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Transmutation of 239Pu and other nuclides using spallation neutrons
produced by relativistic protons reacting with massive U- and
Pb-targets
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Summary. Experimental studies on the transmutation of
some long-lived radioactive waste nuclei, such as129I, 237Np,
and 239Pu, as well as on natural uranium and lanthanum were
carried out at the Synchrophastron of the Laboratory for High
Energies at the Joint Institute for Nuclear Research (JINR) in
Dubna, Russia. The radioactive targets (I, Np and Pu) were
contained in weld-sealed aluminium holders produced by the
Institute of Physics and Power Engineering, Obninsk, Russia.
Spallation neutrons were produced by relativistic protons with
energies in the range of 0.5 GeV≤ Ep ≤ 1.5 GeV interacting
with 20 cm long uranium or lead target stacks. The metallic
targets were surrounded by 6 cm thick paraffin moderators.
The uranium and lanthanum samples were positioned on
the outside of the moderator surface and typically contained
approximately 0.5 to 1.0 gram of uranium or lanthanum. The
highest fluence of spallation neutrons was observed in the
region of 5 to 10 cm downstream the entrance of the primary
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beam into the metallic target, rather independent of the target
material or the proton energy. The results obtained by nuclear
chemistry methods were supplemented by SSNTD (Solid State
Nuclear Track Detector) studies. Consistent and systematic
results ofB-values and spectral distributions for neutrons have
been found. From the experimentally observed transmutation
rates one can extrapolate that in a subcritical nuclear power
assembly (or “energy amplifier”) using a 10 mA proton beam
of 1 GeV onto a Pb-target as used here, one can transmute
within one month in one gram of sample about 3 mg129I,
21 mg 237Np, 3.3 mg 238U, and 200 mg239Pu. Rather similar
results have been found by another group for129I and 239Pu.
Observations show that the transmutation rates increase almost
linearly with the proton energy in the energy interval 0.5 GeV
up to 7.4 GeV. These findings are largely confirmed by model
calculations using the LAHET- and DCM/CEM-codes.

1. Introduction

During recent years some aspects of the nuclear energy
fuel cycle have attracted considerable attention: In connec-
tion with the introduction of the concept of “energy am-
plifiers” by Rubbia and his coworkers at CERN, Geneva,
Switzerland, in 1993 [1], the coupling of modern proton
accelerators with energies of about 1 GeV and high inten-
sities of≥ 1 mA to subcritical nuclear assemblies became
a feasible technological option. Previously, Tolstov had sug-
gested related technologies at the Joint Institute for Nuclear
Reasearch (JINR) in Dubna, Russia [2]. In this paper we
are not concerned with the aspect of producing energy with
such systems; we will rather focus our attention on the as-
pect of transmutation. The term describes in this context the
transmutation of long-lived radioactive fission products into
short-lived or finally stable nuclei, such as the transmutation
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of 129I (t1/2 = 1.6×10+6 a):

129I(n, γ)130I(t1/2 = 12 h) ⇒ 130Xe(stable). (1)

The same term transmutation is also used to describe the
conversion of long-lived actinides, such as237Np (t1/2 =
2.1×10+6 a) or 239Pu (t1/2 = 2.4×10+4 a) into short-lived
products, such as

237Np(n, γ)238Np(t1/2 = 2.1 d) ⇒ 238Pu(t1/2 = 88 a) , (2)
239Pu(n, fission) ⇒ relatively short-lived fragments. (3)

In addition, the conversion of238U into 239Pu is also consid-
ered:

238U(n, γ)239U ⇒ 239Np ⇒ 239Pu. (4)

Modern aspects of transmutation were introduced in a the-
oretical approach by Bowmanet al. from the Los Alamos
National Laboratory, Los Alamos, USA in 1992 [3]. They
studied the transmutation capacity of thermal neutrons, pro-
duced by 1 GeV protons interacting with a lead target within
an extended subcritical nuclear power plant. Our team has
backed their theoretical approach with experiments and pub-
lished a series of papers on the transmutation of129I, 237Np,
natU, and stable139La in recent years [4–8]. We used a small
metallic target system surrounded by 6 cm paraffin as par-
tial moderator irradiated with low-intensity relativistic pro-
ton beams of the Synchrophasotron at the Laboratory of
High Energies, Joint Institute for Nuclear Research (JINR),
Dubna, in Russia. In this way we studied some principal
physical features. The proton energies used so far were
1.5 GeV, 3.7 GeV, and 7.4 GeV.

In this paper, an extension of this research is presented
with the following new features:

As a new transuranium target, two samples of well-sealed
239Pu, each containing 0.45 g of plutonium, were em-
ployed.
The spallation targets were irradiated with 0.53 GeV and
1.0 GeV protons, in addition to another 1.5 GeV run for

a. Fluences (E+13) of experiments 1998 in Dubna, measuredvia 24Na in Cu- and Al-foils.

Fluence (Cu-Monitor) Fluence (Al-Monitor) Final fluence
Experiment Monitor 1 Monitor 2 Monitor 1 Monitor 2

0.5 GeV p+U a 1.17±0.14 1.17±0.14
1.0 GeV p+U 1.22±0.22 1.09±0.21 3.15±0.38 1.23±0.15 1.23±0.15
1.5 GeV p+U 1.41±0.27 1.37±0.27 6.67±0.80 1.41±0.17 1.41±0.17
1.0 GeV p+Pbb 1.22±0.24 1.25±0.25 2.19±0.27 1.30±0.16 1.30±0.16
1.5 GeV p+Pbb 1.31±0.26 2.57±0.31 1.29±0.16 1.29±0.16

b. Fluences (E+12) of experiments 1999 in Dubna, measuredvia 24Na, 22Na and7Be in Al.

Monitor 2 Monitor 1 Final fluence
Experiment 24Na 7Be 22Na 7Be 22Na

0.53 GeV p+U 5.65±0.72 5.95±0.90 6.00±0.90 6.32±0.95 5.93±0.89 5.93±0.72
0.53 GeV p+Pba 6.43±0.45 6.34±0.42 6.39±0.96
1.0 GeV p+U 12.1±1.50 12.7±1.92 12.6±1.90 12.5±1.91 12.5±1.90 12.5±1.50
1.0 GeV p+Pba 12.8±1.54 13.6±2.01 12.4±1.86 14.5±2.18 13.1±1.97 13.3±1.56

a: Simultaneously we irradiated129I, 237Np, and239Pu samples, as indicated in Table 4;
b: In these two Pb-target irradiations,no moderator was installed (“blank” targets).

Table 1. Details of the pro-
ton irradiations. (The fluence
gives the total number of
protons impinging onto the
entire metallic target surface
during the irradiation.)

control purposes. These studies appear to be interesting,
as similar energies have been used at CERN in their ex-
periments [9].
A modified classical proton fluence measuring system is
used. Two monitor foil-stacks, one in contact with the
lead target and the other 35 cm upstream were employed
in order to measure in a direct and reliable way the proton
fluences [10].

The experimental results as well as a theoretical es-
timation of the conversion of radiochemically observed
transmutation rates into neutron yields will be presented.
Detailed results of auxiliary SSNTD experiments are also
described.

2. Proton fluence measurements

The proton fluence measurements were carried out with
a proton fluence monitor system using activation techniques.
This new system has two stacks, each consisting of one
1 mm thick Cu foil and a stack of three 30µm thick Al
foils, as shown in Fig. 1. One stack is in contact with the
target (monitor 1), the other one is placed 35 cm upstream.
After the proton irradiation, the Cu-foil and the middle Al
foil were assayed for24Na activity and the Al foils were

Fig. 1. The experimental layout of the new activation method to deter-
mine the proton fluence with two monitor foil stacks [10], for details
see text.
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also investigated in some experiments for7Be and 22Na
activities. The details of this technique have already been
published [10]. The results of the proton fluence measure-
ments are given in Table 1. Uncertainties of about±12% are
due to statistical uncertainties in the measurements and sys-
tematic uncertainties in the monitor reaction cross-sections.
Fluences based on24Na determinations in Al-foils of mon-
itor 2 at a distance of 35 cm upstream of the massive tar-
get give consistent results for the proton fluence with the
other 3 monitor reactions:7Be and22Na in Al and 24Na
in Cu. These latter three reactions are insensitive to low-
energy secondaries [10]. As it is fairly straightforward to
accurately measure24Na in thin Al-foils, we essentially
used the proton fluence determined with24Na in Al (mon-
itor 2). These fluences are experimentally most accurately
determined.

3. Transmutation studies using natU- and
139La-samples: Calibration of the
experimental set-up

The two principal experimental set-ups used by our group
for many years [4–8] are shown:

in Fig. 2a a massive Pb-target, consisting of 20 Pb-discs,
8 cm in diameter and 1 cm thick, is surrounded by 6 cm
paraffin moderators and called the Pb-target.
in Fig. 2b a massive uranium target consisting of two
uranium rods, 3.6 cm in diameter and 10.5 cm long, is

Fig. 2. (a) Small lanthanum (La-1–La-10) and uranium (U1–U5) sam-
ples on the surface of the 6 cm paraffin moderator surrounding the
massive Pb-target. (b) Small lanthanum (La1–La10) and uranium
(U1–U5) samples on the surface of the 6 cm paraffin surrounding the
massivenatU target and the 2 cm Pb. This system is called U/Pb-target.

surrounded by 2 cm of lead and 6 cm paraffin moderators
and called the U/Pb-target.

Several La-samples (La1–La10) each containing ap-
proximately 1 g La in the form of (LaCl3 ·7H2O) are located
on the surface of the moderator or in exactly 10 mm deep
holes [5]. Spallation neutrons are produced in the metal-
lic target some of which are thermalized within the 6 cm
paraffin moderator. The actual neutron spectra on the surface
of the moderator have been calculated and published [5, 6].
Neutrons of all energies may induce nuclear reactions, how-
ever, the following reaction is most sensitive to thermal
neutrons [5, 6]:

139La(n, γ)140La . (5)

The product nucleus140La has a half-life of 40 hours and can
easily be determinedvia gamma spectrometry.

In adition we have placed simultaneously five samples of
approximately 1 gnatU (U1–U5) on the top surface of the
moderator. This allows the study of the transmutation of nat-
ural uranium into239Np:

238U(n, γ)239U ⇒ 239Np . (6)

In this publication the results for activity determinations of
239Np are reported; this nuclide has a convenient half-life of
2.3 days and it is easily measured by gamma-ray spectrome-
try. The reaction

natU(n, fission) ⇒ fission fragments, (7)

was also investigated, however, these results can be found
in [8]. They are strictly analogous to those of the239Np-
production rates [5–8].

The beam profiles have been determined with the SSNTD
technique: Lavsan track detectors in contact with a thin Pb
foil were placed upstream in front of the massive metallic
target, at 10 cm inside the metallic block as well as behind
the target. Essentially only high energy particles above ap-
proximately 50 MeV induce fission in Pb. The excitation
function for hadron induced fission in lead is well-known,
see for example [11]. These details are not of major im-
portance for the purpose of the beam profile determination.
The fission fragments were registered in Lavsan. The foil
was etched after the irradiation and scanned with an optical
microscope. Details of this straightforward technique are de-
scribed in [12]. Typical beam profiles are shown in Fig. 3a,b
for irradiations at 0.53 GeV and 1 GeV proton energy. The
beam profile at 1.0 GeV proton is characteristic of experi-
ments at this energy and higher energies [5–8]. The entire
beam essentially matches the 8 cm∅ metallic target and the
beam is attenuated within the 20 cm long target, though it
is not completely stopped. The 0.5 GeV proton beam is not
sufficiently well focussed onto the metallic target and some
protons hit the paraffin, but we consider this not to be very
serious as low-Z materials, such as paraffin, are quite ineffi-
cient in producing spallation neutrons. The 0.5 GeV proton
beam is completely stopped within the 20 cm metallic target
as can be seen in Fig. 3a.

After the irradiations, the activated La- and U-samples
and parts of the metallic lead targets were transported to
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a

b

Fig. 3. (a) The beam profile for 0.53 GeVp (1998). The track dens-
ity (number of fission tracks,T , per unit area) is given in T/cm2. The
z-values denote the beam profiles measured horizontally at different
depths of the target:z = 0 cm is in front of the target,z = 10 cm is
in the center,z = 20 cm at the end of the target. (b) The beam profile
for 1.0 GeVp (1999). The track density (number of fission tracks,T ,
per unit area) is given in T/cm2. The z-values denote the beam pro-
files measured horizontally at different depths of the target:z = 0 cm is
in front of the target,z = 10 cm is in the center,z = 20 cm at the end
of the target. uncertainties of these data are on the order of±8%, the
magnitudes of systematic uncertainties are not known.

a laboratory to investigate the gamma activity with HP Ger-
manium counting systems using well-established proced-
ures [13]. This allowed the determination of decay rates
of radioactive nuclides produced. Activities at the end of
bombardment were converted into production rates of these
nuclei. As an example, we calculated the production rate of
140La nuclei in the La-targets. In the literature, describing
transmutation experiments of this kind, it is considered con-
venient to calculate a “transmutation rate”B which for the

product nucleus140La is defined as follows:

B
(

140La
) = (

number of140La nuclei formed
)
/

{(1 g La target) (1 primary proton)} [g−1] .
(8)

The B-value is strictly an empirical number, defined for
a specific geometrical set-up, a specific transmuted isotope
and a specified proton energy impinging onto a specific
target. As the reaction leading to140La is essentially sensi-
tive only to thermal neutrons, the measurement of several
B(140La)-values for various geometrical positions around the
target system gives a measure of the distribution of ther-
mal neutrons around this target during the irradiation. In
particular, the determination of “azimuthal”B(140La)-values
(samples La-3 plus La-6 to La-10 in Fig. 2) allows for the
correction of azimuthal variations in the fluence of sec-
ondary neutrons. Details can be found in Refs. [5, 8]. Typical
results forB(140La)-values on thetop surface of the mod-
erator (La1–La5) are shown in Fig. 4a for the U/Pb target,
corrected for azimuthal variations [5, 8]. Similar results for
B(239Np)-values in uranium-samples (U1–U5) on the top
surface of the U/Pb target are shown in Fig. 4b.

The experimental results forB(140La) and B(239Np)
using the Pb-target system are omitted in this paper. Re-

Fig. 4. (a) B(140La) in La-samples (La1–La5) distributed on the surface
of the moderator for experiments with U/Pb targets. Results for 1.5,
3.7 and 7.4 GeV are from [6]. (b) B(239Np) in U-samples (U1–U5) dis-
tributed on the top of the surface of the moderator in experiments with
U/Pb-targets. Results for 3.7 and 7.4 GeV from [6].
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sults have been presented before:B-values from the Pb-
target are reduced by a factor 1/1.7 as compared to
U/Pb-targets [5–8].

The distribution of neutrons, measuredvia 140La or 239Np
on top of the surface of the moderator is also known from
previous experiments [5–8]: The maximum induced ra-
dioactivity is always found about 5 cm behind the entrance
of the protons into the massive uranium target, rather inde-
pendent of the energy of the incoming proton. For a lead
target this maximum is about 10 cm behind the entrance of
the protons into the massive lead block. Induced radioactivi-
ties always decrease from the middle towards the back-end
of the target. Details forB(140La)-values from the experi-
ments are tabulated in Refs. [8, 14].

The experimental averageBav(140La)-values for the La-
sensors (La1–La5) on top of the moderator inside the 1 cm
deep holes on the surface of the moderator for a given target
and a given proton energyEp is calculated as the arithmetic
mean value. As the geometry of our geometrical arrange-
ment is very well-defined, it is not surprising that these
values are reproducible and they can be compared to theor-
etical estimations. VariousBav(140La)-values for all experi-
ments in this series are compiled in Table 2. It is also of
interest to show in the same table therelative transmutation
rate R(140La), defined as follows:

R(140La) = Bav(
140La)/Ep [g−1 GeV−1] . (9)

These valuesR(140La) are of interest, as they give a measure
of the relative neutron production efficiency for a certain nu-
clear reaction in a given arrangement with respect to the pro-
ton energy. It is a relative measure for the number of spalla-
tion neutrons produced per unit proton energy in the primary
interaction.R(140La) is ratherenergy independent within the
proton energy range studied. The same phenomenon is pre-
sented graphically for the averageBav(239Np)- andR(239Np)-
values in Figs. 5 and 6 for U/Pb targets. Again, the values
R(239Np) = Bav(

239Np)/Ep are rather independent of the en-
ergy Ep. A preliminary account of this observation has al-
ready been published [15].

Last but not least, we want to report briefly on the result
of experiments using the Pb-target without a paraffin moder-
ator (see Table 1: “blank” Pb-targets). The La and U sensors
were placed on top of the lead target and the resulting ac-
tivities were induced by the whole spectrum of spallation
neutrons that leak out of the metallic target. Transmutation
rates are compared for experiments with and without paraf-
fin moderator:

Bav(
140La)moderator/Bav(

140La)blank = 128±27, (10)

Bav(
239Np)moderator/Bav(

239Np)blank = 12±3 . (11)

These ratios are understood on a qualitative basis: due to the
lack of moderator, the number of low energy and of thermal
neutrons is considerably smaller around a “blank” lead tar-
get as compared to the outer surface of the moderator. As
the 140La production is practically only sensitive to thermal
neutrons, the above ratio is rather large. For239Np, how-
ever, epithermal neutrons are also quite effective, and these
are produced within the metallic “blank” target with reason-
able cross sections. This results in a smallerB-value ratio.

Table 2. Bav(140La) for the U/Pb target and the corresponding
R(140La) = Bav(

140La)/Ep.

System studied Bav(
140La) R(140La)

[10−4 g−1] [10−4 g−1 GeV−1]

0.53 GeV p+ U/Pb 0.93±0.14 1.86±0.28
1.0 GeV p+ U/Pb 2.11±0.31 2.11±0.31
1.5 GeV p+ U/Pb 3.21±0.48 2.14±0.31
3.7 GeV p+ U/Pb 10.5±1.58 2.84±0.43
7.4 GeV p+ U/Pb 16.2±2.43 2.19±0.32

Fig. 5. Dependence ofBav(239Np) in U/Pb-targets on the energy of the
incoming proton.

Fig. 6. Dependence ofR(239Np) = Bav(
239Np)/Ep in U/Pb-targets on

the energy of the incoming proton.

For typical fission fragments such as as132Te one observes
the sameB(132Te) value on top of the moderator and on
the “blank” metallic surface, because neutrons of all ener-
gies induce fission in uranium [8]. TheBav(

140La)blank- and
Bav(

239Np)blank-values measured at proton energies of 1.0 and
1.5 GeV are essentially identical at both energies. Further
details are given in [8].

4. Conversion of Bav(140La)-values into spallation
neutron numbers and comparison with model
calculations

The experimental determination ofBav(140La)-values is cer-
tainly of practical interest; however, direct comparisons with
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model calculations are very difficult. One reason is that
the B-value is only one single number, but it is caused by
neutrons having a very broad energy spectrum with energy-
dependent (n, γ ) cross-sections. The exact calculation re-
quires complex algorithms. Some attempts in this direction
have been made in earlier publications without being com-
pletely convincing [5, 6]. In this paper another approach
will be presented, based on a recent calibration experi-
ment [16] and detailed theoretical calculations of Hashemi-
Nezhadet al. [17]. In the calibration experiment a Pu/Be
source emitting 8.1×106 neutrons/s with an average neu-
tron energy of about 4 MeV is placed into a Pb-shell sur-
rounded with a 6 cm thick paraffin moderator (see Fig. 7).
This setup is similar to the target shown in Fig. 2b but
without a uranium insert. In this way the spallation neu-
tron production in the accelerator-experiments was simu-
lated quite realistically. On the outer surface of the paraf-
fin moderator La-samples were placed, identical to those
used in the transmutation experiments in Dubna. Addition-
ally, “LR-115 2B” SSNTD strips were irradiated as shown
in Fig. 7. One set of strips was bare, thus being exposed
to a broad energy spectrum of neutrons, the other set of
strips was covered with 0.75 mm thick Cd foils in order
to absorb thermal neutrons. After the irradiation both the
radiochemical and SSNTD sensors were analysed. The re-
sults for B(140La)-values along the longitudinal direction of
the paraffin moderator are shown in Fig. 8a together with
a model calculation using the MCNP-4B2 neutron trans-
port code. Fig. 8b shows the same experimental result, this
time after convertingB(140La) into neutron fluences using
the same standard computational procedures already used
in [5] and described in detail in [16]. The agreement be-
tween experiment and the model calculation in this calibra-
tion experiment is good. Similarly good results have been
obtained in the analysis of the SSNTD calibration [16].
Using these data for calibration, theBav(140La)-value ob-
served for 1 neutron emitted from the spallation neutron
source for La-samples placed into 1 cm deep holes in the
moderator of the Dubna experiments could be determined as
follows:

Bav(
140La)for 1 spallation neutron= 9.7×10−6 [g−1] (±13%) .

(12)

Fig. 7. The experimental set-up for the
absolute calibration ofB(140La) using
a well defined Pu/Be neutron source emit-
ting 8.1×106 neutrons/second. For details
see [16].

Fig. 8. Variation of the activation rate of139La, measured asB(140La),
and neutron fluence at the La sample locations, as a function of longi-
tudinal distance on the moderator surface. The figures show both the
experimental results and those obtained by MCNP-4B2 simulations.
(a) activation rates and (b) slow neutron fluence. For details see [14].

The uncertainty of this conversion is mainly due to experi-
mental uncertainties as described in [5]. Geometrical con-
siderations have been taken properly into account. Eq. (12)
can be used to estimate the numberY of spallation neutrons
from a Bav(140La)-value for spallation reactions at the Syn-
chrophasotron irradiations. Calculations have shown that the
mean kinetic energy of neutrons emitted from the Pu/Be-
source is 4.30 MeV. The lead target irradiated with 1 GeV
protons yields spallation neutrons with an average energy of
3.98 MeV. These average neutron energies are sufficiently
close to allow a conversion of theBav(140La)-value into
the number of spallation neutronsY (experimental) accord-
ing to Eq. (12). Results of this conversion are shown in
Table 3 together with results of a detailed theoretical cal-
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Reaction Bav(140La) Y (experimental) Y (theoretical) Y (theoretical)
Radiochemistry Based on Eq. (12) LAHET DCM/CEM

[g−1] [neutrons/proton] [neutrons/proton] [neutrons/proton]

0.53 GeV p+Pb 5.9×10−5 6.1 7.7 9.3
1.0 GeV p+Pb 11.4×10−5 11.7 15.3 17.4
1.5 GeV p+Pb 17.0×10−5 17.5 19.8 23.6
3.7 GeV p+Pb 60.4×10−5 62.3 38.7 43.9
7.4 GeV p+Pb 74.0×10−5 76.3 61.1 70.8
0.5 GeV p+U/Pb 9.3×10−5 9.6 10.4 17.2
1.0 GeV p+U/Pb 21.1×10−5 21.7 23.5 35.1
1.5 GeV p+U/Pb 32×10−5 33 32.4 47.2
3.7 GeV p+U/Pb 105×10−5 108 65.4 93.6
7.4 GeV p+U/Pb 162×10−5 167 112.1 151

Table 3. ExperimentalBav(140La)
values for Pb-targets and their
conversion into experimental
spallation neutron numberY (ex-
perimental) together with theor-
etical model calculations. The
results for the U/Pb-targets are
shown for illustrative purposes,
as the calibration has only been
carried out for the Pb-target. The
uncertainties inY (experimental)
are approx.±20%.

culation for the numberY (theoretical) of spallation neu-
trons using the geometry of the target systems employed
in this work and reported in detail in [17]. These calcu-
lations are based on two model codes: LAHET from the
Los Alamos National Laboratory and DCM/CEM from the
JINR, Dubna.

ExperimentalY -values with an uncertainty of±20%
agree to some extent with model calculatedY -values. The
discrepancies are mostly below 50% and never more than
100%. The discrepancy between experimental and theoret-
ical values calculated with the LAHET code seems to be
largest for U/Pb targets irradiated with 7.4 GeV protons.
This appears to be state-of-the-art for this type of investiga-
tion, as published in a “Special Issue on Accelerator Driven
systems” (Plendl, H. S., Ed.), Nucl. Instrum. Methods A
463, No. 3 (2001).

Finally, we could study theoretically the neutron fluence
within a very large heavy element experimental setup, used
as a “subcritical nuclear assembly”. The CERN group pub-
lished results of a related investigation, called the TARC
experiment and using a 3.3×3.3×3 m3 lead target. They
found that 35.6 spallation neutrons are produced by one
1 GeV proton in this extended target [18–20]. Using these
data we may compile an approximate energy balance for
the production of spallation particles in a large accelerator
driven transmutation setup. It is well known that the num-
ber of spallation and fission neutrons increases by(70±
10)% [5–8] when the target material is uranium rather
than lead. This will enhance the neutron number from
35.6 to (61±3) neutrons in an extended uranium target.
According to calculations of Hashemi-Nezhadet al. [17]
the abundance of spallation protons is about 20%, so the
number of spallation particles is (76±4) nucleons alto-
gether. The incoming proton is calculated to lose about
150 MeV in the target through Coulomb interactions, thus
the approximative energy balance for particle production
in an extended U-target may read: 1 GeV proton energy
minus 150 MeV Coulomb losses produce (76±4) nucle-
ons,i.e. one needs(11.2±0.6) MeV of proton beam energy
to produce one spallation nucleon. This estimate is not
a real energy balance because minor contributions from
other ejectiles (pions, deuterons, tritons, ...etc.) as well
as some amount of energy released in uranium fission
are not accounted for. It is, however, suitable to calcu-
late that a 10 mA beam of 1 GeV protons will produce
4.7×1018 spallation particles per second in an extended
uranium target.

5. Supplementary experimental estimates of
neutron fluences using various SSNTD systems

Our collaboration has published several papers in which
activation techniques and SSNTD techniques were indepen-
dently used to determine neutron fluences at various geomet-
rical positions in target setups under a variety of different
experimental conditions. The last of these more detailed re-
ports was presented by Wanet al. [6] using target setups
shown in Fig. 2a,b and irradiated with 1.5, 3.7, and 7.4 GeV
protons. The experimental SSNTD results were described
in detail discussing their relative merits. As this paper is
a continuation of such work extended into the lower energy
regimes of 0.5 and 1.0 GeV energy, with 1.5 GeV energy for
control purposes, it is sufficient to report here only briefly
on the various SSNTD experiments with emphasis on the
pertaining results.

5.1 Determination of thermal and epithermal
neutrons on top of the moderator

Zamaniet al. [21] carried out experiments with LR115(B)-
Kodak, covered with6Li 2B4O7 convertors for thermal neu-
trons. This allowed a direct determination of the fluence of
thermal neutrons. More energetic neutrons were determined
with CR-39 SSNTD with Cd-shielding which allowed the
quantification of neutrons with energy of 300 keV< En <

3 MeV through the measurement of recoil-proton tracks.
Five targets were distributed on top of the moderator. The
targets were exposed to neutrons originating from a few
beam pulses from the Synchrophasotron with a total fluence
of approximately 1011 protons. In this case the proton beam
fluence was taken from the machine operators, it could not
be checked independently with radiochemical methods. The
results are given in Tables 4 and 5. The distribution of neu-
trons along the upper surface of the target system for the
Pb-targets is compatible with the distribution ofB(140La)
andB(239Np) in the same geometrical positions as shown in
Fig. 4 (a and b). However, the radiochemical results show
some decrease of the fluence downstream the target whereas
SSNTD data do not.

The average values for thermal neutron fluence per pri-
mary proton on the outer surface of the moderator is calcu-
lated from both tables and shown in Table 6 together with
theoretical estimations, as described earlier in [16]. The cal-
culated numbers of low energy neutrons with (En < 1 eV)
are also given. The results of Table 6 show a reasonable
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Distance 2.5 cm 5.5 cm 8.5 cm 11.5 cm 14.5 cm

Thermal neutrons 2.6±0.8 2.9±1.0 3.7±1.2 4.2±1.3 4.5±1.4
[neutrons/proton]
Energetic neutrons 0.6±0.2 1.6±0.5 1.4±0.3 1.8±0.4 1.9±0.4
[neutrons/proton]

Table 4. Number of neutrons per primary
proton on the outer surface of the mod-
erator in the experiment (0.53 GeV pro-
tons+ Pb), as measured with SSNTD. The
detectors are evenly distributed on top of
the moderator. Energetic neutrons have en-
ergies En of 300 keV< En < 3 MeV. For
details see text.

Distance 2.5 cm 5.5 cm 8.5 cm 11.5 cm 14.5 cm

Thermal neutrons 4.3±9 4.7±10 5.8±12 6.7±13 6.5±1.3
[neutrons/proton]
Energetic neutrons 2.6±0.5 4.1±0.8 4.1±0.8 5.1±1.0 5.1±1.0
[neutrons/proton]

Table 5. Number of neutrons per primary
proton on the outer surface of the mod-
erator in the experiment (1.0 GeV pro-
tons+ Pb), as measured with SSNTD. The
detectors are evenly distributed on top of
the moderator. Energetic neutrons have en-
ergies En of 300 keV< En < 3 MeV. For
details see text.

Reaction N (thermal) N (E < 1 eV) N (E < 1 eV)
SSNTD experiment LAHET-code DCM/CEM-code
[neutrons/proton] [neutrons/proton] [neutrons/proton]

0.53 GeV p+ Pb 3.6±1.2 1.4 2.4
1.0 GeV p+ Pb 5.6±1.5 2.75 4.3

Table 6. Number of thermal neutrons,N,
as observed experimentally with SSNTD
and comparison with model calculations.
For details see text.

agreement between the radiochemical results and the corres-
ponding model calculations.

5.2 Further SSNTD experimental results

Debeauvaiset al. investigated the production of thermal neu-
trons with thin235U targets on Lexan SSNTDs and the pro-
duction of energetic (En > 2 MeV) neutrons with thin232Th
targets on Lexan SSNTDsinside the 6 cm thick paraffin
moderator [22]. With this method they could show exper-
imentally that in the middle of the 6 cm thick moderator
the fluence of thermal neutrons is nearly 4 times larger than
on the outer surface of the moderator for Pb- and U/Pb-
targets when irradiated with protons of energiesEp in the
range 1.5 GeV≤ Ep ≤ 7.4 GeV. This same behavior was also
observed in two irradiations during recent experiments, as
shown in Table 7. Further experimental details can be found
in [6, 22].

The results of Table 7 also show that at proton energies
studied the fluence of thermal neutrons is a factor of 2 to

Reaction d = 4 cm d = 5.5 cm d = 7 cm d = 8.5 cm d = 10 cm

0.53 GeV p+ U 2 4.8 4.1 5.4 1.4
235-U target theor: 1.4–2.4

0.53 GeV p+ U 2.3 − 0.5 − 0.3
232-Th target

1.0 GeV p+ Pb 14 19 23 19 8.6
235-U target theor: 2.75–4.3

1.0 GeV p+ Pb 9 − 2.3 − 1.3
232-Th target

Notes: The distancesd are measured radially from the axis of the target system:d = 4 cm is between the
metallic target and the moderator,d = 10 cm is at the surface of the moderator. The SSNTDs were placed
10 cm downstream at the longitudinal middle of the target set-up and they had an active surface of about
1 cm2. Theoretical estimates atd = 10 cm are from [17], giving the range of values from two models used
for low energy neutrons withEn < 1 eV.

Table 7. Number of neutrons per
proton inside the paraffin modera-
tor at a distanced from the cen-
tral axis. Uncertainties are about
±20%. For details see text.

3 larger in the middle of the moderator atd = 7 cm, i.e.
inside the moderator, than at the moderator surface. This im-
plies that the correspondingB-values measured close to the
moderator surface atd = 10 cm would increase correspond-
ingly in the middle of the moderator for the cases where
B is essentially determined by thermal neutrons.B-values
predominantly caused by high-energy neutrons do not show
such a strong distance dependence. This is demonstrated for
energetic neutrons withEn > 2 MeV which induce fission
in 232Th: here theB(fission)-value decreases slowly with in-
creasing distanced.

Experimentsinside the paraffin moderator have also
been performed with small139La-targets, similar to the ones
described above. The results for observedB(140La) values
measured inside the moderator are given in [14]. Radio-
chemical results are more accurate; however, the SSNTD
data give additional information on the effect of thermal
neutrons in comparison to energetic (En > 2 MeV) neutrons.

Dwivedi et al. measured the fluence of very high energy
neutrons (En > 30 MeV) using fission reactions in gold [6].
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Reaction T [tracks/cm2] W [10−3 g Au/cm2] T/Φ · W [g−1]

0.53 GeV p+U/Pb 2.42×104 1.56 1.3×10−9

1.0 GeV p+U/Pb 3.50×104 1.62 1.8×10−9

1.5 GeV p+U/Pb 4.20×104 1.57 1.9×10−9

1.5 GeV p+U/Pb [6] 0.53×104 [Ref. 6] 1.46 [Ref. 6] 2.4×10−9 [Ref. 6]

Notes: “T ” is the track density in [cm−2], “W” is the target thickness of gold sample in
(10−3 g Au/cm2), Φ is the total proton fluence obtained during the entire proton irradiation and given in
Table 1. The productT/Φ · W is a measure of the “effective fission rate”, its uncertainty is about±20%.

Table 8. Measurement of the high
energy neutron component (En >

30 MeV) with SSNTD using “gold on
mica” as the target system.

The number of fission fragments was measured as tracks
in mica-detectors. A SSNTD target was placed between the
metallic target and the moderator, approximately in the mid-
dle of the cylinder during the entire proton irradiation. De-
tails of the technique have been described elsewhere [6].
The results are shown in Table 8; the agreement between the
latest (1.5 GeVp+U/Pb) experiment and a previous irradi-
ation at the same energy is good [6]. The “effective fission
rate” as defined in Table 8 decreases slightly with proton
energy. SSNTD experiments here yield essential auxiliary
information and they agree with the respective model esti-
mations: about 1.1 very high energy (En > 30 MeV) neutron
is produced per proton at 1.5 GeV energy [6].

Guo et al. [23] measured the fluence of energetic neu-
trons (En > 10 MeV) using 20 cm long, 1 cm wide and 1 mm
thick CR39 slides, placed along the metallic target surface
and parallel to the axis. In this way, they obtained additional
evidence for the proton energy. They could show in this ex-
periment, that the decrease of track density along the beam
direction is much more rapid for 0.53 GeV protons, as com-
pared to 1.0 GeV and higher proton energies, as shown in
Fig. 9 [23].

Zhuket al. [24] carried out experiments with sandwiches
containing artificial mica or Lavsan as SSNTDs and thick
target foils with Unatural, U-6.5% (6.5% enrichment of235U)
and232Th as sensors, thus allowing the determination of the
fission rates for235U and232Th as well as the spectral index
σ

232Th
f /σ

235U
f . The fission process of235U is initiated by neu-

trons of all energies (however, mainly thermal neutrons in
our setups with paraffin moderator) and the fission process

Fig. 9. Normalized track yieldsD [tracks per cm2] at different pos-
itions of the inner CR39 detectors placed in contact with the Pb-target
for different proton energies. The measurement is carried out along the
central axis [X] of the metallic target. For details see text and [23].

in 232Th is sensitive only to fast neutrons because the fis-
sion threshold of232Th is 1.5 MeV. Seven sandwiches were
placed along the upper moderator surface of the cylinder for
the Pb- and U/Pb-targets. These SSNTD systems were ex-
posed to 7 to 10 beam pulses from the Synchrophasotron
with a total fluence of approximately 1012 protons. The track
density T [in tracks per cm2] on the surface of SSNTDs
for U-6.5%, natU and 232Th sensors was 106, 105 and 104,
respectively. Additional SSNTDs with232Th sensors were
irradiated at the same positions during the entire proton ir-
radiation and used to link with the full proton fluence deter-
mined by radiochemical methods. The fission rates of235U
and232Th and spectral indicesσ

232Th
f /σ

235U
f at the seven pos-

itions placed along upper surface of the cylinder for the
Pb-and U/Pb-targets were determined. Details of this an-
alysis are given in Refs. [6, 24]. Spectral characteristics of
the neutron flux along upper moderator surface for the Pb-
and U/Pb-targets were determined by measuring distribu-
tion ratios of average cross-section of232Th fission to aver-
age cross-section of235U fission (σ

232Th
f /σ

235U
f ). The results

of measurements for proton energy of 1.0 GeV are given in
Table 9 and in Fig. 10.

The neutron spectrum of the U/Pb-target is softer as
compared to the Pb-target: the ratioσ

232Th
f /σ

235U
f in the

target center is larger by a factor of approximately 2
for Pb-targets as compared to U/Pb-targets. At the ends
of the paraffin moderator, the neutron spectrum becomes
more energetic (“hard”) for both setups. The spectral in-

dexσ
232Th
f /σ

235U
f is larger at the beginning and at the end of

the surface of the paraffin moderator by a factor of about
2.4 and 8, respectively, as compared to the central part.
It should be noted that in the central region over more
than 15 cm length there is a rather constant neutron-energy
spectrum on the surface of the paraffin, where the value

Table 9. Distribution of the spectral indexσ
232Th
f /σ

235U
f along the top of

the cylinder surface for U/Pb- and Pb-targets with paraffin moderator
for 1.0 GeV protons.

Z, mm σ
232Th
f /σ

235U
f

U/Pb-target Pb-target

6.5 (3.01±0.30)×10−3 (5.80±0.58)×10−3

75 (1.31±0.12)×10−3 (1.96±0.18)×10−3

125 (1.24±0.11)×10−3 (2.15±0.19)×10−3

175 (1.26±0.11)×10−3 (2.45±0.22)×10−3

225 (1.49±0.13)×10−3 (3.05±0.27)×10−3

275 (2.62±0.24)×10−3 (5.40±0.49)×10−3

303.5 (1.01±0.10)×10−2 (1.94±0.19)×10−2
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Fig. 10. Distributions of spectral indexσ
232Th
f /σ

235U
f along the upper

moderator surface of U/Pb- and Pb- targets for 1.0 GeV protons.

σ
232Th
f /σ

235U
f remains constant within the limits of experimen-

tal uncertainty.

6. Transmutation of 129I, 237Np, and 239Pu with
spallation neutrons

Here we give a survey on our studies of the transmutation of
long-lived radioactive waste and/or transuranium nuclides
such as129I, 237Np and239Pu. The target systems used are
shown in the preceding sections. Radioactive samples were
placed on top of the moderator, as shown in Fig. 11 a. The
highly radioactive samples of129I, 237Np, and239Pu were pro-
duced especially for these transmutation studies by the Insti-
tute of Physics and Power Engineering in Obninsk/Russia.
Sample weights were 0.43 g for 129I, 0.74 g for 237Np and
0.45 g for239Pu. The target construction is shown in Fig. 11 b
and the samples were placed on the outer surface of the
paraffin moderator. We cannot quantify the influence of
neutrons reflected from surrounding material, however, one
must expect some influence of these neutron fluences, in par-
ticular when one takes into account the high cross-sections
for neutron induced reactions with transuranium nuclides.
The irradiations and the data analysis were carried out the
same way as already described. The results for transmu-

Table 10. Experimental transmutation yieldsB andB/Ep for three long-lived radwaste nuclides under study. Uncertainties are about±25%.

ProtonE+ B(129I ) B(129I )/Ep B(237Np) B(237Np)/Ep B(239Pu) B(239Pu)/Ep

target [10−4 g−1] [10−4 g−1 GeV−1] [10−4 g−1] [10−4 g−1 GeV−1] [10−4 g−1] [10−4 g−1 GeV−1]

0.5 GeV+ U 1.30 2.60 3.1 6.2 − −
1.0 GeV+ U 2.61 2.61 4.8 4.8 − −
1.5 GeV+ U 2.33 1.55 8.2 5.4 − −
7.4 GeV+ U 15.8 2.14 50.4 6.8 − −
0.53 GeV+ Pb − − − − 21 39
1.0 GeV+ Pb 0.81 0.81 3.3 3.3 31 31
1.5 GeV+ Pb 0.90 0.60 7.5 5.0 − −
3.7 GeV+ Pb 3.0 0.81 30 8.1 − −
7.4 GeV+ Pb 3.9 0.53 34 4.6 − −
Notes: The experiment (1 GeV p+U/Pb) was carried out twice. The experiments at (0.53 GeV p+Pb), (0.5 GeV p+U) and (1 GeV p+Pb) are
from this work, the other results are from [6, 8].

Fig. 11. (a) Experimental setup for transmutation studies of239Pu, 129I
and237Np samples. (b) Transmutation samples of239Pu,129I and237Np
are weld-sealed in Al-capsules.

tation B-values of the three long-lived radwaste nuclides
as well as the correspondingB/Ep values are shown in
Table 10.

For transmutation of239Pu some additional remarks are
necessary: 11 fission fragments were identified in the analy-
sis of the gamma-ray spectra:91Sr, 92Sr, 97Zr, 99Mo, 103Ru,
105Ru, 129Sb, 132Te, 133I, 135I, and 143Ce. Knowing the rela-
tive fission yields for thermal/epithermal neutron induced
fission of239Pu it is possible to extractB(239Pu) which may
be called the “transmutation ratevia fission” [15].

From Table 10 one can conclude:

As it was shown in Table 2 and Fig. 6, theR(140La) =
B(140La)/Ep and R(239Np) = B(239Np)/Ep values are
nearly constant within the experimental uncertainty of
±15% in the energy interval 0.5 GeV≤ Ep ≤ 7.4 GeV.
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These measurements were carried out in well-shielded
positions inside 1 cm deep holes on the surface of the
paraffin moderator. TheB-values for long-lived radwaste
nuclides were measured under slightly different geomet-
rical conditions. The samples (Fig. 11 b) were placed
on the upper surface of the moderator. An exact deter-
mination of the uncertainty of theseB-values was not
intended in this experiment, however, we estimate the
experimental uncertainty to be approximately±25%.
The neutron spectra at the positions of129I, 237Np, and
239Pu on top of the moderator are different at various ge-
ometrical positions along the axis of the target system,
as has been shown by the Minsk-group [6, 24]. Neutron
spectra become “harder” the further downstream along
the target, as also shown in Fig. 10. This means that the
237Np-target is exposed to a somewhat “harder” neutron
spectrum as compared to the129I- and 239Pu-target. Con-
sequently, a direct and strict comparison of theB-values
for the three isotopes studied is difficult and outside the
scope of this paper. However, for illustrative purposes
this comparison is shown in Table 11 together with some
otherB-values.

From Table 10 and [8] the macroscopic transmutation rates
of long-lived radwaste nuclei using a Pb-target with paraffin
moderator and irradiated with 10 mA proton beams of 1 GeV
energy can be estimated. Covering the whole moderator sur-
face of our small setup with radioactive target material as
thin as it is in our samples, calculated transmutation rates are
as follows:

85 g of239Pu are transmuted in one month,

1.4 g of 238U are transmuted in one month,

9 g of 237Np are transmuted in one month,

1.3 g 129I are transmuted in one month.

Of course the target shown in Fig. 11 a cannot be irradiated
with 10 mA protons of 1 GeV as it would immediately melt.
This implies that our actual “transmutation rates” given for
a 10 mA/1 GeV proton beam are indicative. It should also
be noted that sample positionsinside the 6 cm thick paraf-
fin moderator yield considerably larger transmutation rates.
This shows that our results have a high predictive value,

Table 11. B-values for various sensors obtained on the outer mantle
of the Pb-target and irradiated with 1 GeV protons. The uncertainties
are about±25%. Two results from the CERN group obtained at simi-
lar geometric positions, but with very different neutron spectra are also
given [18, 19].

Nuclear reaction B
[10−5 g−1]

239Pu→ fission (destruction of Pu) 310
238U → 239Np (breeding of Pu) 5.5
237Np → 238Np (destruction of Np) 33
139La → 140La (monitor reaction) 11
129I → 130I (destruction of I) 8.1
239Pu→ fission (CERN) 500
(with SSNTD,µg Pu) (for 2.6 GeV protons)
129I → 130I (CERN) 50
(radiochemistry, 64.7 mg 129I) (for 2.6 GeV protons)

and that, before such a transmutation process could become
a technological reality, one needs considerably more re-
search and development in this field. Transmutation yields
for 239Pu agree with those estimated by Bowmanet al. [3]
on a theoretical basis. The comparison with the results from
the CERN group (Table 11) also show satisfactory agree-
ment, in particular when we consider that they employed
a higher proton energy and a different Pb-target without any
moderator which may result in a “harder” neutron spec-
trum [18–20]. The good agreement of the Pu-transmutation
rates between the two different laboratories as compared
to the not-so-good agreement between the corresponding
129I transmutation rate is not surprising. The neutron energy
spectra in the two different experimental setups are prob-
ably very different – and they have not been determined
experimentally. We want to repeat the statement that most
experiments to date are indicative only. However, it is clear
that before such transmutation processes can become a tech-
nological reality on large scale, considerably more advanced
and detailed experimental investigations are mandatory.

7. Conclusions

The present work is a summary of transmutation studies car-
ried out during recent years at the Synchrophasotron of the
Laboratory for High Energies at the Joint Institute for Nu-
clear Research in Dubna, Russia. The major emphasis lies
on new experiments with 0.5 and 1.0 GeV protons which
yield the following results:

A new beam monitoring device based on nuclear chem-
ical methods was tested and employed successfully. Two
stacks of monitor foils were used, one in contact with the
massive metallic target, the other one placed 35 cm up-
stream in the proton beam.
The transmutation yields of stable lanthanum into ra-
dioactive 140La, as well as the corresponding yields for
natural uranium into the nuclide239Np, increase linearly
with energy on the surface of the relatively small target
systems employed. This holds for the entire proton en-
ergy range studied (0.5 GeV≤ Ep ≤ 7.4 GeV). The find-
ing can be interpreted well with model calculations based
on the LAHET-code from Los Alamos, as well as with
the DCM/CEM-code from Dubna.
Using highly radioactive samples of about 0.5 to 1 g of
129I, 237Np, and239Pu, we could measure for the first time
transmutation yields in a target system irradiated with
high-energy protons. The results confirm theoretical esti-
mates that transmutation can become practically feasible
when high-intensity (� 100µA) accelerators for high-
energy protons (≥ 0.5 GeV) are technically available.
Solid State Nuclear Track Detectors (SSNTDs) yield
valuable auxiliary information;e.g. the amount of ther-
mal neutrons on the surface of the target system and
details on the finding that inside the 6 cm thick paraffin
moderator the neutron fluences are several times larger
than on the moderator surface.

All results show, that accelerator-driven systems (ADS)
can be used in principle for large scale transmutation. How-
ever, one will need considerable more “Research and Devel-
opment” before ADS can become a reality.
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