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Abstract 
The Electron Ion Collider (EIC) requires a cooling of 

protons at the top energy. The Ring Electron Cooler (REC) 
is a suitable option for such a cooling. In this paper we con-
sider an effect of a proton-electron space charge (SC) fo-
cusing on the quality of the electron beam in the REC. We 
show that, with properly adjusted parameters of the Ring 
Electron Cooler, the SC focusing in the REC cooling sec-
tion does not significantly affect the cooler performance.  

INTRODUCTION 
A recent success of Low energy RHIC electron cooler 

(LEReC) [1-6], the first RF-based non-magnetized elec-
tron cooler, demonstrated that operational electron cooling 
[7] does not require e-beam magnetization and can be 
achieved with a bunched electron beam. While LEReC op-
erated at 𝛾 = 4.1 and 𝛾 = 4.9, LEReC approach becomes 
especially attractive for high energy electron coolers be-
cause it significantly simplifies the engineering aspects of 
a cooler design. For example, to cool protons in the Elec-
tron Ion Collider [8] at 𝛾 = 293 one can use an electron 
storage ring with non-magnetized electron bunches [9]. 

In electron coolers electrons co-propagate with a hadron 
beam with the same average velocity in a straight section 
of the storage ring, called a cooling section (CS). A hadron 
interacts with electrons in a CS via Coulomb force, which 
introduces dynamical friction [10] acting on each hadron. 
Over many revolutions in the accelerator the average fric-
tion reduces both the transverse and the longitudinal veloc-
ity spread of hadrons, thus increasing the 6-D phase space 
density of the bunch. 

In a non-magnetized cooler, the cooling rate scales as  1/𝜎ఏଶ, where 𝜎ఏ = 𝜎ఏ௫ = 𝜎ఏ௬ is the electron beam angular 
spread [11]. Therefore, it is important to carefully evaluate 
all effects which can influence the e-beam emittance.  

High intensity proton bunches in the cooling section pro-
duce an additional space charge focusing on the electron 
beam. This proton-electron (p-e) focusing can significantly 
affect beam dynamics in the REC [12]. 

In this paper we show that for the most recent parameters 
of the REC the effect of p-e focusing on the electron beam 
emittance is tolerable. The current REC parameters rele-
vant for this study are given in Table 1. 

BEAM DYNAMICS WITH p-e FOCUSING 
General Considerations 

Consider a Gaussian, circularly symmetric transverse 
density distributions for both bunches in the cooling 

section. The equation of motion of an individual electron 
in this case is [13]: 

 𝑟ᇱᇱ = ௄೐௥ ൥ቆ1 − 𝑒ି ೝమమ഑೐మቇ − ூ೛ூ೐ ൭1 − 𝑒ି ೝమమ഑೛మ൱൩ − 𝜅𝑟    (1) 

where generalized perveance 𝐾௘ = 2𝐼௘/(𝐼஺𝛾ଷ), Alfven 
current 𝐼஺ ≈ 17 kA, indexes “𝑒” and “𝑝” signify that re-
spective parameter is given for an electron or a proton 
beam, 𝐼 is a bunch’s peak current, 𝜎 = 𝜎௫ = 𝜎௬ is the rms 
transverse size of the bunch, and the term 𝜅𝑟 represents a 
magnetic focusing. 

Table 1: Optimized REC Parameters 
Parameter Value 𝛾-factor 293 
Number of protons per bunch 6.88e10 
rms p-bunch length [cm]  6 
rms p-bunch momentum spread 6.6e-4 
p-bunch geometric emittance (x/y) 
[nm] 

9.6/1.5 

p-bunch CS 𝛽-functions (x/y) [m] 200/1200 
Number of electrons per bunch 1.4e11 
rms e-bunch length [cm]  6 
rms e-bunch momentum spread 8.9e-4 
e-bunch geometric emittance (x/y) [nm] 15/15 
e-bunch CS 𝛽-functions (x/y) [m] 100/100 
CS length [m] 170 
REC circumference [m] 426 
REC tunes (x/y) 59.92/59.85 
Defocusing caused by the self SC of the e-bunches alle-

viates the p-e focusing in the cooling section. We are drop-
ping the self SC part in (1), thus intentionally 
overestimating the effect of the p-e focusing on beam dy-
namics. Then, we can rewrite (1) as: 

𝑥ᇱᇱ = ௄೛௫మା௬మ ൭1 − 𝑒ିೣమశ೤మమ഑೛మ ൱ 𝑥 − 𝜅𝑥
𝑦ᇱᇱ = ௄೛௫మା௬మ ൭1 − 𝑒ିೣమశ೤మమ഑೛మ ൱ 𝑦 − 𝜅𝑦      (2) 

where 𝐾௣ = 𝐾௘𝐼௣/𝐼௘.  
We introduce Courant-Snyder variables (𝜉௛,௩, 𝜁௛,௩) for 

horizontal and vertical motion of an electron. For example, 
for horizontal direction: 𝜉௛ = ௫ඥఉ ;    𝜁ℎ = ௫ఈඥఉ + 𝑥′ඥ𝛽    (3) 

 ____________________________________________ 
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We assume that the p-e focusing in the CS is weak 
enough to be represented simply by an instantaneous 
change in the electron angles on each turn in the storage 
ring. This assumption will be justified later.  

Then, for a non-linear part in the change in 𝜁 on single a 
pass through the CS we get [14]: 

𝛿𝜁ℎ,௩ = 𝐾௣𝐿௖௦ ቌଵି௘షഁ೎ೞమ഑೛మቀ഍೓మశ഍ೡమቁక೓మାకೡమ − ఉ೎ೞଶఙ೛మቍ 𝜉௛,௩  (4) 

where 𝐿௖௦ is the length of the cooling section and 𝛽௖௦ is 
electrons’ average Twiss 𝛽-function in the CS.  

Finally, we can write equations of motion of an electron 
in (𝜉, 𝜁) phase space: 𝜉′௛,௩ = 𝜁ℎ,௩𝜁′௛,௩ = −𝜉௛,௩ + 𝛿𝜁௛,௩ ⋅ ∑ 𝛿஽൫𝜑௛,௩ − 2𝜋𝑛𝑄௛,௩൯௡      (5) 

Here 𝜑 is a betatron phase, 𝛿஽ is the Dirac delta function, 
and 𝑄௛,௩ are respectively the horizontal and the vertical 
tunes of the REC. 

Single Pass Effect 
Proton-electron focusing introduces a nonlinear correla-

tion between transverse coordinate and angle of an elec-
tron. Such a nonlinear focusing by itself does not 
necessarily lead to a growth of the beam emittance. 
Whether the motion in the presence of p-e focusing is sta-
ble for all betatron amplitudes can be found from beam 
tracking.  

First, let us consider a single pass effect of the p-e focus-
ing. Here we will assume that the nonlinearity leads to a 
simple emittance increase. Although, strictly speaking, 
such an assumption is not correct, it is useful for estimating 
a magnitude of the effect.   

We will use action-angle variables (𝐽,𝜑), where: 𝐽 = కమା఍మଶ ;  𝜉 = ඥ2𝐽 cos𝜑 ;  𝜁 = ඥ2𝐽 sin𝜑  (6) 

Gaussian  beam  distribution in  (𝐽,𝜑)  phase space is given 
by: 𝑓௃,ఝ = ଵଶగఌ 𝑒ି௃/ఌ;  〈𝐽〉 = 𝜀 = ׬ ׬ 𝐽𝑓௃,ఝ𝑑𝜑𝑑𝐽ଶగ଴ஶ଴    (7) 

From Eq. (6) we get: 𝛿𝐽 = 𝐽 δζ ⋅ sin𝜑 + ఋ఍మଶ      (8) 

Then from Eqs. (4), (7) and (8) we get: 

ఋఌఌ = ௅೎ೞమ ூ೛మଶగఌమூಲమఊల Ξ ൬ఙ೐ఙ೛൰Ξ(𝑑) = ׬ ׬ ௘షೕቀଵି௘ష೏మೕౙ౥౩మ കିௗమ௝ ୡ୭ୱమ ఝቁమ௝ ୡ୭ୱమ ఝ 𝑑𝜑𝑑𝑗ଶగ଴ஶ଴   (9) 

We introduced a dimensionless variable 𝑗 = 𝐽/𝜀 and 
dropped x-y coupling terms in  (4) to simplify the estima-
tive expression  (9). 

An “overlap” function Ξ depends only on the ratio of the 
two beams’ sizes in the cooling section (Fig. 1). 

 
Figure 1: Overlap function Ξ(𝜎௘/𝜎௣). 

For parameters given in Table 1, the fractional emittance 
change over a single pass through the cooling section is ఋఌఌ ≈ 6 ⋅ 10ିଷ. We conclude that the effect of the proton-
electron kick is indeed small and our approach of treating 
it as a small nonlinear excitation is justified. 

Beam Tracking 
In Courant-Snyder coordinates one revolution in the 

storage ring is given by: 

ቆ𝜉ଵ(௛,௩)𝜁ଵ(௛,௩)ቇ = ൬ cos 2𝜋𝑄௛,௩ sin 2𝜋𝑄௛,௩− sin 2𝜋𝑄௛,௩ cos 2𝜋𝑄௛,௩൰ ቆ𝜉଴(௛,௩)𝜁଴(௛,௩)ቇ  (10) 

The fastest way to simulate a turn-by-turn motion of an 
ensemble of electrons is to apply the transformation  (10)

 to particles’  coordinates obtained in a previous  iteration
 and

 
to add the respective kicks  (4) to the result. Solving

 Eq. (5) numerically gives the same outcome but slows down
 the

 
simulations. 

To explore the effects of p-e focusing on the electron 
beam dynamics in the REC, we first performed a tracking 
of individual particles having initial action in the range 
from 0 to 6𝜀. These studies showed that for the chosen pa-
rameters an electron’s motion is stable and that no notice-
able emittance growth is expected from the p-e focusing. 

Next, we performed a tracking of the ensemble of 10ସ electrons for 2 ⋅ 10ସ turns. The tracking confirmed 
that in the presence of the proton-electron focusing in the 
cooling section the emittance stays essentially unchanged 
(Fig. 2). 

  

 Eq.

 Eq.

 Eq.

 Eq.
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Figure 2: Initial (blue) distribution of electrons and the 
electrons’ distribution after 20k turns in the REC (red) in 
the horizontal (top plots) and vertical (bottom plots) phase 
spaces. The tracking was performed in the presence of the 
space charge focusing from protons on electrons in the 
REC cooling section. 

CONCLUSION 
We considered the effect of proton-electron focusing in 

the cooling section of the Ring Electron Cooler.  
It was shown that for the current parameters of the Ring 

Electron Cooler the proton-electron focusing can be treated 
as an instantaneous nonlinear angular kick obtained by 
electrons on every pass through the cooling section. 

The tracking studies showed that in the presence of the 
proton-electron focusing the electrons’ motion in the Ring 
Electron Cooler is stable and that the proton-electron fo-
cusing does not result in the emittance growth of the elec-
tron beam.  
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