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Abstract—High-energy neutron field of the VESUVIO instrument at the ISIS facility has been characterized
using the technique of thin film breakdown counters. The work is a part of the project to develop Chiplr, a new
dedicated facility for accelerated testing of electronic components and systems for neutron-induced single event
effects in the new Target Station 2 at ISIS.

I.  INTRODUCTION

Single-event effects (SEE) cause one of the major reliability concerns in semiconductor
electronic components and systems [1, 2]. High-energy neutrons, produced by cosmic rays in the
Earth’s atmosphere, may cause significant or dominating fraction of the SEE rate at aircraft altitudes
and even in terrestrial applications, such as automotive, telecom, and others.

The most straightforward way to test a component for neutron SEE is to irradiate it by neutrons
with atmospheric-like spectrum and with flux enhanced by many orders of magnitude relative to the
atmospheric one. During the last years, dedicated neutron instruments (beam lines) have been
constructed for these “accelerated testing” studies. The examples are the ICE House at the LANSCE
facility in Los Alamos, USA [3], the flood-beam facility at TRIUMF, Vancouver, Canada [4], and
the ANITA facility at TSL, Uppsala, Sweden [5].

A dedicated instrument called Chiplr is being designed for accelerated neutron SEE testing at
the ISIS facility in Target Station 2 [6, 7]. An important requirement to the future Chiplr instrument
is availability of a real-time measurement technique for the neutron flux in the energy region 1-800
MeV, which is of primary importance for SEE testing. Among high-energy neutron detection
techniques considered for implementation at Chiplr, thin-film breakdown counters (TFBC) [8] are
promising, due to timing properties, compact design, insensitivity to background particles and
gamma-radiation, and long-term stability under heavy radiation conditions. The technique utilizes
fission of heavy nuclei by high-energy neutrons.

The present work is a feasibility study for application of the TFBC technique at the ISIS
neutron source. Using TFBC with fission samples, we have performed characterization
measurements for the high-energy component of the neutron field at the VESUVIO instrument [9,
10] at ISIS Target Station 1, which is also in use for SEE studies [11]. We have measured
distributions of fission events in bismuth and uranium samples versus neutron time of flight (TOF).
Integration over the measured distributions allowed us to determine the energy-integrated neutron
flux. The experimental results are compared with simulations from ref. [11], performed with the
MCNPX code [12].



II. METHODICAL APPROACH
A. The neutron instrument

The neutron production at ISIS relies upon spallation reactions induced by 800-MeV proton
bunches accelerated through a synchrotron. The beam makes about 10* orbits inside the synchrotron
as it is accelerated before being kicked in a single revolution to the extraction beam line, delivering 4
MC of protons in two 100-ns-long pulses to a spallation target made of tungsten. The entire
acceleration process is repeated with 50 Hz frequency, so that a mean current of 200 YA is delivered
to the target, with a neutron yield of about 30 neutrons per proton. The VESUVIO instrument,
mainly intended for spectroscopy with neutrons in the low-eV range, has a primary flight path of
11.055 m and a water moderator at ambient temperature. The instrument provides a pulsed neutron
beam whose spectrum is peaked at about 30 meV and is known to decrease as 1/E*, with a. = 0.9, in
the epithermal energy region (above 0.5 eV). The undermoderation of neutrons results in the
presence of an intense flux of neutrons above 1 MeV. The beam diameter at the sample position is
about 4.5 cm. Further information about the VESUVIO instrument may be found in [9-11].

B. Simulated spectral neutron flux

The neutron spectrum at the reference position of the VESUVIO instrument was simulated in
ref [11] using the MCNPX code [12]. According to the simulated results, shown in Fig. 1, the
spectrum consists predominantly of thermal and epithermal neutrons. More than 80% of neutrons
possess energies below 100 keV. A high-energy component (1-800 MeV) contains ~7% of all
neutrons.
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Figure 1. Spectral neutron flux at the VESUVIO instrument at the ISIS neutron
source, calculated with the MCNPX code [11]. The data relate to the reference
position (1105.5 cm from the frontal surface of the moderator) and to the primary
proton beam current of 180 pA.



C. Fission cross sections

The principle of the high-energy neutron flux measurement is based on detection of fragments
that originate from neutron-induced fission of heavy nuclei. In this work, we used neutron-induced
fission reactions for "™U and ?®Bi. Due to high fission thresholds, ~1 MeV for 28U (the main
constituent of "™U) and ~20 MeV for *®Bi, these reactions are suitable for neutron flux
measurements at the high-energy part of the ISIS neutron spectrum.

Experimental cross-section data for the considered (n,f) reactions are available at energies up to
~200 MeV [13-17]. A lack of experimental (n,f) data above 200 MeV can be remedied by a joint
analysis of cross section data for neutron- and proton-induced fission reactions, which show broad
physical similarity at high energies. As concluded in ref [18], the cross-section ratio opf/onf exhibits
very weak or no dependence on the incident energy above ~150 MeV for nuclei from Pb to Np. The
ratio op/ons at higher energies was found to depend systematically on the nucleon composition of the
fissioning nuclei [18].

For proton-induced fission, an abundant cross-section database exists [19]. The analysis of the
database in ref [19] resulted in systematics of (p,f) cross sections for target nuclei from **Ho to
29y, at the range of incident energies from 20 MeV to 30 GeV, and a universal parameterization
was suggested:

o, (E,)=P-l-exp|-P,-(E, - P,)|j- L~ P, -InE,), (1)

where o (E,) is the fission cross section, E, is the incident proton energy, and P;...P4 are fitting

parameters that depend regularly on the "fissility parameter” Z°/A, where Z and A are the charge and
the mass of the corresponding composite system (incident nucleon + target nucleus).

In the present work, we have used existing (n,f) cross section data up to ~200 MeV [13, 14] and
extended them up to 800 MeV by following the cross-section shape predicted by the systematics of
ref [19]. The details are given below separately for different fission reactions used.

1. The 2 Bi(n,f) cross section

A universal cross-section parameterization was suggested in ref [13] for fission of nuclei from
Ta to Bi in the neutron energy range from 30 to 180 MeV. In order to extend the 2®Bi(n,f) cross-
section dependence up to 800 MeV, we have assumed that the cross-section shape in the 180-800
MeV range can be described by Eqg. (1), i.e. by the same functional form that was found in ref [19]
for proton-induced fission. The parameters P1...P4 were calculated using the systematics [19] for
the composite system 2®Bi + n, and the resulted cross section curve was re-normalized with a factor
0.968 for a smooth connection to the parameterization of ref [13]1. The final values of the
parameters P1...P4 are given in Table 1, and the adopted *Bi(n,f) cross section is plotted in Fig. 2.

Neutrons with energies below 30 MeV give a contribution of less than 0.05% to the overall
response of “%’Bi monitors to the VESUVIO neutron field, as follows from an estimate based on the
simulated spectral neutron flux [11] and on the parameterization of ref [13], extrapolated to lower
energies, where it is known to overestimate the cross section. Thus, fission of “®Bi by neutrons
below 30 MeV could be neglected.

Thus, only a minor re-normalization of the cross-section dependence was required. This strengthens our confidence in
the cross-section parameterizations used in the present work.



2. The 28U(n,f), 2°U(n,f), and "'U(n,f) cross sections

The #8U(n,f) and °U(n,f) cross sections was taken from the ENDF library [20] and from the
recent IAEA standard [14], at the neutron energy range 0-20 MeV and 20-200 MeV, respectively. At
energies 200-800 MeV, application of Eq. (1) with parameters from ref. [19] allowed us to reduce it
to a simpler form:

O-nf(En):Pl'(l_P4'|n En)' (2)

where oy is the fission cross section and E, is the incident neutron energy (MeV). Finally, the
parameter P; was chosen for a smooth connection to the data of ref [14] at the energy of 200 MeV.
The adopted values of the parameters P, and P, are given in Table 1.

The "*U(n,f) cross section was calculated by weighted summation of the cross sections for **U

and “*U with weights corresponding to the abundance ratios of these isotopes in "'U. The adopted
"U(n,f) cross section is plotted in Fig. 2.

Table 1. The summary of the adopted fission cross section data.

Neutron Functional form or data source Parameters

ey |k [ oe [

(MeV) (mb) | (MeV) @) (no-dim)
29Bj(n,f)

0-30 oni(En) =0 - - - -
30-180 oni(En) = P1exp[-(P2/En)™] [13] 109.2 1315 1.32 -
180-800 oni(En) = 113.0 | 50.40 | 5.982* | 1.473*10%

= P1{1 - exp[-Ps(Ey - P2)]}(1-P4In E,) 10°®
238U(n,f)

0-20 Tabulated data from ref [20] - - - -
20-200 Tabulated data from ref [14] - - - -
200-800 oni(En) = P1 (1-P4In Ey) 2036.7 - - 0.067

235U(n,f)

0-20 Tabulated data from ref [20] - - - -
20-200 Tabulated data from ref [14] - - - -
200-800 oni(En) = P1 (1-P4In Ey) 2244.6 - - 0.067

% In the formulas for the 2°°Bi(n,f) cross section, the parameter P5 has different dimension units in the
energy regions 30-180 MeV and 180-800 MeV, respectively non-dimensional units and MeV™.
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Figure 2. The neutron-induced fission cross sections of ®Bi and "™U adopted in the
present work.

D. Basics of the TFBC technique

We used TFBC [8] for detection of fragments originating from neutron-induced fission. The
operation principle of the TFBC is based on the phenomenon of electric breakdown in a MOS
structure caused by a heavy ion, e.g. a fission fragment, passing through a thin silicone dioxide layer
(see Fig. 3). The breakdowns are non-shorting, since they lead to vaporization of a small part of the
electrode area and leave no conducting path between the electrodes.

Al (300 A)— > : —
S0, {1000 Ajm——t- H

51 (0.3 M) s—

Figure 3. Layout of TFBC and principle of its operation. An incident fission fragment
produces an electrical breakdown in the SiO, layer.

TFBCs offer real-time operation, time resolution in sub-nanosecond scale, and compact design.
They are capable of operation in harsh radiation environments, due to their insensitivity to charged
particles with LET below ~15 MeV-mg/cm? in silicon dioxide, i.e. to protons, deuterons, a-particles
and other light ions up to Ne. Neither are TFBCs sensitive to neutrons or y-rays. These properties



constitute advantages of TFBCs over semiconductor detectors and gas-filled ionization fission
chambers, which are sensitive to light ionizing particles and y-rays produced by the primary beam in
detector and sample materials.

Since the VESUVIO neutron beam has relatively low flux at energies above ~1 MeV, it is
necessary to use TFBCs in sandwich geometry, i.e. the detector has to be situated as close as possible
to the fission sample. The sensitive area of the detector is fully covered by the area of the fission
sample. The sample-detector sandwich and its mechanical housing constitute a TFBC-based monitor,
which is placed in the neutron beam. The amount of material in a monitor chamber along the beam
direction is dominated by the thickness of the TFBC (0.3 mm Si). Consequently, the probability of
interaction of an incident neutron with the chamber is small, and it is possible to stack several
chambers after each other in the neutron beam without significant influence on the beam
characteristics.

E. Detection efficiency of TFBC and sensitivity of neutron monitors

In the sandwich geometry, a TFBC does not detect all fission events that happen in the sample.
Fragments with low LET, as well as fragments arriving at “grazing” angles, are not detected. The
fraction of fissions in the monitor sample that result in a breakdown in the TFBC, further referred as
the detection efficiency of the TFBC, depends on the TFBC bias voltage, on the properties of the
TFBC sensitive surface, as well as on the distribution of incident fission fragments over LET and
over angle to the surface. That distribution, in turn, depends on the neutron energy, on the direction
of the incident neutron flux, as well as on the chemical composition and thickness of the fission
sample. In neutron monitoring practice, it is feasible to achieve the detection efficiency of ~30-40%.

Accurate determination of the detection efficiency is the most challenging element in the
application of TFBC for monitoring of high-energy neutron beams. A lack of calibrated
monoenergetic beams of high-energy neutrons makes it impossible to determine directly the
detection efficiency, or the sensitivity of a TFBC-based monitor. On the other hand, one can
determine the detection efficiency & for spontaneous fission fragments, using e.g. a sample that
contains °*Cf nuclei:

n
fy =———, (3)
Stepcd

sf

where ng is the count rate of spontaneous fission fragments in such “calibration” measurement, Strgc
is the sensitive area of the TFBC, and ag is the areal density of spontaneous fission activity of the
22Cf calibration sample, which has to be determined in an independent measurement with
conventional techniques.

For a TFBC-based monitor, located in a uniform neutron field with the spectral neutron flux
density ¢(E,), the count rate of fragments that originate from neutron-induced fission is:

Enmax
ne = [ o(E,)-S(E, A py)-dE, , (4)

nmin

where E, min and E, max are the minimum and the maximum energy in the neutron spectrum,
respectively, and s(E,, A, p,) is the spectral sensitivity of the monitor:

S(Eqs A Pa)=Pa 00 (B A Sieac €4 (B APA) (5)



where pa is the number of fissionable nuclei with the atomic mass A per unit of monitor sample
area, o, (E,, A) is the fission cross section, and &¢(En, A, pa) is the detection efficiency of the TFBC

for the given monitor sample. In order to account for the difference between the detection
efficiencies for the monitor sample and the calibration one, the correction factor k; is introduced:

gnf (En ’ A! pA) ] (6)

gsf

ks(EnlAl pA) =

By combining Egs. (3), (5), and (6), we obtain:

S(E,, A pa)=Paoy (B, Aegk, (E,,Ap,) (7)
where
5, - (8)
asf

is the reduced detection efficiency, which is determined in the calibration with a 2°°Cf sample.

In Eq. (7), the term Syesc is cancelled out, and thus an independent determination of the
sensitive area of the TFBC is not necessary. The term pa is determined in characterisation

measurements for the monitor samples (see Sect. 11l.A). The term o (E,, A) is discussed in Sect.

I1.C. Finally, the correction term k.(En, A, pa) is determined using the COUCH code [21], which
allows one to simulate the process of particle detection by a TFBC. The COUCH code was used
earlier in the range of incident nucleon energies up to 200 MeV [13]. In order to perform the similar
calculations for neutron energies up to 800 MeV, we have utilized the following input data:

- the linear momentum transfer and the angular anisotropy in fission reactions, parameterized
by Prokofiev [22],

- fission fragment mass distributions in the reaction **U(n,f), measured by Zdller [23].

The fragment mass distributions [23] show only minor variations versus incident neutron
energy in the range from 180 MeV to the highest energy explored in Ref. [23], 450 MeV. We have
assumed that the mass distribution does not depend on the neutron energy at the range 180-800 MeV.
Data of this type for neutron-induced fission of subactinide nuclei remain unmeasured. Therefore, for
299Bj(n,f) reaction we used symmetric Gaussian-shaped mass distributions that are typical for similar
fissioning systems formed in reactions of charged particles with subactinide nuclei [24].
Uncertainties originating from these assumptions are expected to have negligible influence on the
calculated corrections to the detection efficiencies.

F.  Verification of the spectral neutron flux using TOF techniques

The temporal structure of the primary proton beam at the ISIS facility is shown in Fig. 4a [25].
The beam is extracted in two pulses, each of ~100 ns duration, with ~200 ns interval. Such temporal
structure is not favourable for direct TOF measurements at high neutron energies. Still, neutron
spectrum information can be derived indirectly, using either an unfolding procedure or a comparison
of the experimental temporal distributions with simulated ones. Only the second option has been
explored in this report.



Simulations of temporal distributions of fission events versus neutron TOF have been
performed using the “Time-of-Flight vs. Energy _ Monte Carlo” (TFE_MC) code [26] with the
assumption about a point-wise virtual neutron source located at the surface of the moderator. The
input data for the simulations included the temporal structure data [25], the adopted fission cross
sections (see Sect. 11.C), the neutron spectrum simulated with the MCNPX code [11], the flight
distances, and the time resolution of the monitors. The simulated temporal distributions of fission
events in monitors with 2°Bi and ™'U samples are shown in Fig. 4b and 4c, respectively.
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Figure 4. Temporal structure of the ISIS proton beam (a) and the simulated TOF
distributions of fission events in monitors with 2B (b) and "™U (c) at ~13 m distance
from the neutron source. The dashed curve at the panel (c) corresponds to the TOF
distribution of the #®U fission events induced by neutrons originating from the first

proton pulse in the double-pulse structure.

1.  EXPERIMENTAL ARRANGEMENT

A.  Detectors and samples

A few TFBC-based neutron monitors were installed at the neutron path in the VESUVIO
blockhouse. During the experiment, different combinations of monitors were used, which included
TFBCs of n-type and p-type [27] with samples of "'U and ?*Bi, located at distances of 1160, 1225,
and 1296 cm from the neutron source®. For a part of the experiment, we used monitors that consisted

of a few detector-target sandwiches, arranged in a stack.

% Here and further in the text, we use the term ”distance from the neutron source” in the meaning “distance from the

surface of the moderator”, unless otherwise specified.



Characteristics of the fission samples are documented in Table 2. The samples were
characterized using conventional techniques (o-spectrometry for the samples of ™U, direct mass

determination and/or Rutherford backscattering spectrometry for the samples of 2°Bi).

Table 2. The fission sample data.

Fission Chemical form | Number Areal density Error Diameter

nuclide of samples (mg/cm?) (%) (cm)
i Bi 4 2.05; 2.06; 2.06;2.21 | 3.0 1.70
naty UsOs 3 2.00 3.0 1.70

The diameter of the sensitive surface of each fission sample and each TFBC amounted to ~1.7
cm. Since the diameter of the central homogeneous area of the neutron beam spot amounted to ~2
cm, all the monitors were uniformly irradiated. Figure 5 illustrates the disposition of the monitors
and supporting pulse shapers at the neutron beam path.
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Figure 6. A block diagram of the experimental
setup, the electronics, and the data acquisition
system.



B. Electronics and data acquisition

In Fig. 6, a block diagram of the experimental setup is presented, including the electronics and
the data acquisition system. The following electronic modules were used:

- Amplifier Phillips Scientific 776

- Discriminator LeCroy 4608C

- Logic Fan-In-Fan-Out LeCroy 429

- Gate generator GG8020

- Scaler Ortec 976

- TDC FastComTech, embedded in a PC with MCDWIN software [28].

Pulses from the n-type TFBC were amplified by a factor of 100 prior to sending them to the
VESUVIO measurement cabin through a 30-m long cable. Pulses from the p-type TFBC did not
require amplification. The scaler with manual control was used for counting of discriminated TFBC
pulses without timing selection.

The tp pulse, phase-locked to the extraction of the proton beam from the synchrotron, was
employed as the start of the TDC. The two available TDC channels were independently stopped by
discriminated TFBC pulses. Before arriving at the TDC, the TFBC pulses were delayed by ~2 ys, in
order to compensate for a delay in the to pulse circuit, which was not accurately known. The software
for the TDC allowed us to obtain temporal distributions of fission events registered by two
independent monitors.

The similar experimental technique was earlier implemented at the TSL neutron facility in
Uppsala [5].

V. EXPERIMENTAL RESULTS
A. Distributions of fission events versus neutron TOF

Fig. 7 presents a relative temporal distribution of events in a monitor with a "*U sample located
at the VESUVIO blockhouse at a distance of 1296 cm, obtained experimentally (at the lower panel)
and calculated using the TFE_MC code (at the upper panel). The input parameters of the simulation
included the spectral neutron flux from ref. [11] and the "™U fission cross section in the neutron
energy range from 10 eV to 800 MeV (see Sect. I1.C). Here and in further simulations, the integral
area of the calculated distribution is equal to the experimental one. Notice the double logarithmic
scale in the graph, the TDC channel width of 4 us and the delay ~8 us of the TFBC pulses relatively
to the to start signal. Events in channel #2, that constitute ~7% of the spectrum-integrated number of
counts, can be attributed to fission of uranium by neutrons in the energy range from ~100 keV to 800
MeV. All other events are believed to originate from fission of 2°U, which is present in "™'U, by
neutrons with energies below ~100 keV. Qualitative agreement is observed between the
experimental spectrum and the simulated one.
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Figure 7. An experimental relative TOF distribution of events in a monitor with a "™'U
sample located at the VESUVIO blockhouse, obtained with the TDC with 4-pus channel
width (lower panel) and its simulation using the TFE_MC code (upper panel).

Further measurements were carried out with shielding of the monitors by means of a B,4C sheet
placed upstreams in order to reduce the overload of the TFBC with the "'U samples by fission events
of 2°U by neutrons with energies below ~100 keV.

Fig. 8 presents experimental distributions of fission events in the *Bi and ™'U samples,
obtained at the different positions at the VESUVI10 blockhouse with the TDC channel width of 8 ns,
together with simulations performed with the TFE_MC code. As it was expected, the 2°°Bi(n,f)
fission events are concentrated in two peaks corresponding to the temporal structure of primary
proton beam (see Fig. 4a). The "™U(n,f) fission events in the spectrum region between channels #7
and #170 (panels a, b, and c) are attributed predominantly to fission of *®U by neutrons in the energy
range from ~1 MeV to 800 MeV. The given spectrum region corresponds to the time window of ~1.2
us duration after the arrival of the first of the two proton pulses at the production target. Events
outside of that window are believed to originate from fission of **U by neutrons with energies below
~1 MeV.
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Figure 8. TOF distributions of fission events in the ?*Bi and "*U samples, obtained at
different distances from the neutron source: 1296 cm (a, d), 1225 cm (b) and 1160 cm (c).
The TDC channel width is 8 ns. Solid curves represent simulations with the TFE_MC
code using increased distances: 1396 cm (a,d) 1325 cm (b) and 1260 cm (c), dashed line
(@) represent simulation using the real distance 1296 cm.

Comparing Figs. 8 a, b, and c, one can notice that the experimental temporal distributions of
the "™*U fission events become wider with the increase of the neutron flight path. On the other hand,
in order to reproduce the total width of the experimental distributions, we had to increase the flight
distances at the simulations by 100 cm (see Fig. 8a-d). In Fig. 8a, two calculated distributions are
shown. The dashed line corresponds to the flight path of 1296 c¢m, i.e. to the assumption that the
effective neutron source is located at the surface of the moderator. The solid line, which provides

12



better agreement with the experiment, corresponds to the flight path of 1396 cm. Thus, we have to
assume that the effective source is located “upstream” of the moderator surface.

Qualitative agreement is observed between the simulation curves and the experimental
distributions in general. On the other hand, a significant disagreement is seen in the beginning of the
distributions for the "™U monitors, in first 30-40 channels corresponding to incident neutron energy
range from ~10 to 800 MeV for neutrons originating from the first pulse of the primary proton beam
in the double-pulse structure (see more detailed analysis in Sect. V.B).

B. Count rates of fission monitors

Experimental count rates of fission events were extracted from the measured TOF spectra by
summation of the counts in channels corresponding to neutrons in the energy range 1 — 800 MeV,
taking into account the temporal structure of the proton beam. The experimental and calculated count
rates for different monitors are presented in Table 3. The experimental results are averaged over
several measurement series. The quoted uncertainties of the experimental results represent statistical
errors only. The calculated results have been obtained with Eq. (4), using the spectral neutron flux
above 1 MeV [11], the adopted fission cross sections from Sect. II.C, and the sensitivity of the
monitors, see Sect. I1.E. The quoted uncertainties of the calculated results include:

- uncertainties in the adopted fission cross sections (2-10%),
- statistical errors in calibration of the TFBCs (3-8%),

- uncertainties in the correction to detection efficiency (5%),
- uncertainties in the areal density of the samples (3%).

Table 3. Experimental and calculated count rates of fission monitors

Neutron Sample | Number Distance Experimental Calculated

energy range of from the count rate count rate
MeV samples | source (cm) (1/s) (1/s)**

10" — 800* "y 2 1296 22.0+0.11* 20.542.6*

1-800 "y 2 1296 1.390+0.007 1.2440.15

1-800 nary 1 1225 0.667+0.004 0.53+0.07

1-800 "y 1 1160 0.787+0.014 0.59+0.07

20 - 800 i 3 1296 0.00414+0.0002 | 0.0032+0.0004

20 - 800 i 1 1225 0.001440.0002 | 0.00103+0.00013

(*) (see Fig. 7).

(**) The predicted count rates have been re-calculated from the standard proton beam current of 180
MA to the current of 170 pA that represents the average value during the present experiment.

As seen in Table 3, satisfactory agreement is observed between the experimental results and the
calculated ones. On the other hand, the experimental count rates systematically exceed the calculated
ones by 10-30%.
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C. Energy-integrated neutron flux

Experimental count rates extracted from the TOF spectra can be used for calculation of the
energy-integrated neutron flux density UEEn"rTf: with energy above a given value Ep mi in the monitor

position by re-writing Eq. (4) in the following form:

soomev F(E |, A,
775:;‘: = nfexp(Ay pA)J. MdE

9
fo S(Ep AP ©)

where n; . (A p,) is the experimental count rate of fission events for the given sample (™ or
209Bj), extracted from the measured TOF spectra by summation of the counts in channels
corresponding to neutrons in the energy range 1 - 800 MeV for "™U samples and 20 — 800 MeV for
the “°Bi samples, and F(E,, A, p,) is a factor dependent on neutron energy:

F(En’ A pA) = V(A! pA) ¢(En) ’ kg(En' A pA) * Oy (En' A), (10)

where v(A, p,) is a normalization coefficient, which is determined from the condition:

[ F(E, AP, dE, =1, (12)

Epnmin (A)

where Eq min (A) is equal to 1 MeV for "U samples and 20 MeV for the 2*Bi samples.
Using Egs. (7, 9 — 11), one can determine the integrated flux »(E, ), which relates to neutrons

with energies above E, min, Using the experimental count rate of fission fragments and the spectral
neutron flux density, simulated in [11]:

0Me

MEwma) =a(A D) [ ¢(E,) E,, (12)

min

where a(A,pa) is a constant factor determined from the experimental count rate, nr exp(A,pa), for a
given monitor sample:

n eX (A’ p )
a(A p,) = — (800Mev e . ' (13)

Pacfaf, 0w (EnA)0(E,) K (E, A py)-dE,

In Table 4, energy-integrated neutron fluxes above 10 MeV and above 20 MeV are presented at
different distances and different monitor sandwiches with "U and *Bi samples. The energy-
integrated neutron fluxes are determined using Eq. (12). The quoted uncertainties are statistical only.
The experimental results are presented as well in Fig. 9, together with the datum deduced from the
calculation in ref. [11], that amounted to 5.48*10% cm™?s™ (above 10 MeV) and 3.16*10* cms™
(above 20 MeV) for the reference distance of 1105.5 cm, after recalculation from the standard proton
beam current of 180 YA to the current of 170 pA that represents the average value during the present
experiment.
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Table 4. Experimental energy-integrated neutron flux above 10 MeV.

Energy Sample Distance Integrated flux
range (cm) (cm?s™)
10-800 MeV | ™U 1296 (4.5+0.4)*10"
10-800 MeV | ™U 1225 (5.7+0.4)*10*
10-800 MeV | ™U 1160 (6.7+0.5)*10"
20-800 MeV | “TBj 1296 (3.1+0.2)*10"
20-800 MeV | “”Bi 1225 (3.7+0.5)*10"
20-800 MeV | ™U 1296 (2.7+0.2)*10"
20-800 MeV | ™U 1225 (3.5+0.3)*10"
20-800 MeV | ™U 1160 (4.140.3)*10*

As seen from Table 4 and Fig. 9, the experimental results obey approximately the 1/R? law.
Provided that the 1/R? law remains valid with the decrease of the distance towards the reference
point, the calculation of ref. [11] seems to underestimate the energy-integrated neutron flux by ~20-
30%. In addition, the energy-integrated neutron fluxes above 20 MeV, measured with the *®Bi
samples, are systematically higher than the ones measured with the "'U samples, by ~10%.

5x10°

above 20 MeV |

4x10°

3x10° |

® MCNPX
'Y nalU

209,

Flux [n/slcm’]

o i
——1/D*

7x10°

6x10°

5x10° +
4x10° above 10 MeV
1100 1150 1200 1250 1300

Distance [cm]

Figure 9. Integrated neutron flux above 10 MeV (lower panel), and above 20 MeV
(upper panel) measured with the "™U (solid symbols) and 2*Bi samples, and calculated
with the MCNPX code [11] (an open crossed symbol).
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V.  ANALYSIS AND DISCUSSION. VERIFICATION OF THE SIMULATED FLUX

A. The count rate ratio "*U/*”Bi

In order to understand the possible reason of the systematic discrepancies between calculated and
experimental data, we have studied the sensitivity of calculated count rate ratios for "'U and **Bi
samples to variations in the simulated spectral neutron flux. In addition to the spectral flux ¢o(En)
from [11], we have tried the following spectral flux functions:

_{ 9o(Ep),E,<1MeV

o(E,)=1" L ) (14)
goo(En){n] JE,>1MeV

Eo
where Eo = 1 MeV, and v is a constant, further referred as a slope factor. In Fig. 10, the spectral flux
functions are shown for y = -0.2, 0, and +0.2. Count rates for "*U and ?*>Bi samples were calculated
using Eq. (4). Fig. 11 shows the dependence of the calculated count rate ratios on the variation of the
slope factor.

Flux [n/s/cm’/MeV]

1 0-2 1 1 1 T ™ ™
10™ 10° 107 10°
Neutron Energy [MeV]

o H |

T 'I T I T T T
10° 10" 10’ 10°

Figure 10. The simulated spectral neutron flux at the VESUVIO instrument at the ISIS
neutron source, calculated with the MCNPX code [11] (dots) and its variations above 1
MeV tried in the present work (lines).
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Figure 11. Ratio of calculated and experimental count rate ratios for the "'U and ?*°Bi
samples at the distance of 1296 cm versus the slope factor for the simulated neutron flux.

As seen from Fig. 11, small variations of the slope of the simulated spectral neutron flux result in
significant changes of calculated count rate ratios for "™U and Bi monitors. It is seen also that the
best agreement of calculated and experimental count rate ratios (ratio = 1) is achieved with the slope
factor about 0.03.

Fig. 12 illustrates the sensitivity of the calculated count rates to the presence of neutrons with
the highest energies in the spectrum. The count rates for "U and 2®Bi samples were calculated using
Eq. (4) with the spectral flux functions extending up to the energy En max, Which was varied from 200
to 800 MeV. It is seen that, within uncertainties, the calculated count rate ratio is very weakly
sensitive to the presence of neutrons with energies above ~500 MeV.
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Figure 12. Ratio of calculated and experimental count rate ratios for the "'U and **Bi
samples at the distance of 1296 cm versus the cut-off energy in the simulated spectral
neutron flux.

B. The temporal distributions of fission events

The distribution of fission events on the neutron TOF, shown in Fig. 8, in principle, can be used
for the selection of fission events induced by neutrons in different energy ranges.

In Fig. 13, we present TOF spectra of fission events in the ?**Bi sample at the distance of 1225
cm (upper panel) and the "U sample at the distance of 1296 cm (lower panel), acquired during the
same run, together with corresponding spectra simulated using the TFE_MC code. For both the
simulations, the same spectral neutron flux [11] has been used. For the ™'U(n,f) TOF spectrum, we
present as well the components originating from the first pulse of the primary proton beam in the
double-pulsed temporal structure, for the neutron energies above and below 20 MeV, separately
(plotted by the dashed and dotted lines, respectively).

As seen from Fig. 13, the “first step” in the simulated TOF distribution for "U(n,f) is formed
exclusively by fission events induced by neutrons with energies from 20 to 800 MeV, which
originate from the first pulse of the proton beam in the double-pulsed structure. One can assume that
the “first step” in the experimental "'U(n,f) TOF distribution (within the limits of the first 30
channels) is formed by fission events induced by neutrons above 20 MeV, originating from the first
proton pulse, too. Thus the “first step” in the experimental "'U(n,f) TOF distribution together with
the first peak of the 2°°Bi(n,f) events can be used for direct determination of the experimental count
rate ratio ("™'U/*%Bi)ex, for neutrons with the energies above 20 MeV.
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Figure 13. The TOF distributions of fission events in the ®Bi samples at the distance of
1225 cm (upper panel) and "™U samples at the distance of 1296 cm (lower panel), and
their simulations with the TFE_MC code. Dashed and dot curves at the lower panel
represent simulations for the components of spectral neutron flux above and below 20
MeV, respectively, originating from the first proton beam pulse in the double-pulsed
temporal structure.

Fig. 14 shows the ratio of the calculated and experimental count rate ratios ("U/ 2°Bi)carc /
(”atU/ZogBi)eXIO above 20 MeV versus the slope factor for the simulated spectral neutron flux. The
count rates for "™U and *®Bi samples were calculated using Eq. (4) with the lower limit of
integration E, min = 20 MeV. Experimental count rates are derived from the temporal distributions by
summation of the fission events within the limits of the “first step” in the "™U distribution and within
the first peak in the 2°°Bi distribution.
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Figure 14. Ratio of calculated and experimental count rate ratios above 20 MeV for the
"ty and 2°Bi samples versus slope factor for simulated spectral neutron flux.

As seen from Fig. 14, the ratio does not achieve unity for any reasonable variation of the
simulated spectral neutron flux, i.e. it is not possible to reproduce the experimentally obtained count
rate ratio "'U/2®Bi. The number of the "™U(n,f) fission events in the region of the “first step” in the
experimental temporal distribution is lower than expected by factor of 2 at least. This disagreement
may indicate that the assumption about a point-wise virtual neutron source is not valid. Instead, the
data indicate that the position of the “effective neutron source” is dependent on the neutron energy.

In order to match the experiment and the simulation, and thus to explain the observed
phenomenon, one needs more detailed simulations of the neutron field at the VESUVIO instrument.
Such simulations should include a two-dimensional neutron spectrum, versus both the energy and the
“time of arrival” relative to the arrival of the first proton pulse to the production target.

V1.  CONCLUSIONS AND OUTLOOK

The presented results of the characterisation run indicate the following:

i.  The TFBC technique is demonstrated and found applicable and highly informative for the
characterisation and monitoring of the high-energy part of the ISIS neutron field.

ii.  The simulated spectral neutron flux [11] allows one to reproduce the experimentally obtained
count rates of different TFBC-based monitors with deviations not exceeding 30%.

iii.  Systematic disagreement (about 10-30%) between the experimental and simulated count rates
can be explained by the following factors, or by their combination:

the simulated spectral neutron flux above ~1 MeV is underestimated by ~20-30%;

the fission cross sections for uranium and bismuth are underestimated in the energy range
above ~200 MeV, that can lead to the systematic error of not more than 10%;

the detection efficiency of the TFBC is underestimated, that can lead to the systematic
error of not more than 5%;

all target masses are underestimated, that can lead to the systematic error of not more than
3%.
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Vi.

Vii.

VII.

VIII.

The calculated count rate ratio "U/**Bi exceeds the experimental one by ~10%. In order to
reproduce the experimental result, the slope of the simulated neutron spectrum should be
gentler at energies above 1 MeV.

The calculated count rate ratio ""U/*®Bi is very weakly sensitive to the presence of neutrons
with energies above ~500 MeV.

The experimental temporal distributions of the "™'U fission events at neutron energies above 1
MeV cannot be reproduced by the simulations. This disagreement may indicate that the
assumption about a point-wise virtual neutron source is not valid. Instead, the data indicate
that the position of the “effective neutron source” is dependent on the neutron energy.

More detailed simulations of the neutron field are needed. Such simulations should include a
two-dimensional neutron spectrum, versus both the energy and the “time of arrival” relative
to the arrival of the first proton pulse to the production target.
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