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ARTICLE INFO ABSTRACT
Keywords: Over the years, Maxwellian Averaged Cross Sections (MACS) have been measured by neutron activation,
MACS providing a neutron energy spectrum resembling the one found inside the stars. Recently, a new method

Cross section

nTOF

Time-of-flight

Accelerator based neutron source

has been proposed to produce stellar spectra at different stellar temperatures (a Maxwell-Boltzmann neutron
energy distribution), employing the Li(p,n)’Be reaction. The method is based on the idea of shaping the proton
beam energy to shape the neutron beam spectrum. This method was applied to obtain a well-reproduced

Maxwell-Boltzmann neutron spectrum (MBNS) at kT = 28 keV. An initial proton energy of 3170 keV and an
aluminum foil as a proton energy shaper were employed. Differential angular neutron energy distributions
from O to 90 degrees in 10° steps were measured to obtain the 0°-90° integrated neutron spectrum over a
neutron flight path of 50 cm. This manuscript reports on the measurement results, confirming the method’s
capability, and suggests the approach for producing a high-quality MBNS at kT = 28 keV.

1. Introduction

In stellar models, the Maxwellian Averaged Cross Section (MACS)
is frequently used to calculate the reaction rate in neutron capture
processes. By definition, MACS is the reaction rate normalized by the
most probable velocity of the Maxwell-Boltzmann distribution:

MACS =

o) _ 2 _1 /wa(E) E e/ 4E, €y
vr \a kD)?* Jo

where kT is the temperature of the stellar environment, and o(E) is the
energy-dependent capture cross section.

For the s-process, MACS directly describes the reaction rate inside
stars for a given temperature. Hence, it is essential to determine the
MACS with the lowest possible uncertainty. A very accurate and direct
MACS measurement, under certain conditions, can be performed by
neutron activation analysis if it is used a neutron beam with the
appropriate stellar spectrum. The value of the MACS for a particular
isotope can be measured from the induced activity when irradiating a
sample of the isotope with a stellar neutron field.

The neutron capture on a nucleus can be expressed as:
AX+n—>A+|X*—>A+IX+7, 2)

If the produced nucleus 4*! X is radioactive, it will decay emitting parti-
cles (e.g. v, 7). Both, gamma and beta emitters can be experimentally
measured. There are always two phases in the activation technique:
the irradiation of the sample and the detection of the particles emitted
by the freshly produced isotope (4*!X) after the neutron irradiation.
The activation technique is achievable if the produced isotope is ra-
dioactive and if its half-life is in a time range suitable for the activity
measurement.

In 1988, Ratynski and Képpeler (R&K) [1] published a MACS mea-
surement using the activation method for the 1%7Au(n,y) reaction at
kT = 25 keV, producing a quasi-stellar neutron spectrum via the
7Li(p,n)’Be reaction [2]. In recent years, Lederer et al. [3], Feinberg
et al. [4], and Macias et al. [5] have performed experiments to vali-
date the neutron spectrum obtained by R&K. In all these experiments,
neutron energy spectra have been measured by the time-of-flight (TOF)
technique. According to R&K, with proton energies of 1912 keV from
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Fig. 1. Method to produce a Maxwell-Boltzmann neutron spectrum (MBNS), proposed by Mastinu et al. [6]. *This plot was reported by Martin-Hernandez et al. [7].

the "Li(p,n)"Be reaction, a good approximation to a 25 keV Maxwell—
Boltzmann Neutron Spectrum (MBNS) is obtained. The measured spec-
trum has been used for a long campaign of MACS measurements using
the activation method, producing high-quality data. However, there is
a remarkable difference in shape between the experimental neutron
spectrum obtained by R&K and the ideal stellar spectrum, particularly
in the high-energy part of the spectrum. Due to the reaction kinematics,
the observed neutron spectrum of R&K has an energy cutoff of around
110 keV. In contrast, the Maxwell-Boltzmann spectrum has a tail
that theoretically extends to infinity. Because of these differences, a
correction must be applied to obtain the MACS from experiments when
a sample is irradiated with this field. The value of this correction and,
even more, its uncertainty are difficult to determine since assumptions
about the cross section to be measured have to be considered. Hence,
the importance of having a high-quality MBNS. The main goal of this
work is to produce and measure a neutron beam with a stellar spectrum
in an accelerator based neutron source by shaping the proton beam
energy.

2. The new proposed improvement

Mastinu et al. [6] proposed a possible solution to the problem
of producing a high-quality Maxwell-Boltzmann neutron spectrum at
kT = 30 keV. The method is based on the idea of shaping the proton
beam energy distribution to tailor the neutron energy beam to the
desired distribution. Among the many ways to shape the proton beam
energy distribution, the simplest one relies on passing the beam through
a thin foil placed before the neutron-producing target. A schematic
representation of this method is shown in Fig. 1. A monochromatic
proton beam passes through the proton energy shaper, producing a
Gaussian-like proton energy distribution. The shaped beam impinges
on a thick natural Li target producing a neutron field that will follow
a Maxwell-Boltzmann distribution. By tuning the shaper foil thick-
ness, the angular range subtended by the sample to be irradiated,
and the proton energies, different thermal temperatures (k7) can be
obtained [7].

The present work employed the same method to produce an MBNS
with a thermal temperature of 30 keV. The foil (or proton energy
shaper) and its thickness were studied to ensure this condition. The re-
quirement that no neutrons were produced by the materials used in the
foil was a crucial constraint in the proton energy shaper selection. This
condition ensures that only neutrons from the ’Li(p,n)’Be reaction were
generated and detected in the measurement. To this purpose, different
materials and their isotopes were studied: carbon (C), aluminum (Al),
titanium (Ti), copper (Cu), and lead (Pb). The proton energy threshold
for neutron production, the value of the (p,n) cross section, the neutron
yield, the gamma yield, and the stopping power were all considered for
the analysis.

In 1999, Lee and Zhou [8] studied the kinematics and yield of the
near-threshold ’Li(p,n)’Be reaction. In that work, the authors devel-
oped a method for computing angular distributions, energy spectra,

and total yields of this reaction for energies near the reaction threshold
using a compilation of data from Liskien and Paulsen [9]. Following the
same procedure employed by Lee and Zhou, the authors of this work
programmed a code, named TYpLi, to calculate the differential neutron
yield. Using one degree and one keV interval, the double differential
neutron yield is calculated for neutron emission polar angles in the
range 0° < 6 < 90°, neutron energies (E,) from 0 keV to 600 keV,
and proton energies (E,) from 1.88 MeV to 2.28 MeV. Considering the
Gaussian-like proton distribution with mean proton energy (E,,), the
generated neutron spectrum has the form:

dy ‘max Enr+4‘7 (Ep E,,,)
w) =2 [
dE, > " oV2r JOnin  JEn
d?y .
X dQ—dEn (G,En) sin @ d@ dEp, (3)

where 6,,;, and 0,,,, are the minimum and the maximum neutron angle
for the integration, and o is the standard deviation of the Gaussian
distribution. The E,, FWHM = ¢ (2/2In2), 6,,,, and 6,,, are the
input parameters for the TYpLi code. The theoretical neutron energy
spectrum, calculated from Eq. (3), is the output of the TYpLi code.

To properly dimension the proton energy shaper, calculations were
performed using the Stopping and Range of Ions in Matter (SRIM
2013) software [10] for various incident monochromatic proton en-
ergies impinging on different thicknesses of the studied materials. By
fitting a Gaussian to the proton distribution, after the protons passed
the material foil, the mean proton energy (E,,) and the FWHM were
determined for each combination of thickness and initial proton energy.
Using the TYpLi code, integral neutron spectra up to 90°, produced by
protons with Gaussian distributions, were calculated for each set of E,,
and FWHM. A fitting program has been implemented using the TYpLi
code with E,, and FWHM as parameters. The fitting procedure adjusted
the parameters to better reproduce the theoretical 30 keV Maxwell-
Boltzmann distribution. The fitting quality was calculated at each step
by the R? coefficient. The R? coefficient for a data set y; with n values,
means of j = 1/nY,, y;, and associated predicted value f;, is defined as:

RP=1-— Z'n=l(y—'_f')2 4)
Z,'":1 (y, - )7)2

The R? values closer to 1 mean calculated neutron spectra with better

fits to the Maxwellian distribution.

One of the isotopes of titanium has a low energy threshold value
(E, = 141 MeV) for neutron production. For this reason, Ti was
rejected as a shaper candidate material because neutrons from lower
proton energies could be present even with an isotopic abundance as
low as 5%. Carbon is a good candidate since the reaction 12C(p,n)'2N
has 19 MeV as the proton energy threshold for neutron production,
with 12C natural abundance of 99%. To produce an MBNS with kT =
30 keV with a single carbon layer, the required proton energy is higher
than the threshold for neutron production in 13C. Besides, the needed
proton energy is beyond the limits of the accelerator employed in the
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Fig. 2. Model calculated (TYpLi code) neutron energy spectrum integrated from 0° to
90°, for initial proton energies E, = 3.17 MeV and an aluminum foil of 50 pm thickness.

experiment. For these reasons, carbon was also discarded. Different
combinations of proton energies (E,) and thickness for a foil of copper
were also studied. The reaction ®>Cu(p,n)®®Zn has a proton energy
threshold of 2.17 MeV for neutron production. It was impossible to find
a combination of E, and copper thickness that generates an MBNS with
kT of 30 keV for proton energies lower than 2.17 MeV. Combinations
of layers of different materials were also considered. Even though
multiple layers could produce a better MBNS at 30 keV, a single-
layer material was chosen because it simplifies the shaper construction.
Lead and aluminum are good choices since both materials have a high
energy threshold for neutron production. The calculations performed
with SRIM on lead showed that a slight variation in the foil thickness
drastically modified the produced neutron spectrum. Available lead
foils typically have 20%-25% tolerance in their thickness. The above
considerations led us to choose aluminum as the material for the proton
energy shaper. A proton energy E, = 3.17 MeV and a thickness of 50 pm
were obtained using the aforementioned procedure. These values pro-
duced the best coefficient of determination R? between the generated
neutron spectrum and the 30 keV Maxwell-Boltzmann distribution.

These conditions produced a proton energy distribution with E,, =
1.9094 MeV and FWHM = 0.0937 MeV. According to calculations, the
interaction of this proton beam on a thick lithium target produces the
neutron spectrum shown in Fig. 2. The fit to a Maxwell-Boltzmann
distribution is also shown in the figure. A thermal temperature of
30.18 + 0.08 keV was obtained from this fit, with RZ = 0.997.

3. Determination of the experimental neutron spectrum

In neutron time-of-flight (nTOF) experiments, the neutron energy is
determined from the time it takes to travel a specified distance (flight
path). The precise knowledge of the neutron time and energy relation
is essential when the nTOF technique is employed.

Contrary to the idealized one-to-one correspondence between nTOF
and neutron energy, the neutron flight time for a single energy varies
due to different flight paths between the producing target and the
detection position in the detector volume. Additionally, multiple scat-
tering and moderation may occur. Hence, when a single neutron energy
is sampled, the resulting TOF is a distribution. The neutron TOF spec-
trum is converted to an energy spectrum by convolution in the form of
a matrix:

n
T, =Y RMyx ES"ed j=1.n, (5)
j=1
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or in vector form:
T =RMxE,, (6)

where T is the nTOF spectrum, RM is the convolution matrix (or re-
sponse matrix), and E, is the (yet unknown) neutron energy spectrum.
In the nTOF spectrum, the scored T; for the ith time bin is composed
by tallying the components of the emitted energy spectrum Ej‘?'“”’e”
multiplied by a factor equal to the contribution of the jth energy
interval to the ith time bin. This factor is the corresponding element
RM;; of the response matrix RM. The emitted neutron spectrum is
obtained with the solution of the system of n equations by multiplying
the folded TOF spectrum by the inverse of the response matrix:

E,=RM™ ! xT, @)

where RM™! is the inverse of the RM.

The response matrix is characteristic of each experimental setup
since it depends on the geometry, the detectors, the neutron’s flight
path, the experimental area, and the properties of the neutron source.
The response matrix cannot be measured directly, and it is commonly
evaluated by Monte Carlo simulations. The conversion method relies
on the response matrix, hence the importance of precisely knowing
the geometry and materials of the detector. In the present work, the
RM was calculated using the Monte Carlo N Particle (MCNPX) [11]
simulation code. Detector geometry and material compositions were
included in the simulations. The complete RM determination procedure
for this work is reported in Ref. [12,13].

Once the RM was obtained, the inverted matrix was calculated,
the deconvolution method was applied, and the neutron energy spec-
trum was determined. This conversion method determines the emitted
neutron energy spectrum from the TOF spectrum by considering the
mean moderation time in the detector, its distribution over time, and
the detector’s efficiency. With a system of n equations and n variables,
the deconvolution of the temporal spectrum is performed, and the
energy spectrum is found with a unique solution of this system. Since
the matrix elements have been calculated per incoming neutrons, the
overall efficiency is directly considered in the matrix.

4. Experiment

The experiment used the CN accelerator at the Laboratori Nazionali
di Legnaro (LNL-INFN), Padua, Italy [14]. The accelerator was used in
pulsed beam mode (with 600 kHz repetition rate, and 4 ns pulse width),
and the experimental setup was placed at the end of the horizontal zero
degrees beamline.

4.1. Lithium target

All measurements were performed with metallic lithium (Li) tar-
gets of about 100 pm thickness each. Two Li targets were produced
for the experiment (Fig. 3, upper). One was used for the calibration
of the accelerator (Section 4.3). The second one was used for the
Maxwell-Boltzmann neutron spectrum measurement (Section 4.4).

The target assembly (Fig. 3, lower) was composed of a copper
backing in which the Li is deposited, a PVC tube to isolate the target
and place the Al foil, and a collimator made of two tantalum foils
with 5 mm diameter aperture. The copper backing had a hemispherical
shape, 14.5 cm radius, with 300 pm thickness to have a negligible
perturbation of the produced neutron spectra.

To prevent lithium oxidation the target was kept under an argon
atmosphere or in vacuum. The target was cooled by applying an air
flow to its external face. A 10~® mbar vacuum level was kept at the
target position during the experiment. The Cu backing, the PVC tube,
and the collimator were electrically isolated, so the current from the
target and the collimator were directly acquired and registered every
second.
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Fig. 3. (Upper) Lithium target, composed by the copper backing and inside the metallic
Li. (Lower) Li target assembly at the end of the beamline, composed of a removable
Cu backing, an isolated PVC tube and place the Al foil, and a collimator.

Table 1
List of materials and densities in the Li-glass detector. °Li enrichment is 96%.

Component Chemical composition Density (g/cm?)
Aluminum Al alloy 2.69
Teflon (CyFy), 2.20
Glass Si0, 56%, MgO 4%, Ce,0; 4%, 2.60
AL,O, 18%, SLi,0 18%
Optical RTV H 8.2%, C 32.4%, 21.6%, Si 37.8% 1.03
Quartz SiO, 2.65
p-metal C 0.02%, Mn 0.50%, Si 0.35%, 8.74
Ni 80.00%, Fe 14.93%, Mo 4.20%
Glass fiber Si0, 56.0%, ZrO, 14.5%, 1.00
tape B,0; 8.0%, AL,O; 5.5%, F, 5.0%,
TiO, 6.0%, Fe,0; 5.0%
Epoxy C1gH,,ClO4 1.20

4.2. Detectors

Lithium-glass detectors are widely employed in applications where
timing is crucial since they offer the advantage of being relatively fast
scintillators and handling reasonably high count rates. Three Li-glass
detectors of two-inch diameter were purchased from Scionix [15]. Two
one-inch thick detectors and one half-inch thick were employed. A
fourth, 3 mm thick Li-glass detector was also used as a neutron counter
monitor for spectra normalization at different angles.

The geometry of the detector and its material composition were
provided by the manufacturing company (Scionix). Furthermore, the
characteristics of the optical interface (Quartz) from the PMT (model
ETL9214QKB) were provided by the company ET Enterprise [16]. The
detector layout and chemical composition employed in the MCNPX
simulations (for the response matrix calculation) are shown in Fig. 4
and Table 1, respectively.

4.3. Proton time-of-flight spectrometry and accelerator calibration

The time-of-flight spectrometry of the proton pulsed beam (pTOF)
was implemented to determine the proton beam energy and its distribu-
tion. Two identical capacitive pickups were inserted in the horizontal
beamline to detect the passage of the proton bunch at a distance of
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Fig. 4. Layout of the Li-glass detectors: (Upper) Half-inch thick glass detector; (Lower)
One-inch thick glass detector. All quantities are in millimeters.

about 9.8 m. The time difference (r) between the signals from the
two capacitive pickups was measured and corrected for the cables and
electronics delay time. A CAEN DT5751 digitizer recorded signals from
the pickups, and the time the beam passed through was determined by
the zero crossing of the signal. The proton kinetic energy was calculated
from Eq. (8),

E,= M| —— -1, ®)

e
ct
where M ,c? is the proton mass at rest, c is the speed of light, and ¢ is
the time for the protons to travel the distance x.

The presence of focusing magnets and lenses in the beamline can
modify the proton beam trajectory (proton flight path), so the distance
x is not necessarily the geometrical distance between the capacitive
pickups. To properly determine the flight path x, the accelerator was

calibrated by scanning the ’Li(p,n)’Be reaction near its threshold. This
procedure is well described in the work of Martin-Hernandez [17].

4.4. Experimental setup

The proton beam energy was set to 3170 keV using the time-of-flight
spectrometry of the proton pulsed beam (pTOF). As a proton energy
shaper, the 50 pm thick aluminum (Al) foil was placed just before the
lithium target, and a pulsed proton beam of 600 kHz repetition rate
and approximately 4 ns time width (FWHM) was used. The measured
average current on target was around 100 nA during the experiment.
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Fig. 5. Schematic representation of the experimental setup. Detectors were located
50 cm from the target at different angles to measure the neutron time-of-flight.

The schematic representation of the experimental setup is shown in
Fig. 5. A low-mass goniometer was designed and constructed of carbon
fiber and aluminum with movable stands for placing the detectors. It
was carefully aligned with the beam pipe and positioned using a laser
about 20 m downstream of the target position.

Four Li-glass detectors were simultaneously employed to measure
different angles and to improve the statistics. The target-detectors’
distances were 49.97+0.01 cm in the same plane as the proton beam and
the target, parallel to the floor. This flight path and the selected rep-
etition rate allowed us to measure neutron energy down to 1 keV and
prevented the overlapping of neutrons from different proton bunches.
The 3 mm thick Li-glass detector was always kept at zero degrees as a
neutron monitor. This monitor was used for spectrum normalization,
scaling each spectrum by the monitor neutron counts. It was also
employed to monitor the beam and the target stability throughout the
experiment. Spectra were acquired in 10° steps, from 10 to 90 degrees,
with each of the other three detectors, described in Section 4.2. For
data acquisition, a CAEN DT5730SB digitizer was used and controlled
by the CoMPASS software [18].

5. Results and discussion
5.1. Proton time-of-flight spectrometry

A mean proton energy of 3170 keV was set with proton time-
of-flight spectrometry (pTOF) (See Section 4.3). Using Eq. (8), the
proton energy distribution was determined, employing as parameters
the proton flight path, the TOF distribution of protons, the speed of
light and the proton rest mass. The resulting proton energy distribution
measured with pTOF is shown in Fig. 6. Two plots are included in
the figure. The first refers to the measurement’s beginning before
measuring the nTOF spectrum. The second one was acquired at the end
of the nTOF measurement. In this way, the stability of the accelerator
was crosschecked. The figure illustrates the stability of the proton
beam; the proton distribution remained the same for the duration of the
measurement, ensuring that the emitted neutron spectrum is a product
of the same proton beam. A mean proton energy of 3169.8 keV with a
full width at half maximum (FWHM) of 2.5 keV was obtained by fitting
a Gaussian to the distributions.

5.2. Neutron spectrum analysis

In the nTOF spectrum measurement, the goniometer allowed the
movement of the three Li-glass detectors around to measure different
angles, from 10° to 90°, in steps of 10°. The fourth Li-glass detector,
used as a neutron monitor, was kept at zero degrees. A coincidence
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Fig. 6. Proton energy distribution with a mean energy of 3169.8 keV and an FWHM
of 2.5 keV, determined with proton time-of-flight (pTOF) spectrometry.
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Fig. 7. Two-dimensional plot that shows the detector Pulse height vs Time-of-flight
(TOF), for the one-inch detector at 20° angle position.

window of 1.66 ps (1/600 kHz) was set in the CoMPASS software.
The coincidence of the signals of each detector with the signal of the
capacitive pickup (the closest to the target) was acquired and saved
for post-processing data analysis. FPGA was used to get zero dead time
even with a such high trigger rate.

In the online analysis, an energy cut around the neutron peak in
the detector pulse height spectra was applied in the software window,
thereby eliminating most of the stray gamma events and thus reducing
the count rate. As an example, Fig. 7 shows the two-dimensional plot
Pulse height vs TOF for the one-inch detector at 20° angle position.
In the figure, each black point represents a detected particle (neutron
or gamma). For better visualization, only 1000000 events are shown in
the figure. The vertical pattern, almost a line, is the y rays arriving first
in time since they travel with the speed of light. The neutrons are the
horizontal band pattern that covers higher times. The remaining stray
events (background) are not correlated neutrons with the capacitive
pickup signal or y rays that have pulse heights inside the neutron
energy window.

In offline data analysis another cut in pulse height was applied,
represented in Fig. 7 as the region between the two horizontal red lines.
Forward analysis included the projection on the TOF axe to obtain the
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Fig. 8. Time-of-flight histogram at 20° angle position, measured with one-inch
thickness Li-glass detector 50 cm from the target.

TOF histogram and an analysis of the gamma flash peak. The obtained
TOF histogram is shown in Fig. 8, for the one-inch detector at 20°. The
neutrons are well discriminated from the prompt y peak, ensured by the
50 cm detector flight path. The level for the neutron background was
estimated at each angular detector position by determining the average
background in the regions between the y flash and the fastest neutrons,
and at very low TOF (before the y flash peak). The background level
for each angle was always flat and, within the statistics, it had the
same value (when normalized to monitor). This fact indicates that the
background at each angle is not correlated with the TOF and that a
constant value can be subtracted from the neutron TOF spectrum. The
value of the background was subtracted in the neutron TOF spectrum
for each angle detector position. In the figure, the y flash histogram is
also zoomed in. The y flash represents the time of the proton pulses
and gives the measurement of the proton pulse width (time resolution
of the beam). In general, the FWHM of the Gaussian fit of the gamma
flash distribution was less than 4 ns, in Fig. 8 is 3.43 + 0.05 ns (¢ =
1.46 + 0.02 ns). In the MCNPX simulation, the source was sampled as a
Gaussian-shaped time-dependent distribution to mimic the beam time
structure.

Different glass thicknesses in the detectors have different RM. Be-
cause of this, two separate analyses were done, one for the half-inch-
thick detector and the other for the one-inch-thick detectors. Since both
one-inch detectors are equal, a final spectrum was obtained from the
sum of the neutron spectrum counts, thus improving the statistics of
the measurement.

For the integrated neutron spectrum, a solid angle correction must
be included in the calculation of each angle spectrum. This correction
depends on the flight path between the detector and the target and
the angle where the detector is placed. The flight path was the same
for each angle detector position. The neutron spectrum was measured
in steps of 10° and each detector covered approximately an angle of
6°. Employing the equation of the solid angle of a cone with 26 angle
aperture, 2 = 2z(l — cos0), the scaling factor is proportional to the
revolution area of the detector around the axis from the center of the
target to the center of the detector at zero degrees. The solid-angle
factor was calculated as:

_ £, 2zl —cos(a +5°)] — 2z[1 — cos(a — 5°)]
fu= Q- 27(1 — cos 3°)

_ cos(a — 5°) — cos(a + 5°)

- 1 —cos3°
where 2, is the solid angle subtended by the detector, and €2, is the
difference of solid angles between two cones with angles a + 5° and
a — 5°. Table 2 shows the values obtained for the correction factor.

9
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Table 2
Solid-angle correction factors. Values were normalized to the maxima. Each measured
nTOF spectrum was multiplied by the corresponding factor.

Angle 10° 20° 30° 40° 50° 60° 70° 80° 90°

o 0.20 0.35 0.51 0.65 0.78 0.88 0.95 1.00 0.51

0.008 T T T T

Counts (arb. units)

0 200 400 600 800 1000
TOF (ns)

0.014 4 —10° T
0.012 4
0.010 4

0.008 4

0.006

Counts (arb. units)

0.004

0.002

0 200 400 600 800 1000
TOF (ns)

Fig. 9. Angular neutron time-of-flight (TOF) spectra acquired with (Upper) half-inch,
(Lower) one-inch thick °Li-glass detectors over a flight path of 50 cm, from 10 to 90
degrees in steps of 10 degrees, with a proton energy of 3170 keV and the aluminum
foil as proton beam shaper. Spectra are already normalized to the monitor counts and
corrected for the solid-angle factor.

The final neutron TOF spectrum for each angle (from 10° to 90°) is
shown in Fig. 9. Each spectrum was corrected by the solid-angle factor
and normalized to the neutron monitor counts.

Applying the method of Section 3, each measured spectrum from
Fig. 9 was converted to an energy spectrum by employing the respective
response matrix for the Li-glass detector. The time bins were chosen
to have almost the same counting statistic per bin, with about 1%
statistical uncertainty. Fig. 10 shows the neutron energy spectra per
angle obtained with (upper) half-inch and (lower) one-inch thick Li-
glass detectors after the conversion method employing the measured
nTOF spectrum (Fig. 9).

5.3. Angle-integrated energy spectrum

The 0°-90° angle-integrated nTOF spectrum was determined by
summing the TOF spectra from Fig. 9, obtained from the experiment
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Fig. 11. 0°-90° Angle-integrated neutron energy spectrum for proton energies of
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Fig. 10. Neutron energy spectra per angle with (Upper) half-inch, (Lower) one-inch
thick Li-glass detector, from 10 to 90 degrees in steps of 10 degrees, measured with
proton energy of 3170 keV and the aluminum foil as proton beam shaper. Spectra
are already normalized to the monitor counts and corrected for the solid-angle factor.

Uncertainties are statistical.

with the one-inch and half-inch thick Li-glass detectors. For each de-
tector type, the spectrum was converted using the previously described
RM (Section 3). The resulting angle-integrated neutron energy spec-
trum is shown in Fig. 11. As seen in the figure, the agreement between
these spectra is quite good. This measurement was performed with two
different detectors, and it is essential to highlight that the same neutron

spectrum was obtained, as expected.

5.4. Discussion of uncertainties

As already mentioned, for converting the TOF spectrum to an energy
spectrum, the time bins were chosen to have almost the same count-
ing statistic per bin, about 1% statistical uncertainty. The statistical
uncertainty on each spectrum of Fig. 10 was less than 5%, except in
the high energy part where the counting statistics were low (E, > 100

keV statistical uncertainties < 15%).
Since Fig. 11 accounts for all the statistics for each detector type,

the statistical uncertainty on each neutron energy spectrum was less
than 2%. The acquired statistics made it possible to obtain the neutron
energy spectrum with 34 nonlinear energy bins, from 1 keV to 322 keV.
The higher part of the energy spectrum was obtained using 4 ns
temporal bins, limited by the time resolution of the measurement. At
lower energies, the spectrum was obtained with energy bins of 2 keV.
The energy resolution goes from 2.6% at 1.85 keV to 28.1% at 300 keV.

3170 keV and the aluminum foil as proton beam shaper. Uncertainties are statistical.

T T T T T T
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Fig. 12. Final angle-integrated, from 0° to 90°, neutron energy spectrum and the
Maxwell-Boltzmann least squares fit. Uncertainties are statistical.

Systematic uncertainties arise mainly due to the knowledge of the
reaction cross sections involved in the neutron interactions in the
detector. They were estimated by the propagation of uncertainty on the
neutron detection probability as a function of energy, which can be ap-
proximated as the ratio of the macroscopic ®Li(n,t)*He cross section to
the macroscopic total cross section of the Li-glass. The latter is mainly
formed by the scintillator constituents’ elastic scattering cross section.
In the energy range from 2 keV up to 20 keV, a 0.9% uncertainty was
calculated, while from 20 keV up to 250 keV, the averaged uncertainty

is 2%, with peak values of 3%, 5%, and 7% in some energy intervals.
This is due to the presence of wide resonances in the elastic scattering
of some elements present in the scintillator. The uncertainties discussed

above are summarized in Table 3.

5.5. Maxwell-Boltzmann neutron spectrum

The final neutron energy spectrum obtained for the MBNS measure-
ment is shown in Fig. 12. It was calculated as the average of the values
for each energy bin in Fig. 11. The least squares fit to a Maxwell-
Boltzmann distribution is also represented in the figure. The equation

of this distribution is:

_dN_  E. -E
f(E)_E_a E eXp(kT), (10)
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Table 3
Statistical and systematic uncertainties.
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Statistical uncertainties

Value

E, < 100 keV 100 keV< E, < 322 keV

Neutron energy spectra per angle (Fig. 10)

Fig. 13. Image of the thickness of the aluminum foil, taken on a scanning electron
microscope (SEM), (Left) edge of the rectangular portion of the foil after electro-erosion
processing, (Right) original edge of the aluminum rectangle as cut by Goodfellow
company.

where a is a parameter that reflects the maximum value of the f(E)
distribution, and kT is the thermal temperature of the distribution
(second parameter). The parameter values resulting from the fit are
a = (346 + 0.08) x 10* n/keV and kT = 28.35 + 0.29 keV. As seen

One-inch detector <3% < 8%
Half-inch detector <5% < 15%
0°-90° Angle-integrated neutron energy spectrum (Fig. 11)
One-inch detector < 0.6% <1%
Half-inch detector <1% <2%
Maxwell-Boltzmann neutron spectrum (Fig. 12) < 0.6% <1%
Systematic uncertainties Value
2 keV< E, < 20 keV 0.9%
20 keV< E, < 322 keV 2%
001 T T T T T T T T T T =
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—
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= 0.01 4
=]
e}
—
&
=
1]
e}
\E
Z 0.014 -
©
0.00 T T T T T T T T T T
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in the figure, there is a good agreement between the experimental data
and the Maxwell-Boltzmann fit, even in the high energy part of the
spectrum, which the R&K work fails to reproduce.

With the proton energy of 3169.8 + 2.5 keV and the aluminum foil
of 50 pm thickness, the obtained MBNS did not have the expected
30 keV thermal temperature. Since the accelerator was calibrated, the
discrepancy likely arises from an error in the thickness of the aluminum
foil.

A study of the thickness of the Al foil was performed with a scanning
electron microscope (SEM). A small rectangular portion of the original
aluminum foil supplied by the Goodfellow Company [19] was prepared
for the thickness analysis by cutting two sides of the rectangle with
an electro-erosion machine, and leaving the other two sides as cut by
the supplier. Results of SEM analysis of both types of edges are shown
in Fig. 13. The following values were found: 55.85 + 1.8 pm for the
electro-erosion-cut edges and 51.80 + 3.1 pm for the Goodfellow-cut
edges.

This measurement shows the uncertainty in the thickness estimation
of the Al foil. The nominal thickness value reported by the Goodfellow
company is 50 pm + 15%, meaning 50.0 + 7.5 pm. Both measurements
performed with the SEM analysis are within the uncertainty reported by
the Goodfellow company. The following calculations were performed to
have a crosscheck estimation of the real thickness. With the SRIM 2013
software, the distributions of protons after passing different thicknesses
of the aluminum foil (50-55 pm) were calculated. An initial proton
energy of 3169.77 keV was considered. With each Gaussian distribu-
tion’s mean value and FWHM, the theoretical neutron spectrum was
calculated with the TYpLi code (reported in Section 2). Then, each
generated spectrum was compared with the experimental one, and the
R? coefficient was determined (Fig. 14). As a result, with the best fit

Energy (keV)

Fig. 14. Angle-integrated neutron energy spectrum obtained in this work compared to
the calculations made with the TYpLi and PINO codes.

(highest R? value), the aluminum foil thickness was found to be 51 pm.
The difference between the expected 30 keV stellar temperature value
and the obtained kT = 28.35 + 0.29 keV could be due to the difference
between the estimated thickness and the real one, including thickness
inhomogeneity. The theoretical neutron spectrum obtained with the
TYpLi code for E, = 3169.77 keV and the estimated 51 pm aluminum
foil is shown in Fig. 14. The theoretical neutron spectrum obtained with
the PINO code [20] is also shown in the figure. Both code calculations
are in very good agreement with the experimental data.

The experimental neutron energy spectrum was also compared with
the ones reported in the work of Feinberg et al. [4], shown in Fig. 15.
The experimental data from this work was taken from the Experimental
Nuclear Reaction Data (EXFOR) [21]. The MBNS obtained in this work
reproduces the ideal stellar spectrum better over the entire range,
especially in the higher energy region where the other work fails.

6. Conclusions

In this work, neutron time-of-flight spectrometry (nTOF) was ap-
plied to determine the neutron spectrum. As the source of neutrons,
the Li(p,n)’Be nuclear reaction was employed, using a metallic lithium
target and a 600 kHz proton pulsed beam from the Van de Graaff ac-
celerator of the Laboratori Nazionali di Legnaro (LNL-INFN), in Padua,
Italy.



E. Musacchio-Gonzdlez et al.

T T T T T T T T T T T
1.0 1 h = This work .
| & ™ e Feinberg et.al. (2012) "Broad" |
I 4 Feinberg et.al. (2012) "Narrow"
08 # R Maxwell-Boltzmann (kT = 28 keV)
2 |f 4 ]
s |f B
5 067% LY .
m ]
o % -
= 044 a 1
zZ & S
.' ’6. J
"
0.2 at E
00 T T T T T -
0 50 100 150 200 250
Energy (keV)

Fig. 15. Neutron energy spectrum obtained in this work compared with Feinberg’s
work [4] and the Maxwell-Boltzmann least squares fit.

To produce a Maxwell-Boltzmann neutron spectrum (MBNS) with
a desired kT, the method of using a proton energy shaper was em-
ployed. The experiment was performed with an initial proton energy
of 3170 keV and an aluminum foil of 51 pum thickness. To obtain
the Maxwellian Averaged Cross Section (MACS) from an activation
measurement, the neutron spectrum should correspond to the thermal
spectrum in the stars. The most important achievement of this work
is that a well-reproduced MBNS with a thermal temperature of 28 keV
was measured. Setting the same proton energy and employing the same
aluminum foil, the kT = 28 keV MACS measurements for different
isotopes will be measured in future experiments.
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