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ABSTRACT. A new detection device for the measurements of light ions (p, d, t, «) emitted as the
products of the nuclear reactions induced by fast neutrons (5-33 MeV) was recently developed at the
Nuclear Physics Institute of the Czech Academy of Sciences. The main objective of the Chamber-for-
Light-Ion-Detection (CLID) is to produce new differential nuclear data of high interest for the material
applications related to fusion and aerospace technologies and to potentially test and validate models of
nuclear reactions. Hereby the experimental set-up for the measurements with the CLID is described
in detail. The experimental characterization of the collimated fast neutron beams produced by the
cyclotron-driven converter (p(35 MeV)+Be(2.5 mm)) is presented. In particular, the implementation of
the Proton-Recoil-Telescope technique used for neutron energy spectra determination with the CLID is
described.
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1. INTRODUCTION

A new 1.6 m long collimator coupled to a new neutron
converter (based on the p+“Be reaction) driven by the
isochronous cyclotron U-120M was constructed at the
Nuclear Physics Institute of the Czech Academy of Sci-
ences (NPI-CAS). Collimated beams of fast neutrons
are bringing new experimental possibilities, especially
for on-beam measurements with semiconductor detec-
tors which need to be shielded from intense neutron
fields. The new vacuum chamber with the telescopes
composed of silicon detectors allows us to perform
precise measurements of double-differential cross sec-
tions of (n,cp - charged particle) reactions induced by
fast neutrons with kinetic energies from 5 to 33 MeV.
Motivated by the development of future fission and
fusion energy projects, the nuclear data measurements
of cross sections for nuclear reactions induced by fast
neutrons are of high interest.

In recent years, the CLID detection system was
commissioned and it delivered its first experimental
data. This paper describes the characterization of the
collimated neutron fields available at the U-120M facil-
ity at the NPI-CAS. The neutron fluxes and energetic
spectra were measured in the irradiation position of
the CLID device using the experimental set-ups with
the vacuum chamber as well as with the scintillation
probes.

The development of the CLID system follows the
previous development of similar devices used at sev-
eral nuclear research facilities worldwide. During past
decades, the DDCS data for (n,cp) reactions induced
by fast neutrons (10-200 MeV) on several basic ele-
ments (C, Li, O, Al, Si, Fe, Co, Bi, U, etc.) were
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measured and published at LANSCE in USA [I], at
CYCLON in Belgium [2H4], at Crocker nuclear labo-
ratory in the USA [BH7] or at Svedberg laboratory in
Sweden where the Medley chamber was constructed
and used for several campaigns of DDCS measure-
ments [8HII]. Recently, the Medley was moved for the
new set of experimental campaigns to the GANIL lab-
oratory in France where the new LINAC accelerator
is used for neutron production mainly in the energy
region from 1 to 40 MeV [I2]. In 2022, new data on
a-particle production double differential cross-sections
on carbon were published by the Chinese group from
the CSNS facility for the energy range from 6 to
102 MeV [13)].

2. GENERAL SET-UP FOR CLID
EXPERIMENTS

The initial proton bunches are accelerated by the cy-
clotron U-120M to the kinetic energy of 34.8+£0.5 MeV.
Pulsed beams of primary protons are delivered
through few meters of ion beam-line to a thin
beryllium-based neutron converter where fast neu-
trons are produced. The neutron converter is placed
very close to the 1.6 m long circular-shaped collimator
(3 cm in diameter). Behind the collimator, the evac-
uated reaction chamber is placed at an approximate
distance of 2.5 m (from the neutron converter to the
irradiated sample). The representative schematics of
the experimental set-up is shown in Figure

2.1. CYCLOTRON-DRIVEN NEUTRON SOURCE

The new neutron converter consists of 2.5 mm
thick beryllium slab. The neutrons with quasi-
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FIGURE 1. The top-view schematics of the experimental set-up used with the reaction chamber.

monoenergetic (QM) spectrum are produced by
9Be(p,n) reactions. The beryllium is backed by 10 mm
thick slab of graphite which is used to stop the protons.
The beryllium/graphite slabs are cooled by the flow
of de-mineralized water. The primary proton beam
current is measured by the integration of the charge
deposited by protons in the beryllium/graphite slabs.

Historically, the QM neutron spectra produced by
beryllium targets were already studied at the NPI-
CAS. A 0.5 mm thick beryllium target was bombarded
by ~30 MeV protons and the neutron energy spectra
were measured by the Time-of-Flight (ToF) technique
using the NE-213 scintillator [I4]. Two monoenergetic
peaks separated by 2-3 MeV were recorded on the
neutron continuum. Based on these results, five times
thicker beryllium slab was chosen to produce only one
broader peak of monoenergetic neutrons on continuous
neutron background.

The target station with the neutron converter is
placed close to the collimator wall as shown in Figure[T}
A hollow steel cylinder was implemented in this wall.
To shape the beam of fast neutrons, several hollow
cylinders made of polyethylene and steel pieces were
inserted in the inner part of the collimator cylinder.
The rest of the collimator wall consists of the mixture

of iron and water.

2.2. CLID DEVICE

Inspired by the Medley setup [8], a new vacuum cham-
ber for the detection of light ions (p, d, t, *He, «)
produced in nuclear reactions induced by fast neu-
trons (up to 33 MeV) was constructed at the NPI-
CAS. The chamber allows the measurements of double-
differential cross sections for reactions (n, cp) with
respect to the angle and incident energy of the in-
teraction. The Time-of-Flight method is used for
the energy determination of the primary neutron and
remotely controlled rotating table is used for angle dif-
ferentiation. The central sample holder can be loaded
with up to four different targets which can be switched
during the on-beam measurement remotely.

Using the CLID, the neutron flux and energy spec-
trum were measured by the Proton-Recoil-Telescope
(PRT) method. The polyethylene foil (PE,CHy -
250 pm thick and 2 cm diameter) mounted on the
strip of 2.5 pm thin Mylar foil was placed at the cen-
ter of the chamber and irradiated. The elastically
scattered protons were recorded using the telescopes.
A carbon sample of the same diameter and half of the
thickness was measured in the same position in order

FIGURE 2. The photography of the internal set-up of the CLID placed behind the collimator.
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to subtract the background proton events from (n,Xp)
reactions on carbon in PE. At last, an yttrium sam-
ple was irradiated and analyzed using the activation
technique.

The four Si-based telescopes were placed on the
rotating table around the irradiated sample, see the
Figure 2l Each telescope consisted of two planar Si
detectors, the thin one to record the energy loss (dF)
of the passing charged particle and the thick one to
absorb the rest of the particle energy (F). In the
case of the PRT measurement with the PE foil, the
telescope consisted of the 150 pm and 5 mm thick de-
tectors. The solid angle between the PE sample and
the telescope was restricted by the circularly shaped
aperture with the inner diameter of 8 mm. This solid
angle was calculated by numerical integration tech-
nique based on the method presented by S. Pommé
[15] and the resulting absolute value of 0.00255 sr was
obtained. The telescope was placed at the laboratory
angle of 45° with respect to the neutron beam axis.

The data acquisition chain consisted of the CAEN
preamplifiers and V1730 digitizer. The power supply
modules delivering the high- and low-voltage were
manufactured by CAEN as well.

3. PRT MEASUREMENT OF THE
NEUTRON SPECTRUM

During the approximately 2-hour-long irradiation of
the CHs target at the beam current of approx. 20 pA
the light charged particles were recorded by the PRT
at the laboratory angle of 45° and proton events were
discriminated by the dE-E method which is graphically
represented by the 2-D plot in Figure[3] The energy
calibration of the Si-detectors has been performed
using the radionuclide a-sources with kinetic energies
of a-particles up to 8 MeV.
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The background runs were measured with the car-
bon and empty-holder targets. The background and
natC(n,p) proton events were correctly subtracted and
the proton spectrum from H(n,p) elastic scattering
was reconstructed, see the blue data-set in Figure [4

To obtain the energy spectrum of protons produced
in the PE sample, the unfolding procedure (based on
RooUnfold package [I6]) was implemented to correct
the measured spectra for energy spreading and shifting

12

5 600F
= |-
3
8500
5 L
B 400 i
& st
300 Arteet
200[
100 Measured Proton Energy Spectrum
= Corrected Proton Energy Spectrum
ok ES

[ [N [T [T [T 1 I T
4 6 8 10 12 14 16 18 20
Proton kinetic energy (MeV)

FIGURE 4. Proton energy spectra measured by PRT
(blue) and corrected proton energy spectra (red).

due to the energy loss in the PE sample and due to
the variations of the recoil angle within the solid angle
of the detector. The response function used for the
unfolding process was generated using the Monte-
Carlo code Geant4 [I7] and the previously created
CLID model [I8]. The simulated response matrix is
plotted in Figure [f and represents the response of the
PRT set-up of the CLID to the theoretical irradiation
by the mono-energetic neutrons which are elastically
scattered on hydrogen nuclei in PE foil.
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FIGURE 5. Geant4 simulated response function for
the set-up with CHsz target and PRT.

The kinetic energy of protons is recalculated into
the energy of interacting neutrons based on the well-
defined kinematics of elastic scattering. The following
equation is used to calculate the single neutron spec-
tral point in each energy bin of the final neutron
spectrum:

Qb0 aifp Habo C

Ny [n/em?®/MeV/C], (1)

e Np — Number of protons detected in the energy
bin,

® Oy — Solid angle (in LAB system) from CHs target
to telescope,

® Ogiff = Mﬁ — ENDF/B-VI Double differen-
tial cross-section for H(n,p),

e H, —number of hydrogen atoms in the CHy sample,

e b, — the width of energy bin for which the spectral
point is calculated,

e (C — the charge of primary proton beam integrated
over the period of measurement.
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4. ACTIVATION MEASUREMENT

Two 12-hours-long irradiations of the yttrium foil were
performed. Yttrium is commonly used as activation
detector material and has a well-known (n,xn) reac-
tion cross sections. The parameters for two relevant
neutron-induced reactions are listed in Table[Il The
reaction rates for the production of the 3%Y isotope
were successfully measured (with HPGe), while the
production of 3¥Y(n,3n)87Y could not be measured
due to the long cooling times of the yttrium foil com-
pared to the relatively short half-life period.

Reaction Q-value Threshold Half life
[MeV] [MeV] [days]

89Y (1n,2n)®¥Y  -11.48 11.61 106.65

89Y(n,3n)87Y  -20.83 21.07 3.33

TABLE 1. Basic reaction parameters relevant for acti-
vation technique assessment.

The overview of experimental and evaluated cross-
section data for the 39Y(n,2n)%8Y reaction plotted
by JANIS [19] is shown In Figure [} The measured

Y89 (n,2n) or Y88 production
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FIGURE 6. Experimental and evaluated cross-section
data for Y (n,2n)®*¥Y reaction plotted by JANIS
[19].

reaction rates can be used to control the correctness of
the absolute values in the neutron spectra measured
by the PRT technique as will be shown in the following
Section [B

5. RESULTS

The neutron energy spectrum at the irradiation posi-
tion of the CLID was measured by the PRT technique
and calculated using the Eq. [I] together with the mea-
sured proton data presented in Figure[d] The resulting
neutron energy spectrum is plotted in Figure m

The reaction rates (number of produced nuclei per
1 g of the sample and per 1 primary particle) for
the production of Y isotope were measured by the
HPGe detectors. Besides the activation technique
described in the previous Section [4] the reaction rate
was also calculated by the integration of the known
cross-section o(E) (Figure[6) with the PRT-measured
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FIGURE 7. Spectral neutron flux measured by the
PRT method with the CLID.

neutron flux ¢(E) over the energy range of the neutron
energy spectrum in Figure [7}

Emaa
Re= [ o(Byom)ar, 2)
where F is the neutron kinetic energy. The neutron
cross-section data for o(F) were taken from the EAF-
2010 [20] data library. The absolute values for the Rp
quantity calculated by both approaches (activation
method, PRT method) are listed in the Table [2 The
resulting normalization factor is listed as well and
the disagreement between the two measured values is
further explained in the conclusion of this article.

Rr by Activa- Rpg for PRT Normalization

tion method method factor

[/8/C] [/g/C] [

6.71E+408 4.85E408 1.3844

TABLE 2. The reaction rates calculated for

89Y(n,2n)®¥Y reaction and their ratio.

In the Figure [§] the final neutron energy spectrum
measured by the PRT technique and corrected by the
normalization factor deduced from activation measure-
ment with yttrium sample is shown.

An independent measurement with the NE213 scin-
tillator in the ToF mode was performed to obtain the
neutron spectral flux at the irradiation position of the
CLID. The methodology of the TOF measurement is
beyond the scope of this paper [21] 22]. The result-
ing ToF neutron spectrum is shown in Figure [8] for
comparison.

Furthermore, the MCNPX [23] calculation was per-
formed to simulate the neutron flux in the CLID
irradiation position. The complete geometry with
the collimator was used in the MCNPX simulation,
the beryllium target backed with the carbon slab and
the layer of coolant in the target station was mod-
elled. The neutron production was simulated for the
p(34.8 MeV)+YBe(2.5 mm thick) reaction using the
JENDL4.0/HE data library [24], [25]. Comparison be-
tween experimentally measured neutron fluxes and
MCNPX simulation is shown in Figure [§] as well.
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FIGURE 8. Spectral neutron fluxes measured by PRT
method and normalized by ®¥Y production rates (red),
measured by the NE213 (green) and simulated by the
MCNPX code using the JENDL4.0/HE data library
(blue) [24], 25].

For all three energy spectra plotted in Figure |8 the
absolute values of the QM-peak neutrons measured or
simulated at the CLID irradiation position were inte-
grated, see the Table [3] The lower integration limits
were 20 MeV, 21 MeV and 23 MeV for data sets from
NE213, PRT and MCNPX respectively. Both mea-
surements (NE213, normalized PRT') are in very good
agreement with each other. On the other hand, the
MCNPX simulation gives roughly 30 % lower values
for the QM-peak integral compared to the measure-
ments. This disagreement with the MCNPX results is
probably due to the poor precision of the implemented
cross-section data for the production of neutrons in
the JENDL4.0/HE library. The JENDL4.0/HE has
however better description of the neutron production
than the other existing library ENDF7PROT [26] and
therefore was chosen for this comparison.

NE213 PRT MCNPX
ToF normalised simulation
Peak neut.
[n/ch/C] 1.10E+11 1.11E+11  8.067E-+10

TABLE 3. Integral values of QM neutrons at the CLID
irradiation position.

6. CONCLUSIONS

This paper describes the overall experimental set-up
with the new vacuum chamber. The implementation
of the PRT technique for neutron flux determination
with the CLID was described in detail. During the
one weekend-long on-beam experiment with the CLID,
the CHa, 89Y and "%'C targets were irradiated and
the measured data were used for the characterization
of the fast neutron spectrum in the collimated beam.

The detailed analysis of the experimental data has
shown that some events were randomly lost during the
data acquisition or their energy deposition values were
falsely recorded. The evidence for this effect can be
found around the proton band in Figure 3] This issue
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was already addressed and solved for future experi-
ments. The experimental PRT data presented in this
paper were however compromised and consequently
had to be normalised. The normalisation factor was
deduced from the activation measurement of the ir-
radiated yttrium sample. The 39Y(n,2n)®¥Y reaction
has very well known cross section (Figure @ in the
energy range from 11 MeV to 36 MeV. The correctness
of the activation measurement was confirmed by the
ToF measurements performed with the organic scin-
tillator NE213. The Rr = 6.711E08 88Y/g/C value
calculated for the neutron energy spectrum (green in
Figure [8)) measured by the NE213 matches perfectly
with the Rr value presented for activation in Table
The ToF spectrum agrees with the normalized PRT
neutron energy spectrum.

The integral values for QM-peak neutron fluxes (as
presented in Table [3)) are of the key importance for
every experiment on collimated fast neutron beams
produced on 2.5 mm thin beryllium target by the
cyclotron U-120M at energies around 34.8 MeV. The
overall relative uncertainty of the measured data in
Tableis expected to be below 10 %. The accuracy of
the MCNPX/JENDL4.0/HE predicted values is lower
because of the worse implementation of the neutron
production in the JENDL4.0/HE evaluation. The
broad QM peak from the p+Be reaction on 2.5 mm
thin beryllium target is composed of two narrow peaks
which originate from the ground and excited states of
the remaining B nucleus [I4]. The absolute values
of cross section and the intensity ratio between these
two inner peaks is not implemented correctly into the
evaluated data libraries. The production of neutrons
is however better described in JENDL4.0/HE than
in the other existing libraries generally used with
MCNPX.
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