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Abstract

We describe a new electron cooler being developed for

2.5 MeV protons at the Integrable Optics Test Accelerator

(IOTA), which is a highly re-configurable storage ring at

Fermilab. This system would enable the study of magnetized

electron cooling in the presence of intense space-charge with

transverse tune shifts approaching -0.5 as well as highly non-

linear focusing optics in the IOTA ring. We present an

overview of the design, simulations and hardware to be used

for this project.

INTRODUCTION

The creation and stability of high-intensity hadron beams

is very important to future projects such as heavy-ion

facilities [1–3], Electron-Ion Colliders [4], etc. Electron

cooling provides a well-established method of attaining high

equilibrium beam intensities and have been demonstrated

for a wide range of ion energies from 𝛾 ∼ 1.00011 [5] up to

𝛾 ≈ 9.5 [6]. The maximum intensity of ion beams achieved

through electron cooling is limited by the additional

heating processes of Intra-Beam Scattering (IBS) and

resonance-driven transverse heating due to space-charge

tune shifts. [7] In practice, the transverse size of the ion

beam decreases under the influence of electron cooling

until the betatron tune shift reaches a maximum value of

0.1-0.2. [8, 9] Studying the influence of ion space-charge

forces on electron cooling at the high-intensity limit requires

the development of a novel test platform and associated

theoretical models.
The Integrable Optics Test Accelerator (IOTA) is a

re-configurable 40 m storage ring built at Fermilab which

acts as a test facility dedicated to research on intense beams

including the areas of Non-linear Integrable Optics (NIO),

beam cooling, space-charge, instabilities and more. [10, 11]

It can circulate both electrons up to 150 MeV and protons

with a kinetic energy of 2.5 MeV (𝑝𝑐 ≈ 70 MeV). The

proton beam energy is limited by the existing injector RFQ.

In this contribution, we discuss the design of the electron

cooler which we will operate with 2.5 MeV protons as a part

of our electron-lens research program. [12] Besides enabling

experiments on non-linear integrable optics by reducing

energy spread and improving the lifetime of the beam by

compensating for transverse emittance growth, the primary

motivation of research with this cooler is to study the effect

of space-charge forces in the regime of large transverse

incoherent tune shift of Δ𝜈𝑥,𝑦 ≈ −0.5 and compare with

∗ nilanjan@uchicago.edu
† also at the University of Chicago

�������	�

��

�����


��������	��

�������
�������


��

��


��


��


��


��

��


��


��


��


�
�
��	�����


Figure 1: Layout of the Integrable Optics Test Accelerator

(IOTA) at Fermilab. The machine is divided into multiple

sections named AR (A right), BR (B right) and so on through

AL (A left). The blue arrow represents the path of the elec-

trons in the cooler.

theoretical models. In addition, we are also planning

experiments which uses electron cooling as a knob to study

the interplay between space-charge and instabilities [13] and

also control the phase space distribution in order to facilitate

the realization of NIO in the presence of space-charge forces.

In the next section, we detail the operation parameters of

IOTA with protons and describe the electron cooler setup.

Then we discuss a novel simulation model which includes

electron cooling with transverse space-charge. In the last

section, we summarize our results and present future plans.

ELECTRON COOLER SETUP

Figure 1 shows the layout of IOTA along with the planned

location of the electron cooler. Protons with a kinetic energy

of 2.5 MeV from the injector (not shown) enter into the

ring in the A section, circulate clockwise and co-propagate

with electrons in the DR section. Besides the coasting

beam mode, an rf cavity operating at the 4th harmonic

of the revolution frequency, placed in the DL section is

used for bunched beam operation. In addition, non-linear

magnets can be placed in the straight sections BL and BR

to perform experiments on NIO. While the optics of the

ring will be optimized for individual experiments, Table 1

shows some general parameters of operation with electron

cooling. At the maximum design current corresponding to

a vertical tune shift of -0.5, emittance growth times due

to IBS are typically less than 10 seconds, thus limiting

beam lifetime and constraining the experiments which
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Table 1: Typical operation parameters for electron cooling

of protons in IOTA. The last three rows list the emittance

growth times due to Intra-Beam Scattering (IBS).

Parameter Value Unit

Circumference (𝐶) 39.96 m

Kinetic energy (𝐾𝑏) 2.5 MeV

Revolution time 1.83 𝜇s

(𝜏rev)

Emittances (𝜖𝑥,𝑦) 4.3, 3.0 𝜇m

Momentum spread 1.32 × 10
−3

(𝜎𝑝/𝑝)

Coasting Bunched

Number of bunches - 4

Bunch length (𝜎𝑠) - 0.79 m

Beam current (𝐼𝑏) 6.25 1.24 mA

Bunch charge (𝑞𝑏) 11.4 0.565 nC

Tune shifts (Δ𝜈𝑥,𝑦) -0.38, -0.50

𝜏IBS,𝑥 6.40 8.69 s

𝜏IBS,𝑦 4.19 5.97 s

𝜏IBS,𝑠 8.08 23.0 s

can be performed for intense proton beams at IOTA.1 In

addition, space-charge forces also create rapid emittance

growth and beam loss especially in the first few 100 turns.

Consequently electron cooling serves as an important tool

to compensate for heating and is valuable for all research

with proton beams in IOTA.
We have chosen a magnetized electron cooler configu-

ration for IOTA with relevant parameters listed in Table 2.

The electron beam energy and transverse beam size are cho-

sen so that the electrons co-propagate with the protons at

the same velocity in the cooler and forms an uniform dis-

tribution whose extent overlaps with 2𝜎 of the transverse

distribution of the protons. The maximum electron current is

limited by the space-charge voltage depression at the center

of the cooling beam. This is the dominant contribution to

the longitudinal temperature 𝑇‖,SC of the electrons given by,

( )21 1 𝐼
𝑇‖,SC = , (1)

𝑘𝐵𝑚𝑒𝑐2𝛽2𝛾2 2 4𝜋𝜖0𝑐𝛽

where 𝐼, 𝛽 and 𝛾 are the electron beam current and rela-

tivistic parameters respectively and 𝑘𝐵, 𝑚𝑒, 𝑐 and 𝜖0 are

physical constants with their usual meaning. The transverse

temperature of the electrons is dominated by the cathode

temperature 𝑇cath. In the case of a magnetized electron beam,

perturbations to the field inside the solenoid manifests itself

as an additional effective transverse temperature 𝑇⊥,𝐵⊥ given

by, [14] ( )2𝑚𝑒𝑎
2𝜔2 𝐵⊥𝑐

𝑇⊥,𝐵⊥ = , (2)
4𝑘𝐵 𝐵 ‖

1 At an effective residual gas pressure of 10
−10 Torr in the IOTA vacuum

chamber, the typical emittance growth times due to small angle scattering

are in excess of tens of minutes and the large angle scattering lifetime is

in the order of 10 hrs. Hence residual gas scattering will not present a

significant operational bottleneck for proton operations.

Table 2: Baseline Electron Cooler Parameters for IOTA.

Proton parameters

RMS Beam size (𝜎𝑏,𝑥,𝑦) 3.22 mm, 2.71 mm

Electron parameters

Kinetic energy (𝐾𝑒) 1.36 keV

Current (𝐼𝑒) 10 mA

Temporal Profile DC

Transverse Profile Flat

Radius (𝑎) 6 mm

Source temperature (𝑇cath) 1400 K

Main solenoid parameters

Magnetic field (𝐵 ‖) 0.1 T

Length (𝑙cooler) 0.7 m

Field non-uniformity (𝐵⊥/𝐵 ‖) 2 × 10
−4

Electron beam temperatures

Longitudinal (𝑇‖ ≈ 𝑇‖,SC) 22.3 K

Transverse (𝑇⊥ ≈ 𝑇cath + 𝑇⊥,𝐵⊥ ) 1407.4 K

Effective (𝑇eff = 𝑇⊥,eff + 𝑇‖) 34.7 K

Cooling times (𝜏park,x,y,s) 1.0 s, 0.9 s, 1.0 s
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Figure 2: Electron lens setup for IOTA, which will also act as

the electron cooler. The total beam power of the magnetized

DC electron beam with a flat transverse profile is ≈ 13.6 W.

where 𝑎, 𝐵, 𝜔𝑐 ≡ 𝑒𝐵/𝑚𝑒 and 𝐵⊥/𝐵 ‖ are the electron

beam radius, solenoid field, cyclotron frequency and the

field non-uniformity of the cooler solenoid respectively.

In the case of magnetized electron cooling, the cyclotron

motion of the electrons effectively damps their transverse

temperature as seen by the ions, giving rise to a much

smaller effective transverse temperature referred to as 𝑇⊥,eff

under the Parkhomchuk model [15]. Since perturbations

to the solenoid field in turn perturbs the cyclotron motion

of the electrons, the field flatness of the solenoid must

also be constrained and our design specification is such

that the 𝑇⊥,𝐵⊥ � 𝑇⊥,eff. The initial cooling time with this

configuration is about 1 second in all planes for bunched

beam.

Figure 2 depicts a model of the electron cooler setup show-

ing the thermionic source, collector and all the solenoids

which keep the electron beam magnetized throughout the
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Figure 3: Comparison of the Parkhomchuk cooling force calculated using JSPEC and the ecooler extension for PyORBIT

described in this paper. The first two panels show the longitudinal and transverse cooling force as a function of proton

velocities and the third panel shows the evolution of transverse emittance as a function of time.

transport line. The structure of the thermionic source

will be similar to others developed at Fermilab, including

for the hollow electron lens at the HL-LHC [16]. While

the strengths of the source and the main solenoid may be

adjusted to provide a beam size expansion factor of 2, the

baseline design assumes that both the source and the main

solenoid are set to 0.1 T. Diagnostics for the electron beam

include a Faraday cup to measure current and a scintillating

screen to image the transverse profile at the entrance to the

collector. Proton beam diagnostics include beam position

monitors and a DC current transformer. Additionally,

the radiative recombination rate of electrons and protons

with the bunched beam parameters listed in Tables 1 and

2 is 6 kHz. This allows for a non-destructive but slow

(compared to cooling time) diagnostic of the equilibrium

transverse profile of the protons by placing a micro-channel

plate detector and associated imaging system [17] at the

downstream end of the DR section. The measurement of

proton beam lifetime and equilibrium transverse profiles

enable the realization of a variety of electron cooling

experiments at IOTA.

SIMULATIONS

An intense ion beam undergoing electron cooling is

subject to focusing from the lattice, cooling forces from

the electrons, point-to-point Coulomb scattering with

other particles of the beam i.e IBS and also forces due to

mean-field contribution from the surrounding charge density

i.e. space-charge. All these effects work in concert to limit

the equilibrium phase space density which can be reached

at the core of the beam. We used the JSPEC code [18] to

obtain an initial estimate of electron cooling rates which are

shown in Table 2 and also calculate the time evolution of the

beam distribution and emittance. Using the Parkhomchuk

model of electron cooling and the Martini model of IBS,

our simulations indicate the formation of an un-physically

dense core2 which is ruled out by observations. [8, 9] In

order to account for the effects of space-charge forces

throughout the accelerator and particles crossing through

2 The IBS models in JSPEC assume a Gaussian distribution of the beam.

Hence, large deviations of the cooled beam from the initial Gaussian

distribution is the likely cause for the un-physical results and a local

model of IBS can alleviate the issue.

betatron resonances of the storage ring during the cooling

process, we implemented electron cooling as an extension

to the particle tracking code PyORBIT. [19]

PyORBIT is an extendable particle tracking code

implementing symplectic beamline elements and multiple

Particle-in-Cell (PIC) space-charge models which allow

for the simulation of dynamic space charge effects such as

incoherent tune shifts [20], emittance growth [21] due to

optics function mismatch and heating driven by particles

crossing betatron resonances. Space-charge tracking in

PyORBIT proceeds as follows, all magnetic lattice elements

are divided into smaller segments which are implemented as

thick-lens symplectic transfer maps called nodes after which

thin-lens space-charge kick nodes are placed in between

these segments. The beam is tracked through the lattice

nodes and at the end of each node, the beam distribution is

binned to a Cartesian grid. We use the sc2p5d model of

space-charge which assigns transverse kicks to all particles

by solving the Poisson’s equation in 2D and calculating

the total kick the particle receives while travelling through

the same length as the last tracked thick-lens segment. In

addition to these components we added a new extension

to PyORBIT, which inserts a separate ecooler node

after every cooler solenoid node. This node calculates

a thin-lens kick which accounts for the total momentum

change imparted by the cooling force and the static field of

the electron beam as the ions travel through a small segment

of the cooler. Our novel simulation model thus incorporates

XY coupling from the solenoid, static space-charge from

the electron beam and dynamic space-charge from the ion

beam along with electron cooling.
The Parkhomchuk model [15] which is used to estimate

the cooling force �𝐹cool on each particle in the center-of-

momentum (CM) frame of the stored beam is defined as

follows:

�𝐹cool = −4𝑚𝑒𝑛𝑒 (𝑍𝑟𝑒𝑐
2)2

�𝑉
[
| �𝑉 |2 + �𝑉2

eff

]3/2

× ln

[
𝜌max + 𝜌min + 𝜌𝐿

𝜌min + 𝜌𝐿

]
,

(3)
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Figure 4: Electron cooling simulation results for IOTA with transverse space charge using the eccoler extension in

PyORBIT. Panels (a) and (d) show the evolution of transverse emittance as a function of time for various runs listed in the

text. Other panels show snapshots of particle distribution on various axes of phase space.

where 𝑛𝑒, 𝑟𝑒, 𝜌𝐿 and 𝑍 are the electron beam density,

classical radius, Larmor radius of electrons and the charge

of the ions in the storage ring respectively. The cooling force

on a single ion is a function of the relative velocity of the ion

w.r.t to the electrons given by �𝑉 ≡ �𝑣𝑖 − 〈�𝑣𝑒〉 and the effective

velocity spread of the electrons 𝑉2

eff
≡ 〈𝑣2

𝑒, ‖
〉 +Δ𝑉2

𝑒,⊥, where

�𝑣𝑖 , �𝑣𝑒, 𝑣𝑒, ‖ and Δ𝑉𝑒,⊥ are the CM frame ion velocities,

electron velocities, longitudinal component of electron

velocities and effective transverse component respectively.

The effective electron beam temperature listed in Table 2

is given by 𝑇eff ≡ 𝑚𝑒𝑉
2

eff
/𝑘𝐵. The range of impact

parameters of electron-ion scattering is constrained by

𝜌min ≡ 𝑍𝑟𝑒𝑐
2/(| �𝑉 |2 + �𝑉2

eff
) and 𝜌max ≡ |�𝑣𝑖 |/(1/𝜏tof + 𝜔𝑝),

where 𝜏tof and 𝜔𝑝 are the time-of-flight of the ion in the

cooler and 𝜔𝑝 is the plasma frequency of the electrons.

We assume that Δ𝑉𝑒,⊥ is dominated by the transverse drift

velocity in the presence of crossed electric field 𝐸𝜌 and

magnetic field 𝐵 ‖ of the cooling beam and the solenoid

respectively. Therefore Δ𝑉𝑒,⊥ ≡ 𝐸𝜌 (𝑎)/𝐵 ‖ , where 𝐸𝜌 (𝑎) is

the maximum radial electric field generated by the electron

beam. Figure 3 shows the cooling force estimated using

this model in different codes as a function of transverse

and longitudinal ion velocities. The third panel in Fig. 3

compares the evolution of transverse emittance in IOTA

as a function of time between JSPEC and our ecooler

extension in PyORBIT in the absence of space-charge

and IBS. The results show that our implementation of the

Parkhomchuk cooling force model agrees with JSPEC in

turn-by-turn simulations.

The fidelity of the transverse space-charge model sc2p5d

used in PyORBIT depends on the transverse grid size and

the distance between each space-charge calculation node.

In general, the transverse grid size must be much smaller

than the Debye length 𝜆𝐷,𝑝 of the proton beam but also

much larger than the mean distance 𝑑𝑝 between individual

protons. Further the distance between space-charge

calculation nodes i.e the time step of the PIC calculation

loop Δ𝑡PIC must be much smaller than the plasma period

𝜏𝑝 of the proton beam. For the proton parameters listed in

Table 1, 𝜆𝐷,𝑝 ≈ 5 mm, 𝑑𝑝 ≈ 29.1 𝜇m and 𝜏𝑝 ≈ 127 ns.

In keeping with these constraints, we choose a 64 × 64

square grid with side length 50 mm which serves as a

perfectly conducting boundary for the proton beam and

keep the distance between space-charge nodes < 20 mm

which corresponds to Δ𝑡PIC ≈ 0.91 ns. As the beam cools

and the proton beam density increases, 𝜆𝐷,𝑝, 𝑑𝑝 and 𝜏𝑝
all reduce in value. However in the simulations reported

here, we use fixed discretization parameters. For a coasting

beam at the design current of 6.25 mA, the space-charge

forces dominate the dynamics over electron cooling with

the baseline parameters listed in Table 2 and the simulations

predict long term emittance growth. Simulations starting

with a tune shift of Δ𝜈𝑦 = −0.1 corresponding to a coasting

beam current of 1.25 mA show interesting dynamics and

some preliminary results are depicted in Fig. 4.

The electron cooling simulations reported here are named

as follows: S represents a simulation with space-charge

only without electron cooling, SC represents a run with

space-charge and baseline parameters of electron cooling

and SCT represents a run with space-charge and electron-

cooling where the cooling force is scaled by a factor of

10 for the first 30000 turns (≈ 54 ms) and then switched

back to baseline values for the rest of the simulation. The

transverse emittance grows for run S while it decays for the
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run SC, as seen in panels (a) and (d) of Fig. 4, indicating

that electron cooling dominates the dynamics at the initial

stage of the simulation. Looking at the 1D histograms

of particle distribution in 𝑥, 𝑝𝑥 , 𝑦 and 𝑝𝑦 at 𝑡 = 110 ms

in panels (b), (c), (e) and (f) respectively indicate that

space-charge forces lead to the diffusion of particles from

the core of the beam into the periphery as seen in the orange

(run S) and green (run SC) traces which are very similar

to each other and in general broader than the injected

beam (K-V distribution in transverse) shown by the blue

traces. In contrast, the energy distribution of particles in

panel (g) shows a clear evidence of cooling for run SC

(green) as evidenced by the increase of particles at low

energy deviations 𝛿𝐸 when compared to the histogram

for S (orange) at the same time. Even though the runs S

and SC yield some insight into this initial stage of cooling

when the space-charge forces are weak, longer term simu-

lations are required to probe the intense space-charge regime.

In order to speed up the simulation in the initial weak

space-charge regime, we introduce the run SCT where

the cooling force is scaled by a factor of 10 during an

initial period where space-charge forces are much smaller

compared to the linear focusing provided by the lattice. The

transverse emittance decays much faster for the run SCT

compared to the run SC, but when the time axis is scaled

by a factor of 10 (labelled SCTE in panels (a) and (d) of

Fig. 4), the emittance decay closely follows SC. Comparing

the distribution of particles in phase-space at 𝑡 = 110 ms

for SC (green) and 𝑡 = 11 ms for SCT (red), we see very

similar distributions in energy as shown by panel (g) and

good agreement up to intermediate values of the transverse

coordinates 𝑥, 𝑝𝑥 , 𝑦 and 𝑝𝑦 in panels (b), (c), (e) and (f)

respectively. Hence by suitably scaling the time for the

run SCT, we can estimate the phase space distribution of

the beam at 𝑡 = 618 ms as shown in purple in Fig. 4. The

results indicate reduction in transverse emittance by almost

a factor of 2 in both planes and also significant reduction in

energy spread.

CONCLUSION AND OUTLOOK

While electron cooling provides a mechanism to cool

ions of low to intermediate kinetic energies, the maximum

intensity of the ion beam attained through this method is

limited by Intra Beam Scattering (IBS) and space-charge

forces acting on the ion beam. A maximum incoherent

space-charge tune shift of 0.1-0.2 has been achieved in

practice. We are developing an electron cooling test bed for

2.5 MeV protons at the Integrable Optics Test Accelerator

(IOTA) at Fermilab which is a 40 m storage ring operating

up to a design current corresponding to a transverse

space-charge tune shift of Δ𝜈𝑦 = −0.5. We have developed

the baseline design of a magnetized electron cooler which

will enable the study of electron cooling for ion beams

with intense space-charge, study the interplay between

space-charge and instabilities and use cooling as a method

of phase space control for Non-linear Integrable Optics.

With the baseline parameters, the cooling times are of

the order of one second in all planes which is sufficient

to compensate for emittance growth due to IBS at the

planned proton beam parameters. To study the influence of

intense space-charge with electron cooling, we developed an

extension to the particle tracking code PyORBIT which uses

the Parkhomchuk model of the cooling force, a static model

of the electron beam space-charge and a transverse dynamic

space-charge model of the proton beam. While we verified

the cooling force with the simulation code JSPEC, efforts

to validate long-term space-charge tracking in PyORBIT

are still ongoing. Numerical simulations using our tool

show that on starting with a coasting beam of 1.25 mA in

IOTA corresponding to a tune shift of Δ𝜈𝑦 = −0.1, the

transverse emittances reduce by a factor of 2 in 618 ms.

However the effect of space-charge is still weak and longer

simulations covering multiple cooling times is required to

adequately study the intense space-charge regime. This

effort represents the first time electron cooling simulations

have incorporated turn-by-turn space-charge tracking with

all lattice elements enabling the analysis of non-linear

dynamics of the particles, crossing of betatron resonances,

etc.

Future simulation work will involve using an amplitude

dependent model of IBS with electron cooling to compare

with space-charge simulation results, studying the effect of

a semi-hollow electron beam distribution on the cooling

process and developing the thermionic electron source to

generate the required beam. Based on these calculations, we

will develop specific plans for experimental study in IOTA.
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