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Abstract. At the NPI in Rez, the p+Be source reaction was investigated for 30 MeV proton beam and thick
beryllium target. For neutron field determination of the p(30)+Be source reaction in close source-to-sample
distance, the multi-foil activation technique with a set of 10 activation materials (Au, Co, Lu, Ti, In, Al, Y, Fe,
Ni, Nb) was utilized. From resulting reaction rates, the neutron spectrum was reconstructed using the SAND-II
unfolding code. New neutron field of white spectrum up to 28 MeV has an intensity of 8.6× 1010 cm−2s−1 close
to target. The obtained neutron field extends the utilization of cyclotron-based fast neutron sources at the NPI
and provides new experimental opportunities for future irradiation experiments such as fast neutron activation
analysis, nuclear data validation, and radiation damage study of electronics and materials for nuclear energetics.

1 Introduction
Nowadays, many older research nuclear reactors have
reached their end of life-cycle and are being gradually de-
commissioned. The useful replacement for them seems
to be small compact accelerator-driven neutron sources.
Accelerator-driven neutron sources are safe, small, and
cheap solution. They can be used for isotope produc-
tion, neutron activation analysis, material irradiation, sub-
surface exploration, nuclear data measurements, neutron
imaging, silicon transmutation, and with suitable modera-
tor also for boron neutron capture therapy. Many compact
neutron sources in the world are based on Be-targets.

2 Materials and methods
2.1 The p+Be source reaction

Proton bombardment of thick beryllium target produces
the broad neutron spectrum (see Fig. 1). The high energy
fraction of spectrum is formed by the 9Be(p,n)9B reac-
tion with a Q-value of −1.85 MeV [1]. General neutron
continuum and low energy region of spectrum are caused
by the multi-body break-up processes 9Be(p,pn)8Be,
9Be(p,pα)5He*, 9Be(p,αn)5Li, 9Be(p,pαn)4He with nega-
tive Q-values [1]. Neutron mean energy of p+Be spectrum
above 2 MeV is given by relation Ēn = 0.47 · Ep − 2.2,
where Ep represents the proton energy [2–4]. The p+Be
interaction was earlier studied by several scientists [4–10].

2.2 Neutron source NG-2 with beryllium target

The NPI CAS in Rez operates the cyclotron based neutron
source NG-2 with thick beryllium target [11]. The target
∗e-mail: milan.stefanik@fjfi.cvut.cz

station uses 8 mm thick beryllium target with a diameter
of 50 mm. Beryllium target is cooled on the back side by
5 mm thick layer of flowing alcohol; charged particle cur-
rents on target and collimators are monitored on-line. The
neutron source is standardly operated with 35 MeV proton
beam which provides broad spectrum up to 33 MeV with
fast neutron flux of 1010 cm−2s−1 [12].

To extend the utilization of the NG-2 neutron source,
the neutron fields for various energies of proton or
deuteron beams need to be studied. In this manner, the
new neutron field based on 30 MeV protons on Be-layer
was recently investigated and is described in this paper.

Figure 1. The p+Be neutron spectra measured by M.A. Lone
using time-of-flight technique. [4]

2.3 Multi-foil activation technique

The multi-foil activation technique is the off-line neutron
spectrometry method that allows the measurement of in-
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tensive neutron field in experimental arrangements, where
the dimensions of neutron source and activation detectors
and their distance are comparable. Other techniques are
not easily usable under these conditions. The neutron acti-
vation technique uses the stack of spectrometric thin foils
consisting of materials that are sensitive to various en-
ergy regions of neutron spectrum depending on the char-
acter of activation cross-sections σi(En). Foil stack is ac-
tivated by neutrons at chosen position in neutron field; the
radioactive nuclei are produced in foils by the activation
and threshold reactions. Subsequently, the activated foils
are investigated by nuclear gamma-ray spectrometry us-
ing the precise semiconductor HPGe detector. And the re-
action rates per one target nucleus RRi, that represent the
responses of activation foils to the neutron field, are deter-
mined. From measured reaction rates, the neutron spec-
trum φ(En) is reconstructed using the deconvolution code.
The above described experimental technique is used for
measurement of neutron fields with broad spectrum.

At the NPI, the multi-foil activation method was used
for neutron spectrum measurement of neutron genera-
tors with p(35)+Be [12, 13], d(20)+Be [14], d(15)+Be
[15], and p(37)+D2O [16] source reactions. The neutron
sources are involved in fusion related research tasks [17].

Figure 2. Beryllium target station driven by isochronous cy-
clotron U-120M at NPI Rez.

2.4 The p(30)+Be neutron spectrum determination

The neutron field from proton bombardment of a thick
beryllium target was analysed in open space geometry by
activation foil technique. The neutron energy spectra were
measured at two source-to-sample distances, i.e. at a dis-
tance of 14 mm (marked as position P0) and distance of
154 mm (position P14) from source target. Sets of ten ac-
tivation materials were used to measure the response to the
neutron field at both main positions. The sets included Al,
Au, In, Ti, Fe, Y, Lu, Co, Ni, and Nb. The longitudinal
distribution of neutron flux was monitored using Au, Al,
and In foils located at distances of 34 mm (position P2)
and 74 mm (position P6) from Be-target.

In the experiment, the foil stacks were fixed at alu-
minium holder and were irradiated for 14.2 h. The beryl-
lium target was bombarded by 30 MeV proton beam with

mean intensity of 10.9 µA. After irradiation, the activated
foils were transported to the gamma-ray laboratory. They
were measured in cycle using the HPGe detector for seven
weeks. In acquired gamma-ray spectra, the activation
products were identified based on energy and intensity of
gamma-lines and with respects to their half-lives and re-
action thresholds (the observed radionuclides with their
properties are listed in Tab. 1). The main output of gamma
ray spectrometry were the sets of 30 reaction rates.

A modified version of SAND-II deconvolution code
[18] was used to reconstruct the neutron spectra based on
experimental reaction rates and corresponding activation
cross-section from the EAF-2010 data library [19]. A pri-
ori information on the studied neutron spectrum, that was
required by deconvolution procedure, was calculated in
Monte Carlo MCNPX code [20] employing the ENDF/B-
V.II [21] and LA-150h [20] data libraries.

Table 1. Activation and threshold reactions observed in
irradiation experiment and successfully used for neutron spectra

deconvolution. [1, 22]

Activation Ethresh T1/2 Eγ Iγ
reaction (MeV) (keV) (%)

27Al(n,α)24Na 3.3 14.9 h 1 368.6 100.0
46Ti(n,p)46Sc 1.6 83.8 d 1 120.5 99.9
47Ti(n,p)47Sc 0.0 3.4 d 159.8 68.3
48Ti(n,p)48Sc 3.3 43.7 h 1 312.1 100.0
50Ti(n,α)47Ca 3.3 4.5 d 1 297.1 71.0
54Fe(n,α)51Cr 0.0 27.7 d 320.1 10.0
54Fe(n,p)54Mn 3.2 312.3 d 834.9 99.9
56Fe(n,p)56Mn 2.9 2.6 h 846.8 98.9
59Co(n,γ)60Co 0.0 5.3 y 1 332.5 99.9

59Co(n,2n)58Co 10.5 70.9 d 810.8 99.0
59Co(n,3n)57Co 17.3 271.8 d 122.1 85.6
59Co(n,p)59Fe 1.5 44.5 d 1 099.3 56.5

59Co(n,α)56Mn 1.8 2.6 h 846.8 98.9
60Ni(n,p)60Co 2.0 5.3 y 1 332.5 99.9
58Ni(n,p)58Co 1.5 70.9 d 810.8 99.0
57Ni(n,p)57Co 5.8 271.8 d 122.1 85.6
58Ni(n,2n)57Ni 12.2 35.6 h 1 377.6 81.7
89Y(n,γ)90mY 0.0 3.2 h 202.5 97.3
89Y(n,2n)88Y 11.1 106.7 d 1 836.1 99.2

93Nb(n,α)90mY 0.0 3.2 h 202.5 97.3
93Nb(n,2n)92mNb 9.1 10.2 d 934.5 99.0
115In(n,n’)115mIn 0.3 4.5 h 336.2 45.8
natLu(n,x)176mLu 0.0 3.6 h 88.3 8.90
natLu(n,x)173Lu 14.2 1.3 y 78.6 11.8
natLu(n,x)174Lu 7.4 3.3 y 1 241.9 5.1

197Au(n,γ)198Au 0.0 2.7 d 411.8 96.0
197Au(n,2n)196Au 8.2 6.2 d 355.7 87.0
Au(n,2n)196m2Au 8.2 9.6 h 147.8 43.0
197Au(n,3n)195Au 14.6 186.1 d 98.9 10.9
197Au(n,4n)194Au 23.2 38.0 h 293.6 10.4

2.5 Results and discussions

The SAND-II reconstructed neutron energy spectra of the
p(30)+Be source for both irradiation positions (position
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foils were transported to the gamma-ray laboratory. They
were measured in cycle using the HPGe detector for seven
weeks. In acquired gamma-ray spectra, the activation
products were identified based on energy and intensity of
gamma-lines and with respects to their half-lives and re-
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properties are listed in Tab. 1). The main output of gamma
ray spectrometry were the sets of 30 reaction rates.

A modified version of SAND-II deconvolution code
[18] was used to reconstruct the neutron spectra based on
experimental reaction rates and corresponding activation
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ori information on the studied neutron spectrum, that was
required by deconvolution procedure, was calculated in
Monte Carlo MCNPX code [20] employing the ENDF/B-
V.II [21] and LA-150h [20] data libraries.

Table 1. Activation and threshold reactions observed in
irradiation experiment and successfully used for neutron spectra
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48Ti(n,p)48Sc 3.3 43.7 h 1 312.1 100.0
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197Au(n,3n)195Au 14.6 186.1 d 98.9 10.9
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2.5 Results and discussions

The SAND-II reconstructed neutron energy spectra of the
p(30)+Be source for both irradiation positions (position

P0 and P14) are depicted in Fig. 3; the MCNPX predic-
tions are also included in the graph, and they are in good
agreement with experimental spectra. In Fig. 4, the result-
ing spectra are displayed in logarithmic energy scale.

The quality of obtained neutron spectra was checked
using the following tests. The mean energy of determined
neutron field is 11.9 MeV and is identical to predictions
based on Lone equation [4]. The ratios of reaction rates
calculated based on unfolded spectra and cross-section
data from EAF-2010 library to experimentally measured
reaction rates are close to unity (see Fig. 5). And as it
can be seen from Fig. 6, the ratios of experimental reac-
tion rates from position P0 to P14 agrees really well with
ratios of reconstructed spectral distribution at position P0
to P14. All these facts have confirmed the correctness of
unfolded spectra based on SAND-II optimisation process.
Moreover, the longitudinal distribution of neutron flux in
dependence on target-to-sample distance is shown in Fig. 7
.

Figure 3. Novel p(30)+Be neutron spectra of NG-2 generator
at two irradiation positions measured using multi-foil activation
technique at NPI.

Figure 4. Novel p(30)+Be neutron energy spectra of NG-2 gen-
erator at NPI in log-log scale.

Figure 5. Calculated-to-experimental reaction rates ratios for in-
vestigated positions P0 and P14.

Figure 6. Reaction rates ratios and neutron spectral distribution
ratios.

Figure 7. Reaction rates ratios in dependence on target-to-
sample distance.

3 Conclusions

The brand new neutron field based on p+Be interaction for
30 MeV proton beam with 10.9 µA intensity was recently
developed at the NPI Rez. The thick-target broad neutron
spectra have the energy range up to 28 MeV with mean en-
ergy of 11.9 MeV. The shape of the obtained neutron spec-
tra agrees well with the results for p+Be sources by other
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Table 2. Calculated-to-experimental reaction rates ratios for
deconvoluted neutron energy spectra.

Activation reaction Position P0 Position P14
27Al(n,α)24Na 1.04 ± 0.07 1.03 ± 0.07
46Ti(n,p)46Sc 1.02 ± 0.08 1.00 ± 0.08
47Ti(n,p)47Sc 1.15 ± 0.09 1.11 ± 0.08
48Ti(n,p)48Sc 0.99 ± 0.07 1.05 ± 0.07
50Ti(n,α)47Ca 0.89 ± 0.12 0.84 ± 0.12
54Fe(n,α)51Cr 0.95 ± 0.07 0.88 ± 0.09
54Fe(n,p)54Mn 1.01 ± 0.06 0.99 ± 0.07
56Fe(n,p)56Mn 1.07 ± 0.08 1.06 ± 0.08
59Co(n,γ)60Co 1.12 ± 0.10 1.15 ± 0.11

59Co(n,2n)58Co 0.96 ± 0.06 0.97 ± 0.07
59Co(n,3n)57Co 0.99 ± 0.07 0.96 ± 0.07
59Co(n,p)59Fe 0.98 ± 0.08 1.00 ± 0.09

59Co(n,α)56Mn 0.94 ± 0.06 0.99 ± 0.07
60Ni(n,p)60Co 0.88 ± 0.08 0.89 ± 0.13
58Ni(n,p)58Co 0.99 ± 0.07 1.06 ± 0.08
57Ni(n,p)57Co 0.90 ± 0.06 1.03 ± 0.07
58Ni(n,2n)57Ni 0.95 ± 0.07 0.94 ± 0.07
89Y(n,γ)90mY 0.97 ± 0.07 0.93 ± 0.08
89Y(n,2n)88Y 1.00 ± 0.06 0.95 ± 0.07

93Nb(n,α)90mY 0.96 ± 0.06 0.88 ± 0.06
93Nb(n,2n)92mNb 1.07 ± 0.08 1.03 ± 0.07
115In(n,n’)115mIn 1.02 ± 0.09 0.95 ± 0.08
natLu(n,x)176mLu 0.89 ± 0.08 0.98 ± 0.09
natLu(n,x)173Lu – 0.87 ± 0.13
natLu(n,x)174Lu 0.92 ± 0.09 –

197Au(n,γ)198Au 1.01 ± 0.07 1.00 ± 0.07
197Au(n,2n)196Au 1.02 ± 0.07 1.04 ± 0.08

197Au(n,2n)196m2Au 1.14 ± 0.14 1.20 ± 0.16
197Au(n,3n)195Au 1.01 ± 0.15 1.04 ± 0.10
197Au(n,4n)194Au 0.88 ± 0.11 0.81 ± 0.10

authors [4, 5, 8]. In open space geometry, the fast neutron
spectral yield of p(30)+Be source is up to (8.6 ± 0.6) ×
1010 cm−2s−1 at position P0 and (1.5 ± 0.1) × 109 cm−2s−1

at position P14.
This novel neutron field extends the utilization of

cyclotron-based neutron sources at the NPI, and it is in-
tended for selected applications of fast neutron activation
analysis, material research, and integral validation of acti-
vation cross-sections for fusion relevant technologies. It is
compatible with the main energy range of planned IFMIF-
DONES facility [23].

Another important fact is that this was a study of a less
explored p+Be source reaction, and new spectral informa-
tion for energy range with lack of empirical data (region
above 20 MeV) were obtained.
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