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Abstract. The accelerator driven fast neutron sources of the white- and quasi-monoenergetic spectra are
operated at the NPI Rez Fast Neutron Facility utilizing the Be(thick), D2O(thick), and 7Li(C) target stations
and the variable energy proton beam (up to 37 MeV) from the U-120M isochronous cyclotron. Recently, the
design of beryllium target station was upgraded in order to provide the higher neutron flux at the modified
positions of irradiated samples. Afterwards, the thick target neutron field of the p+Be source reaction was
investigated for proton energy of 35 MeV. The spectral neutron flux for several target-to-sample distances
was determined using the multi-foil activation technique. From measured reaction rates, new neutron spectra
were reconstructed employing the SAND-II unfolding code and validated against the MCNPX predictions.
The IFMIF-like (International Fusion Material Irradiation Facility) neutron field obtained from the p(35)+Be
source is suitable for the neutron cross-sections validation within the IFMIF research program, radiation
hardness tests of electronics, and neutron activation analysis experiments.

1. Introduction
The accelerator-driven neutron sources represent the
appropriate devices for neutron field production of
precisely given parameters that are useful for clinical
neutron radiotherapy, measurement and validation of
nuclear data for advanced nuclear energetic applications,
and for material hardness study. The Nuclear Physics
Institute of the CAS belongs to laboratories that operate
such types of cyclotron based fast neutron generators.

2. Materials and methods
2.1. The p + Be neutron source reaction

The accelerator-driven fast neutron generators with broad
neutron spectrum are mostly built on the thick beryllium
targets. High value of beryllium melting point (1287◦C [1])
makes possible to use the intensive proton beams and thus
to obtain higher neutron yield.

During the proton bombardment of beryllium target,
the high energy neutron spectrum component is produced
by the 9Be(p,n)9B reaction; the low energy spectrum
fraction is formed in the multi-body break-up processes
(see Table 1).

The p+Be source reaction was intensively studied by
several scientists in the 70s and 80s years of the last
century. Neutron spectra were investigated by M.A. Lone
[3], R.G. Graves [4], H.J. Brede [5], S.W. Johnsen [6],
W.B. Howard [7], F.M. Waterman [8], and J.L. Ullman [9].
For thick Be-target it was found that the fluence-averaged
energy of neutrons above 2 MeV emitted at an angle
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of 0 ◦Can be estimated from the empirical equation [3,10]:

Ēn = 0.47 × Ep − 2.2, (1)

where Ep is the proton beam energy. For 35 MeV proton
beam, the average energy of neutron spectrum above
2 MeV should be 14.2 MeV.

2.2. Beryllium target station NG-2 at NPI

The beryllium target station NG-2 (see Fig. 1) of the NPI
CAS has been in standard operation with 35 MeV proton
beam since 2012 [11]. In order to obtain the higher neutron
flux for sample irradiation (e.g. for radiation hardness tests
of electronic devices and materials related to the IFMIF
research program [12]), the Be-target head was recently
rebuilt. Within the upgrade, the amount of construction
materials in the area of target was reduced. It enabled also
to modify the irradiation positions and put investigated
samples close to the production target.

The Be-target station of NG-2 neutron generator
(Fig. 1) is operated in the negative ion-mode of
acceleration employing the 35 MeV proton beam from
the U-120M isochronous cyclotron with intensities up to
15 µA (power of 525 W). The alcohol cooled static Be-
target has a diameter of 50 mm and thickness of 8 mm.

Neutron spectra for two irradiation positions of the
original version of Be-target station with the p(35)+Be
reaction were reported for the first time in [11], and
spectral characteristics were analysed in [13] in detail.

2.3. Multi-foil activation technique, reaction rate

The multi-foil activation technique allows determination
of the neutron spectrum from the set of experimentally
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Table 1. Proton induced reactions on beryllium target [2].

Reaction (p,n) (p,pn) (p,pα) (p,nα) (p,pnα)
Product 9B 8Be 5He∗ 5Li 4He
Q (MeV) −1.85 −1.66 −2.31 −3.54 −1.57
Eth (MeV) 2.06 1.85 2.57 3.93 1.75

Figure 1. Beryllium target station NG-2 with aluminium holder
of activation foils after modification of target station head.

measured reaction rates utilizing the unfolding code (e.g.
SAND-II). The reaction rate per one target nuclei is
obtained from the gamma-ray spectrometry measurements
using the equation:
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where λ is the decay constant of produced radionuclide,
S the number of counts in the full energy peak (FEP),
N0 the number of target nuclei in the activation detector,
ε

γ
FEP the absolute detection efficiency for the FEP, Iγ

the intensity per decay, tirr and tcool the irradiation and
cooling time, and treal and tlive the real time and live
time of the spectroscopic measurement. Corresponding
corrections for gamma-ray attenuation in the activation foil
and proton beam fluctuation are applied as well.

2.4. Neutron field determination

The neutron field of upgraded beryllium target station
with the p(35)+Be source reaction in close source-
to-sample distance was determined using the multi-
foil activation method. At the NG-2 fast neutron
generators, this experimental technique was formerly
tested and successfully applied also for the neutron field
measurement of the p(37)+D2O source reaction with
liquid target [14–16].

The set of eleven activation detectors (spectroscopy
thin foils with diameter of 15 mm) for irradiation
experiment consisted of Al, Au, In, Ti, Fe, Y, Lu, Co,
Ni, Nb, and Bi. Activation materials were sensitive to
various parts of the neutron energy spectrum according to
the activation cross-sections. The irradiation experiment
with the p+Be neutron source lasted for 13 hours, the
proton beam current was reaching a value of 9.82 µA and
energy of 35 MeV. The stacks of the foils were located
on the aluminium holder in three beryllium-to-sample
distances, in particular at a distance of 14 mm (position
0), 34 mm (position 2), and 154 mm (position 14).
After irradiation, the induced radioactivity of activation
foils was repeatedly measured by two semiconductor
HPGe detectors after various cooling times. The reaction

Table 2. Activation reactions observed in irradiation experiment
and used for neutron field reconstruction.

Reaction Ethresh T1/2 Eγ Iγ

(MeV) (keV) (%)
27Al(n,α)24Na 3.25 14.96 h 1 368.63 100.00
natTi(n,x)46Sc 1.57 83.79 d 1 120.55 99.99
natTi(n,x)47Sc 0.00 3.35 d 159.78 68.30
natTi(n,x)48Sc 3.28 43.67 h 1 312.10 100.00
natTi(n,x)47Ca 3.33 4.54 d 1297.09 71.00
natFe(n,x)51Cr 0.00 27.70 d 320.08 10.00
natFe(n,x)54Mn 3.17 312.30 d 834.85 99.98
natFe(n,x)56Mn 2.87 2.58 h 846.77 98.90
59Co(n,γ )60Co 0.00 5.27 y 1 332.50 99.99
59Co(n,2n)58Co 10.51 70.86 d 810.78 99.00
59Co(n,3n)57Co 17.33 271.79 d 122.06 85.60
59Co(n,p)59Fe 1.49 44.50 d 1 099.25 56.50
59Co(n,α)56Mn 0.00 2.58 h 846.77 98.90
natNi(n,x)60Co 2.02 5.27 y 1 332.50 99.99
natNi(n,x)58Co 1.50 70.86 d 810.78 99.00
natNi(n,x)57Co 5.77 271.79 d 122.06 85.60
natNi(n,x)57Ni 12.21 35.60 h 1 377.63 81.70
89Y(n,γ )90mY 0.00 3.19 h 202.51 97.30
89Y(n,2n)88Y 11.05 106.65 d 1 836.06 99.20
93Nb(n,x)90mY 0.00 3.19 h 202.51 97.30
93Nb(n,2n)92mNb 9.05 10.15 d 934.46 99.00
115In(n,n′)115mIn 0.34 4.49 h 336.24 45.83
natLu(n,x)176mLu 0.00 3.64 h 88.34 8.90
natLu(n,x)173Lu 14.19 1.37 y 78.63 11.87
197Au(n,γ )198Au 0.00 2.70 d 411.80 96.00
197Au(n,2n)196Au 8.19 6.18 d 355.68 87.00
197Au(n,3n)195Au 14.55 186.09 d 98.85 10.90
197Au(n,4n)194Au 23.21 38.02 h 293.55 10.40
209Bi(n,3n)207Bi 14.42 31.55 y 569.70 97.74

products observed in measured gamma-ray spectra were
identified according to the energies, intensities, and half-
life periods. Subsequently, the reaction rates were obtained
and used for the neutron spectrum reconstruction. In
total, thirty-three activation and thresholds reactions were
observed in all foils.

3. Results
For neutron spectra reconstruction from measured reaction
rates, the SAND-II unfolding code [17] was employed.
Twenty-nine out of thirty-three experimental reaction rates
(see Table 1) and the cross-sections from the EAF-
2010 data library [18] were successfully used for neutron
spectra reconstruction at three irradiation positions. As the
initial guess neutron spectra for the SAND-II unfolding
procedure, the MCNPX [19] predictions were utilized.
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Figure 2. Neutron spectra of NG-2 generator at three irradiation
positions measured by multi-foil activation technique at NPI.
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Figure 3. Neutron spectra of NG-2 generator at three irradiation
positions displayed in log-log scale.
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Figure 4. Calculated over experimental reaction rates ratios.

Newly obtained neutron spectra for rebuilt Be-target
station at the NPI with the p(35)+Be source reaction are
depicted in Fig. 1 in linear scale and in Fig. 2 in logarithmic
energy scale. The SAND-II reconstructed spectra as well
as the MCNPX predictions are displayed. The MCNPX
calculations correspond well with spectra reconstructed
from experimentally measured reaction rates. There is only
small deviation in the region of 8 to 15 MeV probably
due to space integration effect in the real activation foils.
The corresponding C /E (calculated over experimental)
reaction rates ratios are summarized in Table 2 for all three
irradiation positions and reactions used in reconstructions;
the graphical representation is given in Fig. 3. All
C /E ratios are very close to unity, and it confirms the
correctness of the SAND-II reconstructed spectra (at the
35 MeV energy region).
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Figure 5. Reaction rates and spectral flux ratios for position 0
and position 2.
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Figure 6. Reaction rates and spectral flux ratios for position 0
and position 14.

1

10

100

00101

R
ea

ct
io

n
 r

at
e 

ra
ti

o 
 (

-)

Beryllium-to-sample distance  (mm)

1/R² law
In-115(n,n')
Al-27(n,a)
Au-197(n,2n)
Au-197(n,4n)

 

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

In Fig. 4, the ratios of experimental reaction rates
of position 0 to position 2, the ratio of SAND-II
unfolded spectra, and ratio of the MCNPX predictions
for corresponding positions are depicted. The ratios of
reaction rates, ratio of unfolded spectra as well as the
ratio of MCNPX spectra are in good agreement, and
they also confirm the correctness of the unfolded spectra.
Small deviations between the SAND-II unfolding and
MCNPX calculations are given by the space integration
effect of neutron flux by the activation foils and
forward orientation of the p+Be reaction. The same
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Table 3. Calculated over experimental reaction rates ratios for
adjusted neutron spectra.

Reaction Position 0 Position 2 Position 14
27Al(n,α)24Na 0.99 0.99 1.06
natTi(n,x)46Sc 0.90 0.86 0.82
natTi(n,x)47Sc 1.20 1.16 1.14
natTi(n,x)48Sc 1.00 1.05 1.09
natTi(n,x)47Ca 0.86 0.85 0.83
natFe(n,x)51Cr 0.92 0.94 0.92
natFe(n,x)54Mn 1.05 1.04 0.98
natFe(n,x)56Mn 1.08 1.12 1.11
59Co(n,γ )60Co 1.02 1.00 1.08
59Co(n,2n)58Co 0.94 1.02 0.96
59Co(n,3n)57Co 0.98 0.95 0.99
59Co(n,p)59Fe 0.99 1.05 1.05
59Co(n,α)56Mn 0.91 0.96 1.01
natNi(n,x)60Co 0.95 0.75 –
natNi(n,x)58Co 0.98 1.00 1.04
natNi(n,x)57Co 0.92 0.97 1.04
natNi(n,x)57Ni 0.99 0.99 1.02
89Y(n,γ )90mY 0.92 1.01 1.01
89Y(n,2n)88Y 0.99 0.98 0.96
93Nb(n,x)90mY 1.00 – 0.84
93Nb(n,2n)92mNb 1.17 – 1.06
115In(n,n′)115mIn 0.96 0.99 1.03
natLu(n,x)176mLu 0.96 0.97 0.87
natLu(n,x)173Lu 0.93 0.95 0.92
197Au(n,γ )198Au 1.01 1.00 1.01
197Au(n,2n)196Au 0.98 1.03 1.05
197Au(n,3n)195Au 0.97 0.91 –
197Au(n,4n)194Au 0.97 0.93 0.93
209Bi(n,3n)207Bi 0.99 0.96 0.88

comparison for position 0 to position 14 is performed in
Fig. 5.

The reaction rate ratios (normalised to position 14)
in dependence on beryllium-to-samples distance are
displayed in Fig. 6; they show the deflection of rate
values from 1/R2 law due to a non-point-like geometry of
irradiation system and activation foils.

4. Conclusions
At the NPI, new neutron field based on the p(35)+Be re-
action of upgraded Be-target station have been developed.
The mean energy of obtained spectra is about 14.2 MeV,
and it corresponds well with the equation proposed by
M.A. Lone. The shape of neutron energy spectrum is in
very good agreement with results from other authors, such
as Brede [5], Howard [7], and Lone [3]. In experiment
with a proton beam intensity of 9.82 µA, the fast neutron

Figure 8. Open target station chamber with back side of Be
target.

spectral flux reaches the value of 1.2 × 1011 cm−2s−1

in position 0, 2.8 × 1010 cm−2s−1 in position 2, and
2 × 109 cm−2s−1 in position 14.

This neutron field represents a useful tool for integral
benchmark experiments, integral validation of cross-
sections for fusion related program IFMIF, testing the
radiation hardness of electronics against the fast neutron
fields, and for application of neutron activation analysis.
Beside the knowledge of neutron field, the operational
experience with Be-target was also obtained. In Fig. 7,
there is an open target station chamber with the back
side of Be-target, the blistering (swelling) effect caused by
35 MeV proton beam on the beryllium disc is evident.

The irradiation experiments at the NG-2 neutron source carried
out at the CANAM infrastructure of the NPI CAS Rez are
supported through the MŠMT project no. LM2011019.
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