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Abstract— The possibility of using calibrated static random-
access memory (SRAM) memory for the quantification of neutron
fluence in a radiotherapy facility for cancer treatment utilizing
a high-energy 15-MV photon beam (Bremsstrahlung) from an
electron linear accelerator has been exploited in this work. This
has been performed by varying the field size of the photon
beam and the positioning of the SRAM memory at three
different positions in relation to the isocenter of the beam.
The measurements demonstrated that neutrons originating from
interactions between the high-energy photons and accelerator
parts with high-Z materials are able to induce single-event upsets
(SEUs) in the SRAM memory, where the measured SEUs depend
on the measurement location. Monte Carlo (MC) simulations
have been performed to retrieve the neutron fluence under each
investigated measurement condition. Using the simulated neutron
fluence differential in energy and the interactions cross sections
determined previously, the expected SEUs were computed. The
comparison between measured and simulated SEUs normal-
ized to the linear accelerators (linac) output shows acceptable
agreement within the experimental uncertainties. As exposure to
secondary neutrons poses a risk to all patients, especially the
ones with pacemakers or other electronical aids, the feasibility
of establishing the neutron fluence through SEU quantification
in an SRAM device provides new opportunities to estimate the
associated risk in a clinical environment. Further work can be
performed to investigate the correlation between the high-Z linac
components and the neutron fluence during patient irradiation
to better comprehend the variation between different linac types
and manufacturers.

Index Terms— FLUKA, Monte Carlo (MC) simulation, neu-
trons, single-event effects (SEEs).

I. INTRODUCTION

THE most prevalent teletherapy irradiation technique
utilized today is photon radiation delivered through
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clinical electron linear accelerators (linac). High-energy
electrons can be decelerated using a high-Z target, and the
resulting photon beam (Bremsstrahlung) can be spatially
modulated using multileaf collimator systems [1].

For treatment volumes located deep in the patient tissue,
irradiation with initial electron energies above 10 MeV may
be advantageous, due to their higher penetration depth. In this
case, the resulting Bremsstrahlung spectrum is referred to as
a 10-MV photon beam. Similarly, the 15-MV photon beam
utilized in this study is designated as the Bremsstrahlung
resulting from a 15-MeV electron beam at the Bremsstrahlung
target. At such high photon energies, the possibility of
generating neutrons within the accelerator and bunker by
photodisintegration increases [2]. As a result, the irradiation
field consists of the actual photon field mixed with a small
proportion of neutron radiation. On the one hand, neutrons
are known to increase second cancer risk due to their relative
higher radiobiological effectiveness (RBE); and on the other
hand, they can induce single-event upset (SEU) leading to
malfunction of electronic components, such as cardiac rhythm
implants or measurement devices [3].

To assess the risk associated with the exposure of neutrons,
either to the patients or critical electronic medical devices
as well as implants located in the vicinity of the radiation
field, information about the neutron fluence is necessary.
However, its quantification is nontrivial in clinical settings, and
therefore, such measurements are not implemented as standard
practice up to date. To overcome this, clinical guidelines do
not recommend the use of radiation beams with energies
higher than 10 MeV to rule out neutron production when
treating patients with electronic implants. Furthermore, the
absorbed dose to these components should be limited to below
1–2 Gy [3].

To evaluate the risk associated with neutron-producing
radiation, it is possible to classify it into hazard categories.
This classification facilitates the comparison of the risks posed
by potential neutron-producing radiation and the cumulative
dose in electrical components. Patient irradiation with photon
beams above 10 MV is comparable to a cumulative pacemaker
dose of above 5 Gy. Both fall within the high-risk category [3].

A better understanding of neutron fluence in irradiation
rooms is still of high interest. However, it is considered
challenging due to its small contribution to the overall dose [4].
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Therefore, a measurement technique that can determine the
neutron fluence independently of the photon dose is of great
interest. One possibility to achieve this is by quantifying
the SEU in static random-access memory (SRAM) detectors,
while requiring little metrological effort. These devices are
very suitable for this task because they are compact, easy
to install, and can be utilized for long-term measurements
even during patient treatment. Gómez et al. [5] have already
successfully demonstrated that real-time measurements using
SRAM detectors can be utilized for quantifying neutron flu-
ence in the irradiation rooms of clinical linac.

The ISSI 40-nm detector is a well-known SRAM
detector that has been investigated for a variety of radiation
qualities, such as high-energy electron radiation [6], thermal
neutrons [7], and spallation neutrons [8], as well as proton
and heavy-ion radiation [9]. Additionally, Lerner et al. [10]
demonstrated that the ISSI 40-nm detector can be
utilized to quantify the neutron flux generated through
photodisintegration for a 200-MeV electron beam on a target.

To allow for a direct quantification of neutron fluence using
these devices, they must be calibrated using neutron sources,
for which the energy-differentiated fluence is well-known.
Additionally, the energy spectrum of the calibration beam must
match that encountered in the condition of interest, such as that
produced by a clinical linac. These aspects possess tremendous
challenges and an alternative approach is of particular interest.

In the approach proposed in this study, the expected number
of SEUs for a given neutron fluence can be calculated using
the known cross sections [11]

NSEU = σThN

∫
∞

0
wThN(E) ·

d8ThN(E)

d E
d E

+ σHEH

∫
∞

0
wHEH(E) ·

d8HEHeq(E)

d E
d E (1)

where 8ThNeq(E) and 8HEHeq(E) denote the energy-
differentiated fluence of thermal and high-energy neutrons,
respectively. σ · w represents the respective energy-dependent
cross sections that have been characterized previously [12]
through measurements using thermal and monoenergetic neu-
trons in the 0.1–20-MeV energy range. Therefore, it is the
aim of this study to investigate the feasibility of the model
described in (1) to compute the expected NSEU by using
a Monte Carlo (MC) simulated neutron spectrum at the
measurement position. Particle contributions other than those
considered in (1), such as electrons, photons, and the occur-
rence of single-event latchups, are not expected to cause SEU
events in the measurements for the investigated 15-MV photon
beam, as indicated in [6], [7], [8], [9], [10], [11], and [12].
A more detailed estimation of the induced SEUs is provided
at the end of Section III-C.

This study is structured as follows. First, measurements
were performed with different experimental setups. Second,
the neutron spectra for these setups were obtained by detailed
FLUKA MC simulations. These calculated spectra were nor-
malized to the absorbed dose under well-defined conditions,
so that the expected and measured SEUs can be compared
directly.

II. MATERIAL AND METHODS

A. Beam Calibration and Neutron Fluence Normalization

The measurements were performed at an Elekta Synergy
clinical linac with 6- and 15-MV photon beams, of which the
latter has been used in this study. Due to its daily clinical use,
the linac is calibrated according to an established dosimetry
protocol (DIN 6800-2) [13] using a reference-class vented
air-filled ionization chamber (Type 31010, PTW Freiburg,
Germany). Moreover, the chamber is precalibrated using a
60Co source in a secondary standard laboratory. A 10 × 10 cm2

field defined at the isocenter plane (100 cm from the source
of the Bremsstrahlung target) in a 30 × 30 × 30 cm3 water
tank was used to calibrate the beam.

The surface of the water tank is located 90 cm from the
source, that is, the source-to-surface distance (SSD) is 90 cm.
Finally, the chamber is positioned at 10 cm depth in the water
tank. The absorbed dose-to-water Dw under these reference
conditions is determined using the following formalism:

Dw = (M − M0) · ND,w,Q0 · kQ,Q0 · kρ · kS · kr . (2)

The correction factors ki account for the deviation of
the measurement conditions from the calibration conditions.
To account for the difference in the energy-dependent cham-
ber’s dose response between the calibration (Q0) and the
clinical 15-MV (Q) beam qualities, a beam quality correction
factor kQ,Q0 is applied. Furthermore, the factor kρ corrects
for the difference in air density that can be calculated from
the temperature and pressure of the air cavity in the chamber,
kS corrects for the ion-recombination effect, and kr accounts
for the differences in chamber positioning between the cali-
bration and measurement conditions. The magnitude of these
values for the used chamber was derived according to [13].

The machine is calibrated, so that the measured dose
according to (2) under these reference conditions corresponds
to 1 Gy/100 monitor units (MUs). The number of MU is
the “radiation unit” measured by the internal monitor cham-
ber of a clinical linac located within the beam generation
system.

To allow a direct comparison between the measured and
simulated SEUs, both the measurement and simulation condi-
tions were normalized to the linac output. This was achieved
by relating the linac calibration in terms of 100 MU/Gy
in the measurements to Gy/primary particle under the same
conditions in the simulations. If not further specified, the dose
in Gy always refers to the dose that would be expected under
the reference conditions in water [13].

B. SEU Measurements

SEU measurements were carried out using the ISSI 40-nm
SRAM detector. The chip, identified by the part number
IS61WV204816BLL-10TLI and based on 40-nm technology,
has a capacity of 32 Mbit and operates at 3.3 V. A checker-
board pattern was initialized on the chip for testing
purposes [12]. The measurement period between two mea-
surements varied depending on the setup used, ranging from
10 to 60 s.
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Fig. 1. Schematic representation of the experimental setup, including the
three measuring positions for setups 1–3.

Field sizes between 4 × 4 cm2 and 20 × 20 cm2 were used
in different measurement setups. These nominal field sizes are
again defined in the isocenter plane 100 cm from the source.
In the first experimental setup, the SRAM was placed within
the primary photon beam along the beam’s axis at a source-to-
detector distance (SDD) of 55 cm, that is, the smallest possible
distance. The second setup was similar to the first one but
with a 10 × 10 cm2 field and the SRAM was placed at an
SDD of 100 cm along the beam’s axis. In the third setup, the
measurement position was also located at an SDD of 100 cm
but moved 40 cm lateral from the beam’s axis in accordance
with Howell et al. [14]. For this third setup, a 30 × 30 ×

5 cm3 RW3 slab phantom, used to simulate the interaction in
a human body, was positioned along the beam’s axis at the
isocenter, irradiated with a field size of 10 × 10 cm2.

For these setups, measurements were performed with and
without boron carbide shielding placed above the ISSI 40-nm
SRAM detector to absorb the thermal neutrons, hence isolating
the influence of the high-energy neutrons. The shielding used
consisted of a 5-mm-thick boron carbide plate, comprised of
80% boron and 20% glue. The composition of the boron is
80% 11B and 20% 10B, while the glue consists of 70% carbon,
25% oxygen, and 5% hydrogen.

A schematic representation of the experimental setup
including the three measuring positions for setups 1–3 is
shown in Fig. 1. Furthermore, Fig. 2. depicts a photographic
representation of the third setup in the treatment room of
the Elekta Synergy linac. In Fig. 2, the gantry is visible at
the top of the image. In the center, the RW3 plate phantom
can be identified, and in the front-left corner of the image,
the ISSI 40-nm SRAM detector, including the test board, is
depicted.

In a long-term experiment at the same linac, SEUs were
measured at approximately 4 m from the isocenter over a
period of two months. The measurement location was chosen
to be representative of that of our electrical equipment in the
bunker, such as measurement devices.

Fig. 2. Setup 3 inside the Elekta Synergy linac treatment room.

Fig. 3. Simplified and not to scale schematic representation of the Elekta
Synergy accelerator head geometry implemented in the FLUKA simulations
[(a) target region, (b) primary collimator plus flattening filter, (c) monitor
chamber, (d) mirror, (e) multileaf collimator, (f) diaphragms, and (g) simplified
shielding].

C. MC Simulations of the Neutron Fluence

To obtain the spectral information of the neutrons pro-
duced, MC simulations were performed using the FLUKA
code [15], [16]. For this purpose, a realistic accelerator head
geometry of the Elekta Synergy linac was implemented in
FLAIR [17]. A simplified, not to scale representation of
the modeled accelerator head is displayed in Fig. 3. In this
representation, the direction of the radiation is from top
to bottom. Accordingly, electrons initially strike the target
[mostly tungsten (a)], and the resulting Bremsstrahlung pho-
tons are spatially confined by the primary collimator (mostly
tungsten) and the spatial intensity is homogenized through
the flattening filter [mostly iron (b)]. Subsequently, the beam
passes through the monitor chamber (c), which is used to
quantify the radiation in real time in terms of the MUs
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(see Section II-A). After passing through the thin mirror (d),
the final field shape is defined by the multileaf collimators
[mostly tungsten (e)] and the diaphragms [mostly tungsten (f)].
Additionally, these accelerator components are surrounded by
shielding (g), which, among other functions, prevents the
escape of scattered radiation from the accelerator head.

The target, primary collimator, flattening filter, multileaf
collimator, diaphragms, and the shielding directly interact with
high-energy photon radiation. They consist of high-Z materials
and are therefore of relevance for the neutron production from
photodisintegration. In addition, the MC model includes a
simplified version of the irradiation bunker, as well as its air
volume.

The neutron spectra were scored inside an air cavity with
the dimensions 2 × 2 × 2 cm3 at the measurement positions
with the USRTRACK card. To decrease the computation time
of the neutron spectra, the respective simulations considered
only electrons and photons with energies greater than 7 MeV.
Photons with lower energies contribute negligibly to neutron
production and can therefore be disregarded. However, for
the dose simulations in water, electrons and photons with
lower energy must be considered. Additionally, the variance
reduction option LAM-biasing was used. Thereby, the inelastic
nuclear interaction length for photon interaction was shortened
by a factor of 106. The actual electron peak energy of the
15-MV photon beam was set to 12.7 MeV, as specified by the
manufacturer.

D. Model-Based SEU Calculation

Based on the neutron spectra simulated in Section II-C,
the SEUs/Gy was calculated by applying the model described
in (1). This was accomplished by numerical integration of
the product of the simulated energy-differentiated neutron
spectra and the energy-dependent cross sections as described
by σ · w. The corresponding w-functions for the thermal and
high-energy region are given in the following equations:

wThN(E) =

√
0.025 eV
E [eV]

(3a)

and

wHEH(E) = 1 − e−

(
E−Eth

w

)s

(3b)

with energy threshold Eth = 0.01 MeV, σThN ≈ 1.1 ·10−7 cm2,
and σHEH ≈ 4.7 · 10−7 cm2 [12].

III. RESULTS

A. Beam Calibration and Neutron Fluence Normalization

Table I summarizes the measurement conditions and the
associated correction factors for the 15-MV photon beam
during the beam calibration as determined according to
DIN6800-2 [13]. The temperature of the water tank and
the atmospheric air pressure during the measurement were
22 ◦C and 1014 hPa, respectively; hence, the corresponding
difference of air density from that of the calibration conditions
(20 ◦C and 1013.3 hPa) was corrected with kρ = 1.0058.
The beam-quality correction factor kQ0,Q amounts to 0.972. kr

TABLE I
SUMMARY OF THE VARIABLES FOR 15-MV PHOTON BEAM CALIBRATION

depends on the radius of the chamber’s air cavity. In this case,
r = 2.75 mm resulting in kr = 1.008. For pulsed radiation
of the linac, the collection efficiency is inversely proportional
to the dose-per-pulse DP . For the 15-MV beam used in this
study, the value DP is 0.42 mGy resulting in kS = 1.006.

Under these conditions, the corrected measured charge
amounts to M · ki = 1.090 · 10−8 C, when multiplied with
the chamber’s calibration coefficient N = 9.286 · 107 Gy/C,
yielded 1.012 ± 0.007 Gy, in accordance with (2). The
intended calibration of 1.000 ± 0.007 Gy/100 MU was
achieved by adjusting the machine calibration factor by 1.2%.

In order to verify the implemented FLUKA model and
the beam quality, a depth dose curve (dose versus absorber
thickness) for a 10 × 10 cm2 field along the beam’s axis was
scored in a 30 × 30 × 30 cm3 water tank, with its surface
placed at an SSD of 100 cm. The depth-dose distribution
was measured using a diode detector (microDiamond, PTW
Freiburg) in a water tank.

The top of Fig. 4 shows the comparison between the
measured (red) and the simulated (black) depth dose curves.
Both the measurement and the simulation were normalized to
the maximum dose at a depth dmax of 26 mm. In the dose
fall-off region, the measured and simulated relative doses at
100 mm depth are 0.76 and 0.77, respectively. The agreement
demonstrated in Fig. 4 confirms the beam quality of the MC
linac model implemented in this work. The lower part of Fig. 4
shows the spectrum of the used 15-MV photon beam. The
spectrum exhibits the typical properties of a bremsstrahlung
spectrum, with the maximum fluence occurring in the range
of a few megaelectron volt. The highest photon energy corre-
sponds to the maximum primary electron energy of 12.7 MeV.

To normalize the simulated neutron spectra to the mea-
surement conditions, the absorbed dose-to-water under the
reference conditions, as described in Section II-A, has
been simulated. Thereby, the calculated dose contribution
under these conditions per primary electron amounts to
3.60 · 10−16

± 2% Gy/primary, which is within the expected
range according to Horst et al. [18]. The simulated neutron
spectra (cm−2

· GeV−1
· primary−1) were then renormalized

to the absorbed dose-to-water under the reference conditions
(cm−2

· GeV−1
· Gy−1).

It is noteworthy that the absorbed dose-to-water at any
given point can be converted into dose-to-silicon using the
mass-stopping power ratio between water and silicon accord-
ing to the Bragg–Gray cavity theory [19]. The mass-stopping
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TABLE II
SUMMARY OF THE MEASURED SEUS FOR THE THREE DIFFERENT MEASUREMENT SETUPS. THE VALUES IN

BRACKETS CORRESPOND TO THE RANGE WITHIN ONE STANDARD DEVIATION (K = 1)

Fig. 4. Top: normalized depth dose curves for a 10 × 10 cm2 15-MV
photon beam. Red: measurement water tank. Black: simulation water tank.
Blue: simulation silicon block. The simulated curve is smoothed with a median
filter. For the reasons of clarity, the error bars of the water tank simulation are
not shown, but the error can be estimated to be within ±2%. The error of the
measured dose is shown and is approx. 1% of the measured value. Bottom:
The simulated photon fluence of the 15-MV photon beam for setup 1 with a
20 × 20 cm2 field.

power ratio can be determined according to Benmakhlouf and
Andreo [20] as a function of the energy of secondary electrons.
For the 15-MV photon beam used in this study, the mean
energy of secondary electrons can be estimated from the depth
of dose maximum (26 mm), as presented in Fig. 4.

This depth corresponds to the average range of the sec-
ondary electrons with a mean energy of 5.5 MeV. Therefore,
the associated mass-stopping power ratio silicon to water is
estimated to be 0.85 ± 0.02 [20]. In other words, for the
silicon-based ISSI 40-nm SRAM detector, 1 Gy of absorbed

dose-to-water at the measurement position corresponds to
0.85 ± 0.02 Gy in silicon.

B. SEU Measurements

Due to the high photon fluence and the presence of high-Z
materials in the vicinity of the target, the neutron fluence
closer to the target is expected to be larger [14]. The closest
possible position of the ISSI 40-nm SRAM detector was at an
SDD of 55 cm along the beam’s axis. For this setup, several
measurements were performed with and without the boron
carbide shielding. As expected, no SEUs were detected for
the 6-MV photon radiation.

During the first measurement with 15-MV photon beam,
10 000 ± 20 MU were delivered. This corresponds to
approximately 100 Gy of absorbed dose-to-water at the isocen-
ter under the reference conditions (see Section II-A). The
measured SEUs for different field sizes are presented in
Table II. Regardless of field size and boron carbide shielding,
approximately 100 SEUs/10 000 MU were induced in all
combinations. This corresponds to approximately 1 SEU/Gy.

The second setup has been exposed to a total of 4000 MU
using a 10 × 10 cm2 15-MV photon beam. A total of seven
SEUs or approximately 0.18 SEUs/Gy were measured.

For the third measurement setup, 20 000 MU were irradiated
with a 10 × 10 cm2 15-MV photon beam with and without
boron carbide shielding. In the presence of the shielding,
nine SEUs were detected, while without the shielding, 15, 6,
and 7 SEUs were detected. Averaged over these measurements,
the measured SEU/Gy is 0.046. For this third setup, the
statistical error for this measurement parameter is relatively
high due to the limited number of measured SEUs.

During the long-term measurement, the SRAM detector
was permanently installed on a shelf approximately 4 m
away from the isocenter. Over a period of ten weeks encom-
passing approximately 680 clinical hours, an average of
4000–5000 MU of 15-MV photon radiation were irradiated
per day. A total of 57 SEUs have been detected that correspond
to an average of 1–2 SEUs/day or 0.03 SEUs/Gy, whereby the
statistical uncertainty of this quantity is also relatively large.
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Fig. 5. Energy-differentiated neutron spectra normalized to the absorbed
dose-to-water in Gy under the reference conditions for setup 1 (top) and
setups 2 and 3 (bottom). Error bars associated with simulation values are
shown, but due to the double logarithmic representation, some of them are
within the symbol size. In setups 2 and 3, where the fluence is substantially
lower, some low energy bins are sparsely filled, so that the standard error of
the mean surpasses the mean itself (lower bound of error bars not shown).
Nevertheless, due to the negligible contribution of these thermal neutrons
toward SEUs, as discussed in Section III-C, the impact of the associated error
on the simulated SEUs is also small and has been included in the overall
uncertainty reported in Table II. The distinction between boron carbide on
top and boron carbide box is provided in Section III-C.

Furthermore, the occurrence of SEUs could be correlated
temporally with the irradiation by 15-MV photon radiation.

C. MC Simulations

In Fig. 5, the resulting spectra differential in energy, after
normalization, as described in Section III-A, are shown. The
fluence is the highest for setup 1 (top), which is closest to the
target, followed by setups 2 and 3 (bottom). Nevertheless, it is
noteworthy that the relative energy distributions of neutrons
are comparable at the three measurement positions. In addition
to the unshielded cases, two more simulation results are
presented: one with a boron carbide layer placed above the
scoring geometry corresponding to the actual measurement
setup and another with shielding on all sides of the scoring
geometry.

Based on these neutron spectra, the SEUs/Gy can be
calculated, as described in Section II-D. The corresponding
expected SEUs/Gy for setups 1–3 is presented in the last

column of Table II. Due to the negligible contribution of the
thermal neutrons to the calculated SEU, the tabulated values
correspond to the SEUs attributed to the high-energy neutrons
(ref. Section IV-B). For the first setup, the expected SEU/Gy
for a field size of 20 × 20 cm2 is 1.06 without shielding
and 0.98 with shielding. In a smaller field of 4 × 4 cm2, the
simulated SEUs/Gy values are 0.52 and 0.47.

For the second setup located 45 cm further downstream
the beamline, the simulated SEU/Gy is 0.09. For the third
setup located outside the photon beam, simulations resulted
in 0.03 SEUs/Gy for the case with and 0.04 SEUs/Gy for the
case without shielding.

To ensure that the majority of the observed SEUs during
the measurements were indeed induced by neutron radiation
and not by electrons and photon radiation, SEUs induced by
electrons and photons were also calculated using the Weibull
fits published by Tali et al. [21] for electron and photon
radiation for a similar ESA SRAM monitor. The cutoff for
electron radiation is 16 MeV, which is significantly higher
than the 12.7-MeV electron radiation used here. For photon
radiation, the cutoff energy is 10 MeV, so that a portion of
the photon fluence in this study lies within the range that can
potentially cause SEUs (see Fig. 4, bottom). For the field size
of 20 × 20 cm2, the photon fluence imparted on the detector
is the highest. The expected SEUs for this scenario were
calculated to be approximately 0.0005, which is a few orders
of magnitude smaller than the number induced by neutron
radiation. Therefore, this provides justification of quantifying
the number of SEUs in this work using (1) by only considering
neutron radiation.

IV. DISCUSSION

A. Field Size Dependence

In the first setup, measurements using two field sizes of
20 × 20 cm2 and 4 × 4 cm2 have not revealed field size depen-
dence for both cases with and without boron carbide shielding.
As presented in Table II, these measurements resulted in
approximately 1 SEU/Gy. In the simulation results presented
in Table II, however, a field size dependence can be observed,
where the SEU induced per Gy by the larger field size of
20 × 20 cm2 is about a factor of 2 higher than that induced
by the smaller 4 × 4 cm2 field. This observation within the
simulations aligns with the analyses of field size dependence
conducted by Brkić et al. [22], where an increasing neutron
fluence along the beam axis with increasing field size has been
reported. Nevertheless, at a very large field (40 × 40 cm2), the
fluence drops again as only a small portion of the collimators
is now irradiated by the primary beam. Therefore, according
to these findings, the induced SEUs/Gy should be higher in a
20 × 20 cm2 field as we have found in the simulations.

B. Contributions From Thermal and High-Energy Neutrons

As shown in Table II, no substantial reduction in the number
of SEU/Gy has been observed when applying the boron car-
bide shielding, for both the measurements and the simulations.
Furthermore, Fig. 5 shows that shielding from above could
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lead to a reduction in thermal neutrons, whereas shielding from
all sides would further reduce the fluence of thermal neutrons.
This indicates that the fluence of the thermal neutrons appears
to be approximately isotropic at the measurement locations.
Nevertheless, the fluence of thermal neutrons at all three
locations is shown to be insufficient to induce a significant
number of SEUs in the ISSI, so that only a very small
reduction in SEU/Gy could be observed in both shielding
scenarios. The calculated ratio of SEU between the low- and
high-energy range [first and second terms in (1)] for setup
1 corresponds to a value between 1/10 and 1/20, which agrees
to the experimental observations. Therefore, it is noteworthy
that in both measurements and calculations, the number of
induced SEUs is dominated by the high-energy component of
the neutron fluence.

C. Uncertainty

The total number of SEUs calculated from the simulated
neutron spectra using the known cross sections according
to (1) agrees with the measurements taking the uncertainty
ranges into account. As described in Section IV-A, a field size
dependence can be observed in the simulations, which is not
apparent in the measurement.

Both the measured and calculated SEUs are subject to
uncertainties associated with different factors. The Type A
uncertainty of the measurement depends on the number of
SEUs measured. In the measurements at SDD 55 cm along
the beam axis, the yield for SEUs is highest at around
100, resulting in the smallest Type A uncertainty of ±10%.
For NSEU > 50, the standard deviation can be calculated
as σ = (NSEU)1/2. For the other measurement setups, the
yield is lower and, accordingly, their Type A uncertainty is
significantly higher and can be estimated by the 95% Poisson
distribution [12]. The resulting uncertainties for the number of
measured SEUs/Gy are presented in Table II.

In the simulations, several aspects of the implemented
accelerator model were simplified, such as the shielding and
secondary collimators. Furthermore, both the dose calculation
and the neutron fluence simulations are subject to Type A
uncertainty, whereas the one associated with the dose cal-
culation is about ±2% and is therefore small as compared
to that of the neutron fluence. Additionally, the SEUs/Gy
calculated according to (1) depends strongly on the interaction
probabilities wThN(E) and wHEH(E), especially the latter as
the majority of SEUs are triggered by high-energy neutrons.
The term wHEH(E) is specific to the SRAM detector and
can be described for the ISSI 40 nm using the Weibull
function (3b), with fit parameters w = 14.05 MeV, Eth =

0.01 MeV, and S = 0.82 [12]. However, it should be noted
that these fit parameters also have inherent uncertainties. The
reported uncertainty in Table II was assessed by combining
the Type A uncertainty of the simulated spectra and the
Type B uncertainty associated with the fit parameters w and S.
Therefore, considering the involved uncertainties (FLUKA
model, measurement statistics, SRAM response function, etc.),
the agreement between the measured and calculated SEUs is
considered satisfactory.

D. Clinical Applications

Our results for the third setup demonstrated the feasibility
of using SRAM detectors to quantify the neutron contami-
nations out of the field during clinical operation. The SEU
measurements can also be used to correlate the neutron
fluence temporally with the beam quality, such as 15-MV
Bremsstrahlung as used in this study. However, for a reliable
quantitative assessment of the underlying neutron fluences,
higher SEU counting rates or longer measurement periods may
be necessary.

V. CONCLUSION AND OUTLOOK

It has been successfully demonstrated that the neutron
fluence produced by a clinical linac can be assessed both
qualitatively and quantitatively through SEU measurements
with an ISSI 40-nm SRAM detector. The number of measured
neutron-induced SEUs agrees with the calculations based on
the simulated neutron fluence, considering the uncertainties
associated with both the measurements and simulations.

While the measurements do not indicate any field size
dependence, the simulations suggest that such a dependence
could be present. Therefore, further investigations into these
aspects are advisable to better understand this relationship.

Overall, the associated neutron fluence results in a low
number of observed SEUs in an SRAM, which has one of
the largest sensitivities to thermal and 0.01–10-MeV neutrons
among these devices. This information is highly relevant, for
example, with regard to treatments involving patients with
pacemakers or other critical electronical aid supports.

Since these neutrons originate mainly from interactions of
the primary beam with high-Z components of the gantry, the
influence of different high-Z materials can be investigated via
MC simulations in future studies.

Furthermore, the feasibility of SEU measurements to
improve the knowledge of neutron fluences in the context of a
high-energy clinical beam and especially of other modalities,
such as particle therapy, where high-energy protons and carbon
ions are frequently used, is also of high interest among the
medical community.
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