TSR experiments, we have
shown that electron cooling has been applied successfully
to singly-charged ions of masses up to 41 u. Limited by the
magnetic rigidity of the TSR, the velocities of the stored

ions were very low, and the corresponding electron energies
reached down to 31 eV. While the low electron energy does
not cause problems by itself, the low extraction voltage
limits the emission current of the electron gun. Under those
circumstances, a cold GaAs:(Cs,O) photocathode electron
source could be employed without further limiting the
electron density in the cooler, but with the advantage of
much lower transverse electron beam temperature.
After several seconds of cooling time, high-quality

beams of 95% transverse emittance ≪1 μm could be
delivered to experiments. The observed transverse cooling
rates can be modeled quite well using a simple non-
magnetic binary collision model assuming a flattened
electron velocity distribution and an effective transverse
electron temperature Te ≃ 1 meV=kB. The latter agrees
well with the value expected from the usual operating
parameters of the electron gun.
With the focus of research at MPIK shifting toward ever-

heavier molecular ions, both the TSR and its injection
accelerators were decommissioned end of 2012. However,
the cold electron gun and its related facilities for handling
of the GaAs photocathodes continue to operate as a part of
the newer CSR facility [25]. In fact, experience gathered in
operation of the TSR Electron Target had a significant
impact on the design of the CSR electron cooler. Aiming at
even heavier singly-charged molecular ions and velocity-
limited by the maximum rigidity of the purely electrostatic
ring, it has to operate at electron energies and densities still
considerably lower than those reported here [26]. The
present analysis will therefore serve as a valuable bench-
mark when exploring the possibilities of electron cooling at
the CSR.
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