
 

Accurate setting of electron energy for demonstration of first hadron
beam cooling with rf-accelerated electron bunches
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The world’s first electron cooling based on the rf acceleration of electron bunches was experimentally
demonstrated at the Low Energy RHIC Electron Cooler (LEReC) at Brookhaven National Laboratory. The
critical step in obtaining cooling of the Au ions in the collider with this new approach was matching the
electron and ion relativistic γ-factors with a relative error of less than 5 × 10−4. Since the electron beam
kinetic energy was just 1.6 MeV, it was required to set the absolute energy of electrons with an accuracy
better than 0.8 keV. The method of setting electron energy in conventional coolers was unsuitable for
LEReC and a new technique had to be developed. In this paper we describe our experience with measuring
the electron beam energy at LEReC and precisely matching electron and ion γ-factors, which resulted in
demonstration of the cooling.
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I. INTRODUCTION

The phase space density of ion bunches in the collider
decreases with time due to intrabeam scattering (IBS) and
due to the lack of radiation damping. This results in an
unwanted reduction of integrated luminosity of the collider.
To counteract this process the “cooling” (either electron [1]
or stochastic [2]) of the ion bunches is desired. While
stochastic cooling was successfully implemented at the
Relativistic Heavy Ion Collider (RHIC) [3], electron cool-
ing at collision energy has never been implemented at any
collider until now [4].
Electron cooling, a method of increasing phase space

density of heavy particles through their interaction with co-
propagating “cold” electrons, was introduced by Budker in
1967 and demonstrated in 1974 [5] with nonrelativistic
protons. Since then, this method was implemented at
numerous nonrelativistic (with Lorentz γ ≲ 1.5) proton
and ion storage-rings [6].
In a typical nonrelativistic electron cooler a DC electron

beam is generated by a thermionic gun and transported in a
strong continuous solenoidal magnetic field to the cooling
section (CS), a straight section of the storage ring where
electrons propagate together with ions at the same average
velocity. The ions interact with electrons in the CS through

Coulomb scattering, which results in an average friction
force that over many revolutions of the ions in the
accelerator reduces the ion bunch temperature. The elec-
trons after each passage are either dumped or returned to
the gun for charge recovery, thus, on each turn the ions
interact with fresh “low temperature” electrons.
Relativistic electron cooling was first demonstrated at

Fermilab in 2005 [7,8]. The Fermilab electron cooler was
used for longitudinal cooling of 8.9 GeVantiprotons in the
storage ring prior to their transfer to the Tevatron collider
and featured a 4.3 MeV DC electron beam [9,10].
Applying electron cooling at much higher ion beam

energies in future colliders [11], for example in a proposed
electron-ion collider [12], requires a new approach. Accele-
rating DC electron beam to energies higher than≈10 MeV is
not practical, therefore a rf accelerator and bunched electron
beam must be used for high energy coolers. Also, to
counteract the IBS in the collider, the electron cooling must
be applieddirectly to the colliding ions, rather thanbeingused
in a pre-injection storage ring. All these novel techniques
were successfully realized in the LEReC project.
In any electron cooler a critical step in obtaining the

cooling is the precise matching of electron and hadron
Lorentz γ-factors.
In nonrelativistic coolers the electron energy can be

measured with 10−4 accuracy by measuring the gun
cathode high voltage with a high-precision voltage divider
[13]. Such a method is not available in LEReC.
To set electron energy in the relativistic electron cooler at

Fermilab observation of the Schottky spectrum of the coast-
ing hadron beam filling the entire momentum acceptance
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was used [8]. This technique is unsuitable for LEReC
because of the electron-hadron heating [14], which is
prohibitively high for a coasting (hence, not locked in rf
frequency to electron bunches) ion beam.
Therefore, for setting of the electron energy in LEReC

we employed a combination of a state of the art high-
accuracy low energy spectrometer and a hadron-electron
recombination monitor with electron energy scan.

II. LEReC ACCELERATOR

LEReC is a crucial part of RHIC operation dedicated to
the search for the QCD critical point in the nuclear matter
phase diagram [15]. LEReC was designed and built to
compensate the IBS-driven emittance growth of colliding
ion bunches with relativistic factors γ ¼ 4.1, 4.9 and 6.1,
which correspond to electron beam kinetic energies of
1.6 MeV, 2 MeV and 2.6 MeV respectively. While the
Fermilab electron cooler approach could have been used at
these energies, it was decided to build an electron cooler
that has all the features required for future high energy
electron coolers.
The LEReC accelerator [16], shown in Fig. 1, consists of

a 400 keV photo-gun [17] followed by a 704 MHz super-
conducting rf accelerating cavity (SRF Booster) [18],
which accelerates the beam to 1.6–2.6 MeV. The photo-
cathode is illuminated by a green 704MHz laser modulated
with the 9 MHz frequency to match the frequency of RHIC
ions. The resulting 9 MHz “macro-bunches” of electrons
consist of thirty 704 MHz bunches each.
Electron bunches are accelerated in the SRF cavity off-

crest producing an energy-time dependence along each
bunch (a “chirp”). The chirped bunch is ballistically
stretched via time-of-flight dispersion in the transport
beamline. Hence, the space charge effect on the bunch
energy spread and emittance are substantially reduced.
The SRF Booster is followed by a 3rd harmonic cavity
which linearizes the longitudinal phase space of the bunch.

There is another 704 MHz cavity at the end of the transport
beamline to remove the energy chirp. The 9 MHz rf cavity
is used to reduce the effect of beam-loading over the length
of the 9 MHz macro-bunch.
The transport beamline and the merger bring the electron

beam to the two cooling sections [19] in the “yellow” and in
the “blue” RHIC rings which are connected by a 180°
bending magnet. The Blue CS is followed by the extraction
to the beam dump.
LEReC is a nonmagnetized electron cooler—it does not

utilize strong magnetic field in the cooling section. The
short CS solenoids (eight solenoids per cooling section) are
used only for correction of the beam envelope [20].

III. REQUIREMENTS FORTHEELECTRONBEAM

The friction force acting on the ion with a charge Ze,
where e is the electron charge, due to its interaction with a
nonmagnetized electron bunch with velocity distribution
fðveÞ is given by [21,22]:

F⃗ ¼ −
4πnee4Z2

me

Z
LC

v⃗i − v⃗e
jv⃗i − v⃗ej3

fðveÞd3ve: ð1Þ

Here, ne is the electron bunch density in the beam frame,
me is the mass of the electron, v⃗i and v⃗e are ion and electron
velocities in the beam frame. Coulomb logarithm is LC ¼
ln ðρmax=ρminÞ with a minimal impact parameter

ρmin ¼
Ze2

me

1

jv⃗i − v⃗ej2
: ð2Þ

At a given value of the ion velocity ρmax ¼ const and is
determined by the ion time of flight through the CS.
The Coulomb logarithm can be assumed to be

constant, in the LEReC case LC ≈ 10. We assume a
Gaussian distribution of velocities in the electron bunch

with root mean square (rms) values Δt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

x þ Δ2
y

q
and

FIG. 1. LEReC layout (not to scale).
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Δz for transverse and longitudinal velocity components

(vet ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ex þ v2ey

q
and vez) respectively:

fðveÞ ¼
1

ð2πÞ3=2ΔxΔyΔz
exp

�
−

v2ex
2Δ2

x
−

v2ey
2Δ2

y
−

v2ez
2Δ2

z

�
: ð3Þ

LEReC was designed to cool ion bunches with an
expected rms longitudinal and transverse velocity spread
(in the beam frame) of 1.5 × 105 m=s and 1.7 × 105 m=s
respectively.
The dependence of the longitudinal friction force on the

ion velocity for any given Δz is shown in Fig. 2.
As one can see, the friction force is maximized for the

longitudinal ion velocity viz ¼ 1.5Δz and it is linear for
viz ≲ Δz. Since the cooling under discussion is directly
applied to the ions in the collider, it is important not to
overcool the ion bunch. Therefore, the requirement for the
rms spread of the electron bunch longitudinal velocities is

Δz ≈ ðv2izÞ1=2 ≈ 1.5 × 105 m=s. From similar considera-
tions Δt ≈ 1.7 × 105 m=s. Converting the longitudinal
and transverse velocity spreads in the beam frame into
relative energy spread (σδ) and angular spread (σθ) in
laboratory frame respectively, we obtain the following
requirements for LEReC electron bunch parameters [20]:

σδ ¼
Δz

βc
¼ 5 × 10−4; σθ ¼

Δt

γβc
¼ 150 μrad: ð4Þ

Since the average velocity of the two beams must be
matched to better than the respective rms velocity spread,
the relativistic γ-factors of ion and electron bunches also
must be matched with an accuracy of better than 5 × 10−4.

Electron bunches satisfying requirements (4) were
obtained during LEReC accelerator commissioning in
2018 [16].
As Fig. 3 illustrates, the longitudinal friction force has a

relatively weak dependence on electron angular spread,
which is affected by the presence of the ion beam in the CS
[23]. Since the electron bunch momentum spread is
satisfying Eq. (4) regardless of the presence of ions, it
shall be sufficient to match the electron and ion beam
γ-factors to observe longitudinal cooling.

IV. MATCHING OF γ-FACTORS

The absolute energy of the electron and ion beam must
be known with high accuracy to match the electron and ion
beam γ-factors. The absolute energy of ions in the collider
is known with an accuracy of better than 10−4. On the other
hand, the absolute energy of the electron beam derived
from settings of the rf cavities can have an error of a few
percent. Without a beam based calibration, it is difficult to
achieve an accuracy of better than a few percent in the rf
cavity field probe calibration, limited by the intrinsic
calibration measurement errors in the field probe coupling
factor, rf power, and cable losses.
Our approach for accurately setting the electron beam

energy was three-fold: (1) First, we used a dedicated low
energy spectrometer to set the energy to a 5 × 10−3

accuracy [24]. (2) Second, we roughly matched the electron
and ion beam γ-factors by scanning the energy of the
electron beam in small steps and measuring the rate of ion-
electron recombination [25]. The maximum recombination
rate corresponds to matched γ-factors. (3) Finally, we
performed an electron beam energy scan with finer steps
until we observed longitudinal cooling of the ions.

FIG. 2. Normalized longitudinal friction force depending on the
ratio of longitudinal ion velocity to the rms spread of velocities in
the electron bunch. The force is plotted for an ion with its
transverse velocity equal to the rms spread of transverse ion
velocities.

FIG. 3. Normalized longitudinal friction force depending on the
rms angular spread in an electron bunch. Equation (1) is integrated

for an ion with vi ¼
ffiffiffiffiffi
v̄2i

q
. It is assumed that σδ ¼ 5 × 10−4.
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The γ-matching was performed sequentially using the
outlined techniques. Optimized cooling was obtained for
well matched γ-factors.

A. High-accuracy low energy spectrometer

The 180° bending magnet located between the “yellow”
and the “blue” RHIC cooling sections was used as a
spectrometer. This U-turn bend is designed to have a
bending radius of ρ0 ¼ 0.35 m. The bend entrance is
equipped with two beam position monitors (BPMs), and
its exit is equipped with one BPM. The BPM-to-BPM
distance and distance between bend exit and entrance to
BPMs was a compromise between optimizing the CS optics
and the accuracy of energy measurement. The spectrometer
setup is shown in Fig. 4.
The design accuracy of the energy spectrometer is 8 keV.

It is defined by the mechanical alignment of the U-bend
magnet and the BPMs assembly, the accuracy of the BPM
measurements, the accuracy of the bend field map and the
stability of the bend power supply. The detailed account of
the factors contributing to the spectrometer accuracy is
given in [24,26].
The field of the U-turn bending magnet was mapped in a

�20 mm range around the nominal beam trajectory at
20 mT, 24 mT, and 30 mT flat-top fields corresponding to
1.6 MeV, 2 MeV, and 2.6 MeV electron beam energies
respectively [27]. The field was measured with a probe
combining a Hall sensor and a unique, customized high-
accuracy NMR probe capable of measuring fields as low as
14 mT [28]. The resulting field map achieved the required
accuracy of 2 μT.
After installation of the spectrometer in the RHIC

tunnel the same probe was installed at a known, and
well-mapped, fixed location in the uniform region of the
bending field. The continuous readings of the probe were
used for the energy measurement. Carefully optimized

hysteresis cycling for calibrations and for operation was
essential to maintain the required field accuracy.
In the hard-edge approximation the horizontal displace-

ment of the electron beam trajectory at the exit of 180° bend
(xout) is given by:

xout ¼ −xin þ 2ρ0 − 2ρ cos θin: ð5Þ

Here xin and θin are the trajectory horizontal displacement
and angle at the entrance to the bend and ρ is the trajectory
curvature radius at the actual beam energy E. The axis x⃗
always points “inward” and flips its direction as the beam
passes through the 180° bend.
As described in [24,26], to measure the beam energy in

the 1.6–2.6 MeV range with the accuracy required
for LEReC one must perform a proper Taylor expansion
of the exact expression for magnetic rigidity. Then, the
beam kinetic energy can be calculated from spectrometer
readings as:

E ¼ E0 þ E0

E0 þ 2mec2

E0 þmec2

�
B − B0

B0

−
B
B0

xout þ xin
2ρ0

�
ð6Þ

with

xin ¼ x2 þ Sb
x2 − x1
S12

; xout ¼ x3 þ Sb
x2 − x1
S12

: ð7Þ

Here, E0 is the design beam kinetic energy, B0 is the hard-
edge magnetic field taken from the field mapping data, x1,
x2 and x3 are horizontal readings of the two entrance and
one exit spectrometer BPMs respectively, S12 is the dis-
tance between the two entrance BPMs measured during a
mechanical survey and Sb is the distance between the edge
of the bending magnet in hard-edge approximation and the
entrance/exit BPMs. The distance Sb is calculated from
survey and field mapping data.
The result of Eq. (6) was always compared with beam

tracking in the mapped field [26] during energy measure-
ments. The results of tracking and calculations were found
to be in good agreement.
First energy measurements showed a small but notice-

able dependence on the electron beam trajectory through
our spectrometer, possibly due to inconsistencies in BPMs
calibration. Hence, we performed a dedicated beam-based
calibration (BBC) of the spectrometer BPMs with the
ion beam.
The BBC consisted of moving the ion beam trajectory

through the CS transversely in the absence of the electron
beam in each cooling section and recording the response in
the ion position measured by the spectrometer BPMs. Since
the ion trajectory in the CS is a straight line, due to the ions
large magnetic rigidity, the BBC allowed us to find the
proper BPMs scaling coefficients. After the coefficients
were corrected the energy measurement dependence on the
beam trajectory became negligible, as Fig. 5 demonstrates.FIG. 4. Layout of LEReC spectrometer.
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Our first goal was to obtain electron cooling of ions with
γ ¼ 4.1, which requires electrons with 1.6 MeV energy.
While the initial LEReC setting was based on calibration of
rf cavities, the spectrometer showed us that our real energy
was 100 keV lower than the design energy of 1.6 MeV.
After retuning the accelerator based on the spectrometer
measurements, we were ready for precise γ-matching.

B. Energy scanning and recombination monitor

The scan of the electron beam energy must preserve the
energy spread of the electron bunch. Adjusting the electron
beam energy with the booster cavity while keeping a small
energy spread of electron bunches is a complex process.
Fortunately, the last “chirp-correcting” cavity is operated at
the zero-crossing, so that electron bunches probe the linear
part of the sinusoidal wave. Thus, by adjusting the phase of
this cavity one can change the electron bunch energy while
still satisfying Eq. (4). The cavity voltage is such that the
available range for an energy scan is about �15 keV.
An ion (Au79þ) that recombines with an electron through

the radiative recombination process in the cooling section
becomes Au78þ and is lost in the high dispersion areas of the
RHIC ring. The recombination rate (αr) is given by [25]:

αr ¼
neηξ

ð2πÞ32γ2
Z

σðjv⃗i − v⃗ejÞfðveÞfðviÞdv3edv3i : ð8Þ

Here ne is the electron bunch density, η is the fraction of
RHIC ring circumference occupied by the cooling section, ξ
is the duty factor, which includes both the geometrical
longitudinal overlap between the thirty electron bunches and
the ion bunch and a fraction of ion bunches interacting with
the electrons, fðviÞ is the velocity distribution in the ion
bunch and the capture cross section σ is given by [29]:

σ ¼ 2Ahν0
mejv⃗i − v⃗ej2

"
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hν0

mejv⃗i − v⃗ej2
s

þ 0.1402

þ 0.525
�
mejv⃗i − v⃗ej2

hν0

�1
3

#
ð9Þ

where h is Planck’s constant, hν0 ¼ 13.6Z2 eV is the
ground state binding energy and a constant A ¼ 4he2ffiffiffiffi

27
p

πϵ0m2
ec3
.

The cross section, and thus the recombination rate, is the
highest when ion and electron beam γ-factors are equal.
A special lattice (see Fig. 6) was developed with a

dispersion bump in a RHIC arc downstream of the cooling
section [30]. The losses due to recombination were regis-
tered in this region with a dedicated plastic scintillation
detector (PSD) [31].
Although the PSD signal was rather noisy, the increase in

recombination rate during the energy scan was clearly
visible and well repeatable. Figure 7 shows the recombi-
nation signal from 6 ion bunches overlapped with 6
electron macro-bunches during the energy scan. As one
can see, the matched energy was 12 keV lower than the
energy set based on the initial spectrometer readings.

FIG. 5. Stable energy measurement during induced change in
the electron trajectory. The upper plot shows readings of the two
entrance and one exit spectrometer BPMs. The lower plot shows
the measured electron beam energy.

FIG. 6. The upper plot shows the dispersion in a design RHIC
lattice (green dotted line) and in a “dispersion bump” lattice
(violet solid line). The lower plot shows one turn horizontal
trajectory of the recombined Au78þ ion (orange solid line) and the
trajectory of the Au79þ ion (red dotted line) in the dispersion
bump lattice.
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The “recombination energy scan” was performed before
we determined the reason for and corrected the spectrom-
eter measurement dependence on electron beam trajectory.
After the correction was done the error of spectrometer
measurement became 6 keV, as Fig. 5 demonstrates. Thus,
the accuracy of the energy spectrometer reached 4 × 10−3.

C. Demonstration of longitudinal cooling

In the absence of cooling, the length of the ion bunches
increases during a store due to IBS until the ions fill the
entire rf bucket. With electron cooling on, the length of the
ion bunch must stabilize at some smaller value. Therefore,
to observe longitudinal cooling we injected six consecutive
ion bunches into the RHIC ring and overlapped five of them
with the electron bunches. Then we performed an electron
beam energy scan in small steps around the value found in
recombination measurements. The ion bunch length and
shape were continuously monitored during the scan with
the RHIC wall current monitor (WCM).
The 9 MHz cavity compensates the beam loading over

the length of one macrobunch only. The transient macro-
bunch to macrobunch beam loading, which is present when
LEReC runs with just a few out of the operational 120
macrobunches per RHIC revolution, stays uncompensated.
By choosing a train of five electron macrobunches for the
energy scan we used this effect to our advantage. Due to
beam loading, every subsequent electron macrobunch is
shifted in energy with respect to the previous one. For
60 pC per bunch and 30 bunches per macrobunch the
measured energy shift was 1 keV. Therefore, the train of 5
macrobunches covers about 6 times wider energy range
than a single macrobunch with the design rms energy
spread of 0.8 keV. Such a setup significantly accelerates the

energy scan and makes it easier to obtain a γ-match for one
of the ion bunches.
The results of the longitudinal bunched electron cooling

are given in Fig. 8. When electron and ion γ-factors are
getting matched the length of the cooled ion bunch starts to
shrink very fast as compared to the length of the non-
interacting (“test”) ion bunch. After several minutes of
cooling the cooled ion bunch is much shorter and has a
much higher peak current than the test ion bunch.
The optimized electron beam energy was within 1 keV

of the matched-γ energy measured by the recombination
monitor.
It also became clear that the longitudinal cooling itself

is a very sensitive monitor for γ-matching. This allowed
us to proceed with a nominal ion beam lattice without a
large dispersion bump required for the recombination
monitor.
For γ-matching at γ ¼ 4.9 we used our spectrometer and

the energy scanning with ion bunch length monitoring to
find the optimal 2 MeV settings for the electron beam. The
whole process took just a few hours from rough rf retuning

FIG. 7. The recombination signal (blue dots) dependence on
beam energy (as measured by spectrometer) during the scan. The
error bars for each point represent the rms of the recombination
signal at each energy setting averaged over two scans. RMS width
of the measured trend is calculated from Gaussian fit of the data
(orange solid line).

FIG. 8. The typical bunched beam cooling. The upper plot
shows evolution of the rms length of a cooled bunch and a test ion
bunch. The lower plot shows the longitudinal profiles of a cooled
and a test ion bunch after 20 min of cooling.
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to obtaining optimized bunched beam cooling at the new
energy.

V. CONCLUSION

LEReC is the first rf-based (bunched) electron cooler. It
is the first electron cooler applied directly to the ions in a
collider at the colliding energy. It is also the first cooler that
utilizes the same electron beam to cool ions in two
separate rings.
The critical part of obtaining electron cooling in LEReC

was setting the electron beam energy with an accuracy of
better than 0.8 keV to match electron and ion beam
relativistic γ-factors.
The electron energy setting methods used in conven-

tional DC coolers rely on accurate measurement of DC gun
voltage. In the LEReC case the rf accelerated electron
bunches have a large energy uncertainty. Therefore, to
achieve our goal we developed a high-accuracy low energy
spectrometer and used it in conjunction with the recombi-
nation monitor and electron energy scan preserving the
energy spread of the electron bunch.
These tools allowed us to achieve the required accuracy

of energy measurement and γ-matching, resulting in the
attainment of hadron beam cooling with rf-accelerated
electron bunches.
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