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Abstract

Precise measurements of the neutron capture cross sections of nuclei relevant
for the thorium-based nuclear fuel cycle are of great interest for applied physics.
Specifically, a more detailed knowledge of the (n,) cross section for the isotopes
232Th, 231Pa, 234U and 236U is required for the possible implementation of the
thorium fuel cycle in existing and innovative nuclear power devices. From a
fundamental physics point of view precise measurements of the 232Th(n,) cross
section are desirable for the study of parity non-conserving (PNC) effects in nuclei.
In particular they would lead to a refined description of low-energy resonances and
would allow an improved estimation of the mean value of PNC matrix elements.
The high radioactivity stemming from the decay products of these isotopes has very
much hindered or made impossible accurate capture measurements in the past. A
significantly better situation is given at the CERN-nTOF facility which has a very
favorable duty cycle for measurements on radioactive targets. We would like to
make use of this advantage and propose the measurement of the cross sections of
232Th(n,), 231Pa(n,), 234U(n,) and 236U(n,) at the CERN-nTOF facility.
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1 Introduction

The recent renewed interest in the nuclear fuel cycle based on 232Th-233U has made
clear that the existing knowledge of reaction cross sections for many of the relevant
isotopes is still rather poor. At present existing data are insufficient or lacking and severe
discrepancies between the cross sections from the main neutron data libraries [1–3] exist,
reflecting the fact that the evaluated files are based on only a few data sets.

A summary of the status and needs of neutron induced cross sections related to the
thorium fuel cycle [4,5] indicates discrepancies up to 40% in the experimental and up
to 30% in the evaluated capture data.

These uncertainties are too high for an efficiently optimized design which could
simultaneously guarantee the safe operation of a thorium-cycle based accelerator driven
system (ADS) and reach the design power and criticality level. The required over-
dimensioning will severly penalize the design and will limit the gain in flexiblity in
operation and design provided by the ADS subcriticality.

As an example in a specific case of a hybrid system with proton injection of constant
intensity, a 10% uncertainty on the average capture cross section of 232Th induces a 30%
uncertainty on the required proton current to have the system operating at the level of
keff � 0:97 [6].

The evaluations for the capture cross section of the isotope 232Th are mainly based on
experiments from refs. [7–15]. For the isotopes 231Pa, 234U and 236U data are more
scarce and capture data are just absent or not publicly available in most cases. Evaluated
cross sections are in this case based on resonance parameters from total and fission cross
section measurements, published or from a compilation [16,17], and on optical model
calculations in the unresolved resonance energy range.

For 231Pa, resonance parameters have been extracted from a total cross section measure-
ment up to 120 eV [18] and fission has been reported from 140 to 400 keV [19]. For 234U
fission and total cross sections from a few eV up to 8.9 MeV have been published [20].
Slightly more literature is available for 236U: a capture experiment from 0.01 eV up to
20 keV [21], fission between 5 and 400 eV [22], and between 5 eV and 10 keV [23], the
total cross section between 40 eV and 4.1 keV [24] and the absorption between 20 eV
and 1 MeV [25].

For 232Th the situation is different. Triggered by the increased interest in the thorium
fuel cycle, several neutron capture experiments on 232Th have been performed recently.
Most of them have been performed using the neutron time-of-flight technique. Baek et al.
[26] investigated the gamma-ray multiplicity and the capture cross section in the energy
region between 21.5 and 215 eV. Grigoriev et al. [27] give the average cross section in
the energy region between 10 eV and 10 keV. In the unresolved resonance region, Lobo
et al. [28] have measured the cross section between 5 and 150 keV. The measurement of
Wisshak et al. [29] covers the region between 5 and 225 keV. Finally Karamanis et al.
[30] use the activation technique to measure the capture cross section between 60 keV
and 2 MeV. Although considerable improvement could be achieved, the discrepancies in
the 232Th(n,) cross section below the fission threshold, i.e. in the important energy range
below 1 MeV, persist.
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Figure 1: Evaluated neutron capture and fission cross section, Doppler broadened
at 300 K, of 232Th, 231Pa, 234U and 236U from ENDF/B-VI [3].

The lack of capture experiments on the isotopes 231Pa, 234U and 236U is related to the
difficulty in obtaining suitable samples. Only 232Th can be obtained easily. In addition the
high gamma-ray background stemming from the decay products, notably for 232Th and
231Pa, makes capture experiments rather complicated. The unique features of the CERN-
nTOF facility, and especially the high instantaneous flux, allow to reduce the uncertainties
due to the background radiation. In addition, the very wide energy region accessible by
the facility makes it possible to cover the energy region of interest from 1 eV up to 1 MeV
in a single experiment.

In figure 1 the capture cross sections for 232Th, 231Pa, 234U and 236U are shown. For
comparison also the fission cross section is given. The subthreshold fission cross section
for 232Th is absent and is about two orders of magnitude lower for 231Pa, 234U and
236U in most of the energy range of interest. The measurement of the 232Th(n,),
231Pa(n,), 234U(n,) and 236U(n,) neutron capture cross section is part of the scientific
programme of the contract FIKW-CT-2000-00107 between the European Commission
and the participating institutes. Nuclear data needs for isotopes for the thorium cycle
are expressed in Work Package 12 of this contract listing the capture cross sections to
be delivered, namely that of the isotopes 232Th, 231Pa, 233U, 234U and 236U. For 232Th
a ready-to-use sample is available and the handling of the target material is possible
within the current safety regulations. For the three isotopes 231Pa, 234U and 236U the
availability of sufficient material in the form of a suitable sample is being investigated.
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We present them in the context of this proposal, giving count rate estimations adaptable
to the finally available samples. The fissile isotope 233U cannot be measured with the
presently available C6D6 detectors. A proposal for this isotope will be submitted later for
an experiment with the planned 4� calorimeter.

In the unresolved resonance region the cross sections are in general rather smooth and
can be well presented in tabular form. At lower energies one can resolve individual
resonances. The measured resonances are broadened by the Doppler effect and the
finite resolution of the spectrometer. Therefore one usually describes the cross section
in this energy region with resonance parameters using the R-matrix formalism, which
are independent from the experimental setup. The resonance parameters represent the
properties of the excited states of the compound nucleus, like the energy, spin, parity and
the partial widths. In this way, the resonance parameters allow to reconstruct the cross
sections (not only the capture cross section) for any application.

We propose to measure at the CERN-nTOF facility the capture cross sections of 232Th,
231Pa, 234U and 236U in the resolved resonance energy region as well as at higher energies
up to close to the fission threshold and below 1 MeV with an accuracy better than 5%. The
data in the resolved resonance region will be analyzed in terms of resonance parameters
taking into account the specific conditions of the experimental setup. In addition,
information on the level density of highly excited nuclei, an important ingredient in many
nuclear models, is obtained directly from resolved resonances, and will be addressed by
the high energy resolution of the CERN-nTOF facility at low neutron energies. Although
we must put in the analysis emphasis on the nuclear data aspects of these measurements,
we will also consider the implications of our data for 232Th on the estimation of the PNC
matrix elements.

2 The thorium fuel cycle

Conventional nuclear power reactors are based on the fission process of 235U and 239Pu.
While 235U is fissile, the fertile uranium isotope 238U, which is largely present in the
fuel (97%), becomes the fissile 239Pu during the use of the fuel due to neutron capture
followed by �-decay

238U + n �! 239U
�� (23 min)�������! 239Np

�� (2:4 d)������! 239Pu : (1)

An alternative fuel cycle is based on the use of thorium in nuclear reactors. In this cycle
233U is the fissile isotope which is formed from 232Th by neutron capture followed by
�-decay

232Th + n �! 233Th
�� (22 min)�������! 233Pa

�� (27 d)������! 233U : (2)

A very interesting advantage from the point of view of production of radioactive waste
in using the 232Th/233U-based fuel cycle as compared to the classic uranium cycle is
related to its low production in of higher mass actinides. The lower atomic number of
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Figure 2: Schematic view of the isotope formation in the thorium cycle. The in this
paper proposed isotopes are presented in a shaded box.

thorium (Z = 90, instead of Z = 92 for uranium) reduces significantly the build-up of
heavy transuranium isotopes, in particular plutonium and curium. This is also clearly
demonstrated by detailed simulations on the isotopic composition of a thorium-based
ADS system [31]. In figure 2 a schematic view of the isotope formation in the thorium
cycle is shown.

In addition other arguments, although less important in the present context, play a role.
The natural abundance of thorium is three times larger than that of uranium so extends
potentially the existing fuel resources. Also the number of neutrons produced after
absorption of a neutron in a reactor environment is larger for 233U than for 235U or 239Pu
for thermal neutrons, opening the possibility, although technically still quite complicated,
for a “thermal breeder”.

Several experimental projects using thorium have already been worked out in critical
assemblies (Molten Salt Reactor, CANDU-Th, High-Temperature Gas Reactor). Due
to encountered technical problems but also overshadowed by the rapid industrialized
production of uranium-based reactors, most of the research and development has been
focussed on the uranium based cycle and is at present missing for thorium. In fact all
operating power plants are working with a uranium-based fuel cycle today.

The growing concern of the public opinion on nuclear waste and inherently safely
operating nuclear energy systems has led to a variety of research activities. The use
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of thorium in the nuclear fuel cycle for either critical or subcritical systems is nowadays
a topic of interest.

Recently, many developments and studies have been devoted to subcritical reactors driven
by an accelerator. Such an ADS has clear advantages on the criticality and safety
aspects of nuclear energy production as compared to critical assemblies and opens new
perspectives for nuclear waste management [32,33]. This type of reactors can be used to
incinerate radioactive waste (primarily long-lived minor actinides), to burn the massive
stocks of plutonium, or to produce energy in an efficient and safe way. An innovative
concept using an ADS with 232Th/233U is the Energy Amplifier [34].

The present state of the description of the thorium-cycle related cross sections is not yet
at the level of that of the uranium cycle. The conceptualization and realization of nuclear
power stations based on the use of thorium, either in a critical or subcritical system,
require a good knowledge of the reaction cross sections of the thorium cycle isotopes.
As indicated in ”The NEA high priority nuclear data request list” [35], the capture cross
section of 232Th with uncertainties smaller than 5% are needed in the region between
1 eV and 500 keV. A precision of even 1-2% for 232Th and somewhat less stringent up to
5-10% for 231Pa, 234U and 236U is requested in a dedicated study on nuclear data needs
for the thorium fuel cycle [4,5].

3 Resonance parameters of 232Th for parity violation

The relative strength of the weak parity nonconserving part (PNC) part of the nucleon-
nucleon force as compared with the strong parity conserving (PC) interaction is about
10�7. A significant enhancement of the PNC part may occur in highly excited compound
nuclei due to the mixing of nuclear levels of the same (channel) spin and opposite parity
[36,37]. In heavy nuclei the combination of kinematic and dynamical enhancements
may amplify the PNC effects by 104 to 106. Such enhanced PNC effects in p-wave
resonances have been measured first in Dubna [38] and were followed by a large series
of transmission measurements in Los Alamos with low-energy polarized neutrons using
different nuclei for the unpolarized target. In these measurements, which include also
232Th [39–41], PNC-effects as large as 10% have been observed.

PNC-effects are particularly prominent in p-wave resonances and can be explained by
the admixing of nearby s-wave resonances with the same channel spin. The p-wave
resonance cross section ��p for neutrons with positive, respectively negative helicity is
related to the parity violating asymmetry P by ��p = �p(1� P ), which can be described
for a spin zero target nucleus in a two-level approximation by

P =
2Vsp

Es �Ep

p
�snp
�pn

; (3)

where Vsp is the PNC matrix element between s- and p-wave states and where �s
n and

�pn are the neutron decay widths for s- and p-wave resonances respectively. The small
difference in energy of the two levels and the large difference in their neutron entrance
channel widths, for p-waves typically a factor 103 smaller than for s-waves in this mass
and energy region, have as a consequence that PNC effects are largest in low-energy
neutron p-wave resonances of heavy and medium mass nuclei.

The matrix elements Vsp for the p-wave resonances, derived from the measured asymme-
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tries and known resonance neutron widths and energies, are supposed to have a Gaussian
distribution with zero mean and variance M 2. For the ensemble of p-wave resonances
one can via statistical analysis estimate the root mean squared value of the PNC matrix
element

p
M2 in nuclear matter, revealing the overall strength of the weak interaction in

the nucleus.

PNC has been observed in neutron resonances of several target nuclei in the successful
TRIPLE experiments at Los Alamos. In general the deduced M -values are qualitatively
consistent with the theoretical expectation. The case of 232Th is an exception because the
signs of the asymmetries of almost all resonances are positive. This deviation from the
general picture suggests that the sign correlation observed in 232Th is specific, and is not
a general feature of the weak nucleon-nucleus interaction. A large number of possible
theoretical explanations for this sign correlation have been worked out but so far none of
them are really satisfactory.

The asymmetries of the p-wave resonances in 232Th have been measured up to 300 eV at
Los Alamos. The better resolution of the nTOF facility opens the possibility in future to
study PNC effects at even higher resonance energies, provided that a neutron polarizer is
installed.

The resonance energies are rather well known. However, due to the small cross sections
of low-energy p-wave resonances, very little attention has been paid to them since, apart
from the information they contain concerning the level density, they do not contribute
significantly to multigroup cross sections. A more precise knowledge of the p-wave
neutron widths �n may improve the extraction of the matrix elements Vsp from the
measured asymmetries P and in this way ameliorate the interpretation of these data.

4 Experimental setup

The neutron capture experiments will be performed using C6D6 gamma-ray detectors
together with a pulse height weighting technique [42–44]. Pulse height weighting is a
method of making the detection efficiency independent of the gamma-ray cascade of the
(n,) reaction and is based on low-efficiency detectors in order to detect not more than a
single gamma ray per cascade.

We plan to use C6D6-based gamma-ray detectors in a standard 90 degrees geometry.
The overall detection efficiency for a capture event, taking into account the gamma-ray
multiplicity, is about 20% in this configuration. A schematic view of the setup is shown
in figure 3.

The liquid scintillator detectors based on deuterated benzene C 6D6 have an overall
efficiency (including solid angle) of a few percent for gamma rays in the range of interest
between 0.1-10 MeV. They have also the advantage of being the least sensitive to scattered
neutrons as compared to other gamma-ray detectors. However, it is not possible with
C6D6-based detectors in the standard setup to distinguish whether the detected gamma
rays originate from the (n,) reaction, the radioactive background or from competing
reaction channels like fission or inelastic scattering.

The quantity determined in a neutron capture experiment is the capture yield, i.e.
the fraction of neutrons incident on a sample (with thickness n atoms per barn) and
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C6D6 detector

sample

C6D6 detector

neutrons ––>

Figure 3: Experimental setup of the capture experiment. In the left panel a
schematic top view is shown. In the right panel a three dimensional
visualization of the simulated geometry from [46] is presented.

undergoing the (n,) interaction. The capture yield Y (E), with 0 < Y (E) < 1, for
the first interaction can be written as

Y (E) =
�
1� e�n�T (E)

� �(E)

�T (E)
�
(
n� if n�T � 1

�=�T if n�T � 1
(4)

with �T the total and � the neutron capture cross section. The two limiting cases are
approximations for thin respectively thick samples. Since the efficiency of the capture
detector and solid angle of the detector are far below 100%, the measured time-of-flight
spectra need to be normalized to a well known isotope in order to extract the normalization
constant, representing the solid angle and the detector efficiency. We will use the first
large resonance at 4.9 eV in 197Au for this purpose in combination with the smooth cross
section between 10 and 100 keV which is a standard.

Simultaneously with the capture spectrum, the shape of the neutron flux is recorded by
means of a monitoring system based on silicon detectors. The combination of the capture
spectrum and the flux spectrum allows to determine the capture yield to be used in further
analysis.

5 Sample availability and safety aspects

A 232Th sample of 1.77 g from IRMM-Geel and presently located at FZK-Karlsruhe
where it has been measured [29], will be used for the 232Th measurements. This
selfsupporting metallic sample of cylindrical shape has a diameter of 15 mm so a
thickness of 1.0 g/cm2 or 2:6 � 10�3 atoms/barn. A specific activity of 41 kBq/g
corresponds to 232Th.

We would like to use the 232Th without canning. The three other isotopes 231Pa, 234U
and 236U will be used as samples in sealed cannings consisting of Ti or Al.
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Figure 4: Estimated count rate for the presented capture setup with 20% efficiency,
normalized to 1 gram of the indicated isotope.

About 1 g of 231Pa in the form of Pa2O5 can be borrowed from ITU-Karlsruhe. Taking
into account the present isotopical composition due to its decay products, the activity of
this material is close to 80 GBq. Possibly only a fraction of this quantity can be handled
even in a sealed form.

The uranium isotopes can be supplied in a chemically and isotopically purified oxide
form by the participating institutes of Dubna and Obninsk. About 100 mg of 234U and
1 g of 236U are available having a specific alpha-activity of 240 MBq/g and 2.4 MBq/g
respectively.

6 Count rate estimations

In order to estimate the expected count rate we have to divide the capture cross section
in two parts. One part concerns the resolved resonances, where the aim is to extract
the resonance parameters. Cross sections for resolved resonances are usually given in
terms of resonance parameters instead of in tabulated form. For count rate estimations
it is therefore more convenient to use the resonance area. An isolated resonance at low
energy can be described in the single level Breit-Wigner approximation of the R-matrix
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formalism as

�(E) = ��2g
�n�

(E �E0)2 + �2=4
(5)

where �n is the neutron width, � is the radiative width, g the statistical spin factor and
� the reduced de Broglie wave length of the neutron. The integral I� of the resonance is
then taken as

I� = 2

Z E0+�=2

E0��=2
�(E)dE = 2�2�2g

�n�
�

(6)

In the unresolved resonance region where the cross section is smooth, a division in log-
equidistant bins is appropriate. In this region, the quantity I � corresponds to the average
cross section in the bin, multiplied by the bin width.

Approximating the yield by Y = n � � , which is valid for this purpose except for a
few large resonances at low energy, we can define the count rate C(E0) integrated over
a resonance or over a bin centered at energy E0 as

C(E0) = A � � � n � I� � '(E0)� � counts � bunch�1 (7)

where A is the surface of the sample, � the absolute efficiency (taken as 3% for a single
1 MeV gamma ray for one Bicron C6D6 detector as calculated with the code GEANT4
[46], and independently with MCNP4C) including the solid angle, �  is the gamma-ray
multiplicity, taken as 3 for the here proposed nuclei, and where '(E 0) is the neutron
flux for one typical proton pulse of 7 � 1012 protons, at the neutron energy E0, taken
constant over the resonance. Note that the total efficiency for a capture event, including
the multiplicity, is nearly 20% for a 2 detector system. We have used the collimated flux
at the sample position averaged over the surface of a sample with a radius of 7.5 mm,
corresponding to the simulated flux at 200 m [47] divided by a factor of 2 to take into
account the smaller distance at 185 m and the flux reduction due to the collimators. This
flux has been fitted in the energy range between 1 eV and 1 MeV as

'(E) = 3:9� 103E�0:973 neutrons � cm�2 � eV�1 � bunch�1 (8)

In figure 4 we show the expected count rates for the resolved resonances together with
the unresolved resonance region given in 20 bins per decade corresponding to a bin width
of roughly 10% of the neutron energy.

7 Background

Several sources of background will affect the measurements. Where for the resolved
resonances shape analysis may partly reduce this problem, for a smooth cross section at
higher incident neutron energies one need to address all components and subtract them
accordingly.

The background due to radioactivity is strongly suppressed at the nTOF facility. In 232Th
the high energy gamma rays going up to 2.6 MeV originating from the beta decay of the
daughter product 208Tl were particularly hindering previous capture measurements. The
strong reduction of this background is demonstrated in figure 5.

The effect of gamma rays induced by sample scattered neutrons is for this isotope in this
energy range only a few percent at maximum and can be corrected for by a calculated
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Figure 5: Estimated count rate and expected ambient and radioactive background
in a single C6D6 detector with 500 bins/decade for the 1.77 g sample of
232Th.

neutron sensitivity. The background from sample scattered photons might be larger.
This effect will be assessed experimentally and more quantitatively, also by simulations,
after the winter stop when the background shielding will be completed. The ambient
background as measured in September-November 2001 [48], corresponding to no sample
in the beam, is shown in figure 5 together with as an example the computed count rate
of the 1.77 g sample of 232Th using 500 bins per decade to make the resonance shape
visible.

Also inelastic neutron scattering, a reaction channel that opens at the excited states of
the target nucleus, causes a gamma-ray background. The effect from inelastic scattering
can be reduced by choosing appropriately higher thresholds, eliminating the low-energy
gamma rays resulting from the decay of the lowly excited nucleus to the ground state.
Since the nTOF data acquisition system allows to set this threshold in the analysis phase,
we can apply off-line higher thresholds in the energy region above a few hundreds of keV
where inelastic scattering becomes non-negligible.

Below the fission threshold prompt photons from fission do not play a role but delayed
photons from fission fragments with a longer halflife may be detected at lower times of
flight and contribute to the background. However, most of the fission products are beta
emitters and the distribution of their half-lifes is very broad. The majority of the fission
products [49] have half lifes larger than the time window after the pulse where data is
acquired and will therefore be seen as a constant background, which should be measured
immediately after irradiation.

8 Beam time request

The four isotopes presented in this proposal have to be considered in the same context
concerning both the measurement techniques and the physical applications. Nevertheless,
the sample availability and preparation form a supplementary degree of difficulty and
is at present not defined in all practical details for all isotopes. Apart from 232Th, for
which the sample is ready to use, the final masses of the samples of 231Pa, 234U and
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Table 1: Estimation of the needed protons.

# isotope probable mass count rate limit stat. prec. nr. of protons
(g) (cnts/bnch/g) (%) (�1018)

1 232Th 1.77 0.03 1 1.3
2 231Pa 0.2 0.10 2 0.9
3 234U 0.1 0.07 2 2.5
4 236U 1.0 0.04 2 0.5

236U, will be defined later. We intend to present later an additional proposal to measure
part of the isotopes with the 4� calorimeter to be constructed, gaining in this way a
discrimination against fission and inelastic scattering and a factor 5 in efficiency. This
holds in particular for 234U for which available sample mass is small and where the
fission contribution becomes already at 100 keV a non-negligible background. Additional
technical and status information can be supplied to the INTC in due time. The request
on the number of protons is based on the count rate estimations shown in figure 4. The
requested statistical uncertainty on the lower count rate limit are given in table 1 as well
as the probable mass. For 232Th, for which the precision needs are more tight, we would
like to obtain a statistical precision of 1% in the high energy region below 1 MeV with an
energy resolution of 20 bins/decade, while for the other isotopes we aim at 2%. The final
obtainable precision will be larger because the experimental backgrounds, which have
to be measured, have to be taken into account. Although the final background that will
be present has to be experimentally verified, a total uncertainty better than 5% may be
expected.

In order to use the time more effectively and reduce the mission load for the participating
institutes, we would like to request the possibility to use at least 4 bunches per supercycle
for a large fraction of the running time corresponding to these experiments.
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[45] D. Cano-Ott, E. González-Romero, M. Embid, Report CIEMAT, DFN/TR-01/II-02

(2001)
[46] C. Domingo-Pardo, Trabajo de Investigación, University of València, 2001
[47] V. Vlachoudis, private communication.
[48] The nTOF collaboration, report CERN/INTC 2001-038 (2001)
[49] T. R. England and B. F. Rider, Los Alamos National Laboratory report LA-UR-94-

3106, ENDF-349 (1993)

14 / 14


