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In this work, we report simulation results for the positron yield and polarization of polarized
electron beams incident on GaInSn and PbBi liquid metal targets. One of the proposed upgrades
to 12 GeV CEBAF is the use of a continuous wave polarized positron beam for physics experiments.
High-𝑍 liquid metal jets are excellent candidates for positron production targets because they can
withstand high power beams. Polarized positron beams can be generated from a primary electron
beam incident on a thick high-𝑍 target through circular polarized bremsstrahlung conversion to
linearly polarized pair production. This polarization transfer from the primary electron beam has
been previously demonstrated at Jefferson Lab in the PEPPo experiment with a tungsten target at
low energies. Here we report Geant4 simulations for 10 and 120 MeV electron beams incident
on GaInSn and PbBi liquid metal targets. These simulations are compared to simulations with a
solid tungsten target, as well as with unpolarized simulations using MCNP6.
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1. Introduction

One of the proposed upgrades of 12 GeV CEBAF at Jefferson Lab is the addition of a continuous
wave polarized positron beam for nuclear physics experiments [1]. The proposed positron source
is bremsstrahlung-based, where a drive electron beam generates bremsstrahlung radiation from
the interaction inside the target material. This radiation is converted into electron-positron pairs,
leaving the positrons to be collected into a particle beam. The longitudinal polarization of the
drive electron beam is partially transferred to the gamma rays as circular polarization, which is
then partially transferred to longitudinal polarization to the secondary positrons. One of the most
critical challenges for this kind of positron source is managing the deposited power in the target.
One proposed solution is the use of a free surface high-𝑍 liquid metal jet since it can act as both
the positron source and the coolant. The aim of this work is to show preliminary simulations of the
expected polarized positron generation in a liquid metal target (in overall yield and polarization),
as well as a study of the energy deposition dependency on the drive electron beam energy.

2. Liquid metal target prototype

The first phase of the liquid metal jet source consists of a device that has a closed loop of
recirculating liquid metal. The main components are the liquid metal reservoir, the pump and the
heat exchanger. The liquid metal jet is shaped by a nozzle designed to maintain a uniform jet
thickness of 3 mm throughout the beam facing region. In this first prototype, the working liquid
metal is a GaInSn eutectic, a mixture of Gallium (67 wt%), Indium (20.5 wt%) and Tin (12.5 wt%).
This material has a relatively low effective 𝑍 , meaning the expected positron yield is low. However,
it was selected as it has material properties similar to the PbBi eutectic, Pb 44.5 wt%, Bi 55.5 wt%,
but unlike PbBi, which has to be heated to an operating temperature of 150°C, GaInSn is a liquid
at room temperature. This helps bypass the need for heating the whole chamber, simplifying this
first design. Please see [2] for more details about the prototype.

3. Polarized positron generation simulations

The positron generation simulations were performed using two different codes. The main
one is Geant4 [3], a simulation toolkit that has the capabilities of modeling the beam interaction
with matter and external electromagnetic fields. The Geant4 toolkit also allows for the tracking of
polarization of the simulated particles, enabling the study of the polarization transfer from the drive
electron beam to secondary particles.

The simulation is limited to the beam-target interaction, excluding any other components. The
target is modeled as a stationary slab made out of the different relevant materials with a uniform
distribution. The simulated drive electron beam is mono-energetic, with no initial transverse
momentum, and a Gaussian transverse spatial distribution. Figure 1 shows an example of a Geant4
simulation of a drive electron beam incident on a target generating a shower of secondary particles.
The most relevant properties of the generated polarized positrons are the positron yield, 𝜀, the
mean longitudinal polarization, ⟨𝑃𝑧⟩, and a figure-of-merit defined by FOM = 𝜀⟨𝑃𝑧⟩2. The
figure-of-merit is an important parameter for polarization experiments, as optimizing it decreases
measurement error or reduces experiment time.
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Figure 1: Visualization of an example of a Geant4 simulation. The electron beam hits a target and produces
a shower of gamma rays and electron-positron pairs.

Polarized positron generation comparison between Geant4 and MCNP6

The first result is a comparison of simulations of the positron generation with Geant4 and
MCNP6 [4]. The electron beam kinetic energy is 10 MeV. The root-mean-squared (RMS) beam
spot size is 1 mm in both transverse coordinates. The target material is GaInSn and the thickness is
varied to monitor its effect on the overall positron yield. The target thickness varies from 0.125 mm
to 8 mm. The positron yield is calculated from the number of positron that leave the target from the
downstream side. No angular cuts are applied. The minimum total number of primary electrons is
10 billions and is adjusted to increase statistics of plotted quantities. Fig. 2 shows a comparison of
the positron yield as a function of the target thickness, showing very good agreement between the
two codes. The optimum target thickness is found to be between 4 and 5 millimeters. The positron
yield per primary electron at different energy bins is shown for different GaInSn jet thicknesses in
Fig. 3 for both Geant4 and MCNP6.

Figure 2: Comparison of the overall positron yield calculated with Geant4 and MCNP6 for a 10 MeV
electron beam incident on a liquid GaInSn jet of different thicknesses.

3



P
o
S
(
P
S
T
P
2
0
2
4
)
0
7
3

Liquid metal-based polarized e+ generation benchmark using the Geant4 toolkit V. M. Lizarraga-Rubio

Figure 3: Positron yield [e+/e−/MeV] for a 10 MeV electron beam incident on a liquid GaInSn jet of variable
thickness for MCNP6 (left) and Geant4 (right).

Comparison of polarized positron generation in solid and liquid targets

The second result is a comparison of the polarization relevant quantities of the generated
positrons using a liquid PbBi target and a solid tungsten one. These simulations were performed
with Geant4. The electron beam kinetic energy is 120 MeV. The RMS beam spot size is 1 mm in both
transverse coordinates. The liquid metal jet and solid target thicknesses are varied to find the opti-
mum for maximum positron yield and FOM. A comparison of the resulting polarization quantities
of the generated positrons at different energy bins is shown in Fig. 4 for both target materials
and different jet thicknesses. The bin size is 10% of the central energy of the bin. The overall
maximum positron yield is the same for both target materials, however the optimum thickness is 7
mm for tungsten, and 11 mm for liquid PbBi. These values are close in units of their corresponding
radiation length, 𝑋0 (approximately 2𝑋0). The overall positron polarization increases with target
thickness for both materials. The mean longitudinal polarization at maximum yield and maximum
FOM as a function of target thickness is shown in 5. At the energy bin with maximum yield, the
positron polarization increases with jet thickness and has a maximum of 30 %. At the energy bin
with maximum FOM, the positron polarization decreases with target thickness and has a maximum
around 80%. While the observed trends are consistent with previous results [5], the values obtained
should be reevaluated when considering the effect of a downstream collection system.

Power deposition study of GaInSn target

The final result is a study of the energy deposition in a liquid GaInSn jet as a function of the
drive electron beam energy. These simulations were performed using FLUKA [6]. The selected
beam kinetic energy values were 2.5 MeV, 5 MeV, 7.5 MeV and 10 MeV. The RMS beam spot size is
1 mm in both transverse coordinates. The jet thickness is fixed at 3 mm for these simulations. The
deposited energy density at 𝑟 = 0 (beam axis) is shown in Fig. 6 for different drive beam energies.
Lower energy beams have a larger peak deposited energy density than higher energy beams. This
is derived from the fact that lower energy beams deposit most of its power closer to the upstream
face, while higher energy beams have a flatter deposited energy density profile.
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Figure 4: Polarization relevant quantities as a function of positron energy from Geant4 simulations of a 120
MeV electron beam incident on a solid tungsten target (top) and a liquid PbBi jet (bottom). Different target
thicknesses are represented by different colors. Energy bin size is 10 % of the central energy of each bin.
The minimum total number of primary electrons is 10 million.

Figure 5: Comparison of the mean positron polarization at the positron energy bin with maximum positron
yield (left) or maximum FOM (right) from Geant4 simulations of a 120 MeV electron beam incident on a
solid W target and a liquid PbBi jet with variable thicknesses. The marker represents the mean value. The
error bars represent the 16th and 84th percentiles. The minimum total number of primary electrons is 10
million.
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Figure 6: Deposited energy density as a function of target depth for different drive electron beam energy.
The minimum total number of primary electrons is 5 million, adjusted to reduce noise in the deposited power
profile.

4. Future work

The design and installation of a GaInSn test beam line at the Low Energy Recirculator Facility
(LERF) at Jefferson Lab are currently in progress. Additional studies including energy deposition
simulations in the liquid metal are being done in parallel with the results presented in this work.
Finally, a study of the feasibility of a liquid PbBi target test at 120 MeV for higher polarized positron
yield is also planned.

5. Conclusions

A liquid metal target is a good candidate for a polarized positron source. The optimum jet
thickness for positron production of different liquid metals at different drive electron beam energies
was found. For GaInSn at 10 MeV the optimum thickness lies between 4 and 5 millimeters. At
120 MeV beam energy, the optimal jet thickness of a PbBi jet is 11 mm, compared to 7 mm for a
tungsten target. The maximum positron polarization for maximum yield increased with jet thickness
and has a maximum of 30%. For maximum FOM, the maximum positron polarization decreases
with jet thickness and has a maximum of 80% for thinner targets.
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