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Neutron production by 51V(p,n)51Cr reaction close to the reaction threshold is interesting for its
pure production of neutrons at low kiloelectronvolts. In this work, for the first time, the angle-
dependent neutron spectrum is measured close to the threshold, particularly at 1585-keV proton
energy only 20 keV above the reaction threshold. The experiment was performed at the MONNET
facility (JRC-Geel), employing the Time-Of-Flight technique and a thick Vanadium target. The
7Li(p,n)7Be reaction near the threshold was also measured and used as a reference and in a neutron
transmission measurement for self-absorption correction. The angular-dependence energy spectra
for the 51V(p,n)51Cr has been obtained and the integrated energy spectrum is presented.
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I. INTRODUCTION

The 51V(p,n)51Cr reaction has been employed as a mo-
noenergetic neutron source in various applications [1–6].
Compared to the 7Li(p,n) reaction, which is the most
commonly used reaction for producing kiloelectronvolts
neutrons, the greater mass of 51V results in significantly
lower neutron energy at the reaction threshold and a
smaller variation of energy with angle in the laboratory
frame. Therefore, the 51V(p,n)51Cr reaction offers the
potential to produce very low-energy epithermal neutrons
(few keV) with a modest neutron yield, which could be
interesting in fields as nuclear astrophysics or Boron Neu-
tron Capture Therapy (BNCT).

In astrophysics, elements beyond iron are primarily
produced through successive neutron-capture reactions
and beta decays. In these processes, neutron veloci-
ties follow a Maxwell-Boltzmann probability distribution
[7, 8] or stellar neutron spectrum. The most important is
the slow(s)-process, where two components are identified:
the main and weak s-processes.

The modern understanding of the main s-process com-
ponent is tied to the burning phase that occurs in Asymp-
totic Giant Branch (AGB) stars [9], where the 22Ne(α,n)
reaction is the main neutron source at temperature corre-
sponding to kT = 30 keV. This phase primarily produces
nuclei with atomic masses between 90 and 209 [10, 11].
Ratynski and Käppeler demonstrated that the 7Li(p,n)
near-threshold reaction is able to produce a quasi-stellar
neutron spectrum at kT = 30 keV [12]. Thus, their
method has been extensively used to determine stellar
neutron-capture cross-sections by means of the activa-
tion technique. At the opposite end, during the 13C(α,n)
phase, neutron densities can drop as low as 107 cm−3,
with temperatures around kT = 5 keV [13]. Therefore,
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the production of neutrons at a few keV could be use-
ful for directly measuring typical of stellar cross-sections
in the 13C(α,n) phase [14]. In this framework, neutron
beams produced by means of the 51V(p,n)51Cr near-
threshold could be an interesting possibility to mimic the
stellar environment in activation measurements.

Another possible application of the 51V(p,n)51Cr reac-
tion is BNCT. The BNCT is an experimental therapy,
where neutrons are utilized to deliver a selective cellular
dose within, typical a one-day treatment [15]. It admin-
isters a 10B compound, preferentially absorbed by tumor
cells, which, when irradiated with neutrons, undergoes
the 10B(n,α)7Li reaction, irreversibly damaging the cells.
Effective BNCT requires sufficient thermal neutrons to
reach the tumor, necessitating higher-energy external ir-
radiation and a subsequent neutron moderation. After
the recent International Atomic Energy Agency (IAEA)
report [16], several constrains on the therapeutic neutron
beams, with beam energies below 10 keV, have changed
and, in particular, relaxed in terms of neutron flux. The
new quality factors and the development of accelerator-
based neutron sources instead of nuclear reactors as neu-
tron sources open new possibilities. For instance, we
have studied the direct irradiation with neutrons with-
out moderation using a similar reaction as a neutron
source, 45Sc(p,n)45Ti [17]. The positive results open new
insights in BNCT, for this reason, it is under evaluation
for patent. Although, the 51V(p,n)51Cr reaction has a
lower neutron yield than 45Sc(p,n)45Ti, it could be com-
pensated with the high-current protons beams of tens of
milliampere delivered from the new accelerators already
developed for BNCT [16].

The 51V(p,n)51Cr reaction has a threshold of
Ep=(1565.28 ± 0.24) keV and a Q-value of (-1534.92 ±
0.24) keV, measured already several times [18–24]. In
1955, Gibbons et al. measured the neutron yield for the
51V(p,n)51Cr reaction and identified energy resonances
in the energy range Ep=1.56-1.68 MeV [20]. Therefore,
this reaction produces a neutron spectra in the keV re-
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gion with a variety of resonances. Natural vanadium is
composed of 99.75% 51V and 0.25% 50V. The 51V(p,n)
reaction could be contaminated by the 50V(p,n)50Cr and
50V(p,γ)51Cr reactions. However, the contamination is
very low, i.e. less than 0.2% from the 50V(p,n) reaction
and no significant γ-ray production [2].

This reaction has been measured by the Time-Of-
Flight (TOF) technique on several occasions. One of
the first neutron spectrum measurements was performed
by Stelson et al. [25] at Ep=3.23 and 3.72 MeV. Later,
Kneff et al. [23] obtained a neutron TOF spectrum for
this reaction using a thick target and a proton energy of
1595 keV. Their resulting spectrum reveals a pronounced
peak at 6.49 ± 0.04 keV. Subsequently, Schölermann
and Böttger [24] analyzed the resonance structure of the
51V(p,n) cross-section directly above the threshold us-
ing TOF measurements. They irradiated a target with
a thickness of 50 keV with protons at an energy approx-
imately 50 keV above the reaction threshold. A single
discernible peak corresponding to a neutron energy of
Ep=(6.44 ± 0.195) keV was identified. This peak was
confirmed by the measurement in Ref. [26] and it is in
agreement with Ref. [23].

As for angular-dependence, the only published experi-
ments are those by Ballini et al. [27] and by Deconninck
et al. [28]. First, Ballini et al. [27] measured the angular
distribution of neutrons from this reaction to the ground
state and the first two excited states of 51Cr at a mean
proton energy of 4.07 MeV. Later, Deconninick et al. [28]
described a slow variation of neutron energy with emis-
sion angle. To achieve mono-energetic field production,
this reaction could be interesting, if it were deployed at a
later angle to reach exceptionally low-energies. However,
its feasibility depends on the neutron emission rate.

Despite all the mentioned measurements and the ex-
tensive nuclear data available for the 51V(p,n)51Cr re-
action, the cross-sections reported by different experi-
ments exhibit significant discrepancies. This is particu-
larly evident near the reaction threshold, where the re-
ported values diverge by as much as an order of magni-
tude [2, 22, 29–36, 38, 39, 41, 42, 45], as depicted in Fig.
1. Additionally, there is a notable lack of data: while a
few experiments have reported total neutron and gamma
yields, there is a scarcity of experimental information re-
garding the angular-dependent energy distribution near
the reaction threshold.

To address this gap, the present experiment focuses on
measuring the angular-dependent energy distribution of
the 51V(p,n)51Cr reaction near the threshold. This mea-
surement is conducted using the Time-Of-Flight tech-
nique, which allows for a precise determination of the
energy distribution as a function of emission angle.

This paper is structured as follows. In Section II,
we provide a detailed description of the experimental
method, including all the parts of the setup. Section
III covers the data analysis along with additional results,
including a 7Li(p,n)7Be measurement near the thresh-
old and a transmission measurement through Vanadium.
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FIG. 1. 51V(p,n)51Cr reaction near-threshold cross-section
data: experimental data from Johnson 1958 [29], Albert 1959
[30], Wing 1962 [31], Hontzeas 1963 [32], Johnson 1964 [22],
Dell [33], Harris [2], Egan 1972 [34], Metha 1972 [35], Metha
1977 [36], Michel 1980 [37], Zyskind 1980 [38], Kailas 1985
[39], Wenrong 1994 [40], Musthafa 2005 [41] and Solieman
[42], taken from EXFOR [43]. Evaluated data from TENDL
2021 [44] and threshold of reaction are also included.

Section IV addresses the results. Finally, the conclusions
derived from this research are highlighted in Section V.

II. MATERIALS AND METHODS

The experiment was conducted at the MONNET fa-
cility (acronym for MONo-energetic NEutron Tower) at
the Joint Research Centre (JRC) in Geel, Belgium EU
[46, 47]. This facility consists of a vertical 3.5 MV tandem
accelerator capable of generating continuous or pulsed
beams of protons or deuterons. Pulsed proton beams
with energies from 1.5 to 1.9 MeV and average currents
lower than 2 µA were used. The accelerator terminal was
calibrated using several resonances by the MONNET lo-
cal team and tested by us using the 51V(p,n) and 7Li(p,n)
reaction at thresholds energies. Possible beam fluctua-
tions were monitored and corrected using a De Pangher
precision Long Counter (PLC) detector and a CeBr3 de-
tector. To enable Time-Of-Flight (TOF) measurements,
the accelerator operated in pulsed mode with a frequency
of 1250 kHz. The chopped and bunched proton beam had
a pulse width of 2 ns (FWHM). Figure 2 shows the exper-
imental setup with a proton beam of 1.2 mm diameter.
Neutrons were detected by a 6Li-glass detector of 12.7
mm x 57 mm (length x diameter).

For this experiment, two different targets were used:
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FIG. 2. Diagram of the experimental setup used for our TOF
measurements. The 6Li-glass detector is mounted on a mov-
able arm at distance of FP. Two targets were use: LiF onto
an Al backing and self-sustained Vanadium foil.

one for the principal vanadium measurement and the
other for the additional lithium measurements. The first
target assembly consisted of an aluminium cylinder (4.2-
cm diameter and 15-cm long) and 1 mm aluminium back-
ing for the lithium fluoride target. A LiF thick target (5-
mm diameter and 3.78 mg/cm2) was prepared by evap-
oration onto an Al backing. Figure 3 shows the Li tar-
get geometry. The second assembly consisted of an alu-
minium cylinder and a 0.5 mm thick self-supported 51V
target, which acted as beam stopper. In both cases, the
target assembly was cooled by forced air flow on the ex-
ternal side of the target and the charge at the target was
measured.

FIG. 3. LiF target detailed geometry. The figure is not in
scale. All the quantities are in milimeters.

As for the detectors, a stationary PLC mounted at
an angle of 30◦ about 2 m from the neutron target was
used to monitor the neutron yield throughout the entire
experiment. Regarding the gamma production, a CeBr3
detector was used as gamma monitor, placed 1 m away
and at an angle of 110◦ from the end of the beam line.
Neutron spectra were measured by TOF technique us-

ing a 6Li-glass detector [48]. The 6Li-glass detector was
12.7 mm thick and had the geometry shown in Fig. 4.
This detector was mounted on a movable arm that can
rotate around the neutron target, covering an angular
range from 0◦ and 90◦ in steps of 10◦. The intrinsic effi-
ciency of 6Li-glass detector, shown in Fig. 5, is primarily

defined by the 6Li(n,t)4He reaction, and it was deter-
mined by means of Monte Carlo (MC) simulations. The
MCNP6.2 code [49] was employed for these calculations.

FIG. 4. 6Li-glass detector geometry purchased from Scionix
[48]. The colors represent the different materials: aluminum
can (light grey), Si rubber (purple), Teflon layer (orange),
6Li-Glass (blue), photomultiplier tube (pink), µ-metal (deep
grey), and tape (yellow, between the Al can and the 6Li-glass).
All quantities are in millimeters; dimensions in figure are not
to scale.
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FIG. 5. Intrinsic efficiency for a 12.7 mm thick 6Li-glass de-
tector scaled to the maximum. Calculated by MC simulations
using the geometry of the Figure 4.

The ABCD framework [50–53], maintained by the
MONNET team [54], served as the front end for the Data
Acquisition System (DAQ) in this experiment. ABCD
is responsible for initializing the DAQ, reading the data
from the hardware, storing, and processing the acquired
waveforms. For our setup, we used the CAEN waveform
digitizer model DT5730 [55], a desktop module that oper-
ates as the DAQ. The DT5730 features 8 channels with
flash ADCs of 14 bit and 500 MSamples/s, making it
suitable for high-resolution signal acquisition.
During data acquisition, signals collected at the an-

ode of each detector were digitized and analysed using
digital pulse-analysis routines. The waveforms analysis
was applied to the digitized waveform to determine: the
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energy, pulse shape, and time information of each wave-
form. Timing analysis utilized a digital timing filter am-
plifier and a constant-fraction discriminator to determine
the precise timing of the signals. The time information
is represented by a timestamp associated to each wave-
form. Pulse shape analysis is based on the double inte-
gration window technique [52]. Two parameters are de-
termined: Qlong and Qshort. The former represents the
total charge accumulated over an extended duration of
the signal pulse, while Qshort corresponds to the charge
within a shorter interval, typically near the peak of the
pulse. The TOF information is determined with the dif-
ferences between the timestamps and the signal driving
the accelerator pulsing. Data from each detector were
recorded independently, ensuring accurate alignment of
timing and pulse integral information.

III. DATA ANALYSIS

In this section we detail the three measurements per-
formed. The goal is the determination of the neutron
spectrum of the 51V(p,n)51Cr reaction at Ep=1585 keV,
i.e. 20 keV above the threshold. For this, two addi-
tional measurements with LiF target as neutron source
were carried out. The first one was the measurement of
the neutron field produced by the 7Li(p,n)7Be reaction
near the threshold to validate setup and data analysis.
The second one was a neutron transmission measurement
through the Vanadium target using the measured neu-
tron field produced by the 7Li(p,n)7Be reaction. This
measurement was necessary to correct for the neutron
absorption in the Vanadium target (500 µm in thickness)
during the measurement at Ep=1585 keV.

A. Neutron spectra data analysis

The data analysis of all neutron spectra is determined
by the TOF-to-energy conversion. The TOF for a given
energy varies due to the potential different paths between
the production point in the target and the final point in-
side the detector where the 6Li(n,t)4He reaction takes
place. In this scenario, neutrons undergo multiple scat-
tering events dependent on their energy and the materials
they pass through. Consequently, for a neutron of a given
energy, the resulting TOF forms a distribution [56, 57].
Therefore, the conversion TOF-to-energy is characteris-
tic of each setup. The conversion cannot be measured
directly. Thus, in neutron TOF experiments is conven-
tionally obtained with accurate MC simulations. Hence,
for a correct TOF-to-energy conversion, we carefully sim-
ulate with MCNP6.2 the complete setup. This includes
modeling the neutron source as time-dependent Gaussian
distribution with FWHM = 2 ns. Figure 6 shows the re-
sults of such simulations or response matrix (RM) for
one of the cases, specifically, for Vanadium target with
a flight path of 31 cm for the 6Li-glass detector located

at 0 degrees. The binning used is extracted by consid-
ering a temporal binning of 2 ns and transforming it to
energy through the kinematic equation. Thus, the en-
ergy binning is not constant and we will call it ”natural”
binning.
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FIG. 6. Response matrix using Vanadium target and 6Li-glass
detector at 31 cm and 0 degrees. As explained in the text,
dedicated response matrices are calculated for the different
cases.

B. 7Li(p,n)7Be near threshold

The 7Li(p,n)7Be is a very well-known reaction near
threshold with several experimental dataset, see [58]
and references therein, and very accurate theoretical
parametrization [59]. In particular, the neutron field pro-
duced at Ep=1912 keV and measured in 1988 by Ratyn-
ski and Käppeler, i.e. about 30 keV above the reaction
threshold, is considered an standard [12, 56, 57, 60, 61].
Therefore, the 7Li(p,n)7Be reaction near threshold can

be used for validation of the setup and data analysis [57].
Our measurement began by checking the 7Li(p,n)7Be re-
action threshold to validate the accelerator calibration.
The calibration has an uncertainty of 2 keV, and at pro-
ton energy of Ep=1888.5 keV neutrons were clearly de-
tected, meanwhile, going down in energy, no neutrons
were detected at Ep=1884.6 keV. Therefore, an energy
of (-4 ± 2) keV was added to the calibrated accelerator
energy, because the threshold 7Li(p,n)7Be reaction is ex-
pected at Ep=1880.6 keV. Due to technical reasons for
optimal terminal stability, the accelerator was finally set-
tled at Ep=(1915 ± 4) keV. The 6Li-glass detector was
placed at 31 cm away from the neutron-production tar-
get and at an angle of 0 degrees with respected to the
proton-beam axis. A charge of 4015.35 µA/Hz was ap-
plied, with a total measurement time of 91.15 minutes.
Using the reference channel from the accelerator pulse,
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Figure 7 (upper part) displays a TOF histogram for a
6Li-glass detector.
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FIG. 7. Time-Of-Flight spectrum for raw and filtered
data from the measurement of the 7Li(p,n)7Be reaction at
Ep=(1915 ± 4) keV, taken at a distance of 31 cm and at 0
degrees. The upper section presents a zoomed-in view of the
flat region of the spectra. The lower section shows a repre-
sentation of the Qlong distribution.

As we can see in the zoom-in of the upper part of
the Fig. 7, the background was found to be temporally
uniform since the region between the gamma-flash and
the neutrons was flat. This allows its subtraction from
the measured TOF spectra. An additional analysis in
function of the Qlong allows a discrimination between
the gamma-rays and neutrons. The region of interest for
the neutrons for this detector is outlined by the dotted
blue lines in Fig. 7. By isolating the signal attributed to
neutrons and excluding gamma-rays within the neutron
range, the resulting spectrum is showed by the black line
in the upper part of Figure 7. This reaffirms that the
background was completely flat.

For the TOF-to-energy conversion, we use the corre-
sponding response matrix. As uncertainty is mainly dom-
inated by statistics, once the TOF is transformed to ”nat-
ural” energy grid, the histograms are rebinned to 2 keV
bins as a good compromise between resolution and low
uncertainty. Figure 8 shows our results at 0◦ compared
to those of Lederer et al. [60] measured at Ep=(1910 ±
1) keV, Feinberg et al. [61] measured at Ep=(1913 ±
6) keV and Maćıas et al. measured at Ep=(1912 ± 2).
Despite the differences in proton energies between the
different experiments, the comparison demonstrate the
consistency of our acquisition system and data analysis.
The final uncertainties are shown as error bars. The most
significant source is statistical, the one related to the sim-

ulations of response matrix contribute less than 1%.

25 50 75 100 125 150

Energy, keV

0

2

4

6

8

10

d
N
/d

E
,
ar
b
.
u
n
it
s

Feinberg

Lederer

Maćıas
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FIG. 8. Energy spectrum at 0 degrees of the 7Li(p,n)7Be at
Ep=(1915 ± 4) keV, with its statistical uncertainty, compared
with Lederer et al. at Ep=(1910 ± 1) keV [60], Feinberg et
al. at Ep=(1913 ± 6) keV [61] and Maćıas et al. at Ep=(1912
± 2) keV [56].

An important aspect of our investigation is the nor-
malization because our primary goal is to validate the
method and subsequently use it to normalize the neu-
tron yield from the Vanadium reaction. For the lithium
energy spectrum measured at a distance of 31 cm, we
observed a production rate of (1533 ± 22) neutrons in
arbitrary units within the energy range from 1 to 150
keV. This high production rate indicates a robust reac-
tion yield at closer proximity to the detector.
The data collected will serve as a reference to normal-

ize the neutron yield of the vanadium reaction, ensuring
that our results are accurate and reliable. At the energy
of 1910 keV the total neutron yield using a thick LiF
target is 7.29×106 neutrons×Hz/µA, following Ref. [59].
Using NEBOAS [62, 63], we have determined that the
neutron rate spectrum at a distance of 31 cm amounts to
1.43×105 neutrons×Hz/µA for an initial proton energy
of Ep=1915 keV. This value will be used to standardize
the neutron yield for the vanadium reaction.

C. Transmission through Vanadium target

Due to the thickness of the Vanadium target, the neu-
tron self-absorption would be appreciable. For correcting
the absorption, a transmission TOF measurement was
performed using the previous measured neutron field.
Figure 9 details the setup where a Vanadium foil with
a thickness of 0.5 mm was placed at 12 cm from the LiF
target.
Using the presented method to transform TOF into en-

ergy, in the Fig. 10, we show the energy spectra difference
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FIG. 9. Setup for the neutron vanadium transmission mea-
surement. All the quantities are in cm and the figure is not
in scale.

between the measurement with Vanadium and without
Vanadium (black line) in the energy range of interest for
the measurement. The gray shadow represent the exper-
imental uncertainty of the difference. The calculated dif-
ference from MCNP6.2 [49] simulations is shown in blue.
In these simulations, we modeled the experimental con-
ditions with and without vanadium, then subtracted the
resulting neutron spectra to obtain the difference. The
initial neutron spectrum used for these simulations was
the angle-dependent spectrum for 7Li(p,n) at Ep=1915
keV, obtained by a code based on Lee and Zhou’s equa-
tions [59]. This code was successfully compared with
experimental data [64, 65]. Additionally, we show the
51V(n,tot) TENDL [44] cross-section in green, to evalu-
ate whether the effect aligns with our expectations.

In Figure 10 there is a strong agreement between the
experimental and simulated results, particularly in the
energy resonances, which are identified with high reso-
lution. However, the most significant aspect of the fig-
ures is not just the agreement in numerical values, but
the fact that the overall shape of the experimental and
simulated differences closely mirrors one another. The
experimental data, much like the simulation, reveals five
distinct and clearly defined peaks, which are consistent
with the structure observed in the represented TENDL
cross-section. This consistency between the shape sug-
gests that, despite any minor quantitative discrepancies,
the simulation successfully reproduces the key features of
the experimental results, particularly the positions and
relative heights of the energy resonances. This will allow
the correction of absorption in the target in the Vana-
dium target for the different angles.
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FIG. 10. Black line - Difference between the two energy spec-
tra with and without Vanadium. Grey shadow - Error of the
difference between the two spectra with and without Vana-
dium. Green line - 51V(n,tot) TENDL [44] cross-section. Blue
line - Difference between the two spectra with and without
Vanadium results from MCNP6.2 simulations. Simulations
were run for a sufficient duration until the errors became neg-
ligible.

D. 51V(p,n)51Cr at Ep=1585 keV

Our goal measurement with vanadium have followed
the same data analysis as presented above. All the
51V(p,n) TOFs measurements were conducted using the
same 6Li-glass detector, positioned at 31 cm, with a pe-
riod of 800 ns at Ep (1585±2) keV. Figure 11 shows the
TOF histogram at zero degrees, which reveals the pres-
ence of several resonances. In the next section, the results
in energy for all the angles are detailed.

IV. RESULTS AND DISCUSSION

As above, the TOFs have been convert into energy
spectrum, following the validate method explained in
Section II. The obtained energy spectra for the differ-
ent angles are shown in Figure 12. The binning employed
here is the ”natural” energy binning and the energy range
spans from 1 to 30 keV.
Specifically, for the measurement taken at 0 degrees,

we convert the TOF data presented in Fig. 11 into the
energy spectrum using the response matrix illustrated
in Fig. 6. The response matrix was constructed using
the validated MCNP6.2 code with the TENDL cross-
section for the V(n,tot) reaction. Transmission measure-
ments confirmed that the code accurately represents the
V(n,tot) resonances for each scenario.
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FIG. 11. Time-Of-Flight measurement for the 51V(p,n)51Cr
at Ep=(1585 ± 2) keV, just 20 keV above the threshold, at
zero degrees. The grey shadow represents the statistical error
of the measure.

As mentioned, we have created dedicated response ma-
trices for each angle for taking into account the specific
thickness of vanadium that the neutrons pass through.
This ensures that the energy spectra derived from the
TOF data accurately represent the effects of neutron in-
teractions with the Vanadium target at various angles.
Thus, the resonances we see in Figure 12 are resonances
from the 51V(p,n) reaction itself, not from secondary re-
actions.

In Figure 12 the resonances for each angle are marked
in blue lines, it is clear that these resonances are changing
depending on the angle. The main resonances marked in
dark blue lines are in agreement with the 6.44 ± 0.195
resonance peak at 0 degrees measured by Schölermann
and Böttger [24] and confirmed by Lamirand [26].

By comparing these results with those obtained from
the 7Li(p,n) reaction measurements, we can determine
a ratio of production between them. Notably, the zero-
degree measurement, depicted in Figure 12 at the upper
left, was conducted under identical conditions as the one
taken at 0◦ using a 6Li-glass detector positioned at 31 cm.
This allows for a direct comparison between the two spec-
tra. The calculated ratio of production between the two
reactions is 1944.8 at zero degrees, indicating a signifi-
cant comparative difference in reaction yields under these
specific experimental conditions. Using the value for the
7Li(p,n) reaction at 31 cm of 1.43×105 neutrons×Hz/µA,
we can use it to normalize.

To obtain the neutron spectrum at the production tar-
get, angle-integrated neutron spectra are needed. For
this, each spectrum is scaled by the respective covered

solid angle. We are going to follow this criteria:

fα =


2π (1− cos(θ)) if α = 0.

2π (cos(α− θ)− cos(α+ θ)) , if 0 > α > 90.

2π (cos(90− θ)) , if α = 90.

(1)
Where r is the detector radius, α is the position de-

gree of the detector and θ is the covered degree by the
detector, calculated by:

θ = arctan
( r

L

)
, (2)

using L as flight path.
The pondered spectra for each angle is shown in Fig.

13. For the present setup, with detectors of 5.08 cm diam-
eter and a flight path of 31 cm, the entire forward hemi-
sphere is narrowly avoided. Nevertheless, previous stud-
ies by other researchers have investigated potential vari-
ations in the angle-integrated spectrum for the 7Li(p,n)
reaction at a proton energy of 1912 keV [56, 60] showing
a negligible effect.
In Figure 14 the integrated spectrum for the

51V(p,n)51Cr reaction is shown. The result is obtained
by adding all the angle-degree dependence spectrum from
the Fig. 13 and normalizing using the 7Li(p,n) neutron
yield. The black line represent the spectrum with the
”natural” binning, extracted from the 2 ns steps in time.
The grey shadow is the statistical error. The most im-
portant contribution to the statistic uncertainty is due
to the low statistics at the higher angles.
The shape of this energy spectrum is characteristic,

because of the main resonance, which have been found
in all the measured angles, in Fig. 12. The total forward
neutron yield is (65000 ± 24000) neutrons×Hz×/µA for
the 51V(p,n) reaction at Ep=(1585 ± 2) keV.

V. CONCLUSIONS

The main objective of this work was to produce and
measure the neutron spectrum with the 51V(p,n)51Cr
reaction at Ep=1585 keV, that is 20 keV above the
threshold. The experiment encompassed three measure-
ments conducted at the MONNET facility at the Joint
Research Centre in Geel, Belgium, using the Time-Of-
Flight technique. One was the mentioned measurement
of 51V(p,n)51Cr at 1585 keV. To validate the data acqui-
sition and analysis, the well-known 7Li(p,n)7Be reaction
near threshold was used. Then, with the latter measured
neutron spectrum a transmission measurement through
Vanadium was performed to correct for neutron absorp-
tion in the Vanadium target.
The forward integrated neutron spectrum of

51V(p,n)51Cr at 1585 keV, shown in Fig. 14, is
clearly dominated by the presence of resonances. At
a first glance the comparison with a stellar neutron
spectrum at kT = 5 keV would show discrepancies.
Nevertheless, in future works we will study possible
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ways of producing neutron fields closer to the stellar one
using shaped proton beams following the methodology
in previous studies with the 7Li(p,n)7Be, see [57] and
references therein.

On the other hand, the neutron spectrum of Fig. 14
is very adequate for BNCT without neutron moderation,
because most of the neutrons will have a therapeutic ef-
fect (energy between 0.25 eV and 10 keV). Nevertheless,
we will perform carefully studies following the method-
ology in [17] to explore this possibility. It is worth men-
tioning that the low neutron yield of the reaction will
entail the use of proton currents higher than delivered
by existing accelerators.
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