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Abstract

The LAHET code system is used to study the behaviour of the spallation neutrons resulting from the interaction of

2.5GeV/c protons with a massive lead target within a large (B32m3) lead and graphite moderating environments. The

spatial and energy distribution of the neutrons with presence and absence of a fissile material in Accelerator Driven

Systems (ADS) are investigated.

It is shown that the energy spectra of the neutrons in graphite and lead moderators are very different and such

difference is expected to result in noticeable differences in the nuclear waste transmutation abilities of the ADSs that use

graphite and lead for neutron moderation and storage. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 28.20; 28.20G; 28.41; 28.50
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1. Introduction

Neutrons produced in the interaction of relati-
vistic projectiles with heavy targets (e.g. protons

on lead) can be used for energy production
and nuclear waste transmutation, in Sub-critical
Nuclear Assemblies (SNA), [1–3]. These systems
are also known as Accelerator Driven Systems
(ADS).

It is suggested that an effective method for
nuclear waste transmutation is to use neutron
capture in the resonance region of the absorption
cross-section of the waste isotopes. This method is
known as transmutation by adiabatic resonance
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crossing (TARC), when a heavy (e.g. Pb) moder-
ating environment is used [4,5].

As the effectiveness of TARC is highly depen-
dent on the flux and energy distribution of the
neutrons at the waste sample location, it is
important to investigate how neutron energy
distribution and flux varies with distance from
the centre of the cascade.

In a realistic ADS, there will be fissile materials
in the system [2,6,7]. Such fissile materials are
present either as fuel only (e.g. 233U, 235U) or as
combined fuel-waste, such as Pu isotopes. There-
fore, we studied ADSs that contained a fissile
material in the system.

2. Calculation procedure

The behaviour of the spallation neutrons
produced in the interaction of high-energy protons
with thick lead target embedded within a large
moderating environment was studied. The spatial
distribution of the neutron flux and the neutron
energy distribution in the moderator with and
without the presence of a neutron-multiplying
medium, was calculated using the LAHET code
system [8]. The neutron multiplying region refers
to the one that contains fissile materials. In the
present paper three different cases will be con-
sidered (see Fig. 1): (a) lead target and lead
moderator without presence of neutron-multiply-
ing medium, (Pb, Pb, 0) system; (b) lead target,
lead moderator plus a 235U neutron multiplying
region, (Pb, Pb, 235U) system; and (c) lead target
and graphite moderator without a neutron multi-
plying region, (Pb, C, 0) system.

Fig. 1 shows the XZ-cross-section of the all
components of the three assemblies used in the
calculations. In all of the above-mentioned cases,
the moderator occupied a volume of
3.3� 3.3� 3m3 (B32m3) and target and multi-
plying region (if present) were embedded in the
moderator. In the case of the (Pb, Pb, 0) and (Pb,
Pb,235U) systems the whole B370 tons of lead acts
as target and moderator. While in the (Pb, C, 0)
system a cylindrical lead target of diameter 20 cm
and length of 1m was placed on the Z-axis starting
from Z ¼ �30 cm.

To model the effects of a neutron-multiplying
medium on the neutron flux and energy distribu-
tion, a cylindrical stainless steel shell container
filled with UO2, was placed within the lead
assembly. The axis of fuel container and beam
axis is concentric and its centre coincides with
the centre of the assembly (Fig. 1). The wall
thickness of the container was 2mm and it
had inner and outer diameters of 79.8 and
85.2 cm respectively. The length of the fuel
container was 100 cm. It was assumed that 20%
of the U-atoms in UO2 are

235U. In the design of
the target-moderator-multiplier systems, technical
considerations are not taken into account.
In particular, the chemical composition of the
fissile material in the multiplying region is chosen
arbitrarily.

In all target-moderator assemblies ten spheres of
radius 3 cm filled with the corresponding mod-
erator medium were located on the X-axis starting
from x ¼ 15 cm at intervals of 15 cm which were
used as measurement (calculation) cells (Fig. 1). In
the case of the (Pb, Pb, 0) seven extra spherical
cells of diameter 1 cm were located at xo15 cm
with intervals of 2 cm, starting from x ¼ 0 cm,
(these are not shown in Fig. 1).

Fig. 1. XZ-cross-section of the target-moderator-multiplier

assemblies used in the LAHET Monte Carlo simulations. The

origin of the Cartesian co-ordinate system corresponds to the

centre of the assembly. Note that not all of the components

shown in figure were present in every simulation. (For

dimensions and details of the set-ups refer to the text.).
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Protons of momentum 2.5GeV/c (kinetic energy
Ep ¼ 1732MeV) were used in all calculations. The
protons were introduced into the system along the
Z-axis through a 1.2m long blind hole of diameter
6 cm. The proton beam had circular cross-section
with a diameter of 1 cm.

The LAHET code [8], which is coupled with
the MCNP code [9] deals with spallation processes
involving hadronic interactions and transports
the produced neutrons (in our case) down to
20MeV. Neutrons of energy less than 20MeV
are transported with MCNP code, which in
our case was version MCNP-4B2. In LAHET
calculations we used the following input options:
(1) Bertini model of intranuclear cascade;
(2) pre-equilibrium model following the intra-
nuclear cascade; (3) Gilbert–Cameron–Cook–
Ignatyuk level density model; (4) Coulomb barrier
on incident charged particle interactions; and (5)
Rutherford–Appleton Laboratory evaporation-fis-
sion model. In this paper the term ‘‘spallation
neutrons’’ refers to neutrons produced by high-
energy proton reactions in the intranuclear
cascade, evaporation and high-energy fission
processes as well as those produced in inter-
nuclear-cascade.

For every calculation 25,000–50,000 incident
proton histories were followed and results were
normalized to 109 protons per second, correspond-
ing to a beam current of I ¼ 0:16 nA.

3. Results and discussion

3.1. Energy spectrum of spallation nucleons

Fig. 2 shows the energy distribution of the
nucleons resulting from the spallation process
when protons of energy 1.73GeV impinge on Pb-
targets of (Pb, Pb, 0) and (Pb, C, 0) systems. The
difference between the spallation nucleon energy
distributions in the two systems may be sum-
marised as follows:

1. The energy distribution of the spallation
neutrons in two target-moderator assemblies
of (Pb, C, 0) and (Pb, Pb, 0) are rather similar.

2. The peaks of the neutron distributions appear
at energy interval of 2.7–3.7MeV in both
systems.

3. The energy distribution of the spallation pro-
tons in the two systems are different and the
distribution in (Pb, C, 0) extends to lower-
energy than (Pb, Pb, 0) system.

4. The peak of the proton distributions appear at
energies of 8.5 and 10MeV for (Pb, C, 0) and
(Pb, Pb, 0) systems, respectively.

Table 1 gives the total number of spallation
neutrons, Yn produced in each of the ADS studied.
Also given is the number of neutrons that leak out
of each system per incident proton, Yl: The last
column of the Table 1 gives the fraction of the
total number of neutrons that leak out of the
system. In the case of the (Pb, Pb, 235U) system,
leakage neutrons include the neutrons that are
produced in the neutron multiplying region via
fission. The cylindrical neutron multiplying shell in
(Pb, Pb, 235U) contains 2.77 tons of UO2 from

Fig. 2. Energy distribution of the nucleons resulting from the

spallation process when protons of energy 1.73GeV impinge on

Pb-targets of (Pb, Pb, 0) and (Pb, C, 0) systems.
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which 488.3 kg is 235U. For this system an effective
neutron multiplication coefficient of keff ¼
0:889170:0005 was calculated using MCNP-4B2
code [9]. In (Pb, Pb, 235U) the Yn ¼ 66:11
spallation neutrons multiply to Nt ¼ 596 neutrons.
Neutron leakage from the (Pb, Pb, 235U) system is
B50% of that from the (Pb, Pb, 0) system. This is
due to the fact that in (Pb, Pb, 235U) the majority
of the neutrons have fission origin and so have
different energy distribution compared to that of
the spallation neutrons. The difference Ya ¼
Nt2Yl is the number of the neutrons per incident
proton, that are absorbed in each system (for non-
multiplying systems Nt ¼ Yn). Although because
of difference in target size number of spallation
neutrons in (Pb, Pb, 0) and (Pb, C, 0) systems are
different [10], but the number of the absorbed
neutrons in two systems are about the same
(Ya ¼ 45).

3.2. Energy spectrum of neutrons in the moderator

3.2.1. (Pb, Pb, 0) system
Fig. 3a shows the neutron flux (E � dF=dE) as a

function of energy for the (Pb, Pb, 0) system, at
different positions on the X-axis. From Fig. 3a it
can be seen that;

* In a large lead moderator and in the absence of
a neutron-multiplying medium, even in the
vicinity of the beam line the neutron flux at
given x-value does not vary substantially with
increasing energy in the energy range of 1 eV–
1MeV. Within this energy range there is a

factor of o 70 increase in the neutron flux for a
6 orders of magnitude increase in the energy.
For neutrons in the energy interval of 1 eV–
1 keV this factor is only B4.

* The maximum of the energy distributions
appears at EE520 keV independent of the
location in the moderator. Due to slowing
down of neutrons, the width of this peak
increases with increasing x and becomes less
pronounced, to the extent that neutron flux
becomes almost constant in the energy interval
of 1 eV–100 keV.

* It is quite interesting to note that the variation
of the neutron flux with energy at x ¼ 0 (i.e. a
location within the target and on the beam line)
and x ¼ 15 cm in the energy interval 1 eV–
B100 keV are almost the same.

3.2.2. (Pb,Pb,235U) system
Fig. 3b illustrates the neutron flux (E � dF=dE)

as a function of energy for (Pb,Pb,235U) system.

Fig. 3. Neutron flux E � dF=dE as a function of energy (a)

(Pb, Pb, 0), (b) (Pb, Pb, 235U) and (c) (Pb,C,0) system at

different locations in the moderator (see the text for details).

Table 1

Spallation neutron yield and neutron leakage from the system

per incident proton of Ep ¼ 1:73GeV

Type of

ADS

Spallation

neutron yield Yn

Neutron leakage from system

Leakage Yl Percentage of

total neutrons

in system

(Pb, Pb,0) 66.2370.07 21.7170.03 32.870.06

(Pb, C,0) 52.3870.16 7.2070.02 13.770.06

(Pb, Pb,235U) 66.1170.07 90.2970.69 15.071.1
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A comparison of the Figs. 3a and b shows that,
qualitatively, the presence of a multiplying med-
ium and addition of fission neutrons to the system
has not altered the overall shape of the energy
distributions of the neutrons significantly, in the
vicinity of the centre. However in the regions close
to the multiplying region e.g. x ¼ 75290 cm and
also in areas far away from this region e.g.
xX120 cm the energy distributions of the neutrons
are significantly different from those in the (Pb,
Pb, 0) system at the corresponding locations. For
example at x ¼ 120 cm for (Pb, Pb, 0) system the
neutron flux in the energy range of 1 eV–100 keV
remains almost constant, while for the case of (Pb,
Pb,235U) there is more than an order of magnitude
flux increase for the same energy interval. Despite
the addition of fission neutrons to spallation
neutrons, the peak of the energy distribution
appears at B520 keV, the same as for the (Pb,
Pb, 0) system.

3.2.3. (Pb,C,0) system
Fig. 3c illustrates the variation of the neutron

flux with energy for (Pb,C,0) system in the
neighbourhood of the target, at three different
locations on the X-axis. Due to very rapid
thermalisation of the neutrons in graphite mod-
erator, the flux of the high-energy neutrons drops
dramatically and statistical error in high-energy

bins becomes increasingly larger with increasing
distance from the centre of the assembly. The
shape of the energy distributions for (Pb, C, 0) are
very different compared to the case for lead
moderator. As expected the slow neutrons con-
stitute a large fraction of the total neutron flux
FðxÞ; in a given location in the moderator. Fig. 4
shows R ¼FðxÞðEnp1 eVÞ=FðxÞðEnp20 MeVÞ; the ratio
of the slow neutron flux (Enp1 eV) to flux
of neutrons with Enp20MeV, as a function of
distance x; for the (Pb, C, 0) and (Pb, Pb, 0)
systems. For lead moderator, at most 8.4% of the
total neutrons are slow (Enp1 eV), see Ref. [11]
for more details. This occurs in cell 10
(x ¼ 150 cm) where the overall neutron flux is
quite low. In the case of the graphite moderator
for xX60 cm almost all neutrons are slow. For
(Pb, C, 0) at higher energies (1 eV–1MeV) the
variation of the neutron flux with energy is not
substantial (Fig. 3c). This is especially true for
xo50 cm.

3.3. General discussion of the energy spectra

For large structures of heavy moderators such
as graphite and lead with Sa5Ss; the conditions
for applicability of Fermi Age Theory are
well fulfilled (Sa and Ss are macroscopic absorp-
tion and scattering cross-sections, respectively).

Fig. 4. Variation of the R ¼FðxÞðEnp1 eVÞ=FðxÞðEnp20 MeVÞ ratio of slow neutron flux (Enp1 eV) to total neutron flux (Enp 20MeV) as

a function of distance x; for the (Pb, C, 0) and (Pb, Pb, 0) systems.
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Therefore one expects that the total number
neutrons in the system slowing down above any
given lethargy, to be independent of lethargy ( see
e.g. Ref. [12]).

From Fig. 3 it can be seen that in the energy
interval of 1 eV–B1MeV the above-mentioned
expectation is relatively well achieved and there is
very little change in the neutron flux in this very
wide range of energy (or lethargy). The thermal
Maxwellian maximum only is present when
there is a weak absorption during moderation i.e.
SaðkT0ÞooxSs (i.e. moderation ratio much great-
er than unity), where kT0 is the thermal energy and
x is average logarithmic energy loss. This condi-
tion is very well satisfied for graphite but not for
the lead moderator

SaðkT0Þ ¼ 0:006 xSs cm
�1 ðfor graphiteÞ

SaðkT0Þ ¼ 1:605 xSs cm
�1 ðfor leadÞ:

4. Spatial distribution of neutrons

Fig. 5 shows the variation of the flux, for
neutrons of Enp20MeV with the distance x on
the X-axis (xX15 cm), for all three systems
studied. For target-moderator assemblies in the
absence of a multiplying medium, neutron flux as a

function of distance from the centre, can be
described very well with an exponential attenua-
tion curve of the form

FðxÞ ¼ y0 þ Ae�ðx�x0Þ=t; xX15 cm: ð1Þ

The fitting parameters for 109 incident protons
are given in Table 2. Note that the number of the
primary neutrons produced in the (Pb, Pb, 0) and
(Pb, C, 0) is not the same (Table 1). The
‘‘attenuation length’’ t; of the neutrons in two
systems are different and neutron number in the
(Pb, C,0) attenuate faster. For these two cases

Fig. 5. Variation of flux of neutrons of energyp 20MeV with distance from the centre of the assemblies. Distance x; was measured on

the X-axis (see Fig. 1).

Table 2

Fitting parameters of Eq. (1) for the variation of the neutron

flux FðxÞ as a function of x for neutrons of Enp20MeV.

Parameters x0; t and L1=2 are in units of cm

(Pb, Pb, 0)a (Pb, C, 0)b

y0 ¼ 070 y0 ¼ 070

x0 ¼ 1570 x0 ¼ 1570

A ¼ ð731:32777:578Þ � 106 A ¼ ð825:99177:662Þ � 106

t ¼ 36:08670:647 t ¼ 26:71770:454
L1=2 ¼ 25:01370:448 L1=2 ¼ 18:51970:315

a (Pb, Pb, 0)–Pb-target, Pb-moderator without neutron

multiplier.
b (Pb, C, 0)–Pb-target, graphite-moderator without neutron

multiplier.
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from, Eq. (1)a half-thickness (L1=2) can be calcu-
lated, where L1=2 is defined as the moderator
thickness x; that result in reduction of the overall
neutron flux by a factor of two. For neutrons of
Enp20MeV, half-thickness values are 25 and
18.5 cm for (Pb,Pb,0) and (Pb,C,0) systems,
respectively.

From Fig. 5, it can be seen that in the case of the
(Pb,Pb,235U) system, the variation of the neutron
flux FðxÞ with x; is very different from the cases of
non-multiplying systems and it cannot be de-
scribed by an exponential attenuation curve.

In Fig. 6 neutron flux as a function of distance,
for the (Pb, Pb, 0) system and for Enp20MeV
is shown which also includes the flux-values for
xo 15 cm. When all flux-values with xX0 cm are
included, the results cannot be expressed in terms
of a first order exponential attenuation curve
(Eq. (1)). However the data points shown in
Fig. 6 have a near perfect fit to a two-component
exponential attenuation curve of the form:

FðxÞ ¼ y0 þ A1e
�ðx�x0Þ=t1 þ A2e

�ðx�x0Þ=t2 ; xX0;ð2Þ

The parameters of the Eq. (2) for 109 incident
protons of 2.5GeV/c are as follows: y0 ¼ 070;
x0 ¼ 070 cm,
A1 ¼ ð60:69372:933Þ � 107 n cm�2s�1,
t1 ¼ 3:88270:350 cm,

A2 ¼ ð109:61972:876Þ � 107 n cm�2s�1 and
t2 ¼ 36:38171:139 cm.

In Fig. 6 the best-fit curve to the calculated
fluxes as well as the curves describing the two
components of the attenuation curve are shown.
The first component of the Eq. (2) has an
attenuation length of t1 ¼ 3:88 cm and a half-
length of ðL1Þ1=2 ¼ 2:69 cm. The attenuation-
length and half-length of the more penetrating
component are identical (within statistical errors)
to those obtained from Eq. (1) (Table 1). The first
component of the attenuation curve dies away for
xX15 cm.

Detailed analysis of the results showed that the
presence of two exponential components in
Eq. (2), is not the consequence of the difference
in the size of the calculation cells at xo15 and
xX15 cm. We deliberately used larger cell sizes for
xX15 cm to reduce the statistical errors of the
calculations.

To understand the behaviour of the attenuation
curves in Fig. 6, we calculated the spallation
neutron yield Yn as a function of target radius R;
for a lead target of length L ¼ 100 cm at incident
proton energy of 1.73GeV (see also Ref. [10]). The
radius was varied from 0.5 cm (the beam radius) to
140 cm. In Fig. 7, variations of Yn and spallation
neutron yield per unit radius Sn; (Sn ¼ DYn=DR)
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The data point fit to a two component exponential attenuation curve of the form given by Eq. (2).
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with the R (same as X in Fig. 6) is shown. It can be
seen that Yn approaches to a plateau value
and Sn falls almost exponentially with increasing
R: This suggests that the attenuation curves
shown in Fig. 6 carry information on the spatial
distribution of the primary spallation neutrons
within the spallation source volume besides the
effects of the scattering of the same neutrons in the
moderator.

The spallation neutrons are produced by means
of intranuclear cascade, evaporation and/or fission
and inter-nuclear cascade processes. The latter can
take place in all available volume of the target (and
moderator if present) as long as the energy
requirements of the process are satisfied. However
the other reactions mainly occur in the volume
that contains the proton beam, which in our case is
the interior of a cylindrical volume of radius
0.5 cm. Therefore we believe that the fast decaying
curve (Fig. 6) in fact to some extent, describes the
decay of the inter-nuclear cascade process with the
distance.

Fig. 8a shows the variation of the flux of the low
energy neutrons (Enp1 eV) with the distance x; for
the all three systems studied. As already shown in
Figs. 3c and 4 the number of slow neutrons in the
case of the graphite moderator is much higher than
the other two systems. In (Pb,Pb,0) system the
variation of the FðxÞ with x (xX15 cm) can be
described by a second order polynomial. However
this is not the case with (Pb,C,0) and (Pb,Pb,235U)

systems. The slow neutron flux in the vicinity of
the multiplying region is highly depressed (as
expected).

Fig. 8b illustrates the variation of the neutron
flux with distance x for neutrons with energy in the
range of 1 eV oEnp1 keV. Such neutrons are
important for nuclear transmutation by adiabatic
resonance crossing method [4,5]. As seen in Fig. 8b
the neutron multiplying region highly enhances the
number of the neutrons that are relevant to
TARC. Also from Fig. 8b it is evident that, as
for neutrons with Enp1 eV (Fig. 8a) the neutron
flux within and in the neighbourhood of the
multiplying region (64oxo107 cm) is highly
depressed. Therefore in order to exploit the
increased neutron flux (because of the presence
of a neutron multiplier), one has to avoid the
vicinity of the fissile material region. Thus in the
case of the (Pb,Pb,235U) system discussed in this
paper we are restricted to the volume with
xo60 cm (Fig. 8b).

In the case of the (Pb,C,0) system effectively
regions with xo30 cm will be useful for transmu-
tation by resonance capture and indeed in this
region the neutron flux can compete with
(Pb,Pb,235U) system. Note that for the (Pb,C,0)
system at x-values of o30 cm the flux of neutrons
relevant to transmutation via resonance capture is
higher by a factor of up to two, compared to the
(Pb,Pb,0) system.

As already mentioned, not only the flux of the
slow neutrons (o1 eV) but in general the flux of all
neutrons of energy less than B1 keV is highly
depressed (within and in the neighbourhood of the
neutron multiplying region (Figs. 8a and b)). This
is expected, and is a common feature of the
heterogeneous nuclear systems. Thus in an ADS,
using large volume of lead as a neutron mod-
erator-storage medium (for a given keff -value) one
needs to minimise the volume of the neutron
multiplying region (the fissile material) to increase
the available high-flux volume in the system, for
transmutation applications. Therefore if an ADS
is designed for nuclear waste transmutation by
means of TARC, a heterogeneous lattice structure
with fuel elements spread throughout the moder-
ating environment does not seem to be a suitable
choice. One will not have such restrictions in

Fig. 7. Variations of Yn and spallation neutron yield per unit

radius Sn; (Sn ¼ DYn=DR) with the target radius R:
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homogenous systems where the fissile and moder-
ating materials are uniformly mixed.

6. Conclusions

We used the LAHET code system to study the
behaviour of spallation neutrons resulting from
interaction of 2.5GeV/c protons with a massive
lead target within large (3.3� 3.3� 3m3) lead and
graphite moderating environments.

It is shown that with lead moderator the peak of
the energy distribution of neutrons appears at
B520 keV in the presence or absence of a neutron-
multiplying medium in the system. This is inde-
pendent of the location within the moderator.

In the case of the graphite moderator as
expected the neutron field is dominated by slow
neutrons (Eno1 eV) while in the lead moderator
the slow neutron flux does not exceed 8.4% of the
total neutron flux at a given location.

The variation of the neutron flux (Enp20MeV)
with distance x (Fig. 1), for both lead and graphite
moderators (in the absence of any fissile material
in the system) can be described very well using a
first order exponential attenuation curve for
xX15 cm. We obtained attenuation length of 36
and 26.7 cm for lead and graphite moderators,
respectively. In the case of the lead moderator
when the flux values corresponding to xo15 cm
are included in the plots, a two component
exponential attenuation curve gives an excellent

Fig. 8. (a) Flux of neutrons of energy p1 eV as a function of distance x; from the centre of the assemblies. Distance x; was measured

on the X-axis (Fig. 1). (b) Variation of flux of neutrons of energy 1 eV o Enp1 keV with of distance, x:
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fit to the data. We believe that the fast decaying
component of the attenuation curve to some extent
describes the decay of the inter-nuclear cascade
process with the distance from the centre of
cascade.

The observed differences in the energy spectra of
the neutrons in graphite and lead moderators are
expected to result in noticeable differences in the
transmutation abilities of the (Pb,Pb,0) and
(Pb,C,0) systems, under the same operational
conditions [13].
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