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Neutron and proton yields, spatial and energy distributions were determined on an electronuclear set-up
irradiated with relativistic deuteron beams. The experimental results, acquired using both passive and
active methods, are compared with the data obtained using MC simulation. The U-blanket performance
in terms of fission production rate as well as plutonium accumulation is discussed. An evaluation
between the data obtained using relativistic deuteron and proton beams is presented regarding to study
the set-up efficiency to incinerate and/or transmute the actinides and fission products.
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1. Introduction

In order to reduce the radiotoxic inventory of nuclear waste,
accelerator-driven systems (ADS) have been suggested to trans-
mute the accumulated transuranic elements (Bowman et al.,
1992; Carminati et al., 1993; Andriamonje et al., 1995). In a sub-
critical core, apart from plutonium, it is possible to use large frac-
tions of minor actinides as fuel i.e. neptunium, americium and
curium. Intensive research programs investigating the physics
and technology of proton accelerators, spallation targets and sub-
critical cores are required for the development of full-scale ADS
in the future. With regard to the nuclear physics properties under-
ling these projects, proton-induced spallation reactions on various
high-Z targets at incident energies Ep > 500 MeV have been exten-
sively studied (Hilscher et al., 1998; Ridikas and Mitting, 1998;
Carpenter et al., 1999; Bauer, 2001; Leray et al., 2002; van der Meer
et al., 2004)

Based on those projects, a spallation set-up has been developed
at the Laboratory of High Energies in Dubna (Russia) consisted of a
Pb target enveloped by a U-blanket (‘‘Energy + Transmutation”
set-up). In previous experiments that electronuclear set-up was
irradiated with relativistic proton beams. Results on neutron
yields, their spatial and energy distributions as well as on transmu-
tation and incineration rate of 129I, 237Np, 239Pu, 238Pu and 241Am
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during irradiation with relativistic proton beams have already been
published (Krivopustov et al., 2003; Zamani et al., 2003; Adam
et al., 2004; Krása et al., 2005; Hashemi-Nezhad et al., 2008). Since
deuteron beams have been considered as a possible candidates in
realistic transmutation device of the ADS type, the performance
of deuteron versus proton beams became the main subject to be
studied (Krivopustov et al., 2009).

The outcomes of the present work provide in addition valuable
experimental data concerning deuteron beams, which are limited
at the literature. Neutron and proton spatial distributions and
yields produced by ‘‘Energy + Transmutation” set-up during irradi-
ations by deuteron beam of 1.6 and 2.5 GeV are discussed. Results
coming from the different experimental techniques (solid state nu-
clear track detectors, activation detectors and 3He proportional
counter) are compared with the calculated data obtained using
MC simulations. Detailed comparison between the data obtained
using relativistic proton and deuteron beams is presented regard-
ing to design an efficient ADSystem concerning radionuclide of
interest to be transmuted.
2. Instrumentation

The ‘‘Energy + Transmutation” set-up is a spallation source in
which the target is consisted of an 8.4 cm in diameter cylindrical
Pb core, surrounded by natural U rods (U-blanket). The set-up is
constructed from four identical sections of the combined target
with approximately 0.8 cm gap between them and total length
�50 cm (Fig. 1). The ‘‘E + T” set-up is placed inside an external
shielding for radiation protection purposes (Krivopustov et al.,
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Fig. 1. (a) The ‘‘Energy plus Transmutation” set-up. (b) Longitudinal cross section of the Pb/U-blanket assembly wherein detectors’ positions are indicated. (c) The
arrangement of 235U–Cd set-up used to investigate the origin of thermal–epithermal neutron.
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2003). Deuteron beams with energies of 1.6 and 2.5 GeV were
delivered from Nuclotron accelerator at the Laboratory of High
Energies, JINR Dubna. Hadron fluence measurements were per-
formed on the surface of U-blanket as well as on top of the polyeth-
ylene shielding (Fig. 1b). On the upper surface of each section of
the U-blanket a set of SSNTDs and a set of activation detectors
(238U, 197Au, natCd) were positioned along the target axis. Sets of
SSNTDetectors as well as natCd-activation detectors were also
placed on the upper shielding surface at different positions in a
vertical direction relative to the beam axis.

Each set of SSNTDs used for particle detection consisted of a
PolyAllylDiglycolCarbonate foil (Pershore Mouldings Standard Grade,
PM355) mounted on polyethylene plate of 0.5 cm in thickness. Half
of each foil was covered with 6Li2B4O7 converter material. That area
was partially covered by 1 mm of Cd (Zamani and Savvidis, 1996).
The Cd uncovered area responded to the total neutron spectrum
while the Cd covered area detected neutrons with energies higher
than �1 eV. The track density difference between the Cd-covered
and uncovered PADC foil plus 6Li2B4O7 converter represents the
neutron fluence up to 1 eV due to (n, a)-processes induced by ther-
mal–epithermal neutrons in 10B(n, a)7Li and 6Li(n, a)3H reactions.
The track density on the bare PADC foil originated from proton
recoil provided information for intermediate–fast neutrons with
about constant response, in the energy range of 0.3 < En < 3 MeV,
for the applied etching conditions (Harvey et al., 1998). A different
SSNTD set-up was applied to detect fission reactions induced by
neutrons using Lexan foils. Fissionable targets with masses of
�300 lg such as 232Th as well as 209Bi and 197Au was used for
fast–superfast (En > 2 MeV) and superfast (En > 30 MeV) neutron
detection respectively (Remy et al., 1970). Since Bi and Au re-
sponded both to neutron and proton induced fission reactions, using
the fission track density registered by natBi and natAu radiators, the
proton fluence (Ep > 10 MeV) emitted by the combined target was
estimated as well. To answer the question if any thermal–epither-
mal neutrons (En < 1 eV) were produced by the target, another set-
up with 235U radiator covered with cadmium and uncovered was
applied on the surface of each section of the U-blanket. The arrange-
ment of the specific detectors is presented in Fig. 1c. The experimen-
tal set-up with the applied SSNTDs as particle detectors as well as
235U fission detectors was irradiated with 1011 deuterons, while
232Th, 209Bi and 197Au fission detectors with 1013 deuterons in order
to achieve a well-measured track density.

Neutron spatial distribution along the target was also deter-
mined using activation detectors. Depleted U (235U/238U
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= 0.18 ± 0.01%) and natural Au samples (mass �3 up to 6 mg, thick-
ness �1 lm) were irradiated along the U-blanket for slow neutron
fluencies determination (up to 10 keV). The counting of 198Au was
done following the decay of the 412 keV c-ray (Ic = 95.58%) while
239Np was determined using its two most intense c-rays: 228 keV
(Ic = 10.76%) and 278 keV (Ic = 14.38%) (Stoulos et al., 2003). Nat-
ural Cd foils (mass �2 g, purity 99.9%, thickness 1 mm) were also
used as activation detector. natCd effectively captures neutrons be-
low 1 eV because of the high capture cross section of 113Cd to ther-
mal–epithermal neutrons while it can be used for neutron
detection above 1 eV via the 114Cd(n, c)115Cd reaction (Manolopou-
lou et al., 2008). The counting of 115Cd was done following the de-
cay of the two most intense c-rays: 336 keV (Ic = 45.9%) and
528 keV (Ic = 27.4%), while neutron self-absorption corrections
due to foil thickness were estimated with the Geant4 code
(Aggostinelli et al., 2003). Moreover, natCd has a significant cross
section to natCd(p, x)111In reaction in the energy range of
1 MeV 6 Ep 6 400 MeV, responded well to the emitted proton
spectrum (Bauer, 2001). The counting of 111In was performed using
the decay curves of 171 keV (Ic = 90.7%) and 245 keV (Ic = 94.1%)
c-rays. Corrections due to proton energy reduction because of Cd
foil thickness were calculated using the Continuous Slowing Down
Approximation method (ICRU, 1993). The activation detectors
were irradiated during the full-term irradiation with 1013 deute-
rons in order to achieve counting statistics better than 8%. The
Cd-foils were measured using a low-level HPGe c-ray spectrome-
try system. The system consists of a coaxial detector with 42% rel-
ative efficiency, 2.2 keV resolution for 1.33 MeV photons and
shielded by 400 low-background Pb with an inner lining of 1 mm
Cd and 1 mm Cu.

Spectrum of neutrons emitted by the Pb/U target was measured
using He-3 proportional counter up to a few MeVs. The basic char-
acteristics of the counter are summarized on Table 1. The counter
was calibrated at Tandem, Van de Graff accelerator facility at the
Institute of Nuclear Physics, NCSR Demokritos (Athens, Greece).
Energy and resolution calibration of the detector was estimated
using mono-energetic neutrons in the energy range of 0.23–
7.7 MeV, produced via 7Li(n, p)7Be and 2H(d, n)3He reactions. The
response of the counter has been calculated with the Geant4 code,
(Manolopoulou et al., 2005). For the measurements with He-3
counter, a dedicated irradiation with low intensity beam pulses
was performed. In order to avoid space charge effects in the coun-
ter the mean count rate was kept below 103 cps for an integrated
deuteron number �1010 impinging the source. During that irradia-
tion the polyethylene shielding was removed from the set-up. The
counter was covered by 1.2 mm Cd to avoid registration of scat-
tered thermal neutrons. The axis of the counter was positioned
perpendicular to the beam direction at the level of the beam height
and the front base of the counter was at a distance of 86 cm from
the target axis.

The integrated intensity of the beam was around 1013 deute-
rons. Deuteron beam monitoring was performed using activation
foils of aluminium [27Al(d, 3p2n)24Na] and copper [natCu(p, x)reac-
tions] (Krása et al., 2005; Krivopustov et al., 2009). For short time
irradiations with integrated deuteron numbers 1010 and 1011, the
Table 1
Basic characteristics of the He-3 proportional counter.a

Pressure (Pa) 6.1 � 105

Gas contents 3He 64.7%; Kr 33.3%; CO2 2.0%
Cathode material and thickness (cm) Stainless steel 304/0.089 cm
Anode material and diameter (mm) Tungsten/0.025 mm
Effective length (cm) 15
Effective diameter (cm) 5

a Manufactured by LND INC., New York, USA.
longitudinal beam profile was measured with SSNTDs detecting
fission products of the 232Th(d, f) reaction considering a cross sec-
tion 1.42 ± 0.26 b (Rahimi et al., 1973).
3. Results and discussion

Neutron and proton spectra were estimated by using the high-
energy transport code DCM–DEM. The DCM–DEM code is a Dubna
version of cascade-evaporation approach, similar to the Bertini
model, taking under consideration multi-branch internuclear cas-
cade trees accompanied by ionization, high-energy fission and
pre-equilibrium emission (Barashenkov, 2000; Sosnin et al.,
2002). Similar conclusion about the neutron spectrum emitted by
the source during irradiation with relativistic light particles was
reported using the MCNPX code (Krása et al., 2005; Hashemi-Nez-
had et al., 2008). The ascendancy of neutrons emitted in the energy
range from 10 keV up to 20 MeV (peaking at about 0.7 MeV) was
evident. The simulation applied at each section of the U-blanket
where the detectors were located. Typical calculated hadrons spec-
tra along U-blanket sections are provided in Fig. 2. The proton flu-
ence, being three orders of magnitude less than the neutron
fluence, was spread in the energy interval of 10 MeV up to
400 MeV (peaking around 60 MeV).
3.1. He-3 proportional counter – spectrum measurement and analysis

A typical spectrum collected with He-3 counter during deuteron
beam irradiations is presented in Fig. 3. Above the thermal–epi-
thermal peak (0.764 MeV) a ‘‘shoulder” is observed at about
1.5 MeV overlying on the continuum of the spectrum. Spectrum
analysis was performed for the spectrum area beyond the ther-
mal–epithermal peak up to the maximum observed energy, be-
cause in that peak low-energy neutrons (from thermal up to
about 100 keV) scattered from the surroundings were registered.
The counter response was calculated with the Geant4 code for neu-
tron energies up to 7 MeV, for the specific geometrical arrange-
ment of the counter in respect to U-blanket. The entire neutron
energy range was divided in several isolethargic bins and for each
bin the expected counter spectrum per emitted neutron was calcu-
lated. The events of the calculated spectra were treated with the
experimentally determined corresponding energy calibration func-
tion according to their origin: 3He(n, p)3H reaction or 3He(n, elas-
tic) reaction (Manolopoulou et al., 2006).

The neutron energy distribution was determined by multiple
regression analysis where the independent variables were the
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Fig. 2. Hadron fluencies simulated along the U-blanket surface during irradiation
by relativistic beams of light particles.
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Fig. 3. A typical neutron spectrum collected by He-3 proportional counter during
irradiation with 1.6 GeV deuteron beam.

Table 2
The effective cross section, reff, of the used radiator in specific energy ranges.

Energy range Radiator reff (b)

Slow neutrons (<10 keV) natAu(n, c) 194 ± 29
238U(n, c) 29 ± 4
10B(n, a) 129 ± 23

Intermediate–fast neutrons (0.3–3 MeV) H(n, n0) 4.8 ± 0.8
Fast–superfast neutrons (>2 MeV) 232Th(n, f) 0.14 ± 0.03
Superfast neutrons (>30 MeV) natAu(n, f) 0.002 ± 0.0004

natBi(n, f) 0.012 ± 0.003
Total neutrons above 1 eV 114Cd(n, c) 0.16 ± 0.02
Total protons (10–400 MeV) natCd(p, x) 0.06 ± 0.01

natAu(p, f) 0.023 ± 0.005
natBi(p, f) 0.11 ± 0.02
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experimental spectrum data and the dependent variable was the
calculated counter response. The statistical uncertainty in neutron
fluencies estimation from multiple regression analysis (R2 > 99%)
ranged from 10% to 12%. The overall uncertainty of the procedure,
calculated by summing the squared uncertainties of beam moni-
toring and counter response, was estimated to be around 20%.
Mean values of neutron fluencies calculated from several acquired
spectra during irradiation with 1.6 GeV deuterons are presented in
Fig. 4. The determined neutron energy distribution is in acceptable
agreement with the calculated one using Dubna Cascade Model
code, as it is presented at the same figure.
3.2. Spatial distribution of hadrons along the U-blanket

To determine hadron fluencies emitted by the source, the effec-
tive cross section, reff, for each radiator applied was estimated
using the cross section data of the ENDF library for neutron energy
up to 20 MeV (Table 2). For higher energy neutrons as well as for
protons, the data presented in the literature were taken into ac-
count (Nortier et al., 1990; Tárkányi et al., 2006; Nieckarz and
Caretto, 1969; Smirnov et al., 2004; Hudis and Katcoff, 1969; Kotov
et al., 2006; Eismont et al., 1996; Paradela et al., 2006). To convert
the detector readout to neutron fluence it is important to know the
energy interval in which the radiator was responding. Except
natCd(p, x)111In as well as fission reactions on Au, Bi and Th, which
have an energy threshold, all the other radiators have a continuous
cross section from thermal up to superfast energies. Two major en-
ergy intervals were considered, i.e. slow (En < 10 keV) and interme-
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Fig. 4. Energy distribution of the neutron yield determined with multiple regres-
sion analysis of spectra collected by He-3 counter during irradiation with 1.6 GeV
deuteron beam. The error bars represent one standard deviation of mean values
calculated using four spectra.
diate-to-superfast (En > 10 keV). The contribution of each energy
interval to the radiator’s reaction rate was estimated in order to
clarify the energy range in which the detector was significantly
responding. Regarding to examine any systematic error due to
the estimation of the effective cross section using the DCM–DEM
code (Table 2), the same estimation was applied using the energy
spectrum obtained using the MCNPX code. No deviations between
the two codes were observed, within the uncertainties of the calcu-
lations. Therefore the effective cross sections used for hadron flu-
ence calculations could be considered as representative ones for
the specific spallation set-up. Same conclusions were reported for
proton beam irradiations with a fairly good agreement between
both codes and experimental data in the central area of the target
(Stoulos et al., 2009).

The slow neutron fluence was determined using the 10B(n, a),
197Au(n, c) and 238U(n, c) reactions while H(n, n0) and 232Th(n, f)
reactions were used for intermediate–fast and fast–superfast neu-
tron fluence determination, since more than 95% of each reaction
rate registered was attributed to the corresponding specific energy
ranges. Summarizing the neutron fluencies measured by the above
mentioned detectors the total neutron fluence was estimated with
an overlap between 2 and 3 MeV and a gap between 10 and
300 keV. The total neutron fluence was calculated as well using
the 114Cd(n, c) reaction since it is responding quite equally to slow
(<10 keV) and intermediate-to-superfast (>10 keV) component of
the neutron spectrum. The total proton was estimated using the
natCd(p, x)111In as well as the 209Bi and 197Au(p, f) reaction. Both
radiators (Au, Bi) gave information about superfast neutron fluence
(>30 MeV) as well. The detailed analysis of the uncertainties con-
tribution to fluence measurements for each detection technique
is presented on Table 3. The statistical error in the MC calculations
was less than 4% for each isolethargic energy bin. Therefore, the
overall uncertainty of the calculated neutron fluence varies
depending on the number of bins that are summarized for each
neutron energy range i.e. from 9% up to 20%

In Fig. 5 the experimental determined neutron distributions
along the U-blanket surface for specific energy intervals are pre-
Table 3
The uncertainties contribution (%) to hadron fluence determination.

Source of uncertainty SSNTDetecors Activation
detectors

3He counter

Radiator mass 64 63
Counting statistics 8–17 1–8 10–12a

Radiator/counter
response and/or reff

17–18 13–18 11–14

Ge efficiency � c-fraction �3
Beam intensity 6–10 6–10 6–10

Overall uncertainty 20–27 15–22 16–21

a 1r of neutron fluencies calculated with multiple regression analysis.
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Fig. 5. Longitudinal distribution of the neutron fluence normalized to 1 incoming
deuteron measured along the U-blanket surface irradiated by relativistic deuteron
beam with energy 1.6 GeV. Solid symbols refer to experimental results while void
symbols refer to simulations.
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sented. Both experimental and simulated values demonstrate the
domination of intermediate–fast neutrons (0.3 < En < 3 MeV) that
was about 70% of the total neutrons. Slow neutron fluence
(En < 10 keV) was about 12% while the fast–superfast neutron flu-
ence (En > 2 MeV) was about 18% of the total neutrons emitted.
Proton fluence in the energy range between 10 MeV up to
400 MeV determined by Cd foils are presented in Fig. 6. Proton flu-
ence was about three orders of magnitude lower than the total
neutron fluence measured at the same position with the same
Cd-activation detector. Those protons were produced practically
by fast–superfast neutrons via (n, xp) reactions in a volume close
to the surface of the U-blanket determined by the proton range
in uranium. Proton as well as high-energy neutron fluence was also
measured by SSNTDs using 197Au and 209Bi converters via fission
reactions. The determined proton fluence (10 < Ep < 400 MeV)
was spread between 1 up to 2.7 � 10�5 while the neutron fluence
(30 < En < 400 MeV) between 0.3 up to 1.6 � 10�3 cm�2 per deu-
teron, respectively. The measured superfast neutron fluence
0 5 10 15 20 25 30 35 40 45

Distance along the U-blanket (cm)

N
or

m
al

iz
ed

 n
eu

tr
on

 fl
ue

nc
e 

(c
m

-2
 p

er
 d

eu
te

ro
n)

1E-06

1E-05

1E-04

1E-03

1E-02

1E-01

Total neutron fluence via Cd-114(n, )
Total proton fluence via nat-Cd(p,x)

Fig. 6. Longitudinal distribution of total hadron fluencies normalized to 1 incoming
particle measured along the U-blanket surface using Cd-activation technique during
irradiation by relativistic beam. (a) Solid symbols refer to deuteron beam with
energy 1.6 GeV while and (b) void symbols to proton beam with energy 1.5 GeV.
The lines correspond to the fitting process applied to the experimental data
according to Eq. (1).
(30 < En < 400 MeV) was about 20% of the determined fast–super-
fast neutron fluence (En > 2 MeV).

Since protons were produced via (n, xp) reactions, both neutron
and proton spatial distributions show the same shape peaking at
the second section of the U-blanket, at around 12 cm from the front
surface of the target, and then decreasing toward the target end.
According to High Energy Physics reaction theory (Bauer, 2001),
the primary spallation reactions that taken place produce second-
ary particles those have enough energy to induce further reactions
giving rise to neutron multiplication. In parallel, beam attenuation
along the target diminishes the number of the beam particles. So
the competition between the two effects, a build-up effect of sec-
ondary particles and beam attenuation deeper in the target, can
describe the observed behavior of hadrons distribution at the U-
blanket surface. That behavior of hadrons fluence, U (cm�2 d�1),
was expressed by the following relationship:

U ¼ c � ð1� a1e�a2xÞ � e�bx ð1Þ

The first part of the relation describes the build-up effect and
the second corresponds to the beam attenuation while the con-
stant c is related to the beam intensity. The applied fitting function
describes well the experimental and simulated spatial distribution
of hadrons over the U-blanket surface (see Fig. 6). Similar behavior
has been reported for relativistic protons on a Pb target surrounded
by a paraffin moderator (Fragopoulou et al., 2006).

3.3. Investigation of thermal–epithermal neutrons emitted by the
assembly

According to the arrangement of the 235U–Cd set-up (see Fig. 1c)
a discrimination of thermal–epithermal (En < 1 eV) origin was per-
formed. The difference between the track densities per 235U nuclei
measured using the bare and covered by Cd absorber (1 mm in
thickness) from the shielding side corresponds to the 9% of the ther-
mal–epithermal neutrons emitted by the shielding. The difference
between the bare detector and that covered by Cd absorber from
the U-blanket side corresponds to 90% of the thermal–epithermal
neutrons emitted by the U-blanket. Considering an effective cross
section 295 ± 55 b of 235U(n, f) reaction at thermal–epithermal
interval, neutron fluencies between 1 and 3 � 10�5 cm�2 d�1 were
estimated from the U-blanket source. One order of magnitude more
thermal–epithermal neutrons were backscattered by the polyethyl-
ene shielding, i.e. 1.5–4 � 10�4 cm�2 d�1 originating from interme-
diate–fast neutron released by the source.

Therefore, taking into account the total neutrons fluence
counted at the U-blanket surface (see Fig. 5), about 1% of the emit-
ted neutrons corresponds to thermal–epithermal energy range
(En < 1 eV). Those neutrons primarily backscattered by the polyeth-
ylene shielding since the contribution of the U-blanket was 1‰ of
the total neutrons. Considering an effective cross section 4.7 ± 0.6 b
total neutron fluencies around 1 � 10�2 cm�2 d�1 were estimated.
Similar values were determined using the set of complementary
particle-activation-fission detectors (see Fig. 5).

3.4. The effectiveness of the shielding

The shielding consisted of a wooden box covered by 1 mm of Cd
absorber and filled with granulated polyethylene. The ceiling of the
shielding box was 26 cm while the walls were 30 cm in thickness.
Around the shielding the escaping neutrons were measured by
PADC detectors with B converter partially Cd covered and Lexan
detectors with 235U converter. The proton as well as neutron fluen-
cies were determined using Cd-activation detector. The spatial dis-
tribution of hadrons emitted by the shielding demonstrated that
the fluence of escaping hadrons followed the beam attenuation



Table 6
The 239Pu production rate determined during irradiations of the ‘‘E + T” device with
relativistic deuteron and proton beams.

Position along the
U-blanket

Bexp (�10�4 nuclei of 239Pu per 238U gram per incoming
particle)

1.5 GeV
proton

1.6 GeV
deuteron

2.0 GeV
proton

2.5 GeV
deuteron

First section 1.0 ± 0.1 2.7 ± 0.2
Second section 1.3 ± 0.1 1.5 ± 0.1 2.8 ± 0.3 3.3 ± 0.2
Third section 1.2 ± 0.1 1.4 ± 0.1 2.5 ± 0.3 3.2 ± 0.2
Fourth section 0.8 ± 0.1 1.7 ± 0.1
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in the target. The hadron fluence detected on the top of the shield-
ing during the 2.5 GeV deuteron beam irradiation at specific energy
intervals are presented on Table 4. According to the reported val-
ues the 26 cm of polyethylene plus 1 mm Cd shielding attenuated
the hadron fluence by about one to two orders of magnitude. In
particular, slow neutron fluence was about the same order of mag-
nitude above and over the shielding while the observed reduction
of neutron emission affected the intermediate–fast neutron com-
ponent. According to the determined hadron fluencies measured
behind the shielding walls (30 cm of polyethylene plus 1 mm Cd
absorber) it was concluded that the specific thickness difference
of polyethylene had a significant influence upon the total neutron
fluence, reducing it by about one order of magnitude, while the
proton fluence proved to be comparable within the measurements
uncertainty.
3.5. Transmutation/Incineration performance of the ADSystem

The hadron yields emitted by the ‘‘E + T” assembly in specific
energy intervals were estimated by integration of the fitting for-
mula (1) over the surface of the U-blanket. The results are dis-
played in Table 5 as a function of the incoming deuteron beam
energy. Similar results about the total neutrons emitted by the
source were reported in the frame of international collaboration
‘‘Energy plus Transmutation” (Wagner et al., 2007; Krivopustov
et al., 2009). The proton multiplicity was found to spread from
0.054 ± 0.005 up to 0.075 ± 0.007 per incoming deuteron, for beam
energy 1.6 and 2.5 GeV, respectively. The neutron multiplicity
resulting from the specific set-up can be compared with the
respective one from a massive Pb target having almost the same
dimensions, 20 cm in diameter and 60 cm in length (Valsil’kov
and Yurevich, 1990). For both studied deuteron beam energies,
the neutron multiplicity was 1.8 ± 0.2 times higher than the
Table 4
Hadron fluencies measured above the U-blanket and behind the 26 cm thick
polyethylene plus 1 mm of Cd shielding (irradiation with 2.5 GeV deuteron beam).

Energy interval Hadrons fluence (�10�3 cm�2 d�1)

Above U-blanket Above shielding

Slow neutron (<10 keV) 2–4 1–2
Intermediate–fast neutron (0.3–3 MeV) 10–24 0.4–1
Total neutron (>1 eV) 20–32 0.7–1.6
Total proton (10–400 MeV) 0.04–0.08 0.003–0.004

Table 5
Neutron yield emitted by the Pb/U target irradiated with relativistic deuteron and
proton beams.

Energy interval Neutron yields (n per incoming particle)

1.5 GeV
proton

1.6 GeV
deuteron

2.0 GeV
proton

2.5 GeV
deuteron

Slow neutron (<10 keV) 7.0 ± 0.6 7.8 ± 0.6 8.7 ± 0.8 11.4 ± 0.8
Intermediate–fast neutron

(0.3–3 MeV)
42.1 ± 4.6 44.1 ± 4.6

(42.8 ± 6.4)a
54.9 ± 6.0 64.2 ± 5.9

(59.4 ± 8.3)a

Fast–superfast
neutron (>2 MeV)

13.1 ± 1.2 11.8 ± 1.1 17.9 ± 1.8 16.9 ± 1.6

Total neutron as the
sum of the above
energy interval

62 ± 5 64 ± 5 82 ± 6 93 ± 6

Total neutron via
114Cd(n, c) reaction

63 ± 5 68 ± 6 84 ± 6 101 ± 9

a The specific values obtained using He-3 proportional counter (they were not
taking into account for total neutron multiplicity).
respective one measured in the case of the foresaid massive Pb tar-
get. That neutron excess was induced by 7.4 ± 0.8 fission reactions
in the fuel-blanket per incoming deuteron and per GeV for deu-
teron beam energy 2.0 ± 0.5 GeV. The neutron yields emitted from
the U-blanket during irradiations with relativistic proton beams
are also presented in Table 5 in order to evaluate the performance
of deuteron versus proton beams. The neutron multiplicity deter-
mined for deuteron beam energy 1.6 GeV proved to be up to
1.1 ± 0.1 times higher than the respective one measured for proton
beam energy 1.5 GeV. Because of the measurement uncertainty no
statistical certified conclusion could be accepted; however consid-
ering previous publications similar levels of increase, ranged from
5% up to 20%, have been reported when deuteron replaces proton
beam independently of target composition and dimensions (Hil-
scher et al., 1998; Ridikas and Mitting, 1998; Valsil’kov and Yure-
vich, 1990; West and Wood, 1971).

According to the experimental results based on 238U foils the
determined production rate of 239Pu over each section of the U-
blanket is presented in Table 6. The effectiveness of that transmu-
tation process was expressed in terms of

Bexp ¼
Nproduced

mirradiated �Up
;

where Nproduced is the total number of produced nuclei, mirradiated is
the mass of irradiated target (g), Up is the integrated intensity of
particle beam. In the same table the production rate at the middle
sections of the U-blanket obtained during irradiation with protons
beam is also presented. Comparing the results for the same energy
of deuteron and proton beam (�1.5 GeV), an increment 1.2 ± 0.1
was presented when deuteron replace proton beam. The increase
of the slow neutron component of the emitted spectrum was more
evident than the estimated increase of the total neutron spectrum
(1.1 ± 0.1). Since slow neutrons measured on the U-blanket surface
are albedo neutrons originating from the source’s intermediate–fast
neutrons scattered in the shielding-moderator materials, the incre-
ment of slow neutrons indicates that deuteron beams produce soft-
er neutron spectrum than proton beams. The same conclusion could
be accepted comparing the fast neutron yields (Table 5). Therefore,
deuteron beams could be considered as a possible candidates in
realistic ADS assemblies with a transuranic blanket-fuel consisted
by Np, Pu and Am–Cm isotopes, since those elements have an ele-
vate cross section of (n, f) reactions also at the intermediate energy
range. Concerning the burning up process of natural uranium and
thorium blanket-fuel proton beams seem to be more suitable than
deuteron beams.
4. Conclusions

The ‘‘Energy plus Transmutation” set-up was studied from the
point of view of neutron and proton production which are the most
abundant hadrons emitted by heavy targets bombarded by beams
of light particles. Hadron yields and energy spectrum released from



M. Zamani-Valasiadou et al. / Annals of Nuclear Energy 37 (2010) 241–247 247
the combined Pb/U-blanket spallation source were determined
using integrated (SSNTDs and activation detectors) and real-time
(He-3 proportional counter) measurements. Results of simulations
using the DCM–DEM code were compared with measurements.
The simulated and measured neutron spectra show a broad peak
around 0.6–0.8 MeV similar to that of a fast reactor. The deter-
mined spatial distributions of hadrons demonstrate a growth up
to a maximum corresponds to about one mean free path for neu-
trons in the Pb target. This behavior is similar to a building up ef-
fect appeared in gamma ray or electron penetration. Deeper the
target a characteristic decrease following the beam attenuation is
observed up to the target end. Protons emitted by the U-blanket
appear to be around three orders of magnitude less than neutrons.
The shielding-moderator provides the slow component of the neu-
tron spectrum due to fast neutrons backscattered by the shielding.

Extrapolating the obtained experimental data to a beam inten-
sity of 10 mA deuteron current, an amount of 2.5 ± 0.3 mg of 239Pu
per gram of uranium and GeV of deuteron beam is expected to be
accumulated at the surface of the U-blanket after one month of
operation for deuteron beam energy 2.0 ± 0.5 GeV. Replacing deu-
teron with proton beams the production of plutonium decreases
to 2.1 ± 0.3 mg of 239Pu per gram of uranium and per GeV.
Although an obvious increase of slow neutron yields appeared
the total neutron yields increase by a factor 1.1 ± 0.1. For improv-
ing transmutation/incineration performance of the specific spalla-
tion source deuteron beam was found to be more effective than
proton. The transmutation rate of fission products via (n, c) reac-
tions on the boundary layer between U-blanket and shielding-
moderator increases by 20 ± 9% if deuteron beam is used instead
of proton to irradiate the Pb-spallation target while the U-blanket
incineration rate appeared to be quite the same, within measuring
uncertainties.
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