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The advances of laser-driven electron acceleration offer the promise of great reductions in the size of high-
energy electron accelerator facilities. Accordingly, it is desirable to design compact radiation shielding for
such facilities. A key component of radiation shielding is the high-energy electron beam dump. In an effort to
optimize the electron beam dump design, different material combinations have been simulated with the FLUKA
Monte Carlo code in the range of 1-40 GeV. The studied beam dump configurations consist of alternating layers
of high-Z material (lead or iron) and low-Z material (high-density concrete or borated polyethylene) in either
three-layer or five-layer structures. The designs of various beam dump configuration have been compared and
it has been found that the iron and concrete stacking in a three-layer structure with a thick iron layer results
in the lowest dose at 1, 10, and 40 GeV. The performance of the beam dump exhibits a strong dependence
on the selected materials, the stacking method, the beam dump thickness, as well as the electron energy. This
parametric study provides general insights that can be used for compact shielding design of future electron
accelerator facilities.

1. Introduction et al.,, 2020), where the overall design goal is to limit the hourly

dose to 0.02 mSv/h (2 mrem/h) and the annual dose to 1 mSv/year

Electron accelerators based on laser-plasma interactions can pro-
duce ultrahigh accelerating gradient and greatly reduce their size and
cost when compared to the conventional accelerator technology (Esarey
et al., 2009). With the continuous development of the laser wakefield
acceleration technique (Mangles et al., 2004; Geddes et al., 2004;
Faure et al., 2004), the maximum electron energy has kept increas-
ing (Maksimchuk et al., 2007, 2008; Leemans et al., 2014), and recently
quasi-monoenergetic 7.8-GeV electrons have been produced (Gonsalves
et al., 2019). For GeV-level accelerators, several meters of radiation
shielding or a beam dump combined with radiation shielding are re-
quired to reduce the radiation dose to a safe level. With the laser plasma
accelerator, it is now possible to condense the conventional kilometers-
long accelerator facility to modest single building-size lab dimensions.
Therefore, there is a commensurate need to develop compact shielding
designs that can meet the overall size and cost objectives for laser-
driven accelerator facilities. The optimization of the electron beam
dump discussed in this work is motivated by those considerations
as part of the shielding design for the Zettawatt-Equivalent Ultra-
short pulse laser System (ZEUS) at the University of Michigan (Nees

(100 mrem/year), according to the radiation safety regulations.
Shielding of electron accelerators needs to take into account multi-
ple aspects of accelerator performance and laboratory design. A com-
prehensive review of the radiation protection in high-energy electron
accelerator facilities has been presented in Ref. Vylet and Liu (2001),
where various source terms and analytical dose estimations are dis-
cussed. First, the facility bulk shielding along with the beam dump
needs to ensure that the effective dose rate and the annual effective
dose are below the regulatory limit. The dose rate limit is usually set to
2.5 pSv — 20 pSv depending on the combination of accelerator facility
operational objectives and local regulation (OECD, 2015; Mao et al.,
2011). The annual dose is usually controlled to be less than 1 mSv —
5 mSv (OECD, 2015; Englbrecht et al., 2020). Although the radiation
induced by GeV-level electrons is forward peaked, the electron beam
needs to be fully enclosed by the shielding including the roof to protect
people from the so-called “‘skyshine” (Vylet and Liu, 2001). Neutrons
and high-energy photons are major sources of secondary radiation, and
production of muons also becomes significant when the electron energy
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Fig. 1. (a) Simulation geometry (top view) in the Monte Carlo code FLUKA. (b) Different stacking methods are used to test the effectiveness of the radiation shielding. (¢) The

same simulation geometry (side view) is also defined in the Geant4 for comparison.

is higher than 1 GeV (Vylet and Liu, 2001; Rokni et al., 2007). In
addition to the prompt radiation, the induced activity from activation
of beamline components and surrounding materials (e.g., shielding,
walls, air, water) also needs to be assessed (Stevenson, 2001). A wide
range of electron energies, beam power and target materials are used
in accelerator experiments, which has great impact on the spatial dose
distribution. Therefore, the shielding design needs to take into account
a variety of experimental conditions to identify the most demanding
shielding scenarios.

GeV electron beams are highly penetrating, and the bremsstrahlung
and muon secondary production have a strong forward-directed com-
ponent. The electron beam dump is an essential component of the
overall radiation shielding design, which is why we choose to study
its design and performance in detail. The front beam dump should
not only reduce the dose in the forward direction, but also minimize
the backscatter so that less shielding is needed in other directions.
At the Stanford Linear Accelerator Center (SLAC), a combination of
iron and concrete is used for the beam dump (Rokni et al., 2007;
Rokni, 1996). At the Center for Advanced Laser Applications (CALA),
magnetite concrete — a magnetite aggregate containing water and lead —
is used for the beam dump and lab walls (Englbrecht et al., 2020). In the
shielding studies from the Extreme Light Infrastructure (ELI), a three-
material beam dump consisting of borated polyethylene, carbon fibers,
and stainless steel has been shown to have good performance (Ferrari
et al., 2013).

In this work, various material combinations with different thick-
nesses and stacking methods are simulated with the FLUKA Monte
Carlo code (Battistoni et al., 2007). For an actual shielding design, the
electron beam should be fully enclosed inside the radiation shielding.
Here, we focus on the front beam dump because the exact design of the
lateral and top shielding depends heavily on the detailed laboratory ar-
chitecture, the thickness and materials constraints for the lab walls, the
target, as well as the distance of the electron beam from the accessible
areas. Instead of simulating a specific laboratory, the objective of this
work is to understand the impact of different material combinations on
electron beam shielding and to provide more general guidance that can
be used in future accelerator facilities, particularly those based on laser
wakefield acceleration.

This article is organized as follows: first, the simulation parameters
are described. Next, different material combinations are studied at an
electron energy of 10 GeV for various shielding thicknesses. Results

from Geant4 and FLUKA simulations are also compared. Next, a com-
parison is drawn for the beam dump performance between a three-layer
structure and a five-layer structure in which low-Z and high-Z materials
are interleaved. At the end, the performance of different beam dump
configurations is studied at 1 GeV and 40 GeV, and the dose results
under different conditions are summarized.

2. Methods

In order to provide results that are applicable to various accelerator
facilities, a simplified geometry has been simulated in the FLUKA code
(version 2020.0.3), as shown in Fig. 1(a). The electron beam is 1 m
above the concrete floor and is located inside a vacuum chamber
consisting of 2.2 cm-thick iron. A 0.8-cm thick borosilicate viewport
replaces the chamber wall along the exit path of the electron beam. The
beam dump is placed 3 m away from the electron source. Simulations
show that the energy loss in air is a small fraction of the initial electron
energy and, thus, the distance between the source and the beam dump
has little impact on the dose. For different beam dump configurations,
an electron energy of 1 GeV, 10 GeV, and 40 GeV is used, and we
assume that the electron beam has negligible divergence.

The beam dump is made of a combination of low-Z material and
high-Z material stacked in an either three-layer or five-layer structure,
as illustrated in Fig. 1(b). High-density (HD) concrete or 5 wt.% boron-
loaded polyethylene are used as low-Z materials, while lead or iron
are used as high-Z materials. We chose this low-Z/high-Z material
combination because low-Z materials are effective in slowing down
neutrons while high-Z materials are effective in attenuating and absorb-
ing gammas and electrons. The high-Z material is sandwiched between
layers of low-Z materials, which is motivated by the desire to reduce
the energy and flux of secondary fast neutrons leaving the beam dump,
since fast neutrons have a high damage effectiveness for human tissue.
The five-layer stacking method is simulated with the goal to test the
shielding effectiveness in the method where the neutrons, gammas,
and electrons are gradually slowed down. For the three-layer design,
we assume that the first and the last layer have the same thickness
L;. In this way, with the total shielding thickness fixed, only the
thickness of the high-Z layer (L,) is varied. For the five-layer design,
similar assumptions are also made to reduce the number of thickness
parameters. For the first five-layer design, as illustrated in the middle
schematics of Fig. 1(b), the first layer has the same thickness (L,) as
that in the three-layer design. This will ensure a similar magnitude of



T. Shi et al.

0.12 T T T

= | ead and concrete, 3 layers, 2 m

010k 4 lron and concrete, 3 layers, 2 m |

-

10 GeV |

gl

0.02 .

A

&

* - A

Ambient dose equivalent (uSv/nC) ~—

40 60 80 100 120 140 160 180 20
Total high-Z layer thickness (cm)

0.00 L
0 20

(c

~

Applied Radiation and Isotopes 176 (2021) 109853

(b)
0.025 - = |ead and concrete, 3 layers, 3 m |
4 [ron and concrete, 3 layers, 3 m
EC)\ 0020 Lead and poly, 3 layers, 3 m
S 10 GeV
0
2 0015} E
) A
2 A
i) hi
« 0010+ E
¥ i L
2 .
S 0.005} L] 4
o ! - - - ) 4
(I is S .
0.000 L L L ) * 2 4 4 L
40 80 120 160 200 240 280

Total high-Z layer thickness (cm)

0.0040 T T T T T T T
G = Lead and concrete, 3 layers, 4 m
€ 0.0035 - 4 Iron and concrete, 3 layers, 4 m
S
@ 0.0030 - ]
2 I 10 GeV
T 0.0025 E
©
.2 0.0020 4
3
g )
P 0.0015 | f ) E
8 L
5 0.0010 | I E
g P T
.0 0.0005 = Iy E
2 . y
< 00000 1 1 1 1 1 1 1

0 40 80 120 160 200 240 280

Total high-Z layer thickness (cm)

Fig. 2. Variation of the ambient dose equivalent with the high-Z layer thickness for different shielding configurations for an electron energy of 10 GeV with a total shielding
thickness of (a) 2 m, (b) 3 m, and (c) 4 m. The shielding stack consists of one layer of high-Z material (lead or iron) sandwiched by two layers of low-Z material (HD concrete
or 5 wt.% boron-loaded polyethylene). For a total thickness of 2 m, 3 m, and 4 m, on average 1.5x 10°, 5x 10°, and 1.4 x 10’ source electrons are simulated for the lead and HD
concrete stacking, and 2 x 10°, 1.2 x 107, and 2.4 x 10 source electrons are simulated for the iron and HD concrete stacking, respectively. For the lead and borated polyethylene

stacking, 5.4 x 10° source electrons are simulated at a total thickness of 3 m.

backscatter radiation and facilitates the comparison between the three-
layer and five-layer stacking methods. For the following four layers,
each layer has a thickness of L;/2 and L,/2 for low-Z and high-Z
layer, respectively. For the second five-layer design, as illustrated on
the right side of Fig. 1(b), the first layer always has a thickness of
one fifth of the total shielding thickness. This choice ensures a similar
magnitude of backscatter when the high-Z layer thickness is varied. For
the following layers, the partition of different layers is the same as in
the first five-layer design.

Three tissue dose monitors are placed 30 cm away from the beam
dump, 1 m above the floor, and have an inter-spacing of 20 cm
(D1, D2 and D3 in Fig. 1)(a)). Each dose monitor has dimensions of
40 cm (width) x 20 cm (thickness) x 60 cm (height). The energy
deposition, ambient dose equivalent, and particle spectra are extracted
from these dose monitors for the analysis. The ambient dose equivalent
is determined based on the conversion factors from Refs. International
Commission on Radiological Protection (1996) and Pelliccioni (2000).
For an actual lab setting, there is usually a laboratory wall that sep-
arates personnel from the accelerator room and further reduces the
dose, but here we are concerned mostly about the variation of the dose
with different shielding configurations. The lab walls and roof are not
included in the simulations to simplify the studied problem, but the
interactions of radiation with these objects will have an impact on the
distribution of the energy deposition and should be included in the
simulation of an actual facility. The compositions of major materials
used in the simulation are listed in Table 1. The HD concrete can have
a wide range of densities and elemental compositions. For this analysis
we selected a density of 2.4 g/cm? with 7.4% carbon, 46.0% oxygen,
11.1% iron, and 29.5% calcium (all weight percentages).

Table 1

Material compositions used in the FLUKA and Geant4 simulations. The HD concrete,
ICRP soft tissue, and boron-loaded polyethylene have a density of 2.4 g/cm?, 1.0 g/cm?,
and 0.969 g/cm?, respectively.

ICRP soft tissue

HD concrete Boron-loaded polyethylene

Atomic wt. % Atomic wt. % Atomic number wt. %
number number
1 0.58 1 10.4472 1 13.45
6 7.42 6 23.2190 5 5.00
8 46.03 7 2.4880 6 81.55
11 0.04 8 63.0238
12 1.44 11 0.1130
13 0.55 12 0.0130
14 3.09 15 0.1330
16 0.18 16 0.1990
19 0.10 17 0.1340
20 29.47 19 0.1990
26 11.1 20 0.0230

26 0.0050

30 0.0030

The PRECISIOn physics package is used in the FLUKA simu-
lation. In addition, the photon-nucleus interactions are included by
the PHOTONUC card and the muon pair production is included by
the MUMUPAIR card. For the beam dump materials, the electron and
photon production cuts are set to 500 keV and 100 keV, respectively.
In the tissue, both cuts are set to 100 keV. Similar geometry is also
modeled in Geant4 (version 10.06.p01) for comparison (Agostinelli
et al., 2003), as shown in Fig. 1(c). The QGSP_BIC_HP physics package
is used in Geant4 with particle production cuts in similar range.
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Fig. 3. Track-length fluence of electrons, photons, and neutrons on the central dose
monitor with the lead and HD concrete stacking at a total thickness of 2 m with an
electron energy of 10 GeV.

3. Results and discussion
3.1. Various material combinations at 10 GeV

Fig. 2 shows the impact of high-Z layer thickness (L, in Fig. 1(b))
on the maximum dose equivalent from the three dose monitors for a
total shielding thickness of 2 m, 3 m, and 4 m at 10 GeV. Different
shielding thicknesses are simulated to accommodate a range beam
parameters, including the pulse repetition rate, the beam charge per
shot, and the thickness of other radiation barriers. At a total thickness
of 2 m, the minimum dose corresponds to a lead thickness of ~80—
100 cm for the case of lead. In iron and HD concrete stacking, the
dose keeps decreasing with the increase of iron thickness, but at a
reduced rate as the iron thickness approaches the total thickness. Below
40 cm of thickness, iron is not sufficient to reduce the flux of high-
energy photons and electrons, but with the increase of iron thickness,
this material combination (iron and HD concrete) is in fact superior to
lead and HD concrete, producing a dose that is ~ 6.9x lower. At the
total thickness of 2 m, the highest dose is deposited in the central dose
monitor that is aligned with the beam.

At a thickness of 3 m, similar trends are observed, where the lowest
dose corresponds to a thickness of 120 cm for lead and 220 cm for
iron. The lowest dose with iron is about 7.4x lower than that of lead.
When the lead and concrete stacking is changed to lead and borated
polyethylene, the lowest dose stays approximately the same, but it
requires an even thicker layer of lead. Although carbon and hydrogen
are very efficient in slowing down neutrons and B-10 has a high cross-
section of thermal neutron capture, surprisingly, the overall response
to 10-GeV electrons does not exhibit significant improvement. At the
total thickness of 3 m, with the increase of the high-Z layer thickness,
the highest dose is now recorded by the side dose monitors because of
increased scattering. For example, for iron and concrete stacking, this
starts to occur from an iron thickness of 160 cm.

At a total thickness of 4 m, the difference between the two stacking
configurations becomes smaller, with the iron configuration being only
2.6x lower. This is because 4 m is enough to block most of the radiation
and only interaction cascades that produce highly penetrating radiation
can reach the dose monitors. For the same reason, the statistical fluctu-
ation of the dose is larger than the previous two thicknesses although
more source electrons are simulated.

An notable trend can be seen for lead and HD concrete (see
Fig. 2(a)), where the dose increases with increasing thickness after
reaching a minimum. Fig. 3 shows the energy spectra at the central
dose monitor for two different lead thicknesses. A thicker layer of
lead results in a higher fluence at low electron energy but a lower
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Fig. 5. Cross-sections for neutron and gamma production from °Fe and 2°Pb. The
(g,xn) cross-sections are taken from the JENDL/PD-2004 library, while the (n,xn) and
(n,xg) cross-sections are taken from the ENDF/HE-VI library.

fluence at high energy. For photons and neutrons, the same behavior
is observed. This can be explained by the fact that a thicker lead layer
allows fewer high-energy electrons and photons to penetrate the beam
dump, but on the other hand, interactions within lead can produce
neutrons and low-energy electrons and photons. Intuitively, due to
the higher attenuation capability of lead for high-energy photons, one
might expect a softer electron and photon spectrum. However, lead
can also generate radiation from photonuclear reactions and neutron-
induced reactions, which leads to the spectral shapes shown in Fig. 3.
Similar behavior is also observed for a total thickness of 3 m. However,
at a thickness of 4 m, it is hard to compare the spectra due to the limited
particle statistics at the dose monitors.

The fluences of electrons, photons, and neutrons for the optimal
stacking configuration at a total thickness of 3 m are shown in Fig. 4.
Several conclusions can be drawn from this optimization. First, the
use of iron reduces the fluence for all three types of particles when
compared to lead. This can be explained by the neutron and gamma
cross-sections shown in Fig. 5 where cross-sections of >°Fe and 208Pb,
the dominant isotope in iron and lead, are compared. The natural
iron and lead is made of 91.8% 3®Fe and 52.4% 208Pb, respectively.
The total neutron production cross-section induced by photons, (g,xn),
is one order of magnitude higher in 2°8Pb than in 5°Fe. The total
gamma production cross-section induced by neutrons, (n,xg), is also
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Table 2

Comparison of the absorbed dose between FLUKA and Geant4 simulations at a total
shielding thickness of 1 m. At least 8 x 10° source electrons are used in both
simulations.

Condition: 30 cm HD concrete + 40 cm lead + 30 cm HD concrete

Central dose monitor (pGy/nC) Side dose monitor (pGy/nC)

FLUKA 0.82 + 0.02 0.36 + 0.08
Geant4 0.88 + 0.08 0.51 + 0.03
Difference (%) 12.2 24.8

much higher in 208Pb than 3°Fe over most of the energy range. For
(n,xn) reactions, >®Fe has a lower threshold of 0.86 MeV, but the cross-
section of 298Pb becomes higher when the neutron energy is above
3.9 MeV. Based on these cross-section data, it can be seen that it is
much easier to convert neutrons to gamma rays and convert high-
energy photons to neutrons within lead. When comparing the spectra
between HD concrete and borated polyethylene, the magnitude of
fluence and the overall shape of the spectra look very similar. The use
of borated polyethylene does not seem to bring additional benefit in
these specific conditions. We also tested these material combinations at
a total shielding thickness of 1 m and, interestingly, the combination
of borated polyethylene and lead can actually reduce the dose to
the level ~11x lower than that for a combination of HD concrete
and lead. Therefore, the relative shielding performance of materials is
thickness-dependent. Since a total thickness of 1 m is relatively thin for
electron beam shielding, the attenuation and conversion of particles are
different from that at a total thickness of 3 m, which results in different
shielding effectiveness.

The absorbed doses calculated by FLUKA and Geant4 are compared
for the concrete and lead stacking and are presented in Table 2. The
dose monitors show a maximum dose difference of ~25%, which is
expected due to the statistical fluctuations and difference in the imple-
mentation of the cross-sections and physics models in the two Monte
Carlo codes. For example, it has been noted that the photoneutron
cross-sections used in those two codes can be different by ~12% at
a photon energy of ~13.5 MeV in lead (Quintieri et al., 2017). For
510-MeV electrons incident on tungsten target, the neutron production
rate can differ by 70% and the proton production rate also differs by
22% (Quintieri et al., 2017). In Geant4, the photonuclear cross-sections
are available for 50 nuclei; 14 of them are used for parameterization
to describe the cross-sections in five different energy regions (the Giant
Dipole Resonance region, the “quasi-deuteron” region, the Delta region,
the Roper resonance, and the Reggeon-Pomeron region) (Agostinelli
et al., 2003). In FLUKA, the photonuclear cross-sections of 190 nuclei
are available and four different energy regions are used to parameterize
the cross-sections (Quintieri et al., 2017; Fasso et al., 1994). Consider-
ing the fact that different nuclear data and models are used, the results
on energy deposition are consistent between the two codes. In addition,
the electron beam simulation in FLUKA has shown good agreement
with experimental data (Battistoni et al., 2007) and cross-sections have
also been benchmarked with neutron spectroscopy experiments and
activation measurements (Fasso et al., 2005). It is, however, necessary
to use a certain safety margin for the shielding design to account for the
differences between the actual and simulated dose. By examining each
interaction in Geant4, it is found that some rare interactions can deposit
a significant amount of energy inside the dose monitor. In one instance,
a 1.7 GeV neutron is produced and interacts with 160 in air close to the
dose monitor. This reaction produces multiple protons, neutrons, pions,
and deuterons with kinetic energies up to several hundred MeVs, and
such one event deposits more than 500 MeV in the dose monitor. Such
rare events with large energy deposition can also create large statistical
fluctuations for the simulated dose.
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3.2. Comparison of the three-layer and five-layer stacking

The results of the three-layer and five-layer stacking methods are
compared in Fig. 6. The stacking geometry has been discussed earlier in
Fig. 1(b) and the Methods section. When each layer is thinner, the high-
energy photons/neutrons generated from the low-Z/high-Z layer can be
effectively slowed down by the next high-Z/low-Z layer, respectively,
and the decrease of their energy can potentially help decrease the dose.
For the lead and HD concrete stacking, the first five-layer stacking
method can reach a dose that is 22%-41% lower in the 80-160 cm
range. The dose distributions projected in the horizontal plane are
shown in Fig. 7. It can be seen from Fig. 7(c) and (d) that the two
configurations produce similar levels of backscatter, but the dose in
front of the beam dump and at the two sides are apparently higher
for the three-layer configuration. Inside the beam dump, the boundary
between different layers can also be observed from Fig. 7(a) and (b)
based on the dose level. The results here show that it is possible to
reduce the dose by simply changing the stacking sequence of different
layers. For the second five-layer stacking method, the dose is 19% to
52% lower than the three-layer stacking. However, the backscatter is
more pronounced for this stacking method because the first layer of
HD concrete has a thickness of 60 cm instead of 80 cm, which leads
to a higher transmission rate of backscattering from the second layer
of lead. For the case of 52% lower dose, which corresponds to a lead
thickness of 80 cm, the higher extent of backscatter is clearly observed
by obtaining similar dose maps to Fig. 7. Comparing the three different
stacking methods, we see that the variation of the dose with the lead
thickness shows a similar behavior, where the dose increases with
further increases of thickness once it reaches a minimum. The different
stacking methods can lead to different spatial dose distributions both
at the front and at the back side, and the optimal choice of the stacking
design depends on the overall shielding design and the shielding goals
for the accelerator facility.

In contrast to the results from lead and concrete, for the iron and
HD concrete stacking, the dose from the five-layer configuration is on
average ~35% higher (see Fig. 6). As shown in Fig. 8, the magnitude
of backscatter is similar but only the front dose becomes higher, which
is reflected by an overall higher dose in the y < —600 cm region.
The inferior performance with the five-layer stacking is due to the fact
that iron does not generate as many neutrons and photons as lead.
In addition, the difference in neutron attenuation between iron and
low-Z materials is small because iron has a relatively high neutron
inelastic cross-section that can slow down neutrons, especially below
3 MeV (Herman et al., 2018). Thus, dividing the thickness into more
layers is not beneficial for this material combination. For the lead and
borated polyethylene stacking, the five-layer stacking can reach a dose
that is 30%—-42% lower (see Fig. 6(c)). Based on these results, it is
concluded that using a greater number of interleaved layers is effective
in reducing the dose when lead is used, but is not beneficial with the use
of iron. It has been previously shown that, under certain conditions, the
iron and HD concrete stacking can reach a dose that is ~ 7x lower than
lead, so the improvement brought by the multilayer stacking seems
not to be comparable to the improvement brought by the change of
materials. On the other hand, iron has the performance similar to lead
when the high-Z layer thickness is $40% of the total thickness. If the
thickness of the high-Z layer is limited or there is lead readily available,
using interleaved layers of lead and concrete is still a suitable choice
for electron shielding.

3.3. Optimal configuration at 1 GeV and 40 GeV

The variation of the dose at 1 GeV and 40 GeV is presented in Fig. 9.
At 1 GeV and a total thickness of 2 m, similar behavior is observed for
the lead and concrete stacking, where the dose starts to increase with
increasing thickness once it reaches a minimum. The dose at 70 cm
seems not to exactly follow the overall trend. However, 4 x 107 source
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Fig. 6. Comparison of the three-layer and five-layer stacking configurations at an electron energy of 10 GeV at a total shielding thickness of 3 m. The stacking materials consist
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electrons have been simulated for this condition, which is twice as based on the FLUKA uncertainty evaluation. The higher dose could be

many as the other conditions and gives a standard deviation of 8.6% induced by some rare interactions with large energy deposition within
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the scoring volume. For the iron and concrete stacking, starting from
120 cm, the dose equivalent converges to 3.2 x 10~* pSv/nC, which
is 2.7x lower than the minimum dose from lead and concrete. At
1 GeV and a total thickness of 3 m, a larger statistical fluctuation
is observed because the beam dump is less penetrating. Interestingly,
at this thickness, the optimal dose from the two configurations is
approximately the same. This is consistent with the finding from the
case of 10-GeV electrons and 4-m thickness in the sense that, when
the shielding is thick relative to the electron energy, the difference
between the two configurations is smaller. By examining the spectra of
different types of radiation and comparing the energy deposition and
dose equivalent, it is found that neutrons are a major contributor to the
dose equivalent. Thus, absorbing neutrons and reducing the production
of secondary neutrons is important for the shielding of electrons at this
energy.

At an electron energy of 40 GeV and a total thickness of 4 m, a lead
thickness of 160 cm gives a minimum dose of 4.5x 10~ pSv/nC. For the
iron and HD concrete stacking, the minimum dose of 1.1x1073 pSv/nC is
obtained at an iron thickness of 280 cm. With the lead and HD concrete
stacking, the fraction of the dose equivalent from neutrons varies from
41% to 61%, but for iron, with the increase of its thickness, this fraction
changes from 48% to 16%, showing the importance of reducing the
neutron flux for reducing the dose. For such high electron energy, muon
production becomes non-negligible as well. For an electron accelerator
that operates at this high energy, when the repetition rate or the
beam power is high, a thicker shielding is potentially needed. Due to
the limitation on computational resources, a wide range of shielding
thicknesses is not simulated here for such parametric study.

Fig. 10 shows the minimum dose as a function of the total shielding
thickness at 1 GeV and 10 GeV. Due to the complexity of the electron
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interactions, the obtained power law fits should only be applied for
the simulated range of parameters. The fits describe well the obtained
trends except for 10-GeV electrons with concrete and iron stacking,
for which the last data point at 4 m starts to level off and distort
the trendline. The maximum difference between the fits and the data
points at 1 GeV is 16% and 28% for the lead and iron configuration,
respectively, and this difference is 9.7% and 77% for lead and iron at
10 GeV.

4. Conclusions

We simulated several material structures to determine the optimal
design of the electron beam dump for GeV-class laser-driven electron
accelerators. An electron energy of 1, 10, and 40 GeV was simulated
with the FLUKA code and a comparison with Geant4 was performed
at 10 GeV, showing relatively good consistency with ~20% difference
in the absorbed dose. With FLUKA simulations, it is found that the
iron and high-density concrete stacking and the lead and high-density
concrete stacking have similar performance when the iron or lead
thickness is $40% of the total beam dump thickness. When the high-Z
layer thickness is >40%, the use of iron can reduce the radiation dose
to a level several times lower than that of lead depending on the total
shielding thickness and the electron energy. This is due to the fact that
the cross-sections for neutron and photon production in iron are smaller
than lead. The difference in performance between the aforementioned
two configurations tends to be smaller when the total shielding thick-
ness is thicker. The lowest dose at 1, 10, and 40 GeV corresponds to the
iron and high-density concrete stacking with an iron thickness close to
the total shielding thickness. Reasonably good shielding performance
can also be achieved with a lower fraction of iron or with the use
of lead and high-density concrete stacking. No significant change in
the dose equivalent is found when replacing the high-density concrete
with borated polyethylene in the combination of lead and concrete at a
shielding thickness of 3 m at 10 GeV. However, this replacement leads
to a lower dose when the total shielding thickness is 1 m, showing
dependence of shielding response on beam dump thickness. When the
three-layer stacking method is changed to five-layer stacking, it can
lead to a ~20%-40% reduction in dose with the use of lead, but the
five-layer stacking results in a higher dose in the case of iron. Based
on this study, we show that the performance of the beam dump has a
large dependence on the materials used, the electron energy, and the
beam dump configuration. These results provide the general guidance
for choosing the efficient shielding methods for high-energy electron
accelerators, which will particularly benefit the compact laser-driven
accelerators.
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