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Abstract
After more than 40 years of operation in different ma-

chines, the Antiproton Decelerator (AD) electron cooler
(e-cooler) is expected to be replaced by a new one designed
at CERN. This new design is primarily driven by the neces-
sity to ensure the reliable operation of the CERN antimatter
facility for the next decade and beyond. This will also be the
occasion to overcome the known limitations of the present
e-cooler, as well as to integrate the most promising recent
technologies. In this paper, we review the present AD e-
cooling performance and discuss the main effects that have
an impact on that performance. We then outline the cho-
sen parameters and the design choices based on studies and
experience. Finally, a preliminary analysis of the expected
performance of AD with the new e-cooler is presented.

INTRODUCTION
The purpose of AD is to collect antiprotons (pbars),

cool and decelerate them from the injection momentum
of 3.57 GeV/c to the extraction momentum of 100 MeV/c.
Cooling is performed with stochastic cooling acting on two
plateaus at 3.57 GeV/c and 2 GeV/c, and electron cooling
acting on two plateaus at 300 MeV/c and 100 MeV/c before
extraction to the Extra Low ENergy Antiproton (ELENA)
ring. A typical cycle in AD is shown in Fig. 1. Recent expe-

Figure 1: Typical AD cycle. The magnetic cycle is in red,
while the black, green and gold traces show the intensity (in
units of 107 charges) for three different shots.

rience shows that most shot-to-shot intensity fluctuations are
visible after deceleration from 2 GeV/c. This might be due
to poor performance of the stochastic cooling at 2 GeV/c,
higher sensitivity to magnetic field perturbations at lower
energy, the reproduciblity of systems such as e-cooling, or
a combination of these effects. The main components of
the present AD e-cooler were originally built for the Initial
Cooling Experiment (ICE) in the 1970’s, subsequently used
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for the Low Energy Antiproton Ring (LEAR), and finally
reassembled in a shorter version for the AD. Major break-
downs of the electron collector during the 2018 run and the
difficulties in finding spare parts, called for a review of the
consolidation plans in 2019 [1]. On that occasion, the re-
view panel recommended building a new e-cooler system to
ensure reliable machine operation. This is also the occasion
to improve the cooling performance, possibly getting closer
to the initial AD design specifications [2], for which the
cooling time was six seconds at 300 MeV/c and one second
at 100 MeV/c.

The detailed specifications for the new e-cooler are pro-
vided in Ref. [3]. This paper summarises the main consid-
erations that led to these specifications, shows the typical
performance of the present e-cooler, and finally gives an
estimate of the expected performance with the new e-cooler.

NEW E-COOLER SPECIFICATIONS
The typically accepted scaling law for the cooling time in

the laboratory frame is given by Refs. [4–6]:

𝜏 ≈ 4 × 1012 [A s m−2]
𝐿ring

𝐿cooler

𝐴

𝑞2

𝑟2
e-beam
𝐼e-beam

𝛽4𝛾5Θ3, (1)

where: Θ ≈
√︃
𝜖𝑥/𝑦/𝛽𝑥/𝑦 + 𝑇/(𝑚𝑒 (𝛾𝛽𝑐)2) . (2)

In practice, Eq. (1) gives only an indicative value for the
expected cooling time, but it can be useful to highlight the
main parameters affecting performance. Assuming that the
geometric factors (𝐿ring and 𝐿cooler, lengths of the ring and
e-cooler active section, respectively), particle type (𝐴, ion
mass number and 𝑞, charge state, both equal to 1 for antipro-
ton beams, and electron mass 𝑚𝑒), beam emittance (𝜖𝑥/𝑦 )
and beam relativistic factors (𝛾 and 𝛽) are fixed, one can
expect to reduce the cooling time by increasing the electron
current (𝐼e-beam), reducing the beam radius (𝑟e-beam), reduc-
ing the electron temperature (𝑇 , in eV), or increasing the
Twiss beta functions (𝛽𝑥/𝑦).

Increasing 𝐼e-beam seems to be the most straightforward op-
timisation. However, a higher current increases the electron
energy variation with the distance from the beam centre as
a result of space-charge effects, which could be detrimental
to cooling performance. For a uniform 𝑒− transverse distri-
bution, the expected variation of the energy as a function of
the radius 𝑟 is given by Ref. [7]:

Δ𝐸 (𝑟)
𝐸

≈ 1.2 × 10−4 𝐼e-beam [A]
𝛽3

(
𝑟

𝑟e-beam

)2
. (3)

Taking as an example the present AD e-cooler at 100 MeV/c
with 𝐼e-beam = 100 mA, 𝛽 ≈ 0.1, 𝐸 ≈ 3 keV, and 𝑟e-beam =
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25 mm, the energy excess at the edge of the electron beam is
as high as 36 eV, to be compared with typical transverse and
longitudinal electron temperatures of 100 meV and 1 meV,
respectively. This effect is partially compensated by the nat-
ural or controlled accumulation of rest-gas ions trapped in
the magnetic field of the e-cooler [8]; however, the recom-
mendation of [9] is that “modern coolers should be designed
to avoid natural neutralisation”, since neutralisation can lead
to instabilities, as reported in [10]. Hence, care has to be
taken in the vacuum chamber and magnetic field design to
avoid trapping ions. Additionally, the high current can be
difficult to generate at the cathode, transport without losses,
and dump on the e-cooler collector without additional vac-
uum load. In this respect, the new AD e-cooler is being
designed to double 𝐼e-beam, but it is expected to start opera-
tion with today’s operational value of 2.4 A at 300 MeV/c,
and to explore higher currents later.

Other possible optimisations are to increase the electron
density by reducing the electron beam radius, or to reduce the
electron temperatures. Both could be controlled by reducing
the gun cathode radius (𝑟cath) and by implementing beam
adiabatic expansion [5, 11] such that:

𝑟drift ≈ 𝑟cath
√︁
𝐵cath/𝐵drift (4)

𝑇drift ≈ 𝑇cath𝐵drift/𝐵cath , (5)

where 𝐵cath and 𝐵drift are the longitudinal magnetic field
in the cathode and interaction region, respectively, while
𝑟drift is the electron beam radius in the interaction region.
However, the effective temperature in the cooling region is
strongly affected by the gun optic design [5, 12], as well as
by variations of the guiding magnetic field along the electron
trajectory. Thus, for a given design the actual tuning space
might be limited.

A typical requirement to avoid heating is that the change
of magnetic field vector (B) must occur over a distance much
longer than the spiral length of the cyclotron motion (𝜆𝑐),
which can be translated into the adiabatic condition [13]:

𝜆𝑐

𝐵

����dB
d𝑧

���� ≪ 1. (6)

For the present AD e-cooler at 𝑝 = 300 MeV/c and 𝐵 =

600 Gauss is 𝜆𝑐 ≈ 54 mm, leading to:

|dB/d𝑧 | ≪ 11 [Gauss/mm] , (7)

which is taken into account in the magnetic system design
for the new AD e-cooler.

The transverse temperature of the electrons tends to av-
erage out for magnetised beams, and the straightness of
the magnetic field in the cooling section, coupled with the
longitudinal electron temperature, becomes the dominant
effective temperature that defines the cooling time. There-
fore, magnetic field imperfections should be smaller than
the transverse velocity associated with the transverse [7] as
well as longitudinal [14] electron temperatures along the

Table 1: Main parameters of the present e-cooler compared
to the latest design [3]. Some of the main geometrical and
layout parameters are assumed to remain unchanged.

Present New Design
Drift length [m] ∼ 1.5 ∼ 1.5
Drift field [G] 600 ∼ 600
Cooling length [m] ∼ 1 ≥ 1
𝑟e-beam [mm] 25 ≥ 25
max(𝐵⊥/𝐵 ∥) 10−3 10−4

rms(𝐵⊥/𝐵 ∥) n.a. < 10−4

Gun field [G] 600 2400
Gun P [µP] 0.58 2.6
Cathode radius [mm] 25 12.5
𝑒− beam 𝑇⊥ [meV] — ≲ 100
𝑒− beam 𝑇∥ [meV] — ≲ 1
𝑒− beam Δ𝐸/𝐸0 — ∼ 10−5

𝑒− beam 𝐼0 [A] < 2.4 2.4 (< 4.8)
𝑒− beam Δ𝐼/𝐼0 — ∼ 10−4

𝑒− start/stop time [s] — < 1
H2 eq. pressure [mbar]+ < 10−10 < 10−10

Availability during physics — 99%

interaction region:

𝑐𝛾𝛽𝐵⊥/𝐵 ∥ ≪
√︃
𝑇𝑒 ∥/𝑚𝑒 <

√︁
𝑇𝑒⊥/𝑚𝑒 (8)

i.e. assuming a longitudinal temperature 𝑘𝐵𝑇𝑒 ∥ ≈ 1 meV
and for 𝛽𝛾 ≈ 0.3, then one would need rms(𝐵⊥/𝐵 ∥) ≪
1.5 × 10−4. This requirement is compatible with the value
typically required for rms(𝐵⊥/𝐵 ∥) ≲ 1 × 10−5 in other e-
cooler devices, e.g. [15–19], as well as values obtained in
similar recent e-coolers [20], and in reach with the measure-
ment capabilities developed for LEIR [21]. It will be thus
pursued for the new AD e-cooler, as this could lead to the
biggest improvement in cooling time, as the present e-cooler
has a magnetic field quality of the order of 10−3.

The initial emittance of the circulating beam could be
reduced by starting e-cooling at higher momentum in the
AD cycle. On the other hand, the cooling time scales un-
favourably with 𝛽4𝛾5. Still, for increased flexibility, and
possibly reliability, the new AD e-cooler is being designed
to be able to run up to 500 MeV/c, which corresponds to an
electron energy of 68 keV. This has to be seen as an ultimate
target, while the baseline is to start at 300 MeV/c as today.

These considerations, together with the additional ones
detailed in [3], lead to the specifications summarised in
Table 1, listed together with the present e-cooler parameters.

PRESENT AND EXPECTED
PERFORMANCE

The most challenging regime for the e-cooling perfor-
mance is the one at the highest beam momenta which, in
the present AD cycle (Fig. 1), is 300 MeV/c. The beam
arrives at this momentum with about a factor seven larger
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Figure 2: Variation in time of the longitudinal Schottky
signal in scales of pbar dp/p and equivalent electron kinetic
energy variation at the 300 MeV/c plateau.
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Figure 3: Normalised cumulative beam losses as a function
of horizontal action measured by means of scrapers at the be-
ginning (orange) and end (green) of the 300 MeV/c plateau.
Raw data (solid) and Gaussian fit (dashed) curves are shown.

emittance from to the adiabatic emittance increase due to
deceleration from 2 GeV/c. The longitudinal characteristics
of the present AD e-cooler at this plateau can be extracted
from the longitudinal Schottky signal (Fig. 2). The Schottky
signal reveals a drift of several Volts on the electron energy
during the first part of the plateau. This is due to the e-cooler
High Voltage (HV) power supply which takes time before
settling to the desired voltage (about 27 keV here). For this
reason, the specifications in Table 1 call for a start/stop of the
electron beam (within a few Volts) of better than 1 s. Other
features visible in Fig. 2 are a constant frequency excitation
(straight line) coming from the residual voltage in the RF
system while the beam is coasting, and the RF recapture at
the end of the plateau.

The evolution of the horizontal beam profile was assessed
in recent scraper measurements (Fig. 3). The main purpose
of AD is to decelerate at least 95% of the pbars. The cu-
mulative beam losses shown in Fig. 3 can therefore be used
to determine the beam edge in terms of beam action, that
one is interested in keeping. It is noted that the cumulative
losses follow well a Gaussian beam profile before cooling,
while non-Gaussian tails are present after cooling.

The performance of the present and new e-cooler is simu-
lated using Xsuite [22], a new simulation tool being devel-
oped at CERN that will include electron- and laser-cooling,
as well as other effects such as space charge and intra-beam
scattering. Figure 4 shows preliminary results of cooling
rates at 300 MeV/c, for the Twiss functions at the e-cooler
and the estimated transverse and longitudinal beam prop-

Table 2: Optics Parameters for the AD Ring and E-Cooler,
and 95% Beam Envelope Before/after Cooling as Measured
in AD at 300 MeV/c

𝑄𝑥/𝑄𝑦 5.44/5.42
𝛽𝑥/𝛽𝑦 [m] 10/4
𝐷𝑥 [m] 0.12
Before/after 𝜖 [µm]† 35/5
Before/after 𝜎𝑝/𝑝† 1e-3/1e-4
† Beam envelope values equivalent to 6𝜖rms and 2𝜎𝑝/𝑝.
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Figure 4: Simulated time evolution of horizontal action
representing the 95% horizontal beam envelope for differ-
ent magnetic field qualities: perfect magnetic field (blue),
𝐵⊥/𝐵 ∥ = 10−4 (orange), 5 × 10−4 (green), and 10−3 (red).

erties before/after cooling extracted from Figs. 2 and 3, as
summarized in Table 2. In this preliminary simulation, a
single pbar starting on the edge of the horizontal beam dis-
tribution (𝐽𝑥 = 35 µm, 𝐽𝑦 = 0 µm, and 𝛿𝑝/𝑝 = 0) is tracked
in a simplified ring with optics parameters as in Table 2 and
with e-cooling modelled using the Parkhomchuk model [23].
The simulation shows the impact of the magnetic field qual-
ity for the present and new e-cooler design. No heating
effects (e.g. intra-beam scattering or space charge) are in-
cluded. Electron temperatures and current are in all cases
as in Table 1. It is noted that the cooling performance of
an ideal cooler with a perfect magnetic field is very close
to the one simulated for the target parameters of the new
AD e-cooler, while degrading the magnetic field quality by
one order of magnitude (i.e. close to the parameters of the
present e-cooler), the cooling times are drastically increased,
as expected from the condition in Eq. (8).

CONCLUSION
The functional specifications for the new AD e-cooler

have been provided in Table 1. The main goal for the new
e-cooler design will be to improve reliability and spare part
availability. However, it will also provide the opportunity
to improve the magnetic field quality and the electron beam
control by implementing adiabatic beam expansion, which
will hopefully lead to better cooling performance. The op-
tions to increase the electron current by a factor of two and
to reach an equivalent pbar momentum of 500 MeV has been
retained as the ultimate scenario, and could allow different
operational schemes of AD to be explored, which could
further reduce the overall cycle length.



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-TUPM027

MC4.A11: Beam Cooling

2243

TUPM: Tuesday Poster Session: TUPM

TUPM027

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



REFERENCES
[1] M. Lamont et al., “AD e-cooler Consolidation Strategy”, pre-

sented at the 259th IEFC meeting, CERN, Geneva, Switzer-
land, Dec. 2019, unpublished.

[2] S. A. Baird et al., “Design study of the antiproton decelerator:
AD”, CERN, Geneva, Switzerland, Rep. CERN-PS-96-043-
AR, Nov. 1996.

[3] D. Gamba et al., “Functional specifications for the new AD e-
cooler”, CERN, Geneva, Switzerland, Rep. EDMS #2772724,
May 2023.

[4] G. Tranquille, “Specification of a new electron cooler for
the low energy ion accumulator ring, LEIR”, Nucl. Instrum.
Meth. Phys. Res. Sect. A, vol. 532, pp. 399–402, 2004.
doi:10.1016/j.nima.2004.06.072

[5] I. N. Meshkov, “Electron cooling — the first 30 years and
thereafter”, Nucl. Instrum. Meth. Phys. Res. Sect. A, vol. 391,
pp. 1–11, 1997. doi:10.1016/S0168-9002(97)00277-5

[6] J. Bosser et al., “Experimental Investigation of Electron Cool-
ing and Stacking of Lead Ions in a Low Energy Accumulation
Ring”, Part. Accel., vol. 63, pp. 171–210, May 1999.

[7] H. Poth, “Electron cooling: Theory, experiment, application”,
Phys. Rep., vol. 196, no. 3, pp. 135–297, 1990.
doi:10.1016/0370-1573(90)90040-9

[8] J. Bosser et al., “Neutralisation of the LEAR electron-cooling
beam: experimental results”, in Proc. PAC’95, Dallas, TX,
USA, May 1995, paper RAP24, pp. 2943–2945.

[9] J. Bosser et al., “Stability of cooled beams”, Nucl. Instrum.
Meth. Phys. Res. Sect. A, vol. 441, no. 1-2, pp. 171–210, Feb.
2000. doi:10.1016/S0168-9002(99)01096-7

[10] J. Bosser et al., “Neutralisation of the LEAR Electron-
Cooling Beam: Experimental Results”, in Proc. PAC’95,
Dallas, TX, USA, May 1995, paper RAP24, pp. 2943–2945.

[11] H. Danared, “Fast electron cooling with a magnetically ex-
panded electron beam”, Nucl. Instrum. Meth. Phys. Res. Sect.
A, vol. 335, no. 3, pp. 397–401, Nov. 1993.
doi:10.1016/0168-9002(93)91223-A

[12] A. Pikin et al., “Analysis of magnetically immersed electron
guns with non-adiabatic fields”, Rev. Sci. Instrum., vol. 87, n.
11, p. 113303, Nov. 2016. doi:10.1063/1.4966681

[13] T. Tanabe et al., “Design of an electron cooling device for the
accumulator cooler ring in MUSES project”, Nucl. Instrum.
Meth. Phys. Res. Sect. A, vol. 441, no. 1, pp. 104–109, Feb.
2000. doi:10.1016/S0168-9002(99)01118-3

[14] Y. S. Derbenev and A. N. Skrinsky, “The Effect Of An Accom-
panying Magnetic Field On Electron Cooling”, Part. Accel.,
vol.8, pp. 235-243, 1978.

[15] A. Wolf et al., “Magnetic field measurements in the electron
cooling device for LEAR”, CERN, Geneva, Switzerland, Rep.
CERN-EP-INT-84-01, Jan. 1984.

[16] V. M. Panasyuk et al., “Magnetic System of Electron Cooler
for COSY”, in Proc. COOL’11, Alushta, Ukraine, Sep. 2011,
paper TUPS10, pp. 114–117.

[17] A. Burov et al., “Electron cooling for RHIC”, Nucl. Instrum.
Meth. Phys. Res. Sect. A, vol. 441, no. 1, pp. 271–273, 2000.
doi:10.1016/S0168-9002(99)01144-4

[18] L. Zhao et al., “Magnet Design of the Electron Cooling Sys-
tem for HIAF”, IEEE Trans. Appl. Supercond., vol. 32, no. 6,
pp. 1–5, Sep. 2022. doi:10.1109/TASC.2022.3146820

[19] B. Galnander et al., “Status of Design Work Towards an Elec-
tron Cooler for HESR”, in Proc. COOL’07, Bad Kreuznach,
Germany, Sep. 2007, paper THAP10.

[20] S. A. Melnikov et al., “Features of the Electron Cooling
System of the NICA Booster”, in Proc. RuPAC’21, Alushta,
Russia, Sep. 2021, paper TUPSB04.

[21] B. Bocharov et al., “Precise Measurements of a Magnetic
Field at the Solenoids for Low Energy Coolers”, in Proc.
COOL’05, Galena, IL, USA, Sep. 2005, pp. 360–364.
doi:10.1063/1.2190135

[22] Xsuite, https://xsuite.web.cern.ch

[23] V. V. Parkhomchuk, “New insights in the theory of electron
cooling”, Nucl. Instrum. Meth. Phys. Res. Sect. A, vol. 441,
no. 1, pp. 9–17, Feb. 2000.
doi:10.1016/S0168-9002(99)01100-6



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-TUPM027

2244

MC4.A11: Beam Cooling

TUPM027

TUPM: Tuesday Poster Session: TUPM

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


