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This technical note provides a general estimate of radiation fields generated by injection fault events
at the electron-ion collider´s (EIC) Rapid Cycling Synchrotron (RCS), calculated with the Monte
Carlo particle transport and interaction code FLUKA. Calculations were performed for two major
injection loss scenarios that involve iron targets and featured different electron beam energy and
current values. The results presented here constitute a first order assessment of several radiological
quantities associated with these electromagnetic showers and their potential effect on environmental
safety and health (ESH) systems in the vicinity of injection areas.
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I. INTRODUCTION

The Electron-Ion Collider (EIC) is currently under
construction at Brookhaven National Laboratory (BNL),
in partnership with Thomas Jefferson National Accelera-
tor Facility (Jefferson Lab). When operational, EIC will
generate events from e+ p and e+A collisions in a high
luminosity regime and a center-of-mass energy of up to
141 GeV, for 18 GeV electron collisions with protons at
up to 275 GeV [1–3]. For heavier ions such as gold, the
ion beam energy will reach up to 100 GeV per nucleon
and thus the center-of-mass energy may attain 85 GeV
per nucleon depending on the operating electron beam
energy.

While the EIC will repurpose one of the extant Rela-
tivistic Heavy Ion Collider’s (RHIC) rings for storing its
hadrons, RHIC’s second ring will have to be converted
into a dedicated Electron Storage Ring (ESR) [4]. This
new ring will need to be capable to provide polarized
electron beams at three different energies (5, 10, and 18
GeV) for the collisions with hadrons in the ePIC Detec-
tor point, as depicted in figure 1 [5].

FIG. 1. The EIC accelerator chain and major components as
of March 2025. The electron beam travels in the red segments,
starting from the electron source, then it is accelerated by a
Linac and then the RCS (small ring on the right side) before
being delivered into the ESR. Source: https://www.bnl.gov/
eic/machine.php

The precision measurements of these interactions will
provide valuable insight into the nuclear structure and
subatomic landscape of matter, helping to understand
how quarks and gluons are arranged, interact, and give
rise to the basic physical properties of protons and neu-
trons, potentially answering various fundamental physics
questions [6, 7].
As part of the newly designed electron injection com-

plex, electrons are delivered into the ESR at full energy
from a Rapid Cycling Synchrotron (RCS), where elec-
tron charge is accumulated into a single bunch at a rate
of up to 28 nC s−1 [5]. Given the relatively high electron
beam power in these bunches, injection losses in the RCS
need to be properly assessed and their radiological impact
quantified and mitigated as needed. Moreover, whilst the
impact of ion injection losses may be somewhat extrapo-
lated from RHIC’s operation history, the same does not
apply to injection electron losses due to the completely
different physics mechanisms.

II. METHODOLOGY

In this work, the Monte Carlo (MC) particle transport
and interaction code FLUKA (http://www.fluka.eu)
[8, 9] is used to characterize the showers resulting from
crudely defined electron beam injection losses. The main
objective is to determine the radiation dose associated
with the operation of different electron beam energies and
assess their potential impact on environmental safety and
health (ESH) systems near the beamline, which should
not be exposed to radiation levels greater than 50 rem
h−1 [10]. Two radiation damage estimators were also
tallied, to complement the dosimetry data obtained.
No effort was made to replicate the actual geometry

of the RCS, nor the complex beam dynamics that may
describe an injection fault event with the utmost accu-
racy. These effects can be particularly important for de-
termining the radiological impact on specific components
of the beamline, and will likely be extensively evaluated
via precise beam-machine protection assessments as de-
sign progresses. Instead, this work intends to provide a
general estimate of the radiation fields in close proximity
to an injection fault event by assuming only a bare geom-
etry, and to provide guidance on what minimum distance
from the beamline should be kept for these ESH systems.
It should be stressed that there will also be other

sources of radiation in the RCS in addition to the elec-
tron beam injection losses simulated in this work. Thus,
it is highly recommended to characterize the anticipated
chronic mixed radiation field to validate whether its pro-
posed location is appropriate and confirm what type of
technology should be used, possible shielding require-
ments, and expected operating lifetime.

https://www. bnl.gov/eic/machine.php
https://www. bnl.gov/eic/machine.php
http://www.fluka.eu
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III. SIMULATION DETAILS

The FLUKA simulations consisted mainly of the re-
production of two injection fault scenarios – grazing in-
cidence (G) and normal incidence (Z) – on iron targets,
as detailed in figure 2.

Z

G

FIG. 2. Schematic depictions of the electron beam loss sce-
narios - normal incidence in the upper panel and grazing in-
cidence on the bottom panel - based on the flair geoviewer
visualization [11]. The location of neutron detectors (N) are
indicated and the dosimetry scoring detector (D) highlighted.
All values are given in meters.

These scenarios can be described as:

• G - electron beam consisted of a squared beam with
1 cm2 cross sectional area, shaving an Fe target
with a gradual loss over the 12 inches (30.48 cm)
length of the target.

• Z - a pencil electron beam impinges directly onto
a cylindrical iron block 30.48 cm long and with 5
cm diameter.

Three energy variants for each scenario were consid-
ered, corresponding to 5, 10, or 18 GeV electron beam’s
kinetic energy and specific current parameters associated
with each energy operation [10]. The values are listed in
table I

TABLE I. Beam energy and intensity parameters used for the
variants in each of the scenarios G and Z.

Variant (G | Z)1 (G | Z)2 (G | Z)3
Electron beam energy [GeV] 5 10 18
Injected beam intensity [nA] 28 28 11

In each of the scenarios, virtual spherical neutron de-
tectors were placed in the locations indicated as N1,2,3 in
figure 2, and incoming spectra were collected therein via
USRBDX. The extension denoted as “D” refers to a vir-
tual detector, consisting of a long and thin line, where
absorbed dose and ambient dose are tallied with USRBIN
in steps of 1 cm.
Regarding the FLUKA estimators for assessing the ra-

diation damage inducing effects, Si 1 MeV-neutron equiv-
alent fluence and high energy hadron (HEH) equivalent
fluence were chosen to complement the dosimetry data
obtained for each scenario. The 1 MeV-neutron equiv-
alent fluence in silicon is a standard quantity for nor-
malizing displacement damage in silicon detectors and
electronics from an arbitrary radiation field with a given
energy spectrum to an equivalent damage level produced
by 1 MeV neutrons. It specifically quantifies non-ionizing
energy loss (NIEL) and displacement damage in silicon.
As for the HEH equivalent fluence, it is proportional
to the number of Single Event Upsets (SEU’s) due to
hadrons with energy over 20 MeV. It should be noted
that unstable hadrons of lower energies as well as low
energy neutrons are also factored in the estimator [12].
These quantities are relevant mainly for electronic sys-
tems, and hence helpful to inform how detrimental some
components of the mixed radiation field can be to specific
devices based on their reference damage values or error
data.

IV. RESULTS

The ambient dose rate maps pertaining to the scenarios
Z and G can be found in figures 3 and 4, respectively.
A direct comparison between ambient dose and ab-

sorbed dose rates in each scenario is given in figure 5, as
scored in the virtual detector “D”.
From all scenarios and variants considered, the maxi-

mal electromagnetic (photon and electron/positron) and
neutronic fluence maps are presented in figure 6.
The neutron fluence spectra are shown in figure 7. It

features a comparison between the two scenarios, at the
worst case location (N2 in figure 2), followed subsequently
by an inter-comparison between the three energy variants
for that most conservative neutronic scenario (Z).
The radiation damage estimators, corresponding to the

HEH and Si 1 MeV-neutron equivalent fluence, are also
provided in figure 8 for the most conservative case scored
(i.e., G2).
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FIG. 3. Ambient dose rates (H*) distribution for the energy
variants of scenario Z. The results are averaged over 2 cm,
centered at the beam elevation.

V. DISCUSSION

The ambient dose maps shown in figures 3 and 4 denote
maximum radiation levels for the 10 GeV cases. This is
because of the difference in intensity between the 10 GeV
and 18 GeV variants, of almost a factor 2.5, whereas the
difference in energy is less than a factor of two. Over-
all, the radiation levels for the 10 GeV case tends to be
40% higher than the 18 GeV, and almost twice that of 5
GeV, which tends to align well with the power difference
between cases.

Radiation levels for the 10 GeV injection loss reach
50 rem h−1 at about 20 cm laterally from the loss point
(see figure 3) in scenario Z, whereas for scenario G 50
rem h−1 are reached at about 50 cm downstream and
laterally from the loss point as depicted in figure 4.

It is clear that radiation levels could be much higher
directly downstream of the target for a grazing incident,
depending on the amount and shape of material traversed
(and its composition). Even slight angular variations
of scenario G can induce electromagnetic showers that
have the capacity to propagate several meters farther
downstream and scatter throughout the various beam-
line components, potentially generating radiation fields
higher than those denoted in figure 4.

Figure 5 quantifies the absorbed dose and ambient dose
rates for each scenario at a virtual detector (D in fig-
ure 2). These confirm that laterally, at about 1 m dis-
tance from the target, the H* values do not exceed the

2.5 rem h−1 in scenario Z with absorbed doses reach-
ing at most 0.3 rad h−1. Conversely, for scenario G, the
downstream detector captures the particle shower result-
ing from the interaction with the target, denoting stark
dosimetry variations as expected from figure 4. In par-
ticular, for the inboard side of the 10 GeV fault, the
absorbed doses can range from 3–30 rad h−1 between 2
and 1 m distance laterally from the target.
In every energy variant, directly downstream of the

target, the absorbed doses can reach several hundreds of
rad h−1 (and about one order magnitude greater in the
case of H*), which underscores the importance of limit-
ing the angular acceptance of injection losses to mitigate
their radiological impact in the beamline’s vicinity. If
injection faults can indeed occur at large angles, place-
ment of systems farther laterally from a known loss point
could be ineffective at preventing unwarranted exposure
to dose rates above one gray hourly. In the latter case,
placing the ESH systems far from the injection points or
provide them with local shielding could be the only valid
alternative.
The electron beam interactions with iron targets gener-

ate showers that are almost entirely dominated by elec-
tromagnetic particles whose fluence is maximal for G2,
due to the higher power and grazing interaction, as illus-
trated in figure 6. There is also a significant production
of neutrons, particularly in the Z2 scenario due to the
sheer amount of beam particles interacting with the tar-
get – see figure 7. However, as it can be observed from
figure 6, lateral neutron fluences are almost three orders
of magnitude lower than electromagnetic particle fluences
at similar distance. The vast majority of these neutrons
derive from photonuclear interactions of the shower pho-
tons, with only a very small portion of the neutrons be-
ing directly attributed to electronuclear interactions. An
important component of the neutron spectra lies in the
secondary hadronic cascades, which becomes increasingly
relevant for the higher energy cases as this hadronic com-
ponent promotes spallation reactions in iron, increment-
ing the harder component of the neutron spectrum. Note
that neutron production is also relatively dependent on
the material type, and hence neutron fluence values will
differ for a non-ferrous target.
Regarding the radiation damage estimators, the high-

est fluence rates corresponded to scenario G2 for both
estimators depicted in figure 8. The HEH equivalent flu-
ence attains over 105 cm−2 per injection loss event at one
meter from the target, which is close to the annual HEH
fluence at sea level [13]. Similarly, the silicon 1 MeV-
neutron equivalent fluence does not exceed 108 cm−2 at
half metre laterally from the target, well below the 1011
cm−2 fluence threshold in which earlier damage starts oc-
curring [14]. For guidance, the effects from a 1010 cm−2

Si 1 MeV-neutron equivalent fluence are considered to be
comparable to 100 rad (Si) in the LHC context [13].
These results are relatively benign for a single injection

loss event, and hence could only become problematic in
cumulative terms, for instance if frequent (hundreds) of
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FIG. 4. Ambient dose rate (H*) distribution for the energy variants of scenario G. The results are averaged over 2 cm, centered
at the beam elevation.
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FIG. 5. Ambient dose (closed circles) and absorbed dose
(open circles) rates calculated in the detector “D” for each
electron beam energy. The upper panel refer to scenario Z
whereas the lower panel refers to scenario G.

such injection losses take place in a year affecting the
same location. Nevertheless, irrespective of the damage
thresholds, the actual system failures will always depend
chiefly on the component technology, their size, and the
nature of the radiation source term (e.g., whether it is
partially shielded or fully exposed to a loss point).

The characterization of the overall mixed field radia-
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FIG. 6. Upper panel – electromagnetic (γ+e±) particle flu-
ence rates in scenario G2; Bottom panel – neutron fluence
rates in scenario Z2; these correspond to the highest rate for
the respective particle fluence type. Note the different color
band scale. The results are averaged over 2 cm, centered at
the beam elevation.

tion environment at the expected ESH system location
in the tunnel is most important to properly interpret this
study’s results. While dose rates derived from injection
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FIG. 8. Equivalent fluence rates of HEH (left) and silicon
1 MeV-neutron (right) estimators for the scenario G2. The
results are averaged over 2 cm, centered at the beam elevation.

faults may likely dominate the radiation fields punctually
due to their magnitude, the combined effect of chronic
sources of radiation (e.g., Synchrotron Radiation, Gas
Bremsstrahlung) might become relevant over time if un-
mitigated. The same applies to neutrons, HEH and Si 1
MeV-neutron equivalent fluences, which may be underes-
timated since the cumulative contribution from chronic
beam losses are not being accounted for in this work. Fi-
nal validation of the detector locations should therefore
include sources of radiation beyond injection faults.

VI. CONCLUSION

Injection electron beam losses at the RCS were char-
acterized for a simplified normal and grazing incidence
fault scenario, each at three different energy and inten-
sity regimes.
It was confirmed that the highest power source term at

10 GeV was also the most conservative from a dosimetry
standpoint. For this worst case scenario, radiation levels
could attain 50 rem h−1 at about 50 cm laterally from
an iron target in the grazing incidence scenario whereas
for normal incidence the same dose could be obtained
at 20 cm laterally from the target. Generally absorbed
doses were found to be one order magnitude lower than
ambient dosage. Due to the nature of the beam-matter
interaction and the electromagnetic shower development,
dose rates could be much higher in the path downstream
of the loss point, requiring further studies with an accu-
rate geometry in case ESH systems need to be placed in
close proximity to the beamline.
The neutron fluence were observed to be far lower than

the electromagnetic particles fluence, even for a loss at
normal incidence, as expected due to the former’s indi-
rect production channels. Furthermore, radiation dam-
age estimators such as Si 1 MeV-neutron equivalent and
HEH equivalent fluence were found to be relatively low,
which might be encouraging for systems relying on non-
hardenened electronics and assuming that the fault sce-
narios will be rather infrequent. However, this analysis
neglected the contribution from chronic sources of radi-
ation in the RCS, and only if these cumulative contribu-
tions are taken into account the radiological impact to
ESH systems can be fully determined.
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