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Cooling of hadron beams is critically important in the next generation of hadron storage rings for
delivery of unprecedented performance. One such application is the electron-ion collider presently under
development in the US. The desire to develop electron coolers for operation at much higher energies than
previously achieved necessitates the use of radio-frequency (rf) fields for acceleration as opposed to the
conventional, electrostatic approach. While electron cooling is a mature technology at low energy utilizing
a dc beam, rf acceleration requires the cooling beam to be bunched, thus extending the parameter space to
an unexplored territory. It is important to experimentally demonstrate the feasibility of cooling with
electron bunches and further investigate how the relative time structure of the two beams affects the cooling
properties; thus, a set of four pulsed-beam cooling experiments was carried out by a collaboration of
Jefferson Lab and Institute of Modern Physics (IMP). The experiments have successfully demonstrated
cooling with a beam of electron bunches in both the longitudinal and transverse directions for the first time.
We have measured the effect of the electron bunch length and longitudinal ion focusing strength on the
temporal evolution of the longitudinal and transverse ion beam profile and demonstrate that if the
synchronization can be accurately maintained, the dynamics are not adversely affected by the change in
time structure.
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I. INTRODUCTION

Electron cooling has become one of the most effective
methods for increasing the phase space density of stored
ion beams through their interaction with an electron beam
copropagating at the same average velocity [1]. The first
electron cooling experiment was successfully carried out at
NAP-M (Novosibirsk) with nonrelativistic protons in 1974
[2]. After decades of development, the electron cooling
method has found a wide range of applications in several
low- and medium-energy proton and ion storage rings.

It has since become desirable to extend the method into the
high-energy range of 50 MeV, which will enable a high
luminosity at future facilities such as the EIC [3]. However,
most existing electron coolers are based on dc electron
beams accelerated by electrostatic high voltage. The high-
est-voltage cooler so far was successfully operated at
FNAL at an energy of 4.3 MeV [4]. Due to the technical
limitations of high-voltage acceleration, providing cooling
beams at much higher energies necessitates rf acceleration
and thus the use of bunched electron beams. A collabo-
ration between Jefferson Lab (USA) and Institute of
Modern Physics (IMP, China) was established in 2012
to conduct precursory bunched cooling experiments aimed
at demonstrating the feasibility of such a scheme and
investigating its beam-dynamical implications. According
to previous simulation results, the bunched electron beam
cooling dynamics are different from those typically
obtained with dc beams [5,6]. Because a dedicated facility
for accelerating bunched electron beams for cooling pur-
poses did not exist at the time, the availability and
flexibility of the dc cooling setup installed in the ion ring
CSRm at IMP led to the decision to add a pulsing option to
the existing facility. The first experiment, which took place
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in 2016, was the first demonstration of cooling with a
pulsed beam [7,8], albeit with bunch lengths of several
meters. Four experiments were performed in total (in 2016,
2017, 2018, and 2019), the latter aiming at improving the
data quality and addressing unresolved questions. Unlike
the pioneer experiment, the most recent data set includes
cooling of all stored bunches to improve statistics. The
beam current is also boosted by applying dc cooling during
accumulation. The first electron cooler based on rf accel-
eration of short (∝ cm) electron bunches was proposed in
2013 [9] and recently commissioned at RHIC with an
electron energy of 2 MeV [10].
We describe the pulsed-electron-beam cooling facility

we set up at IMP and present the results of the most recent
cooling experiment with 86Kr25þ ions at an energy
of 5 MeV=nucleon.

II. EXPERIMENTAL SETUP

A. Storage ring layout

CSRm is a racetrack-shaped synchrotron with a circum-
ference of 161 m. An electron cooler with an effective
length of 3.4 m and an rf cavity are placed in the dispersion-
free sections. While the ring can be operated with a
coasting beam, the cavity provides the option to create
bunches of adjustable length. The details of the facility are
described in [11]. Figure 1 shows the linear optical
functions of the ring.

B. Generation of the pulsed cooling beam

The electron beam used for the cooling experiment is
generated by the conventional magnetized electron cooler
installed in the CSRm ring [13]. The existing electron
source was modified to enable synchronization with the
stored ion bunches in the following way: The current
emitted by the thermionic electron gun is a function of the
voltage applied to the grid electrode. For normal operation,
this voltage is set to a positive value that corresponds to a
certain desired current, whereas it can be set to a negative

value to shut off the electron beam completely. By rapidly
switching between these two voltages with a solid-state
switch, we can generate rectangular electron pulses while
leaving the other properties of the cooler essentially
unmodified. Using a reference signal generated by the rf
system of the ring, these pulses are synchronized to the rf
buckets, ensuring a stable temporal overlap between the
electron bunches and the ion bunches. The pulser setup is
shown schematically in Fig. 2 and the resulting voltage
waveform in Fig. 3.
Because of the capacitance of the grid electrode and its

cable, the currents flowing to charge and discharge the
electrode with the desired high slew rate result in power
dissipation in the switching element, which limits the
available voltage and/or switching frequency. Unlike a
dc beam, which makes full use of energy recovery by
default, a pulsed beam also loads the acceleration voltage
supply of the cooler. The supply would therefore need to be
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FIG. 3. Sketch of the fixed phase relation between the rf
reference signal and the electron gun grid voltage. The delay
τ1 and the bunch length τ2 are set independently.
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FIG. 1. MAD-X [12] simulation of the optical functions of the
CSRm ring.
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FIG. 2. Schematic model of the electron pulse synchronization
setup.
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bypassed at high frequencies to prevent excessive supply
droop if a high peak current were to be extracted. The beam
parameters are a compromise to ensure that both the
revolution frequency and the required voltages are well
within the limits of the switching hardware [14]. The choice
of 86Kr25þ ions at an energy of 5 MeV=nucleon, though far
away from the properties of high-energy proton beams, is
motivated by the use of this beam by existing users of the
facility. Table I lists the parameters used.

C. Measurement of beam properties

Depending on the available beam instrumentation devi-
ces, there are multiple independent ways to gain informa-
tion about the cooling process. The usual way to determine
the longitudinal momentum distribution is by measuring
the revolution peaks and their respective synchrotron
sidebands from a Schottky pickup with a spectrum analyzer
[15]. However, the cooling time in this experiment is short
(≈1 s), and spectra with sufficient resolution and signal-to-
noise ratio cannot be readily obtained from the available
hardware. We therefore only use the spectrum from the
Schottky pickup to determine the synchrotron frequency,
which is a more dependable measurement of the rf voltage
than the setting in the rf hardware itself.
Instead, the longitudinal cooling process is observed by

measuring the temporal bunch profile using a beam position
monitor (BPM) that is mounted outside the cooling region
and thus only detects the ion bunches. The electron signal is
measured by a similar BPMnear the electron collector. Since
the distance between the two BPMs—and, thus, the time-of-
flight difference—is known, the longitudinal overlap of the
bunches can be measured and adjusted.
To remove the transverse information from the BPM

signal, the signals from two opposing plates are summed.
The sum signal of both BPMs is then recorded by a digital

oscilloscope that is triggered at 12 Hz and stores 20 frames
in total. We use amplifiers with an input impedance of R ¼
50 Ω close to the BPM devices to establish well-defined
signal properties before summing. The set-up is shown
schematically in Fig. 4. Neglecting parasitic properties such
as resonances, the system of a BPM feeding a resistor can
be modeled as a first-order highpass filter driven by a
current source [16]. The voltage at the output is

U ¼ ZIbeam with ZðωÞ ∝ iωRC
ð1þ iωRCÞ : ð1Þ

The pick-up capacitance C is device-dependent, but it is
critical for signal reconstruction only if the maximum
frequency of the signal of interest is on the order of fcut ¼
ð2πRCÞ−1 or higher. With the amplifiers mounted directly
on the BPM feedthroughs, the parasitic capacitance can be
assumed to be negligible, but the transfer function was not
measured in situ. Our analysis conservatively assumes
fcut ¼ 100 MHz for the ion BPM and RC ¼ ∞ for the
electron BPM, the latter being operated without amplifiers.
Since this transfer impedance acts like a differentiator at
low frequencies, shortening the bunch length and, corre-
spondingly, increasing the current slope increases the peak
amplitude of the signal; the gain structure must be chosen
such that the respective peak voltage is handled without
clipping under all circumstances.
We observe the transverse cooling process by measuring

the horizontal ion beam profile with an ionization profile
monitor (IPM). The device is described in detail in [17].

D. Top-level timing setup

To prepare an ion beam for pulsed cooling, we first
accumulate ions in the ring up to the desired beam current
using the standard CSRm accumulation procedure, which
takes about 10 s and is accompanied by dc operation of the
electron cooler. The resulting beam is unbunched. After
accumulation and an additional delay of 2 s, the cooling
beam is switched off to let the ion beam heat up for 3 s. The
rf system then starts ramping up the cavity voltage,
eventually bunching the ion beam. An equilibrium is
reached about 5 s after the start of heating. At this point,
we start recording the BPM signal to determine the initial
bunch profile and switch on the pulsed cooling beam after
the first two recorded frames. The whole process after

TABLE I. Beam and instrumentation parameters.

Ion beam

Particle type 86Kr25þ
Beam current < 0.1 mA
Rest mass 930.5 MeV=nucleon
Kinetic energy 5.0 MeV=nucleon
β 0.103
γ 1.005
Revolution frequency 191.5 kHz
Harmonic number 2
rf voltage 0.6–2 kV

Electron cooler

Acceleration voltage 2.7 kV
Positive grid voltage 50 V
Negative grid voltage −551 V
Peak current 30 mA

FIG. 4. Schematic model of the BPM data acquisition setup.
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accumulation is recorded by a spectrum analyzer connected
to the Schottky pickup to ensure proper timing.
Ideally, theacquisitionofthetransverseprofilefromtheIPM

would coincide with that of the BPM signals. However,
for reasonsspecific to thetop-level triggerhardwareof thering,
the IPM is started at the same time as the spectrum analyzer.
The timing scheme for cooling a bunched ion beam is

visualized in Fig. 5. The setup can also be used to cool a
coasting ion beam with a pulsed electron beam, in which
case the timing is the same except that the bunching cavity
is not powered.

III. RESULTS

A. Spectrum of Schottky pickup signal

We use the spectrum from the longitudinal Schottky
pickup to determine the synchrotron frequency and,

subsequently, the rf voltage. An example of the evolution
of this spectrum as a function of time is given in Fig. 6.
Given that its acquisition time extends from the end of
accumulation to beyond the beam dump event, the spectro-
gram can also be used as a consistency check of the top-
level timing.
Synchrotron motion creates sidebands around each

harmonic of the revolution frequency with a spacing of
the synchrotron frequency fS [15]. By measuring this
spacing, the rf voltage can be calculated using Eq. (2) [18]:

Vrf;calc ¼
�
fS
frev

�
2 2πβ2E

hηq
: ð2Þ

Here, frev is the revolution frequency, h ¼ 2 the harmonic
number, η ¼ 0.952 the phase slip factor, and E=q ¼
3.2 GV the total energy of the projectile (including its rest
energy) divided by its total charge. The resulting values of
the rf voltage are given in Table II. It is evident that the
calibration of the set values is inaccurate; in the following
sections, the calculated values will be used instead.

B. Analysis of BPM signals

The output signal of the BPM, being insensitive to the
transverse beam properties in this setup, allows for deter-
mination of the longitudinal beam profile as follows: First,
the digitized BPM signal is windowed with a broad window
that mitigates edge effects in the Fourier transform while
only affecting the outer 10% of the frame (Tukey; α ¼ 0.1).
The signal is then transformed to the frequency domain
using FFT, converted to beam current using eq. (1), and
transformed back to the time domain. A 4th-order zero-
phase lowpass filter at 200 MHz is used to remove
broadband noise and resonances that are unrelated to the
beam signal. An example of the transformation process is
shown in Fig. 7.
The time-domain representation of the beam current

shows significant unphysical background at frequencies
below the bunch frequency. As can be seen in the spectrum,
this background cannot be filtered out completely in the
digital domain because the limited acquisition time per
frame causes a poor frequency resolution at the low end.
However, the effect of the background on the measured

TABLE II. rf voltage derived from the measured synchrotron
frequency.

Vrf;set (V) fS (Hz) Vrf;calc (V)

600 287� 3 252� 5
800 397� 2 483� 6
1000 466� 2 664� 6
1200 537� 1 882� 4
1500 633� 2 1222� 8
2000 753� 2 1730� 9

ion current

dc cooling pulsed cooling
rf

BPM
IPM

spectrum analyzer
ion current measurement

accumulation idle bunched

time (not to scale)

FIG. 5. Sketch of the top-level timing of beam instrumentation
components. Components manipulating the beam are shown in
red, components measuring its properties in green. The yellow
band denotes the time window of interest in which the pulsed
cooling process can be observed in all dimensions.
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FIG. 6. Example of a spectrogram of the 17th revolution
harmonic and its synchrotron sidebands measured by the
Schottky pickup at f0 ¼ 3.256 MHz. Vrf;set ¼ 1 kV, electron
bunch length 500 ns. The color corresponds to a logarithmic scale
of spectral power density. t ¼ 0 denotes the beginning of BPM
data acquisition. (1) dc cooler is switched off. (2) Beam starts
being bunched. (3) Start of pulsed cooling. (4) rf is switched off.
(5) End of pulsed cooling.
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bunch shape can be mitigated by performing a linear
correction on each bunch. Because the oscilloscope is
triggered by a slow external signal that is not synchronized
with the rf, there is no way to determine which physical
bunch corresponds to which recorded bunch. Therefore, we
treat the two stored bunches as one with double the
revolution frequency so that each frame of data contains

four or five bunches that can be averaged for further analysis.
The effect of beam cooling on the bunch shape is negligible
during the time span of one frame, and the same is true for
synchrotron and betatron motion. Because the phase of the
peaks is (pseudo-)random with respect to the acquisition
trigger, the center of each peak is determined by the
statistical mean of the signal windowed around the estimate
of the respective peak center. Slight fluctuations of this value
resulting from asymmetric changes of the bunch shape are
unavoidable but inconsequential.
The electron beam current is reconstructed in a similar

way, but the length and position of the electron bunches can
be determined with greater certainty because their shape
stays constant over time. As the rise and fall times are short
compared to the total pulse duration, we define the bunch
length as the time between the midpoints of the edges and,
correspondingly, the bunch center as the point halfway
between the edges, neglecting any asymmetries in the
shape. Figure 8 shows an example of the bunch overlap
after reconstruction.
This analysis allows a consistency check of the actual

bunch overlap and length as a function of parameter
settings. The delay between the bunches is shown in
Fig. 9. The delay shows random deviations as a function
of the bunch length setting, which is a result of manual
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(d) Beam current in the time domain.
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adjustment between experimental runs. The systematic
change in bunch delay as a function of rf voltage is
assumed to be a property of the rf signal from which the
pulse synchronization trigger is derived.
Figure 10 shows the distribution of measured electron

bunch lengths; a statistical analysis is listed in Table III.
The bunch length is generally stable, having an RMS jitter
level comparable to the temporal resolution of the BPM
measurement. However, the central value of the distribution
differs from the nominal value by a varying amount, which
is attributed to a deficiency of the signal transmission
circuit driving the grid pulser. The 400 ns case is peculiar in
that this same issue results in two different bunch lengths
being generated at random.

C. Analysis of IPM signals

The transverse beam profile projected to the horizontal
axis is recorded as a function of time with an exposure time
of 200 ms per frame. Because of the way the trigger
initiating the acquisition is set up and the total number of
frames is fixed, most of the data are taken during beam
preparation prior to pulsed cooling. Only two frames are

available that show the cooling process. An example of the
data is shown in Fig. 11.
Because one transverse axis is averaged away during

acquisition, the recorded profile has both high resolution
and low noise, so its statistical properties can be analyzed
without any preprocessing. However, the observed total
intensity systematically depends on the beam shape for
unknown reasons, so the results must be interpreted with
care. The data are not corrupted by digital clipping or
similar effects, but nonlinearities on the analog side cannot
be ruled out.

D. Cooling properties with a coasting ion beam

As a first check of the cooling dynamics, we investigated
the process of a coasting ion beam being cooled by the
pulsed electron beam with the rf cavity in the ring switched
off. The frequency of the electron pulse repetition signal
was varied around the ion revolution frequency. As shown
in Fig. 12, an anomalous reduction of the lifetime of the
stored ion beam was observed at mismatched frequencies,
while in the case of equal frequencies, the lifetime is equal
to that observed with a dc electron beam. As will be shown
in Sec. V, this particle loss is caused by space charge kicks
perturbing the phase space in both the transverse and the
longitudinal plane.
In the case of frequency-matched pulses, another inter-

esting phenomenon is the bunching of the coasting beam as
a result of the bucket created by the space charge field of

TABLE III. Analysis of the observed electron bunch length
distributions (see Fig. 10).

Nominal (ns) Measured mean (ns) Measured
ffiffiffiffiffi
σ2

p
(ns)

400 333 20.7
500 441 1.4
600 562 1.4
700 622 1.6
800 744 1.3
900 864 1.3
1000 925 2.2
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FIG. 12. Dependence of the ion beam lifetime on the frequency
mismatch between ion and electron pulses. The error bars result
from averaging over multiple runs.
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the electron beam (called “grouping effect” in prior work
[5,7]). The evolution of the longitudinal ion beam profile in
this case is shown in Fig. 13. It is evident that the ions are
captured in a longitudinal space corresponding to the
electron bunch length. Because the cooling force eventually
reduces their momentum deviation below the bucket
height, they cannot escape from the bucket.

E. Cooling properties with a bunched ion beam

In the main part of the experiment, the rf system was
switched on, capturing the ions in corresponding buckets
after accumulation. This way, we were able to measure a
bunched ion beam being cooled by a pulsed electron beam

including synchrotron dynamics. Using both the longi-
tudinal and transverse beam profiles recorded during pulsed
cooling with different rf voltages and electron bunch
engths, we can derive the respective cooling rates as a
function of these parameters.
An example of the temporal evolution of the longitudinal

bunch shape during cooling is shown in Fig. 14. We
observe an overall reduction of the bunch length as a
function of time. Regardless of the initial shape, the
resulting profile is non-Gaussian with irregularities both
near the core and in the tails. While the overall shape of the
profile is quantifiable by computing the sample moments,
the details of these features vary so much across the data set
that a dedicated systematic measurement will be warranted
if they are to be fully understood.
For lack of an analytic model of the bunch shape, we

quantify its properties by extracting the following quan-
tities directly from the intensity IðtÞ, with t being an
equidistantly spaced, discrete time axis:

Q ¼
X

I ð∝ bunch chargeÞ ð3Þ

t̂ ¼
P

IðtÞtP
IðtÞ ðbunch centerÞ ð4Þ

σ2 ¼
P

IðtÞðt − t̂Þ2P
IðtÞ ðvarianceÞ ð5Þ

κ ¼
P

IðtÞðt − t̂Þ4
σ4

P
IðtÞ ðkurtosisÞ ð6Þ

σ ¼
ffiffiffiffiffi
σ2

p
is a measure of the overall width of the distri-

bution. The value of κ is 3 for a Gaussian shape; a higher
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value indicates a shift of the probability density toward the
tails of the distribution.
Figure 15 shows the evolution of these quantities at a

nominal rf voltage of 1 kV. The most salient aspect of this
result is the particle loss taking place at an electron bunch
length of 400 ns. This effect is visible at any rf voltage and
can be attributed to single particles randomly being subject
to both longitudinal and transverse heating as a result of the
varying space-charge-induced focusing force brought about
by the electron bunch length jitter, which is a unique
property of the 400 ns setting (see Fig. 10). A simulation
showing this mechanism is described in Sec. V.
Apart from particle loss, we observe a monotonic

dependency between bunch length and cooling rate.
Since the longitudinal current density in the electron
bunches is constant, i.e., changing the bunch length
changes only the longitudinal overlap but not the peak
current, this result is to be expected as long as the length of
the electron bunches does not significantly exceed that of
the ion bunches. Conversely, the evolution of the kurtosis

hints at a tendency for longer electron bunches to be
detrimental to preserving a Gaussian shape. While our
experiment was carried out at a constant phase between
electron and ion bunches (albeit not perfectly, see Fig. 9),
this result warrants a dedicated measurement of how the
evolution of the bunch tails is affected by the phase.
As shown in Sec. IV, the asymptotic behavior toward the

end of the process is predominantly caused by intrabeam
scattering (IBS) counteracting the cooling force. Because
this effect does not contribute significantly until the
bunches become short, the longitudinal and transverse
cooling rates are determined from the evolution of the
bunch length or width, respectively, in a region of the
curves where no asymptotic behavior is visible. The
relative slope of the σ curve is summarized in Fig. 16
for all parameter sets of our experiment.
The longitudinal cooling rate increases monotonically as

a function of the electron bunch length, which is to be
expected because longer bunches lead to a higher overlap
between the bunches on average. It can, however, be
observed that increasing the rf voltage leads to the opposite
effect even though that, too, increases the overlap. We
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suspect this reduction in cooling rate with increasing rf
voltage to be a result of the broadening of the longitudinal
momentum distribution, which causes the average cooling
force to decrease despite the higher bunch overlap. This
effect must be especially strong when the overlap is
centered around the bunch center, where the momentum
deviation of high-amplitude particles is highest by virtue of
synchrotron motion.
The transverse cooling rate increases monotonically

as a function of both the rf focusing strength and the
electron bunch length because it only depends on the
longitudinal overlap between the bunches. The transverse
overlap is always the same, and stronger rf focusing does
not broaden the transverse momentum distribution.
The change in focusing strength due to the bunch-

length-dependent space charge potential of the electron
beam should also have an effect on the bunch shape
but cannot be determined in isolation in this experiment.

IV. SIMULATION OF COOLING
AND IBS RATES

To gain confidence in the interpretation of the results, a
set of simulations mimicking the experimental conditions
was carried out using the code JSPEC [19,20]. In these
simulations, the evolution of the bunch shape was com-
puted on a turn-by-turn basis by applying theoretical
models for both the cooling force and the heating effect
caused by intrabeam scattering (IBS). rf focusing is para-
metrized by the synchrotron frequency.
Table IV shows the input parameters used. The longi-

tudinal profile of the simulated electron bunches is rect-
angular; since the true bunch length in the experiment is
different from the nominal setting as shown in Fig. 10, the
averages of the respective measured lengths are used for the
simulation. While the code can consider an arbitrary
temporal alignment between the bunches, a systematic
study of the effect of the alignment was not part of the
experiment, and the small offsets shown in Fig. 9 are
considered negligible for the purpose of this study. Because
the cooling rate calculation is particularly sensitive to beam
parameters that are hard to determine accurately, e.g., the
electron beam temperature, the resulting absolute numbers

only serve as an order-of-magnitude estimate; however, the
qualitative behavior and the relative dependence on the
cooling bunch length can still be meaningfully compared to
the experimental data.
Figure 17 shows the evolution of the cooling rate, the

IBS rate, and the resulting bunch length from the simulation
at fS ¼ 466 Hz, corresponding to Vrf;set ¼ 1 kV as in
Fig. 15. Here, we concentrate on the longitudinal behavior
because the simulation is assumed to model the transverse
cooling force inaccurately. The bunch length evolution
observed in the experiment is qualitatively reproduced.
While the beginning of the process is dominated by
cooling, the contribution of IBS increases significantly
as a result of the three-dimensional compression of the ion
bunch, eventually canceling out the cooling effect and
resulting in an equilibrium.
Table V shows a comparison of the measured and

simulated bunch length reduction rates, the latter being
determined from the slope of the bunch length curve in the

TABLE IV. Cooling simulation parameters.

Transverse electron beam radius 15 mm
Effective cooler length 3.4 m
Magnetic field 0.1 T
Average βx=βy in the cooler 10 m / 17 m
Peak electron current (uniform bunch shape) 30 mA
Transverse electron temperature 200 meV
Longitudinal electron temperature 6 meV
RMS normalized transverse emittance 0.6 mmmrad
RMS long. ion bunch size σz 10.5 m
RMS long. ion momentum deviation σpz=p 7 × 10−4
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same way as in Fig. 16. While the simulation tends to
overestimate the cooling rate toward lower electron bunch
lengths, the overall behavior is in reasonable agreement
considering the sensitivity to the models and beam
parameters.

V. SIMULATION OF SPACE-CHARGE
EFFECTS

The particle loss taking place in the runs with 400 ns
electron bunch length was initially attributed to a transverse
heatingmechanism due to uneven space charge kicks caused
by bunch length jitter. This mechanism had already been
described both theoretically andwith simulations for the case
of LEReC, where, assuming a significant phase jitter, the
heating is not negligible but still small enough not to cause
considerable particle losses [21,22]. While the same basic
principle applies to our experiment, the particles are non-
relativistic and space charge forces comparatively high as a
result. The possibility of the longitudinal dynamics also
being affected should therefore not be ruled out.
In an effort to assess the magnitude of the effect, we

carried out a tracking simulation including the space charge
kicks from the electron beam in the cooler. The simulation
code tracks the 6-dimensional phase space coordinates of
randomly generated single ions through the linear transport
matrices of the ring (obtained from a MAD-X [12] model)
and applies the longitudinal cavity kick at each revolution.
The cooling section is discretized by a finite number of
drifts, in which the electron charge distribution is placed
according to the relative phase of the ion when it reaches
each individual piece of drift. Changes in velocity and,
thus, relative time of flight are accounted for. The charge
distribution is then discretized on a Cartesian, three-
dimensional grid and the Coulomb force computed.
Collective effects of the ion beam are assumed to be
negligible. This model includes neither cooling nor IBS
so that the space charge effect can be observed in isolation.
The assumptions made as input to the simulation are listed
in Table VI. While the simplicity of the model causes some
of them to be arbitrary, they do not affect the qualitative
outcome significantly.

To simulate the bunch length jitter present in the 400 ns
experiment, we assume the bunch length to be 320 ns with
the starting edge randomly arriving early by 50 ns with a
probability of 22%, which mimics the distribution in
Fig. 10. The phase space trajectory of an example particle
subjected to these conditions is shown in Fig. 18. While the
action in the longitudinal plane is visibly affected, there is
no indication of a spontaneous blow-up or instability that
would explain the loss of the particle by itself. The
transverse plane, however, shows a significant deformation
of the trajectory over time. Under the simplifying
assumption that any particle with a transverse displacement
of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
> 50 mm is lost, which is checked after each

optical element, we obtain the number of lost particles as a
function of time; the result is shown in Fig. 19. The
observed loss of 38% in 0.5 s is in reasonable agreement
with the experiment (see Fig. 15) considering the simpli-
fications. The same simulation without bunch length jitter
gives no particle loss.
These results allow us to make a comparison with

existing theoretical models: It is shown in [21] that a
randomly distributed electron bunch arrival time of vari-
ance hδ2t i results in an exponential ion emittance growth,
assuming longitudinally Gaussian-shaped electron bunches
of length σe. While the case at hand is slightly different in
that our bunches are rectangular and their length varies, it is
similar enough to make a comparison as a rough consis-
tency check. The growth time in either the x or y plane is
given by [21]:

τtheo;x=y ¼
expð1Þ
8π2frev

σ2e
hδ2t i

1

Δν2peak;x=y
: ð7Þ

We choose the equivalent Gaussian bunch length σe such
that the FWHM is equal to the true rectangular bunch
length; with the ion radius r0, the number of electrons per
bunch Ne, and the arrival time variance hδ2t i as given by

TABLE VI. Parameters for tracking simulations and theoretical
estimates.

Peak electron current Ie 30 mA
Bunch length Tbunch 320 ns (78%)

370 ns (22%)
Electron current rise/fall time 30 ns
Transverse electron beam radius ae 15 mm
Cooler length Lcool 3.4 m
Ion ring betatron tunes Qx;y 3.62 / 2.61
Ion ring rf voltage (see Table II) 664 V
Transverse aperture limit ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
Þmax 50 mm

Number of ions 400
RMS transverse ion bunch radius σx;y 5 mm
RMS transverse ion momentum σpx;y

=pz 1 × 10−3

RMS long. ion bunch size σz 7.5 m
RMS long. ion momentum deviation σpz=p 5 × 10−4

TABLE V. Comparison between simulated and measured
bunch length reduction rates. Tset and Texp are the nominal
and measured electron bunch lengths, respectively. Rexp is the
longitudinal bunch length reduction rate as shown in Fig. 16; Rsim
is the corresponding simulation result.

Tset (ns) Texp (ns) Rexp (s−1) Rsim (s−1) Rsim=Rexp

500 441 0.60 0.89 1.48
600 562 0.92 1.17 1.28
700 623 0.98 1.23 1.25
800 744 1.27 1.45 1.14
900 864 1.45 1.69 1.16
1000 925 1.67 1.77 1.06
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r0 ¼ 4.5 × 10−19 m for 86Kr25þ; ð8Þ

Ne ¼
Ie
e0

ðTbunch þ Trise=fallÞ ¼ 7.1 × 1010; ð9Þ

σe ¼
Tbunch

2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p ¼ 161 ns; ð10Þ

hδ2t i ¼ ð20.7 nsÞ2; ð11Þ

we obtain [21]:

Δνpeak;x=y ¼
Ner0Lcool

ð2πÞ2Qx=yfrev
ffiffiffiffiffiffi
2π

p
σeγ

3β2a2e
ð12Þ

¼
�
4.1 × 10−3

5.6 × 10−3

�
; ð13Þ

τtheo;x=y ¼
�
0.66 s

0.34 s

�
: ð14Þ

For comparison with this model, we can extract an
emittance growth time from the full simulated ensemble,
keeping in mind that the emittance ceases to be well-
defined in the face of particle loss and that the heated ions
spend considerable time outside of the cooling beam, which
is in contrast to the assumptions made in [21]. The RMS
emittance in the y plane (chosen here because of the
nondispersive optics) is calculated from the ensemble phase
space via

ϵy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy2ihy02i − hyy0i2

q
; ð15Þ

where y denotes the displacement and y0 the angle of each
particle with respect to the reference orbit. In this calcu-
lation, to avoid discontinuities in the data, lost particles are
kept, but their emittance does not grow further. Figure 20
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shows the evolution of the emittance. While the data do not
show a strictly exponential time dependence, applying an
exponential fit allows us to extract a growth time of τ ¼
0.20 s for the sake of comparison with the model-based
value τtheo. The latter is higher by a factor of 1.7.
Considering the number of assumptions going into both

the simulation and the growth rate estimate, the discrepancy
between the results is not surprising. However, the quali-
tative agreement between the methods demonstrates their
basic applicability and consistency. While the results we
obtained explain the particle loss observed in our experi-
ment and imply that the bunch phase and length ought to be
held as constant as possible in bunched-beam devices, the
consequences of the effect are expected to be less severe for
relativistic beams as space charge forces diminish at γ ≫ 1.
The theory presented in [21] appears to be able to make a
good prediction of the heating time in that case.

VI. CONCLUSION

We have demonstrated cooling of both coasting and
bunched ion beams using a pulsed electron beam from a
conventional cooler, allowing studies of bunched-beam
cooling with relatively little technical effort and investment.
Even though the parameters of our experiment are far away
from those of the most likely application of bunched-beam
cooling, i.e., high-energy protons [3], the basic physics are
similar.
The experimental result has been shown to be in

reasonable albeit not perfect agreement with simulations.
Improving the input parameters of these simulations would
require considerable beam diagnostics efforts. While the
level of agreement we achieved allows us to be confident in
the overall scheme, it does not exclude the possibility of
there being small heating effects in the set-up that have not
been fully explored.

We have shown the observed particle loss to likely result
from random transverse heating caused by uneven space
charge kicks. This observation hints at the practical
importance of maintaining the cooling bunch length and
phase with high accuracy. An important implication is that
sweeping the cooling bunch longitudinally on a short
timescale is likely not an option for future machines.
However, considering that the cooling time of conceivable
high-energy coolers is between many minutes and an hour
[3], applying such a sweeping technique on a long time-
scale may still be feasible.
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