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Dosimetry of Thermal Neutron Beamlines at a
Pulsed Spallation Source for Application to the
Irradiation of Microelectronics

Carlo Cazzaniga, Davide Raspino, G. Jeff Sykora and Christopher D. Frost

Abstract— GEM detectors and activation foils have been used
for dosimetry of thermal beamlines of a pulsed neutron source.
The first is an active detector that performs measurements using
the time of flight technique, taking advantage of the pulsed nature
of the source. The same detector has been used successfully to
measure the profiles of the beams. The second is a passive
irradiation method that independently confirms the measured
fluxes of EMMA and ROTAX beamlines of the ISIS neutron
source. They feature different thermal spectra, the first being
moderated with water (300 K) and the second with liquid methane
(100 K). These two characterized beamlines have then been used
for the irradiation of microelectronics for single event effect
testing using reference SRAM module. It is shown that results are
consistent, and that a correction factor must be applied to scale the
results on the cold beamline to the one at room temperature.

Index Terms— thermal neutrons, time of flight, activation foils,
single event effects.

I. INTRODUCTION

Industry and academia are increasingly performing
irradiation tests of microelectronics components to
study Single Event Effects (SEE) that can disrupt the
operation of systems often used in safety-critical
applications [1-2]. For terrestrial and avionic
environments, spallation facilities are used to reproduce
the cosmic-ray induced atmospheric spectrum [3]. This is
a white neutron spectrum with energies up to hundreds of
MeV [4]. Chiplr, a beamline at the Rutherford Appleton
Laboratory (UK), uses the spallation of 800 MeV protons
of the ISIS accelerator on a tungsten target to produce an
atmospheric-like neutron beam [5, 6]. Other reference
facilities for the atmospheric environment are LANSCE
[7] in the USA and TRIUMF [8] in Canada.

The atmospheric neutron radiation field, however,
presents a very significant and variable component of
thermal neutrons [9]. Thermal neutrons are produced by
the moderation of fast neutrons in materials. By definition
their spectrum comes from a Maxwell-Boltzmann
distribution with room temperature at ground level KT =
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25 meV (T = 300 K). For a composite neutron spectrum,
as generated by scattering from a fission or spallation
neutron production process, the neutron spectrum is often
divided in to a thermal, a 1/E (or epithermal), and a fast
component. Thermal neutron fluxes are defined for E <
0.5 eV, which is the threshold of absorption of cadmium
(see the nuclear cross section of cadmium in Fig. 1). This
definition of thermal neutron fluxes, as being dictated by
the cadmium cut-off, is a fully experimental definition
related to the need to have a practical measurement
method and it is standard practice in nuclear physics.
13Cd has a very large (20,615 barn) resonance absorption
cross section which is often used as a cover or attenuating
material in dosimetry measurements - see Fig. 1.

SEE are induced by thermal neutrons when boron is
present in (or close) to the sensitive volume of
microelectronics devices [10]. This is because °B has a
very high cross section for the (n,a) reaction at thermal
energies (see Fig. 1). 1°B is 20% of natural boron, the rest
being !B. Boron is necessary for the manufacture of
modern semiconductors, so many commercial devices
contain °B. It is well known that an easy mitigation
solution would be to use enriched 'B. However, isotope
enrichment is very expensive and often not used in
commercial electronics that are now frequently used in
critical applications. Recent studies have shown that in
some cases the Failure In Time (FIT) due to thermal
neutrons can be comparable to the FIT due to fast
neutrons in terrestrial applications [11, 12]. It is important
to notice that sensitivity to thermal neutrons is very
device-dependent. The effect is important for devices
with a low LET threshold in the SEE cross section, i.e. a
low critical LET.

Moreover, the thermal neutron flux can be increased by
the presence of moderating material (hydrogenous
material). Modern data centres and supercomputing
facilities contain large quantities of materials such as
concrete structures and floors, thick walls, and water
cooling units. These can all potentially increase the flux
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of thermal neutrons, such that they are a major concern
for supercomputing applications [13].

Recent studies with 7nm bulk FinFET report that the
presence of 1°B in the metal stack makes contribution of
thermal-neutron-induced SEEs significant at the 7-nm
node [14].

These recent studies motivate the need of accelerated SEE
testing using thermal neutrons. Pulsed spallation sources
can provide thermal neutron beams using moderators
[15]. In this work, the dosimetry techniques that have
been used to characterize two thermal beamlines are
presented. The time of flight (ToF) technique can be
utilized [16], making use of the pulsed source to provide
the neutron energy spectrum. Use of activation foils is the
reference technique used to independently verify the
neutron fluence and to infer the flux [17, 18].

In the last part of this work, characterization SEE
measurements, performed with SRAM memories, are
presented. It can be noticed that care must be taken in
cases when the temperature of the moderator deviates
from room temperature. This is because the nuclear cross
section of °B is strongly dependent on the neutron
energy, as shown in Fig. 1. A correction factor must be
calculated to relate the SEE induced by a thermal neutron
Maxwell-Boltzmann energy distribution at a temperature
other than that of the reference room temperature to the
corresponding SEE expected at the reference temperature.
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Fig. 1. Nuclear cross sections of interest. The (n,a) reaction on °B
is responsible for SEE induced by thermal neutrons. The capture
reaction on 3Cd is used for shielding of thermal neutrons with E< 0.5
eVv.

II. THERMAL NEUTRONS BEAMLINES

The ISIS pulsed neutron source [19] is based on a
synchrotron accelerator that collides 800 MeV protons on
tungsten targets (on two target stations) to produce
neutrons by spallation. The accelerator is pulsed at 50 Hz,

with 40 Hz on the first target station, and 10 Hz on the
second. The average current is about 200 pA.

A beryllium reflector is used to maximize the neutron flux
on the moderators. In the first target station, fast neutrons
are slowed down in four different moderators. Two of
them use water at room temperature (T = 300 K), one uses
liquid methane (T = 100 K) and the fourth consists of
liquid hydrogen (T = 20 K). The different temperatures
result in different energy thermal neutron beams. A
schematic of the target station is presented in Fig. 2.

In this work, two thermal beamlines of the first target
station have been considered, EMMA (previously called
HET) [20] and ROTAX [21], that have a line of sight on
the water and liquid methane moderators, respectively.
The distance from the moderator to the irradiation
positions are 16 m and 12 m, respectively.

On both beamlines, a chopper (a rotating device used to
block a portion of the neutron beam in time) is
synchronous with the proton pulse in order to cut the fast
neutron part of the spectrum, letting through only the
thermal component. Choppers with this feature are
commonly used at spallation sources, often known as TO
choppers, referring to the fact that they effectively close
the beam path at the moment of neutron production “time
equal zero”, or also as NIMONIC choppers, referring to
the nickel alloy used as bulk material to intercept the fast
neutrons [33]. The phase of these choppers can be
changed in order to let the full spectrum through when
necessary.

Tungsten Target

Water moderators 20 cm

Be reflector

800 MeV
protonbeam

Liqui'd Methane
moderator

Liquid hydrogen
moderator

Fig. 2. Schematic of the ISIS first target station (vertical cut). The
essential components of the target station are i) the tungsten target, ii) the
moderators, iii) the beryllium reflector. Moderators of different materials
are used to extract thermal neutrons at different temperatures.



I1l. GEM DETECTORS USING TIME OF FLIGHT TECHNIQUE

In this work, Gas Electron Multiplier (GEM) detectors
were used to measure flux and the spatial beam profiles.
GEMs [22] are charged-particle detectors based on thin
(50um) insulating foils, cladded with copper on both
sides. The charge multiplication is done in holes
(diameter is about 70um) in the foils: when a bias voltage
is applied to the copper layers each hole acts as a
proportional amplifier [23].

To optimize the transport and collection of charges, the
detector uses an atmosphere of Ar-CO,, which is the
standard mix used in triple GEM detectors. After
multiplication, electrons are collected from the avalanche
by electrodes.

Clearly, to detect thermal neutrons one needs to convert
them to charged particles. To this purpose a thin layer of
B4C, where the boron is enriched °B (enrichment >99%
as certified by the manufacturer), is deposited on the
cathode, which is just below the entrance window [24,
25].
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Fig. 3. Measurement of the Time of Flight spectra using a borated GEM
detector.

Neutrons are counted when signals exceed the threshold
of the readout electronics. The efficiency is characterized
by the vendor and it is defined by the thickness (t=0.1 pm)
of the thin layer of B4C. The efficiency is a function of the
neutron energy that scales as the cross section of 1°B (see
Fig. 1.). It is worth to notice that for a thin layer detector
the efficiency at a given neutron energy €(E) can be
approximated as &(E) = n-t-c108(E) [32], where n is the
number of 1°B nuclei per unit volume, t is the thickness,
and o108 iS the capture cross section of 1°B.

A detector with a 10 x 10 cm? area and with a spatial
resolution of 0.8 mm has been used.

A ToF histogram is built using the time difference
between the Tsarsignal, coming from the proton on target
pulse, and the detection Tswop Signal. Fig. 3 shows counts
as a function of ToF measured by the GEM detector on
the two beamlines.

The energy of the neutron is easily calculated using
classical kinematics
L 2
) )

1
E=-m(—
2m<ToF

where L is the length of the neutron flight path to the
detector and m is the mass of the neutron.

The energy spectrum Z—IZ is calculated from the ToF
dnN
spectrum — as
dN dN (0t
= (— 2
dE dt (aE) )
The resulting neutron energy spectra are presented in Fig.

4. The neutron efficiency and the detection area are used
to normalize the counts.
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Fig. 4. Measured neutron energy spectra (d®/dE) on two thermal beamlines
at the ISIS pulsed neutron source. The beamlines have moderators of different
temperature.
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Fig. 5. Measurements of beam profiles on thermal neutron beamlines
using a borated GEM detector. ROTAX (top) and EMMA (bottom).

It is very clear that the two beamlines have different
thermal neutron spectra, mainly due to the different
temperature of the moderators. Also the epithermal
component presents a similar shape, where differences
that can be attributed to the neutron transport. An
important difference to be considered is that ROTAX has
a forward direction, with respect to the proton beam,
while EMMA is backwards.

The 2D spatial resolution of the detector allows for
mapping of the beam profile, results are presented in Fig.
5. One can see that EMMA has a uniform square beam
over the area of 4 x 4 cm?, where standard deviation o /
average U = 8%. Different sizes could be selected using
a B4C jaw system. ROTAX is less uniform, on an area of
4 x 4 cm? , we find o/p= 22%, however a 2 X 2 cm?
uniform area can be found, where o/u= 6%. On a
ROTAX it is also possible to define smaller beams using
B4C jaws.

In Fig. 6 it is possible to notice what happens to the
spectrum of ROTAX and EMMA when the chopper is set
in phase with the accelerator to cut the epithermal and fast
component of the beam. One can see that the intensity for
E, > 1 eV diminishes by about two orders of magnitude.
These settings can be used when it is important to discard

epithermal neutrons. When the chopper is set “out of
frame” the entire spectrum can go through, except a small
portion of cold neutrons that are very slow compared to
the others and are still intercepted by the out of phase
chopper.
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Fig. 6. Measured neutron energy spectra at ROTAX with the
chopper spinning with different phase with respect to the proton pulse
(top). Measured neutron energy spectra at EMMA with the chopper
spinning and not spinning (bottom).The chopper can be used to cut the
epithermal and fast component.

IV. ACTIVATION FOILS

The neutron activation technique consists of irradiating
foils of known material, i.e. containing a known amount
of target nuclei &, and measuring the activation rate R.
R is the number of radio-nuclei produced in the sample
per unit time during irradiation. This is given by the
following equation

R = N’<Df0(E)(p(E)dE (3)

where @ is the neutron flux, ¢(E) is the neutron spectrum

normalized to the area Z—'EV = ®-@(E), and o is the



nuclear cross section of the specific activation reaction. In
this study, ¢(E) is based on the measurements by the
GEM detector.
The measurement is performed with a High Purity
Germanium detector (HPGe) that measures the y-rays
from the radioactive decay of product nuclei.
To infer R from the measurement, one needs to count the
number of decays ngc Of the radio-nuclei after the
irradiation. This is given by the number of counts Neount in
the signature peak divided by the efficiency, €, and the
probability of emission of a y-ray of such energy, .

— ncount (4)

n
dec < - Ig

A coaxial detector system with a crystal of 70 mm
diameter and 50 mm height has been used. Due to the
large volume and small band gap, HPGe is the best
solution in terms of efficiency and energy resolution. The
efficiency has been calculated with a Monte Carlo
simulation and benchmarked with laboratory calibration
sources of °Co, ¥’Cs and 2**Am. These sources have y-
lines of known energy and the activity is certified by the
manufacturer.
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Fig. 7. Example of gamma-ray spectra measured by the HPGe after the
activation of gold and copper foils on ROTAX.

The two reactions that have been selected for the
activation measurements are %’Au(n,y)'*®*Au and
83Cu(n,y)®Cu. They are standard reactions for thermal
neutron measurements. Product nuclei, *8Au and ®Cu,
have relatively long half-life, 2.69 days and 12.7 hours,
respectively. Half-lives of days or hours are particularly
favorable for the practicality of the measurement and are
an important parameter in the choice of the isotopes.
198Au and ®*Cu emit characteristic y-rays at 411.8 keV and
1345 keV, respectively. Irradiations of foils has been
performed on both beamlines with the choppers in normal
operation, spinning in phase with the beam, reducing
epithermal and fast neutron fluxes (see Fig. 6). The ISIS

accelerator was running at 160 YA on target. The
measurements of the y-ray spectra are shown in Fig. 7,
where the characteristic peaks are clear.

Results of flux measurements are shown in Table 1 where
they are also compared to the thermal flux measured with
the GEM detector (after integrating from 0 to 0.5 eV of
the spectra in Fig.4).

A discussion about uncertainties is needed. The gamma
spectroscopy measurements have been repeated three
times for EMMA, both for the gold and copper foil. The
same relative uncertainties have been applied also to
ROTAX, where a single gamma spectroscopy
measurement was taken. However, one needs to consider
that other systematic errors may remain uncharacterized,
e.g. errors on the HPGe efficiency, alignment errors, etc.
On the other hand, the copper and gold capture cross
sections are very well known, so the cross section
uncertainty is not expected to be a significant
contribution. The uncertainty on the GEM detector
efficiency was not given by the manufacturer. However,
we can use a value of 10% as in Ref.[32], where a very
similar GEM detector is presented. Taking into account
these known uncertainties, Table 1 presents the weighted
averages.

The measured neutron flux between the two techniques
are in relative good agreement. For ROTAX all
measurements are within 7%, which is within the known
uncertainties. For EMMA there is a discrepancy of about
19% between Au and Cu activation results, and a possible
reason is discussed below following an analysis of the
epithermal contribution. The values obtained from Au and
Cu however give an average that has a discrepancy of
only 4 % with respect to the result given by the GEM
detector. This is why two different reactions are used to
check reproducibility of the results and average out
possible systematic errors.

gold copper Average
EMMA | (1.95+0.03)-10°  (2.34 £0.14)-10° (2.02 £0.05)-10°
ROTAX | (2.90 +0.04)-10° (2.68 +0.14)-10° (2.85 + 0.06)-10°
Activation GEM detector Average
EMMA | (2.02£0.05)-10°  (1.94+0.2)-10° (2.0 £0.1)-10°
ROTAX | (2.85+0.06)-10° (2.72 £0.3)-10° (2.82 £0.1)-10°

Table 1. Thermal neutron flux (E < 0.5 eV) summary of measurements.
Units are cm%s™,

Au and Cu nuclear reactions are not covering the energy
range with the same weight. This can be appreciated
looking at the nuclear cross sections depicted in Fig. 8.



Au197
Cu63

10% 4

10° 4
102 A
= 10"+
10° o
107" 4

102 4

103 T T T T m T r r m
10° 10® 107 10® 10° 10* 10% 102 10" 10°

E (MeV)
Fig. 8. Neutron capture cross sections of gold and copper as a function of the
neutron energy.

In particular, gold has a strong resonance at about 5 eV,
meaning that more weight is given to epithermal neutron
then to thermal neutrons, with respect to copper. These
have been taken into account by the analysis, as the
activation rate for both is calculated using eq.3,
integrating from 10 eV to 10* eV. In other words, even
if in Table 1 we present only the neutron flux with E<0.5
eV, the flux above 0.5 eV contributes to the analysis.
In Fig. 9 we present a breakdown of this analysis, where
we calculated the contribution to the activation rate by
three different energy groups: a) E<0.5eV, b)0.5eV <
E<10eV,c)10eV <E <10 keV.
We can notice the following facts:
- As expected due to the resonance, the
contribution of group b) is always more for gold
with respect to copper.
On ROTAX, group a) is the main contribution for
both gold and copper. On EMMA, group a) is the
main contribution for copper, while group b) is
the main contribution for gold. This is due to the
different spectra on the beamlines with the
thermal component on ROTAX being “colder”
(where capture cross sections are higher).
Energy group c), above 10 eV, contributes less

than 1% both on ROTAX and on EMMA.

The second point can possibly explain why on EMMA
there is more discrepancy between gold and copper
results. This statement is based on an assumption that the
difference is based on possible systematic errors in the
spectra used at epithermal energies (given that the
assumed spectra shape comes from GEM measurements).
This analysis can be extended in future studies adding
more measurements  data. Firstly, activation
measurements of foils embedded in Cd foil activation can
be used to subtract the component coming from E> 0.5eV.
Also more elements can be used and therefore more

reactions with different resonances and thresholds.
Having many reactions (with and without cadmium
shielding) one can try a process of unfolding of the
neutron spectrum, instead of relying, like here, on the
guess spectrum measured by the GEM detector. However,
this investigation is expensive in terms of both beam time
and data analysis time. We argue that the current results
are enough to enable the use of these beamlines for testing
of microelectronics, as the testing community is
increasing the demand of available beam time.
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Fig. 9. Contribution to the activation rates of gold and copper for
ROTAX (top) and EMMA (bottom).

V.SEE MEASUREMENTS WITH SRAMS

Test measurements have been performed using a detector
based on SEEs. This is a reference monitor developed by
the European Space Agency (ESA) [26]. It has been used
to characterize the radiation field of space applications
[27] and of different radiation facilities [28-31]. The ESA
monitor is based on the detection of SEEs occurring in a
set of 4 ICs of a well calibrated 4 Mbit SRAM (Atmel
AT60142F), for a total of 16 Mbit. The die area of each
chip has a size of 6.1 mm x 11.2 mm.

A check pattern of “0” and “1” is written in the memory
before the start of the irradiation. After the device has
been exposed to the neutron beam, the data are read and



the number of errors are determined. One needs to be sure
that the number of errors is small with respect to the 16
Mbit, so that the probability of the same bit being affected
twice is negligible.

Measurements on the two beamlines have been
performed, with and without a cadmium filter (see table
2). These measurements demonstrate that most of the SEE
are indeed induced by thermal neutrons (88% and 97%,
respectively) and only a small percentage of SEE is
induced by epithermals or residual fast neutrons. For this
reason, users are always encouraged to perform control
measurements with cadmium filters at thermal beamlines.
The measurements on EMMA were performed with the
accelerator operating at 175 pA, that is with respect to the
measurements on ROTAX and all previous
measurements, when the accelerator was operating at 160
HA. The fluence has been corrected assuming that the flux
scales linearly with the current of the accelerator. In order

EMMA | SEEs time(s) SEE/s | ROTAX | SEEs time(s)  SEE/s
NoCd | 1258 48944 00257 | NoCd | 2369 55140  0.043
Cd 237 77802 0.003 | Cd 31 21582 0.0014

SEE (hermall(o(=88% SEE !hermal/tot=97%

Table 2. Summary of the measurements performed with the ESA monitor on
thermal beamlines. These are done with cadmium filter (Cd) and without (No
Cd).

to calculate the thermal neutron cross section of the device
at room temperature (300 K) the data of the EMMA
beamline (moderated by water at 300 K) can be directly
used. On the other hand, one needs to apply a correction
factor in order to use the data measured on ROTAX,
because the moderator is significantly colder. This
correction factor is given by the ratio of the convolution
of the spectra and the nuclear cross section of °B(n,a)"Li,
G10B-

_ waB(E)(PROTAX(E)dE
J 0108(B)@grmma(E)dE

C =1.69 +0.05 (5)

All irradiations were performed with the chopper
spinning (see spectra of Fig.6) as this is the configuration
most suitable for thermal neutrons.

An equivalent room temperature flux can be defined as

O}
B = rgtax (6)

After applying this correction, the results of the two
beamlines can be compared (table 3). The results present
a discrepancy of 15%, which is not negligible but it
corresponds to an agreement within 2c. Also a

discrepancy on the order of 10% is not uncommon for test
engineers testing the same component at different neutron
facilities, and often considered a good result. However, to
understand this discrepancy, uncertainties need to be
further investigated.

The easiest contribution to evaluate is that of counting
statistics, which given the numbers of Table 2 is on the
order of 5% (6% for EMMA and 4% for ROTAX).

The fluxes used in the analysis are the average of GEM
and activation, as from the last column of Table 1.

The spectra used in the analysis are derived from the
GEM-detector measurements, which implies that we
truncate the integral at an upper bound of ~10 keV energy.
It is reasonable to try to evaluate the error caused by this
truncation. To this aim, we extend the same calculation to
higher energy, assuming (as a worst case scenario) that

| EMMA ROTAX
Thermal SEE (1.03+0.06) - 108 (0.87 £0.05) - 108
cross section at
300 K (cm?)

Table 3. Evaluation of the thermal SEE cross section at 300 K.

the spectrum remains flat for E > 10 keV, o(E)=
¢(10keV). The result extending to 1 MeV is a correction
to C of 0.6%. The result extending to 10 MeV in the same
way gives an uncertainty to C of 2.3%.

It is also reasonable to try to evaluate the effect if there
were a poor knowledge of the epithermal part of the
spectrum. For this exercise, we multiply the epithermal
flux of ROTAX (in the range 0.5eV-10keV) by a factor
of 3 and we notice that C changes only by 1.8%. The
reason is that cios iS decreasing with neutron energy,
therefore, the main contribution is given by the low
energy component.

The uncertainty from the knowledge of the °B cross
section (a well-known reference cross section) is about
0.2% in the thermal range, and < 1% in the range up to 90
keV, according to evaluated nuclear data (ENDF/B-VII).
These values are negligible for our analysis.

Combining the discussed uncertainties, we assume that an
error of 3% is reasonable on the result of eq.5.

To obtain the uncertainties reported in Table 3, we
combine only the counting statistics contribution and the
correction factor contribution, giving an uncertainty of
6% for EMMA and of 5% for ROTAX. The other main
contribution is the uncertainties on the fluxes, on the order
of 5% (see Table 1). However, one needs to keep in mind
that they are not statistically independent, as fluxes are
measured with the same detectors. For this reason, we
think it would be misleading to include this contribution
in Table 3, when comparing the results.



We suspect that another contribution to this discrepancy
can be the non-uniformity of the ROTAX beam (see
Fig.5) and the alignment of the board in the beam which
could lead to an underestimate of the thermal SEE cross
section. In fact the active area of the ESA monitor is 2x2
cm?. The beam of ROTAX has a standard deviation of 6%
within the 2x2 cm?, however this can increase up to 22%
on a 4x4 cm? (although the alignment is performed with a
laser, centered in the uniform 2x2 cm?, and we do not
expect a misalignment of more than a couple of mm).

VI. CONCLUSION AND DISCUSSION

Neutron measurements have been performed with a GEM
detector, using the ToF technique, and with activation
foils. The two beamlines that have been characterized
with the accelerator at 160 pA on target, EMMA and
ROTAX, have thermal fluxes of (2.0 + 0.1)-10°% s'cm?
and (2.8 + 0.1)-10° scm?, respectively. As expected,
different thermal neutron spectra have been found due to
moderators at different temperatures (300 K vs. 100 K).
The two techniques, the active detector and the passive
foils, give neutron fluxes that are relatively in good
agreement. Discussions of the uncertainties and possible
reasons for the discrepancies are presented.

The beamlines have then been used for SEE testing using
a SRAM monitor, and results have been compared. The
EMMA beamline is preferable because the beam profile
is more uniform on a larger area of 4x4 cm?, while the
beam of ROTAX is uniform only within a smaller area of
about 2x2 cm? We also notice that the moderator of
EMMA, at room temperature (300 K), already matches
most applications, without needing corrections. However,
this does not mean that it is a better predictor of the
component response, because, as it is shown, a spectrum
from a colder moderator can be a valid alternative when a
correction factor is applied. An advantage of ROTAX is
the slightly higher flux, together with the boost in count
rate (almost a factor of 2), given by the large cross section
at lower temperature.
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