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Abstract

In the frame of international concern about long-lived nuclear waste, the construction of an effective accelerator driven system for the

transmutation or incineration of fission products and actinides is a promising task. A spallation source consisting of a Pb target

surrounded by paraffin moderator was studied by irradiation with relativistic proton beams. The spatial distribution of secondary proton

and slow neutron were determined using the natCd activation technique and their multiplicity was calculated in order to verify the

transmutation efficiency of the specific spallation source and to estimate the tolerance limit of source construction materials.

r 2007 Elsevier B.V. All rights reserved.

PACS: 25.40.S; 29.25.D; 29.40.Y; 82.80.J
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1. Introduction

An accelerator driven system (ADS) whereas a high
intensity ion beam hitting a spallation source could well
compete a high flux reactor in terms of neutron production
in order to transmute long-lived nuclear waste and/or to
produce energy [1–3]. A detailed engineering design of an
ADS spallation source requires an optimization of its
performance in terms of neutron production, and an
assessment of problems occurring in such systems. The
number of spallation neutrons produced per incident
particle in various target materials and in different
geometries as well as the energy spectrum and angular
distribution of spallation neutrons must be known in order
to optimize the design of the source. In particular, the
shape of the neutron spectrum is a decisive factor for the
source efficiency regarding its use for transmutation or
e front matter r 2007 Elsevier B.V. All rights reserved.
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incineration purposes. During the spallation process, in
addition to neutron production, a large amount of
secondary charged hadrons, mainly protons, and many
gamma rays are also emitted from the target. In order to
cope with the intense radiation field around a spallation
source, an effective shielding to energetic hadrons and
photons is required. The structural materials of the source
have to be chosen so as to tolerate not only fast secondary
neutrons but also the secondary protons as well as protons
generated by (n,xp) or (p,xp) reactions and slowed down
inside the material [4]. Especially, secondary protons are of
high interest regarding the possibility of additional
channels for transmutation or incineration by proton-
induced reactions.
During the last decades, several spallation sources for

solid-state and material physics have been constructed
and studied worldwide. Many experimental results as well
as Monte Carlo calculations about spallation physics
and neutron multiplicity have been presented [5–10]. In
addition, various spallation sources for transmutation or
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incineration experiments have already been tested and they
need continued consideration [11–14]. Among these is the
GAMMA-2 set-up, a Pb target surrounded by a 6-cm-thick
paraffin moderator, which is built with the intention to
study transmutation via neutron capture and neutron-
induced fission. The 239Pu(n,f), 238U(n,g), 237Np(n,g),
129I(n,g) transmutation effectiveness has been studied in
irradiations using relativistic proton beams [17,18,23].
Moreover, the neutron distribution along the target and
moderator has been determined using various passive
methods [15–23] measuring the wide energy range of
emitted neutrons. However, no experimental data of the
secondary proton distribution has been presented until
now.

In the present work, the spatial distribution of secondary
protons along the moderator is presented which can be
used to evaluate the tolerance of structural materials in
source design and construction. The secondary proton
distribution was determined using natCd activation techni-
ques [24]. In addition, using the same activation detector,
the distribution of secondary slow neutrons was also
determined. Their spatial distribution along the moderator
is presented in order to estimate the slow neutron multi-
plicity that is a measure of the transmutation efficiency of
the source.

2. Experimental

The GAMMA-2 transmutation set-up is a spallation
source with a cylindrical lead target 8 cm in diameter and
20 cm in length covered by a paraffin moderator of 6 cm
thickness (Fig. 1). The target was irradiated with 0.65, 1 and
3.7GeV proton beams and slow neutrons fluencies were
determined along the moderator. Moreover, an extended
GAMMA-2 set-up, with a lead target 40 cm in length, was
irradiated with 1, 1.5 and 2GeV proton beams and slow
neutron and secondary proton was measured. Irradiations
were performed at the Nuclotron accelerator in the High
Energy Laboratory of JINR in Dubna (Russia).

Natural Cd foils of 1mm thickness (mass approximately
2 g, purity 99.9%) were placed along the paraffin mod-
erator, parallel to the cylinder axis (Fig. 1). These samples
were used to measure the slow neutron as well as secondary
proton fluencies. The calculation and measuring method
were described in detail elsewhere [24]. The natural Cd foil
effectively captures neutrons below 1 eV, mainly because of
cd foils
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Fig. 1. The GAMMA-2 (Pb/paraffin target) set-up.
the very high cross section of 113Cd for thermal neutron
capture. Epithermal neutron fluence was determined from
the concentrations of 115Cd and its daughter 115In,
produced via 114Cd(n,g)115Cd. The effective cross section
for the 114Cd(n,g)115Cd reaction at the resonance area can
be calculated as follows:

seff ðn; gÞ ¼

R 10000 eV
1 eV

sðn;gÞðEÞðdE=EÞ
R 10000 eV
1 eV ðdE=EÞ

¼
Resonance Integral

lnð10000Þ
¼

13� 2

9:21
¼ 1:41� 0:22b

ð1Þ

where s(E) is the excitation function of the relevant
reaction and neutron fluence is described by the 1/E
function at the resonance area (1 eV up to 10 keV). The
Resonance Integral was taken 1372b, as it is defined at the
NuDat 2.4 file (www.nndc.bnl.gov/nudat2) However,
significant number of epithermal neutrons reacts with
other cadmium isotopes, as natural Cd has eight stable
isotopes. To cope with the influence of other isotopes as
well as the self-shielding effect due to the sample thickness,
a Monte Carlo simulation was performed with GEANT4
[26]. The number of Cd isotopes nuclei produced from
all possible reactions per neutron hitting the surface of
the sample was thus calculated. Neutron kinetic energy
was defined in isolethargic steps for the energy region
from thermal up to 20MeV. The results of GEANT4
calculations for every energy step in the form of (cadmium
isotope nuclei produced)/(neutron hitting the surface of the
sample) were coupled with neutron spectrum on the surface
of paraffin moderator (see Fig. 2) which is calculated also
by Monte Carlo simulations with the codes MCNPX and
DCM-DEC [19,25]. From these calculations it is deduced
that 74.272.5% of 115Cd nuclei originated from epither-
mal neutrons (1 eV up to 10 keV) with an effective cross
section 1.1570.03b for 114Cd(n,g)115Cd reaction. The
uncertainty refers only to the statistical accuracy of the
calculations. Including the cross section data uncertainties,
the effective cross section becomes 1.1570.18b. This value
is somehow smaller than the calculated from Eq. (1) due to
the self-shielding effect because of the sample thickness.
Natural Cd has a significant cross section to the

natCd(p,x)111In reaction as it is reported in Ref. [27], in
the energy range 1MeVpEpp100MeV which covers well
the secondary proton spectrum around the GAMMA-2
target (Fig. 2). In order to take into account the energy loss
of protons in Cd sample due to the sample thickness
(1mm) the Continuous Slow Down Approximation
method with data provided by ICRU94 [28] was applied
(Fig. 3). The determined effective cross section is
0.1470.02b for proton energy range 1–100MeV.
The Cd foils were measured several times over two weeks

using a low-level HPGe g-ray spectrometry system. The
system consists of a coaxial detector with 42% relative
efficiency, 2.2 keV resolution for 1.33MeV photons (60Co)
and shielded by 4 in. low-background Pb with an inner

http://www.nndc.bnl.gov/nudat2
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Fig. 2. The energy dependent secondary hadron fluence calculated on the surface of the paraffin moderator by using Monte Carlo simulations for 1GeV

incoming proton beam.
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Fig. 3. Excitation function data for natCd(p,x)111In reaction before [27] and after modification for proton energy loss in Cd foil.
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lining of 1mm Cd and 1mm Cu, a high voltage power
supply, an amplifier with pile-up rejector and a computer
based multichannel analyzer. The quantification of 115Cd
was made over decay curves of the two most intense g-rays
at 336 and 528 keV. The 111In was determined using the
decay curves of 171 and 245 keV g-rays, with consideration
of the essential correction factors for summation effect that
were calculated for the specific sample geometry.

The hadron fluence per cm2 and per incoming proton
was derived from the gamma activity measurements
(C, counts) using the following equation:

F ¼
C � f g

f decay � f beam � �� Ig

f b

seff �N � Fp
(2)

where fg is the self-attenuation correction factor for the
measured g-rays that ranged from 4% up to 16% for
gamma ray energy of 528 keV down to 171 keV,
f decay ¼ ð1� e�ltm Þ e�ltacorresponds to the decay process
during the measurement (tm) and the waiting time (ta)
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between the end of irradiation and the begging of the
measurement, l is the decay constant. The f beam ¼ ð1�
e�ltir=ltirÞ correction factor corresponds to the decay
process during the irradiation time (tir) for the monitoring
isotope, which has a half-life much longer than the beam
breaks. The factors e is the counting efficiency, Ig is the
g-ray fraction corrected for summation effect, seff the
experimental effective cross section and N the foil nuclei.
The fb stands for beam asymmetry correction and it ranged
from 1% up to 12% and Fp is the integrated proton fluence
measured using the standard Al monitoring technique [22].
The uncertainties contribution to fluence measurement is
presented in details in Table 1.
3. Results and discussion

3.1. Neutron spatial distribution

The spatial distribution of epithermal neutrons measured
along the paraffin moderator in irradiations with a 1GeV
proton beam for both GAMMA-2 set-ups are presented in
Fig. 4. In the same figure data obtained during a previous
Table 1

The uncertainties contribution over the hadron fluence determination

Source of uncertainty Neutron Proton

Foil mass (%) o0.1 o0.1

Counting statistics (%) o2 4–8

Beam intensity (%) 6–10 6–10

Ge efficiency� g-fraction (%) �3 �3

Effective cross section seff (%) 16 14

Total (%) 17–19 16–19

0.0E+00

2.0E-04

4.0E-04

6.0E-04

8.0E-04

1.0E-03

1.2E-03

1.4E-03

1.6E-03

1.8E-03

2.0E-03

-5 0 5 10 15

Distance alo

E
p

it
h

e
rm

a
l 
n

e
u

tr
o

n
 f

lu
e

n
c
e

 (
n

.c
m

-2
 p

e
r 

p
)

Fig. 4. Spatial distributions of epithermal neutrons measured along the paraffi

set-ups. The lines appeared is to guide the eye.
irradiation of the 20 cm Pb target with a 1GeV proton
beam [24], evaluated using the effective cross section that
determined at the present work, are also presented. The
maximum at 1.470.3� 10�3 epithermal neutrons cm�2 per
incoming proton is found at about 15 cm along the
moderator, corresponding to about 10 cm along the Pb
target, independently of the target length. Although the
maximum intensity of neutrons is found at the same
location (5 cm up to 15 cm along the Pb target) on both set-
ups, their spatial distribution along the target is somehow
different. The extension of the Pb target from 20 to 40 cm
length provides additional target material for neutron
production, which is actually used because the range for
1GeV protons in Pb is 55 cm. Thus, a neutron increment is
observed at the extended target beyond 15 cm along the Pb
target (see Fig. 4). The neutron increment at the entrance
of the extended Pb target might be attributed to back-
scattered neutrons produced further along the target.
The neutron and proton distribution over the paraffin

surface reflects the hadron production in the Pb target from
spallation reactions induced by primary and secondary
particles as well as their moderation and attenuation in the
paraffin. The experimental spatial distribution of hadrons
can be explained by taking into account the interactions of
high-energy protons in a thick target where two competi-
tive effects have to be considered: an exponential increase
of secondary particle production in the beginning of the
target (build-up effect) and an exponential decrease of the
intensity of the primary proton beam along the target
(attenuation effect) [8]. A fitting procedure was applied to
the neutron fluence rn (in units of neutrons cm�2 proton�1)
as a function of the beam path x in cm along the target
using the equation [29]:

rn ¼ Cð1� a e�bxÞ e�dx: (3)
20 25 30 35 40 45

ng the Pb target (cm)

GAMMA-2 (20 cm Pb target)

GAMMA-2 (20 cm Pb target) [24]

GAMMA-2 (40 cm Pb target)

n moderator in irradiations with 1GeV proton beam of both GAMMA-2
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The neutron spatial distribution measured during
irradiations of the extended GAMMA-2 target is presented
in Fig. 5. The neutron production in the Pb target is going
up with proton beam energy increment. The maximum of
the epithermal neutron density is measured to be indepen-
dent of target length at 1071 cm from the beam entrance
into the target for all proton energies studied, which
approximates the mean free path of primary protons in Pb.
The fitted attenuation coefficient d ¼ 0.06070.009 cm�1 is
shown to be independent of proton beam energy. This
experimental value corresponds well to the known interac-
tion length lE1/dE17 cm for 1–2GeV protons in Pb.
Results fitted to data measured on the 20 cm Pb target
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Fig. 5. Spatial distributions of epithermal neutrons measured along the paraffin

beams of different energies. The lines represent the fitting function (Eq. (2)) a
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Fig. 6. Spatial distributions of secondary protons measured along the paraffin

beams of different energies. The lines represent the fitting function (Eq. (2)) a
GAMMA-2 set-up appear to be similar to those obtained
from the thermal and fast neutron spatial distribution
determined during the same irradiations using solid-state
nuclear track detectors [29].

3.2. Proton spatial distribution

Applying the above fitting procedure to the secondary
proton spatial distribution (Fig. 6) the attenuation
coefficient d is also shown to be independent of proton
beam energy with a mean value d ¼ 0.05570.007 cm�1,
identical within 1s uncertainty to the value obtained for the
neutron distribution. The maximum fluence of secondary
25 30 35 40 45

ng the Pb target (cm)

1 GeV proton beam

1.5 GeV proton beam

2 GeV proton beam

moderator in irradiations of the extended GAMMA-2 set-up with proton

pplied to the data points.
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moderator during irradiations of extended GAMMA-2 set-up with proton

pplied to the data points.
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protons for all primary proton beam energies, however, is
found at 1772 cm from beam entrance into the target,
which is distinctly different from 1071 cm measured for
neutrons. The secondary proton production in the Pb
target appears to increase with rising proton beam energy
but in a different way as compared to the production of
neutrons. Comparing the proton fluence with the epither-
mal neutron fluence for the same incoming proton beam
energy is evident that the proton density varies significantly
less than that of epithermal neutrons.

To compare the total neutron with the secondary proton
production, the entire neutron energy spectrum should be
considered. The neutron spectrum released from the
GAMMA-2 set-up extents up to several hundred MeV
according to Monte Carlo calculations with DCM-DEC,
LAHET and MCNPX codes [17,19,25]. Moreover, using
solid-state nuclear track detectors it resulted in a consider-
able high number of thermal (up to 1 eV) and intermediate-
fast (above 0.3MeV) neutrons accompanying the epithermal
(1 eV up to 10keV) ones emitted from the specific set-up [21].
Taking into account the wide energy range of the neutron
spectrum, the total number of neutrons produced during
the spallation process in the GAMMA-2 set-up is about
two orders of magnitude higher than that of secondary
protons.

3.3. Neutron and proton production

In order to determine the neutron and proton multi-
plicity as a function of proton beam energy, the fitting
function (Eq. (3)) was integrated over the entire cylindrical
surface of the paraffin for both GAMMA-2 set-ups. Both
epithermal neutron and secondary proton production
increases continuously with proton beam energy (Table 2).
Moreover, when the Pb target length is extended from 20
to 40 cm almost twice the number of secondary epithermal
neutrons is produced for the same proton beam energy of
1GeV. Using that neutron source in a hypothetical ADS
with 10mA proton beam, a considerable production rate of
slow neutrons of 1017 neutrons s�1 will result in a sub-
stantial transmutation or incineration rate through (n,g) or
(n,f) reactions to long-lived fission products and actinides
produced during the fuel process [18,23]. The operation of
Table 2

Neutron and proton multiplicities determined in irradiations of both

GAMMA-2 set-ups with relativistic proton beams

Proton beam

energy (GeV)

Epithermal neutrons per

primary proton

Secondary protons per

primary proton

20 cm Pb

target

40 cm Pb

target

40 cm Pb

target

0.65 0.5670.09

1 0.9470.16 1.7670.30 0.1370.02

1.5 2.0570.39 0.3970.07

2 2.7970.50 0.4570.08

3.7 1.6570.31
the ADS may require a proper moderator in order to slow
down the secondary neutrons, particularly those emitted in
intermediate-fast energy range (between 0.3 and 3MeV), to
energies useful for transmutation reactions. In addition, the
released secondary protons rate 1016 protons s�1 has to be
considered regarding to choose the appropriate construct-
ing materials that should tolerate maximum 0.001mol of
hydrogen per day, assuming that the total amount of
produced protons are trapped in the constructing materials
of the source. Especially, the Pb target could be affected by
one order of magnitude more hydrogen moles per day,
noticing that the evaporating secondary protons are
trapped in the target. So, the use of a liquid target could
solve the problem since it is easier to remove the produced
hydrogen and to avoid any adverse effects like bubbles or
even cracks in the solid matter, as has been proposed by
Bauer [8].
4. Conclusions

Spallation neutron and proton distributions over the
surface of GAMMA-2 set-up (a Pb target surrounded
by paraffin moderator) were determined using natCd
activation detector during irradiations with relativistic
proton beams with kinetic energies 0.65–3.7GeV. For all
studied proton energies and independently of the Pb target
length, the maximum neutron density is found at about
10 cm from the beam entrance into the target while the
maximum proton density at 1772 cm. Secondary neutron
and proton production increases with incoming proton
beam energy increment. The total neutron production is
about two orders of magnitude higher than the secondary
proton.
Using this spallation target in a hypothetical ADS with

10mA proton beam, the production rate of slow neutrons
1017 neutrons s�1 would cause substantial transmutation
and incineration of long-lived fission products and
actinides through (n,g) or (n,f) reactions, where the latter
might even be useful for energy production. That ADS
requires proper moderation facility in order to reduce the
energy of neutrons emitted in intermediate-fast energy
range. Taking into account the secondary proton produc-
tion rate of 1016 protons s�1, the construction materials
should be able to withstand up to 0.001mol of hydrogen
per day. The Pb target would be particularly affected by
higher hydrogen implantation, thus the use of a liquid
target could solve that problem.
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