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SERIYA:  YADERNYE KONSTANTY, Vypusk 3-4, 1997, s. 41
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UDC 539.172

STATUS OF NUCLEAR DATA FOR THE THORIUM FUEL CYCLE

B.D. Kuz’minov, V.N. Manokhin
Russian Federation State Science Centre

Institute of Physics and Power Engineering, Obninsk

STATUS OF NUCLEAR DATA FOR THE THORIUM CYCLE. Analysis
was made of the evaluated data from the libraries ENDF/B-VI, JENDL-3.2,
BROND-2 and JEF-2 and the available experimental data for the isotopes of
interest for the thorium fuel cycle. The conclusion was made that the nuclear
data are very inconsistent and in need of considerable improvement drawn
by means of new measurements, theoretical model calculations and empirical
systematics.

Much attention is currently being devoted to ways of using thorium in various schemes
and scenarios for developing nuclear power.

In the early days of nuclear power the main reason for choosing the uranium-plutonium
fuel cycle was the presence in natural uranium of the isotope 235U, capable of sustaining a
chain reaction in reactors with different neutron spectra and various degrees of enrichment of
the fuel with this isotope.

Large stocks of 239Pu (both civil and military) and uranium highly enriched in 235U have
now been accumulated, and the use of thorium in conjunction with these materials, opens up
prospects for producing 233U, an excellent fuel for different types of reactors.

Adoption of the thorium fuel cycle would offer the following advantages:

- Increased nuclear fuel resources thanks to the production of 233U from 232Th;

- Significant reduction in demand for the enriched isotope 235U;
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- Very low (compared with the uranium-plutonium fuel cycle) production of
long-lived radiotoxic wastes, including transuraniums, plutonium and
transplutoniums;

- Possibility of accelerating the burnup of plutonium without the need for recycling,
i.e. rapid reduction of existing plutonium stocks;

- Higher fuel burnup than in the uranium-plutonium cycle;

- Low excess reactivity of the core with thorium-based fuel, and more favourable
temperature and void reactivity coefficients;

- High radiation and corrosion resistance of thorium-based fuel;

- Considerably higher melting point and the better thermal conductivity of
thorium-based fuel;

- Good conditions for ensuring the non-proliferation of nuclear materials.

All these observations are based on evaluations, physical calculations and comparisons
of the established characteristics of the two fuel cycles.

As considerable financial investment is required for the thorium fuel cycle to attain the
same large-scale industrial status as the uranium-plutonium cycle, the conceptual neutron
physics calculations must be based on sufficiently reliable nuclear data.  When comparing the
characteristics of the different fuel cycles and scenarios for the development of nuclear power,
it is necessary to evaluate the reliability of the basic nuclear data used in the calculations, in
order to be able to assess the confidence limits of comparable parameters.

Evaluation of the required accuracy of nuclear data for the thorium fuel cycle

Figure 1 shows the scheme of the nuclear transformations in the thorium fuel cycle.  Let
us consider the role of the various isotopes and neutron reactions in reactors.

The isotope composition and quantity of thorium, protactinium and uranium in reactors
depend on the reactor type, the reactor spectrum hardness, the cycle length, the neutron flux
density, and the fuel cycle type (open, closed), and so on.

Table 1 contains the calculated values of the equilibrium density of transactinides for fast
and thermal reactors.  The quantity of secondary transactinide nuclei amounts to per cents
(except for 234U) with respect to the number of 233U nuclei in both types of reactors, and the
content of the same isotope differs for systems with a spectrum of thermal and fast neutrons
by a maximum of a few times (but not by orders).
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Table 1.

Relative atomic density of actinides in fast and thermal reactors
(W = 3 GW(th), rate of fuel replacement 0.35 1/year)

Relative number of nuclei n = N(x)/N(233U)

Isotope Fast reactor Thermal reactor
Th
232 9.7 359
Pa
231 0.8•10-2 1.9•10-3

233 1.9•10-2 1.2•10-1

U
232 5.5•10-2 3.7•10-3

233 1.0 1.0
234 3.4•10-1 4.6•10-1

235 0.7•10-1 1.2•10-1

In both types of reactors, the fuel 233U and source material 232Th have an important role
in supporting the chain reaction. 234U may also be considered as a source material and its role
in maintaining the chain reaction cannot be ignored.

In view of the small content of 231Pa and 232U, these isotopes have practically no
influence on the chain reaction but form an important part of the toxic radioactive components
of the spent fuel.

The role of 233Pa is more complex since, when it decays 233U is formed, increasing the
quantity of fuel in the reactor.

In the first stage of the study on the thorium fuel cycle, it is advisable to confine oneself
to an analysis of the nuclear database for the six above-mentioned nuclei, examining only those
reactions which are characteristic of the role of these nuclei in the reactor:

232Th, 233U and 234U - complete nuclear date files;

231Pa, 232U - reactions responsible for the balance of nuclei in the reactor;

233Pa - reactions responsible for the balance of nuclei and the average number of prompt
fission neutrons.
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Fig. 1. Scheme of the nuclear transformations in the uranium-thorium fuel cycle

Table 2
Cross-section accuracy requirements (%) in fast reactors

Minor actinides
233Pa

Reaction
cross-section

233U 232Th 234U 232U 231Pa Φ
Σ

<<
λ
σi i

Φ
Σ

≈
λ
σi i

Φ
Σ

>>
λ
σi i

Δk

k
≈ 0 01.

�(n,f) 1 1 5 25 20 - 25 13 35

ν 0.5 1 3 - - - - - 25

�(n,�) 3 2 5 75 20 - 50 30 35
�(n,n’) 5-10 5 10 - - - - - -
�(n,2n) 10 10 15 - 50 - - - -
�(tot) 2 5 - - - - - -
� for

formation of
1H,3H,4He

15 15 20 - - - - - -

Basic role in the
reactor

Chain
reaction

Chain
reaction,
233U pro-
duction

Chain
reaction,
235U pro-
duction

Ecology Ecology Transient kinetics, 235U production

[The dashes indicate that the accuracy requirements for nuclear data are minimal.]
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Let us evaluate the required accuracy of the nuclear data in accordance with the role of
the above-mentioned nuclei in the reactor.  Nuclear data accuracy requirements for fuel and
source materials for fast reactors with a uranium-plutonium fuel cycle have been formulated
in Refs [1-4].  These requirements are similar for systems using thorium-based fuel.  Table 2
shows the nuclear data accuracy requirements for fast reactors in a one-group approximation.

In determining the permissible errors in the nuclear data for 231Pa, 233Pa and 232U they
used as a basis a fairly low requirement of 30% for the error in determining the quantity of
these isotopes in the reactor.  For 233Pa, three different values of neutron flux � were
considered:

Φ <<
∑

λ

σ�

�

� Φ ≈
∑

λ

σ�

�

� Φ >>
∑

λ

σ�

�

�

where � is the decay constant for 233Pa nuclei, the index i denotes fission reactions (n,f),
radiative neutron capture (n,�) and the reaction (n,2n), i.e. reactions which lead to the
disappearance of 233Pa nuclei.  In addition, the condition under which the error in the
calculated contribution of 233Pa to the multiplication factor of the system may not exceed 1%
of its value (�k/k�0.01) was also considered.  The results are presented in Table 2.

Table 3 shows the nuclear data accuracy requirements for thermal reactors.

Table 3.

Cross-section accuracy requirements (%) for thermal reactors

233Pa
Reaction

cross-section

231Pa 232U Φ
Σ

<<
λ
σi i

Φ
Σ

≈
λ
σi i

Φ
Σ

>>
λ
σi i

Δk

k
≈ 0 01.

�(n,f) - up to 200 - - - 6
�(n,�) 20 15 - 50 20 6
�(n,2n) - - - - - -

ν - - - - - 12

[The dashes indicate that the accuracy requirements for nuclear data are minimal .]

Status of the nuclear database for the thorium fuel cycle

Figures 12-18 show the evaluated cross-section data from the JEF-2, JENDL-3 and
ENDF/B-6 libraries, and the available experimental data for 232Th, 231Pa, 233Pa, 232U, 233U
and 234U.

Thorium-232

- Reaction cross-section �f.  Experimental data from numerous studies [5-22] are
available for neutron energies below 5 MeV, providing a detailed picture of the energy
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dependence of the fission cross-section and the structure of the fission cross-section close to
the barrier.  In the neutron energy range 5-10 MeV data are available in Refs [6, 9, 12, 13, 15,
17, 18, 23-28], the results of which differ by 30% in the region of the (n,n’f) fission reaction
threshold, and by 15% above the threshold.  In the neutron energy range close to 14 MeV, the
mean spread of the experimental results is approximately 15%.

The evaluated data from the JEF-2, JENDL-3 and ENDF/B-6 libraries differ in their
description of the structure of the fission cross-section close to the fission barrier by 10 to
20%.  In the neutron energy range 5-15 MeV, the data from these libraries diverge
by 20-25%.

In the neutron energy range below 5 MeV it is not advisable, at this stage, to perform
new measurements of the fission cross-section, since their contribution does not greatly
influence the established average value.  In this energy range, it is clearly more reliable to carry
out the evaluation without a model, using the collection of experimental results.  In the
neutron energy range above 5 MeV, it is necessary to perform additional measurements of the
fission cross-section with greater detail in the 5-12 MeV range.

- Inelastic neutron scattering.  There are a large number of works on experimental
investigation of inelastic neutron scattering [29-47].  They include measurements of the
excitation functions of discrete energy levels, total inelastic neutron scattering cross-sections,
and angular and energy distributions of secondary neutrons.  Unfortunately, many studies were
carried out 25-30 years ago, and the technical facilities then available did not provide results
that meet present-day requirements.  The problem of the systematic divergence of the
excitation cross-sections of discrete energy levels, measured on the basis of secondary
neutrons and �-quanta remains unresolved.

The spread of evaluated data for the integral inelastic neutron scattering cross-section
from various libraries is 15-50%.

In view of the fundamental role of thorium in the uranium-thorium cycle, there is an
urgent need to measure the inelastic scattering cross-sections over a wide energy range (up
to 15 MeV), the excitation functions of discrete energy levels, and the spectra and angular
distributions of secondary neutrons.  Theoretical models for describing the process of inelastic
neutron scattering also need to be further developed.

- Radiative neutron capture cross-section �(n,�).  There is extensive experimental
material over the whole energy range important for thermal and fast reactors.  The
descriptions of the experiments are sufficiently informative.

The evaluated data from different libraries in the energy range 0.05-1.5 MeV differ
by 10-30%.

At this stage, for the purpose of the evaluation, it is sufficient to use the existing
experimental database with the model description of the cross-section in the neutron energy
range above 2 MeV.

- Reaction cross-section (n,2n).  The experimental data on the energy dependence of the
cross-section in the energy range up to 11 MeV from Refs [48] and [49] are quite consistent.
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Reference [50] on the whole gives results that are 15-20% lower.  For neutron energies close
to 14 MeV, experimental data are available from a number of works, with scatter of 30-40%.
It should be noted that the majority of experimental measurements of the (n,2n) reaction
cross-section were carried out more than 25 years ago.

The evaluated data from various libraries at the peak of the energy dependence �(n,2n)
differ by 10%.  In the other energy ranges, the difference is 30-50%.

It would be useful to measure the cross-sections �(n,2n) at neutron energies from
10 to 20 MeV and to obtain evaluated data taking account of phenomenological systematics.

Protactinium-231

- Fission cross-sections �(n,f).  There are several experimental works [51-55] in which
the energy dependence of the fission cross-section has been measured over a wide energy
range, as well as works describing investigations of structure of the fission cross-section close
to the threshold [56-62].

Despite the significant discrepancies in the results of the different works, the set of
experimental data enables us to select an ensemble to describe the energy dependence close to
the threshold as well as up to the energy range ~10-12 MeV.

The evaluated data, based on different experimental results, diverge by 30-40% in
the 1 MeV energy range, and by 10% at neutron energies above 7 MeV.

It is advisable to perform mesurements in the energy range 6-20 MeV, and to carry out
an evaluation using a set of experimental results.

- Reaction cross-section (n,�).  Experimental data are only available for thermal neutrons.

The evaluated data from the JEF-2.2 and ENDF/B-6 libraries are identical.

It is necessary to perform measurements of the neutron capture cross-section in the
fast neutron region range, at least for some energy values, and then to use them for
normalization of the calculated data.

- Reaction cross-section (n,2n).  No experimental data exist.  The evaluated data from
various libraries differ by 40% and above in the different energy ranges.  In this case, it is
advisable to use systematics to determine the most realistic evaluated data.

Protactinium-233

- Fission cross-sections �(n,f).  Measurements of the fission cross-section have been
carried out for neutrons in the fission spectrum (775 ± 190 mb) and for neutrons from a
nuclear bomb explosion experiments (numerical data are unavailable).  There are no
experimental data on the energy dependence of the fission cross-section.
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The evaluated data from various libraries differ according to the height of the fission
barrier, and the fission cross-sections differ by a factor of two at neutron energies
below 6 MeV and by a factor of 1.5 above 6 MeV.

It is not feasible at present to measure the energy dependence of the fission cross-section
for 233Pa.  A more realistic evaluation may be obtained on the basis of systematics, although a
more complex fission barrier structure is characteristic for nuclei in the Th-Pa region than for
heavier nuclei.  As a result of this, extrapolation to the region of Th-Pa nuclei may prove to be
inadequate.

- Radiative neutron capture cross-section �(n,�).  There are data on the results of the
measurement of the capture cross-section of reactor spectrum neutrons, neutrons with
energy 0.025 eV and neutrons from a nuclear explosion.  The energy dependence �(n,�) has
not been investigated experimentally.

Adjustment of the evaluated data is complicated by the spread of the experimental data
on the capture cross-section in the thermal region.

It is desirable to improve the data for thermal neutrons and measure �(n,�) at least for
one energy value in the fast neutron region (or the mean value for the fission spectrum) and
then to use them for normalization of the evaluated data obtained on the basis of the model
calculations.

- Reaction cross-section (n,2n).  Experimental data are not available.  Evaluated data
from various libraries differ in the shape of the energy dependence and the magnitude of the
cross-section (by a factor of three).  It is to be hoped that this cross-section can be refined on
the basis of phenomenological systematics.

Uranium-232

- Fission cross-section �(n,f).  There are two experimental works covering the
neutron energy range above 100 keV (0.13-1.5 MeV) [63] and (0.14-7.4 MeV) [64].
The results of these studies are not consistent below 1.5 MeV, and differ by a factor of 2 at
energy �150 keV.  The data from the Ref. [64] extrapolate well to the results of the Ref. [65],
in which the upper neutron energy limit is 20 keV.  Combining the results of Refs [64] and
[65] gives a sufficiently detailed description of the energy dependence of the fission cross-
section up to 7 MeV.

The discrepancy in the evaluated data from various libraries in the neutron energy range
above 6 MeV is 100%.

It is advisable to make the evaluation on the basis of a model supported by the
experimental studies [64, 65].

- Radiative capture cross-section �(n,�).  There are experimental works on measurements
of the capture cross-section of reactor neutrons, and of neutrons with a Maxwellian spectrum
(for example, [66, 67]).  All the measurements were performed 25-45 years ago.
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The evaluated data from JEF-2.2 have been normalized to �(n,f) = 78 ± 4 b at a neutron
energy of 0.025 eV.

It is desirable to perform measurements of �(n,�), at least for one energy in the fast
neutron region, in order to normalize the model calculations.

- Reaction cross-section (n,2n).  Experimental data are not available.  The evaluated data
from the ENDF/B-6 and JENDL-3 libraries differ by a factor of 10.  It is not practicable to
measure the reaction cross-section (n,2n) at this stage.  Phenomenological systematics must be
used to select the most appropriate evaluation.

Uranium-233

- Fission cross-section �(n,f).  Some works have been carried out with detailed
measurements in the fission cross-section ratios of 233U and 235U [68-79].

In a number of works, measurements were performed either of the ratio of the fission
cross-sections of 233U and 235U or of the absolute value of the fission cross-section of 233U at
neutron energy close to 14 MeV.  The spread of the results of these studies is 20%.

On the whole, the set of data is sufficiently representative for evaluating the fission
cross-section of 233U in the neutron energy range below 6 MeV.  At energies above 6 MeV,
there is just one detailed study [49], and it is desirable to perform new measurements in this
energy range, although the results of Ref. [73] can be adjudged reliable from their consistency
with the results of other works at neutron energies below 6 MeV.

The spread of the evaluated data from the ENDF/B-VI, JENDL-3 and JEF-2 libraries is
5-10% over a wide range of neutron energies up to 20 MeV.

- Radiative neutron capture cross-section.  Direct measurements of the capture
cross-section at neutron energies above 45 keV have not been performed.  There are some
data derived from the results of two works concerned with measuring the “alpha”
value [80-81], which enable us to construct the energy dependence of the radiative capture
cross-section in the neutron energy range 0.03-1.0 MeV.  However, extrapolation to a higher
energy range would be unreliable.  The evaluated data at neutron energies above 1 MeV differ
by a factor of 5 to 10.

Direct measurements of the radiative capture cross-section need to be made over a
broad energy range from 0.05 to several MeV.

- Inelastic neutron scattering. Direct measurements of the total inelastic scattering
cross-section are not available.  Data do exist [38] in the energy range 1-3.5 MeV, derived
from the cross-section balance.  The neutron spectra for inelastic scattering into the continuum
region have not been measured.  Experimental data on the excitation of discrete energy levels
are not available, with the exception of some values for discrete energy points in Ref. [32].
An experimental study of the angular distributions of inelastically scattered neutrons is
required.  The evaluated data on the total inelastic scattering cross-section from various
libraries differ by 40-50%.
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Direct measurements of the spectra and angular distributions of inelastically scattered
neutrons, total cross-sections and the excitation cross-sections of discrete energy levels are
required.

- Reaction cross-sections (n,2n). Experimental data on reaction cross-sections (n,2n) are
not available.

The evaluated cross-sections in various libraries have a different shape of the energy
dependence and differ in magnitude.  The spread of the values is 20-100%.

- Fission neutron spectra.  There are no experimental data on neutron spectra with fission
of 233U by fast neutrons.  Appropriate measurements at neutron energies 1, 4-5 and 7-8 MeV
are required.

Uranium-234

- Fission cross-section �(n,f).  More than ten studies (for example [16, 17, 19, 69,
82-87]) exist on experimental investigation of the energy dependence of the cross-section for
the fission of 234U nuclei by neutrons.  A large number of works are devoted to the study of
the fission cross-section close to the fission barrier [5, 88-92].

In addition, there are data on absolute measurements of �f at En=14 MeV, and for fission
spectrum neutrons.

The combined results of these experimental studies, provide a means of constructing the
evaluated dependence of the fission cross-section on neutron energy up to 10 MeV, on the
basis of experimental data alone, without recourse to model calculations.

There is only one experimental study at higher neutron energies, and evaluation of the
cross-section is possible on a model basis.

- Radiative neutron capture cross-section �(n,�).  Experimental data in the fast neutron
region are not available.  Some studies were undertaken more than 25 years ago on neutrons
with a Maxwellian  spectrum.  The evaluated data from the JEF-2.2 library in the thermal
neutron region lie below the experimental results.  In order to obtain a more reliable value for
the evaluated cross-section �(n,f), it is advisable to perform measurements of �(n,�) for
thermal neutrons and at least for 1 to 2 energy values in the fast neutron region.

- Inelastic scattering cross-section �(n,n’).  Experimental data are not available.  The
evaluated data from various libraries differ by 10-30%.  A test experiment is highly desirable.

- Reaction cross-section (n,2n).  Experimental data are not available.  The difference in
evaluated data from various libraries is 50 to 100%.

In this case, it is hardly possible to expect measurements of the cross-section to be
performed.  The selection of evaluated data should evidently be based on phenomenological
systematics.



- 11 -

The above analysis of the status of the nuclear database for the uranium-thorium fuel
cycle shows that the database is extremely poor and does not meet modern requirements in
terms of quantity.

- The experimental data are insufficient, and the scatter of the results of measurements of
the same quantity performed by various authors exceeds the estimated measurement errors in
many cases.

- The majority of the experimental data was obtained in works carried out more
than 30 years ago, and their quality frequently falls below modern standards.

- The evaluated data of many files are based solely on model calculations, and the
numerical values from various libraries diverge by 50-200%.

All this highlights the need to improve the availability of nuclear data by performing
additional measurements, improving the theoretical models and developing phenomenological
systematics.

The problem is exacerbated by the fact that the secondary heavy nuclei produced in this
cycle possess, as a rule, extremely unpleasant nuclear physics characteristics from the
experimentalist’s point of view, which greatly complicate experimental investigation of the
interaction cross-sections of neutrons with these nuclei.

At this stage it may be concluded that the nuclear database for the uranium-thorium fuel
cycle is significantly less reliable than the corresponding base for the uranium-plutonium fuel
cycle, and may be used for estimative calculations only.

Before engaging in calculations to be used as a basis programme planning or estimating
the costs of introducing the new fuel cycle, it is necessary to bring the nuclear database for the
uranium-thorium fuel cycle up to the reliability level of that for the uranium-plutonium fuel
cycle.
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ABSTRACT

NEUTRON RADIATIVE CAPTURE FOR 241Am IN THE ENERGY RANGE
1 keV-20 MeV.  Production of high actinides leads to many technological
problems in the nuclear power. The 241Am(n,�)242Am reaction is one of the
sources of high actinide buildup.  So a knowledge of the radiative capture cross-
section of 241Am for neutron energies up to 20 MeV is of considerable
importance for present day fission reactors and future advanced reactors.  The
main goal of this paper is the evaluation of the excitation function for the reaction
241Am(n,�)242Am in the energy range 1 keV-20 MeV.  The evaluation was done
on the basis of analysed experimental data, data from theoretical model
calculations and systematic predictions for 14.5 MeV and 20 MeV.  Data from
the present evaluation are compared with the cross-section values given in the
evaluations carried out earlier.

The reaction of neutron radiative capture by the 241Am nucleus is one of the pathways
for the formation of the higher actinides, in particular curium.  Accumulation of higher
actinides leads to numerous technological problems both during the operation of reactors and
in the subsequent chain of spent fuel storage, reprocessing and disposal of long-lived wastes.

To perform a quantitative analysis of the accumulation of actinides it is necessary to
have sufficiently accurate data on the energy dependence of the cross-section for radiative
capture by 241Am.

The purpose of the present work was to evaluate the excitation function for the
reaction 241Am(n,�)242Am in the neutron energy range 1 keV-20 MeV on the basis of an
analysis of published experimental data on the cross-sections for neutron radiative capture in
the forbidden resonance region, data from theoretical calculations and systematic predictions
of the cross-sections at the points 14.5 and 20 MeV.
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1. ANALYSIS OF THE EXPERIMENTAL DATA

1.1. General remarks

All experimental works published so far on research into the cross-sections for
absorption and neutron radiative capture by the 241Am nucleus were carried out by the
time-of-flight method.

The neutron radiative capture cross-section for 241Am, �n,γ, or more precisely the
absolute values of the ratio of the cross-sections �n,γ

241Am/�n,γ
197Au in the energy range

10-250 keV, were measured only in a single paper by Wisshak and Käppeler [3].

Weston and Todd [1], Gayter and Thomas [2], and Vanpraet et al. [4] measured the
absorption cross-section �abs, �abs = �n,� + �n,f, in the energy range from the thermal region to
200-500 keV.  The effect from neutron inelastic scattering was removed by displacement in
the gamma detectors.

In the measurements described in Refs [1-3], the americium samples were made from
either AmO2 or Am2O3 powders.  The weight of the samples was equal to 2 g in the Weston
and Todd measurements, 12 g in Gayter and Thomas, and 1.5 g in Wisshak and Käppeler.
The samples contained significant impurities of fissionable components.

In the Vanpraet et al. [4] measurements, a sample of pure metallic 241Am weighing
1.74 g was used.  This reduced by a factor of more than 8 the gamma background, due largely
to (�,n) reactions in oxygen isotopes, and so the systematic error in the background
subtraction decreased sharply.  In the measurements carried out by Vanpraet et al. [4], an
independent normalization of the energy dependence �abs

241Am was carried out with respect to
the resonance parameters of the saturated resonances at 0.576 and 1.270 eV.  The
normalization factors agreed to within 0.5%.

In the experiment carried out by Gayter and Thomas [2], only the energy dependence
�abs

241Am was measured, whereas the absolute normalization was performed on the basis of
the Weston and Todd [1] data over the energy range of 1-2 keV, i.e. these two sources are
strongly correlated in the “absolute”.

In order to make the experimental data listed above comparable, they must be
renormalized in terms of both the “absolute” and the energy dependence to uniform standards
currently applicable.

In the Weston and Todd [1] measurements the normalization was carried out in terms

of σ abs
E

E

EdE
1

2

∫ (E1 = 0.02 eV, E2 = 0.03 eV), which at that time was equivalent to a

normalization to 582 barns at 0.0253 eV in accordance with the data published to date.

The energy dependence of the neutron flux up to 2 keV was measured using the
10B(n,�) reaction, and for energies of 2-350 keV using the 6Li(n,t)4He reaction.  It was
assumed that the cross-section for the former reaction would change according to a 1/� law
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with an error of 2%.  In relation to the 6Li(n,t)4He reaction there are no specific data, only a
reference to a program generating these data.

Gayter and Thomas [2] used the 6Li(n,t)4He reaction to measure the neutron flux up to
30 keV, and 235U(n,f) for higher energies up to 500 keV.  From the paper it is not clear what
specific data were selected for the reference cross-sections.

Vanpraet et al. [4] measured the neutron flux with the reaction 10B(n,αγ)7Li over the
entire energy range (in terms of averaged cross-sections, from 1 to 500 keV).  As in Ref. [2],
the authors do not indicate the cross-sections to be used for the monitor reaction.

The foregoing remarks illustrate the difficulty of performing a fully objective
renormalization of the measurement data given in Refs [1, 2, 4].

In all five series of measurements carried out by Wisshak and Käppeler [3], as
indicated above, absolute values of the ratio �n�

241Am/�n�
197Au were determined; hence

obtaining absolute values of the excitation function for the reaction 241Am(n,�)241Am
presented no difficulties.

1.2. Correction of the experimental data

Measurements of Weston and Todd [1]

The cross-section �abs evaluated by Mughabghab [5] was selected as the
renormalization cross-section for 0.0253 eV.  For this energy Mughabghab gives a value of
the cross-section �n,� + �n,f  =  587 b + 3 b = 590 � 12 b with an error of ∼ 2%.  The argument
for selecting this value was that it was obtained on the basis of data from time-of-flight
measurements for 0.0253 eV.  We were reluctant to take data from the ENDF/B-VI
evaluation because it is partly based on experiments in thermal columns with insufficiently
well-known spectra.

The normalization coefficient linked with the new value of the standard for �abs in the
thermal point was thus determined from the ratio 590/582 = 1.0137.

In order to obtain the cross-section for neutron radiative capture in pure form the
contribution of the �n,f  component to �abs at each energy point was subtracted.  Data on the
cross-section for the reaction 241Am(n,f) were taken from Ref. [6].  The contribution of the
fission cross-section to �abs grows with increasing neutron energy.  At 1.25 keV it amounts
to 0.57%, increasing to 4.93% at En = 325 keV.

The total error in the neutron radiative capture cross-section �n,� for the Weston and
Todd data was calculated by the formula:

��n,� (%) = Δσ Δσ Δσ Δσ1
2

2
2

3
2

4
2+ + +

where ��1 is the systematic error taken from Weston and Todd [1]; ��2 is the error in the
normalization cross-section in the point 0.0253 eV, ��3 = 2%, ��3 is the error in the energy
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dependence of the reference cross-sections:  1% for the 10B(n,�) reaction up to 2 keV; 2% for
the 6Li(n,t)4He reaction in the range 2-350 keV, and Δ�4 is the error in the determination of
the contribution of the fission cross-section to �abs.

This is an evaluation of the “minimum” error.  In fact, for En > 8-12 keV it is
somewhat higher owing to the indeterminacy in the data used for the monitor reaction
6Li(n,t)4He.

Measurements of Gayter and Thomas [2]

The description of the experiment given in Ref. [2] does not contain all the information
needed for analysis.  The measurement results are given by the authors only in a graphic
representation.  For this reason, we took numerical data on the cross-section obtained by
Gayter and Thomas from the EXFOR library [7].  As indicated above, no independent
absolute normalization was carried out by these authors, who made an “adaptation” to the
data of Ref. [1].  Accordingly, for the reasons given above, we multiplied the data of Gayter
and Thomas by a coefficient 1.0137.

To determine the neutron radiative capture cross-sections in pure form, as for the
Weston and Todd data, we subtracted the contribution of the �n,f  component to �abs at each
energy point.  Over the range 1.0-1.5 keV it was equal to 0.59%, increasing to 8.1% at
En = 400-500 keV.  In addition, we introduced a correction into the Gayter and Thomas data
to take into account the contribution from fission of 239Pu, which is present in the americium
specimen as an impurity of 1.5% (by weight).  The correction for the contribution from 239Pu
fission, like that for the contribution from 241Am fission, grows with increasing neutron energy,
but more slowly.  In the ranges 1.0-1.5 keV and 400-450 keV it is equal to 0.76% and 2.55%,
respectively.  To calculate the correction, we took data on the cross-section for the 239Pu(n,f)
reaction from the JENDL-3.2 library [8].

The Gayter and Thomas paper does not indicate clearly which cross-sections were
selected for the monitor reactions:  6Li(n,t)4He in the range 0.125-27.5 keV and 235U(n,f) in
the range 30-450 keV.

We determined that the authors used cross-sections from the ENDF/B-IV library for
both monitor reactions and renormalized their original data to cross-sections from the
ENDF/B-VI library, since the data of this library are now recommended as a standard for both
the 6Li(n,t)4He and the 235U(n,f) reaction [9].

Using cross-sections from the ENDF/B-VI library [10] for the monitor reaction
6Li(n,t)4He leads to a reduction in the value of �abs

241Am by 0.1-1.2% in the range
0.85-1.7 keV and by 1.3-2.3% in the range 20-30 keV.

The transition from the ENDF/B-IV [11] to the ENDF/B-VI [12] standard for the
235U(n,f) reaction leads (except at three points) to a reduction in �abs

241Am by 0.3-4.5%.  At
neutron energies of 35, 45 and 225 keV the ratio of the ENDF/B-IV cross-section to the
ENDF/B-VI cross-section for the 235U(n,f) reaction  equals 1.0045, 1.0045 and 1.0015,
respectively.



—29—

The error in the experimental data of 12% as given by Gayter and Thomas does not
include the error due to the obtaining of absolute values of the cross-sections.  The error in the
absolute normalization comprises two components.  The error in the data of Weston and
Todd [1] in the range 1-2 keV is ∼ 7.5% and the error in the value of the renormalized
cross-section for 0.0253 eV taken from Ref. [5] is 2.1%.  The total normalization error
evaluated this way is 7.8%.

Measurements of Vanpraet et al. [4]

The flux of irradiating neutrons was measured from the reaction 10B(n,��)7Li using the
same gamma detectors recording prompt gamma quanta from capture, with the 241Am sample
being replaced by a 10B4C one.  Note that no correction for self-shielding was made in the
data.

The self-shielding correction may be evaluated on the basis of the Wisshak and
K�ppeler [3] data.  In the overlapping neutron energy ranges it did not exceed ∼ 4%, but since
the sample thickness in the case of Vanpraet et al. was about three times less than that of
Wisshak and Käppeler, the value of this correction was evidently no more than 1.5%.  Since it
enters into the calculation formula in the form of a ratio with an appropriate value for a
10B detector, they are to some extent compensated and do not substantially change either the
value of the cross-section �abs or its total error.  The latter, according to our calculations, was
about 11.2% over the measurement range.

The paper does not clearly state from what evaluation the values of the cross-sections
for the monitor reaction 10B(n,��)7Li were taken.  Judging from the date of publication, the
cross-sections were most probably taken from the ENDF/B-V library.   We renormalized the
data of Vanpraet et al. using cross-sections for the monitor reaction from the ENDF/B-VI
library [13]. Renormalization led to an increase in the data of Vanpraet et al. by ∼ 1-3% on
average.

In making the transition from the neutron absorption cross-section to the neutron
radiative capture cross-section the data of Vanpraet were corrected in the same way as those
of Ref. [1].  The maximum contribution from 241Am fission to �abs for the Vanpraet et al. data
was 1.84% in the range 150-200 keV.

Measurements of Wisshak and Käppeler [3]

In order to obtain absolute values of the excitation function for the reaction
241Am(n,�)242Am we took data on the cross-section for neutron radiative capture by gold from
the ENDF/B-VI library [14].  The excitation function for the reaction 197Au(n,�)198Au given in
ENDF/B-VI is recommended nowadays as a standard for the thermal point and for incident
neutron energies of 0.2-2.5 MeV [9].

To complete the analysis of the experimental data on the cross-section for the reaction
241Am(n,�)242Am we may draw the following conclusions:
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1. The values of the excitation function for the reaction 241Am(n,�)242Am are
measured in greatest detail and with the smallest error in the paper by Wisshak and
K�ppeler [3].

2. The fact that Weston and Todd’s data for the energy range 25-95 keV are
systematically lower than all the other measurements may be due to the value they
used for the cross-section for the reference reaction 6Li(n,t)4He.  However, it
should be noted that in the neutron energy region above 0.1 MeV, where use of
6Li(n,t)4He as the reference reaction is not recommended because of the resonance
in the cross-section, the discrepancy between the Weston and Todd data and the
other measurements is not great.

3. The discrepancies existing in Refs [1-4] with small exceptions lie within the limits
of the measurement error.  For this reason we consider that an evaluation of the
excitation function for the reaction 241Am(n,�)242Am over the range 1-450 keV
should take into account the data from all four papers.

Original and corrected experimental data from Refs [1-4] on the excitation function for
the reaction 241Am(n,�)242Am for incident neutron energies of 1-450 keV are given in Table 1.
The values of the cross-sections and their errors are given in ascending order of neutron
energy.

2. CALCULATION OF THE EXCITATION FUNCTION FOR THE REACTION
241Am(n,�)242Am

The calculation of the cross-section for the 241Am(n,�) reaction was performed using
the GNASH program [15], the theoretical basis of which is the Hauser-Feshbach statistical
theory of nuclear reactions with special account being taken of pre-equilibrium emission of
secondary particles in an exciton model.

The choice of basic parameters for the model - the parameters of level density, the
optical model and fission barriers - was based on a mutually harmonized description of all
competing reactions included in the calculation, (n,n'), (n,2n), (n,3n), (n,f) and (n,�), with an
adaptation to the known experimental data.  The optical neutron transparency coefficients and
the cross-sections for direct neutron inelastic scattering with excitation of the first four
collective rotation levels were calculated using the coupled channel method (CCROT
program).

An important characteristic entering into the calculation of the cross-section for the

(n,�) reaction is the radiative strength function f(E�) = 
XL
∑ fXL(E�). Its dipole component fE1

we chose in the form of the generalized Lorentzian of Kopetskij-Uhl [15], with the parameters
of the giant E1 resonance being taken as for the 237Np nucleus, for which experimental data
exist [16].  In addition, we took into account the contribution of the E1 pygmy resonance with
energy E = 5.5 MeV and width � = 1.5 MeV, exhausting ∼ 1.5% of the dipole sum rule.  fE2

and fM1, components of the total strength function, were selected in the Axel-Brink form with
the parameterization given in Ref. [15].
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The total strength function was normalized to achieve agreement between the
calculated and experimental [1-4] values of the cross-sections in the energy range En <
450 keV.  Note, however, that since the GNASH program does not take nucleon width
correlations into account, this leads to an exaggeration of the calculated cross-sections in the
range indicated by an average of 20%.

As indicated above, the cross-sections for the (n,�) reaction were calculated taking
into account a pre-equilibrium component - the so-called direct-semidirect reaction mechanism
- which is dominant in the neutron energy region corresponding to excitation of the giant E1
resonance.  In the case under discussion this is the region En > 8 MeV.  Leaving it out of
consideration leads to a sharp drop in the cross-section in this energy region, which
contradicts the available experimental data for the 238U nucleus [17] and the systematic
cross-section data for the points 14.5 and 20 MeV [18].

The excitation function for the reaction 241Am(n,�)242Am in the incident neutron
energy range 20 keV-20 MeV obtained by calculation using the GNASH program is given in
Fig. 1.  This figure also gives, for comparison, corrected experimental cross-section data [1-4]
and systematic data for the points 14.5 and 20 MeV [18].  It can be seen that below 100 keV
the GNASH data are systematically higher than the measured cross-section values, which - as
already noted above - is due to not taking the neutron width correlation into account.  It may
also be seen that the data obtained by calculation using the GNASH program agree well with
the experimental data above 100 keV and the systematic data for neutron energies of 14.5 and
20 MeV.

3. INITIAL DATA USED TO EVALUATE THE EXCITATION FUNCTION FOR
THE REACTION 241Am(n,�)242Am IN THE NEUTRON ENERGY RANGE
1 keV-20 MeV

In the neutron energy range from 1 to 400 keV only experimental data were used for
the evaluation of the excitation function for the reaction of radiative neutron capture by 241Am.
The initial data set as a basis for evaluating the excitation function included the corrected
cross-section data from all the experimental work reviewed above [1-4].  In the neutron
energy region 400 keV-20 MeV, where there are no experimental data above 450 keV,
information on the energy dependence of the cross-section for the reaction 241Am(n,�)242Am
was taken from two sources.  Data from the calculation performed using the GNASH program
(see Section 2) were used for the whole neutron energy range 400 keV-20 MeV.  In addition
to the calculated values of the excitation function, the initial data set also included cross-
section values for the points 14.5 and 20 MeV which we took from the systematic data in
Ref. [18].

The values for the errors in the experimental data were taken as evaluated in our
analysis.  An error of  10-30% was assigned to the data obtained by calculation using the
GNASH program.  We evaluated the error in the cross-section values obtained by the
GNASH program by comparing calculated and experimental data in the energy range 40-450
keV on the assumption that the error in the data gradually grows as the incident neutron
energy increases.  The tendency for the error in calculated data to increase is confirmed when
the calculated data are compared with data obtained from systematic radiative capture cross-
sections for neutron energies above 10 MeV.  The data from systematics [18] give a value of
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the cross-section for the reaction 241Am(n,�)242Am at the point 14.5 MeV with an error of the
order of 25%.  At a neutron energy of 20 MeV the error in the data from systematics increases
to 30%.

In addition to information on the reaction cross-section and total error the initial
dataset also included information on the structure of the error.  Altogether the dataset
comprised information on the cross-section values at 250 incident neutron energy points.

4. METHOD OF EVALUATING THE EXCITATION FUNCTION FOR THE
REACTION 241Am(n,�)242Am

The method of statistical analysis of correlated data to be used in evaluating the
excitation function for the reaction 241Am(n,�)242Am is described in some detail in
Refs [19, 20].  Accordingly we shall only look at the main characteristics of the method.

The statistical analysis of the available reaction cross-section data was carried out in
the framework of the non-linear regression model.  The model function used was the rational
function (Padé approximation):

( ) ( )
( )

� � �
�

� �

� �

�

�

�

� � �

� ��

�

�

�

= +
−

+
− +

− +==
∑∑ ε β

ε γ� �
��

��

, (1)

where E is the value of the neutron energy; C, ai, ri, �k, �k, εk, and �k are the parameters being
evaluated.  The total number of parameters in the Padé approximation is:  L = 2l1 + 4l2 + 1.

The model function parameters can be found from the condition for the minimum of a
functional:

( ) ( ) ( ) ( )� � ��� �
��

�

�

�

�

β σ σ= − −−�

. (2)

In expression (2) for a functional that is to be minimized, β  is the vector of the

parameters being evaluated; σ  is the vector of the cross-sections from the dataset; D is the
diagonal matrix of the error in the cross-sections from the dataset; P is the correlation matrix
of the experimental (calculated) data to be used to evaluate the excitation function; and T
indicates that the matrix is transposed.

The technical side of the minimization process based on the method of discrete
optimization and the Newton-Gauss algorithm is described in detail in Ref. [21].

The algorithm used to minimize the functional (2) involved two approximations which
significantly simplified the calculation:

(1) Cross-section data obtained in different experiments (calculations) were
considered uncorrelated;
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(2) Correlations between cross-sections obtained in a single experiment (calculation)
were described using the mean correlation coefficient.

The covariation matrix of the errors of the evaluated parameters W(
�β ) and the errors

in the value of the evaluated function at the point Δf( Ei
k

k

�β ) were determined from the

relationships
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where n is the total number of reaction cross-section data to be used in the analysis; X is the
(n × L) matrix of coefficients of sensitivity of the rational function to change in the parameters
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), and β  is the vector of the values of the evaluated parameters.

The average correlation coefficients were determined by analysing the structure of the
errors of all the experimental data.

The value of the average correlation coefficient p
k
 for a k experiment containing

information on the nk values of the reaction excitation function was determined by the formula:
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, (3)

where ei(ej) is the total error (standard deviation) of the cross-section at the i-th (j-th) point,
corresponding to a standard deviation of 1σ; ei

m(ej
m) is the m-th component of the systematic

error in the cross-section at the i-th (j-th) point; Pij
m is the correlation coefficient between the

m-th components of the systematic error in the i-th and j-th points; and l is the number of
components in the systematic error.

The values of the average correlation coefficients for the data 241Am(n,γ)242Am
reaction cross-section data to be used are given in Table 2.  The data from the Wisshak and
Käppeler [3] measurements were included by us in the initial data set in the form of five
separate series of measurements, i.e. as they were given by the authors themselves.  The
difference in the average correlation coefficients obtained for the Wisshak and Käppeler
measurements is explained largely by the different values of the statistical components of the
error.
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5. RESULTS OF THE EXCITATION FUNCTION EVALUATION

Statistical analysis of the dataset showed that the rational function (1) with the
parameters:

11 = 2, 12 = 3, C = -0.405523

a1 = 2.42171E+02 r1 = -6.27624E-02

a2 = 8.25765E+00 r2 = -1.19556E-04

α1 = -1.77498E+02 β1 = 1.44237E+02 ε1 = 1.27069E+00 γ1 = 1.79874E+00

α2 = -2.62298E+01 β2 = 1.84433E-01 ε2 = -3.89656E-03 γ2 = 7.51044E-03

α3 = -2.33123E+01 β3 = 3.11122E+00 ε3 = 6.50979E-01 γ3 = 2.13515E-01

describes best, from a physics point of view, the excitation function of the reaction
241Am(n,γ)242Am over the entire range of incident neutron energies from 1 keV to 20 MeV.
The cross-sections to be calculated by formula (1) with the parameters indicated are measured
in millibarns (mb).  The neutron energy E is given in megaelectronvolts (MeV).  The value of
the functional (2) corresponding to the rational function selected is S = 1.24592.

The results of the evaluation of the excitation function for the reaction
241Am(n,γ)242Am are given in Figs 2 and 3, which also show experimental data and indicate the
lower and upper limits of the error band for the evaluated curve corresponding to a standard
deviation of 2σ.

Data on the error in the evaluated excitation function for the reaction 241Am(n,γ)242Am
in the various energy groups are given in Table 3, from which it is apparent that the highest
accuracy in the evaluation of the excitation function for the reaction, namely 4.62-5.46%, is
achieved for the energy range 20-100 keV, where most of the experimental data on the
reaction cross-section are.

A correlation matrix of the evaluated group cross-sections is given in Table 4.  The
strong positive correlation between the cross-section values in the 18th to 42nd energy groups
(0.4-20.0 MeV) is due to the fact that a dominant role is played in the evaluation of the cross-
sections in this region by data obtained from a single source - namely calculation using the
GNASH program.

6. COMPARISON OF THE EVALUATED EXCITATION FUNCTION FOR THE
REACTION 241Am(n,γ)242Am WITH DATA FROM OTHER EVALUATIONS

Our evaluation of the total cross-section for the reaction of radiative neutron capture
by 241Am in the energy range 1 keV-20 MeV was compared with three other recent
evaluations using data from Maslov et al. [22], JENDL-3.2 [23] and ENDF/B-VI [24].  The
results of this comparison for the incident neutron energy ranges 1-100 keV and 0.1-20 MeV
are given in Figs 4 and 5, respectively.  These figures also show corrected experimental cross-
section data from Refs [1-4].



—35—

Comparison of the data from the four evaluations shows that in the neutron energy
range 1 keV-0.8 MeV the evaluated cross-section values for the 241Am(n,γ)242Am reaction
agree to within 30%.  It is apparent that the JENDL-3.2 and ENDF/B-VI evaluations were
carried out by and large with an orientation towards the experimental data of Weston and
Todd [1] and Vanpraet et al. [4].  It is also apparent that the data of Maslov et al. in the range
1-20 keV are systematically lower than the data of the three other evaluations.  At the point
1.5 keV, our evaluation, as well as the JENDL-3.2 and ENDF/B-VI evaluations, gives a
radiative capture cross-section value 17% higher than Maslov et al.

In the neutron energy range above 0.8 MeV, where there are no experimental data on
the cross-section, the evaluations of the excitation function for the 241Am(n,γ)242Am reaction
diverge significantly.  Comparatively satisfactory agreement up to an energy of 3.5 MeV and
at the point 14.5 MeV is observed only between the data of our evaluation and those of
Maslov et al.  The sharp drop in the reaction cross-section for the 241Am(n,γ)242Am reaction
seen in the ENDF/B-VI data beyond 0.8 MeV, in the JENDL-3.2 data beyond 1.2 MeV and in
Maslov et al. beyond 3.5 MeV would appear to be due to incomplete account being taken of
all gamma transitions in the calculation.  In the JENDL-3.2 evaluation no account was
apparently also taken of direct-semidirect processes, which for the 241Am(n,γ)242Am reaction
are dominant at neutron energies En > 8 MeV.

Since our new evaluation of the excitation function for the reaction 241Am(n,γ)242Am
was performed on the basis of statistical analysis of cross-sections from a data set which
included all available information on the cross-section, it agrees better than the two other
comparable evaluations with the experimental data and the data from systematics for the
points 14.5 and 20 MeV.

At this time, we believe, there are insufficient reliable integral experimental data on the
cross-section for the reaction 241Am(n,γ)242Am.  Therefore the evaluated excitation functions
were not tested against the integral experimental data.

More accurate values of the excitation function for the 241Am(n,γ)242Am reaction at
neutron energies above 450 keV can be obtained only by measuring microscopic
cross-sections in that energy range.  It may also be helpful in achieving these accurate values
to measure the mean cross-sections for this reaction in the 235U fission neutron spectrum, the
252Cf spontaneous fission neutron spectrum and several other standard neutron fields.
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Fig. 1. Excitation function for the reaction 241Am(n,γ)242Am in the neutron energy range
20 keV-20 MeV, obtained by calculation using the GNASH program, compared
with experimental data and data from systematics.

Fig. 2. Evaluated excitation function for 241Am(n,γ)242Am in the neutron energy range
1-100 keV.  The dotted lines give the upper and lower limits of the error band for
the evaluated cross-sections.
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Fig. 3. Evaluated excitation function for 241Am(n,γ)242Am in the neutron energy range
0.1-20 MeV.  The dotted lines give the upper and lower limits of the error band
for the evaluated cross-sections.

Fig. 4. Evaluated excitation function for 241Am(n,γ)242Am compared with data from other
evaluations and experimental data.  Neutron energy range 1-100 keV.
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Fig. 5. Evaluated excitation function for 241Am(n,γ)242Am compared with data from other
evaluations and experimental data.  Neutron energy range 0.1-20 MeV.
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Table 1

Experimental data on the cross-section for the 241Am(n,γ)242Am reaction
in the neutron energy range 1-500 keV
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Data correction:
0 - experimental data were not corrected;
1 - experimental data were corrected taking into account new recommended data on the

cross-section for the monitor reaction;
5 - additional error components not taken into account in the original experimental data

have been included;
6 - special correction, see text for details.
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Table 2

Mean correlation coefficients for data to be used in evaluating the excitation function
for the reaction 241Am(n,γ)242Am

No. Data pk

�� ������ 	
 ��
�
�� ������� 		 ����

� ������� �� ����
�� ������� �� ����
�� ������� �� ���	

� ������� �� ��
�
	� ������� �� ����
�� �������� �� ��
�
�� ����� ! �	 ���

��� "#����$� �	 ���
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Table 3

Group cross-sections and their errors for the 241Am(n,γ)242Am reaction

Group
No.

�������������	
��� 
�����
��������	���

������	��� ������	��

� ����� ����� �������  ����� ��� 
� ����� ����� ������� ��!�� ����
! ����� ����� ������� ������ ����
� ����� ����� �� ���� !�����  ���
� ����� ����� ! ����� ������  ���
� ����� ����� !����! ����!� �� �
 ����� ���!� ������� �!���! ��!�
� ���!� ����� �����!! ������ �� �
� ����� ����� ����� � � ��� ����
�� ����� ����� ��!�� � ����� �� �
�� ����� ��� � �����!� ����� ����
�� ��� � ����� ������ ����� ����
�! ����� ����� ��� ��! �!� � ����
�� ����� ����� ������� ����� ����
�� ����� ����� �� ��!�  ���! ���!
�� ����� ��!�� �����!  ���� ��! 
� ��!�� ����� ������ ��� ! ���!
�� ����� ����� �����! �!��� �����
�� ����� ����� �!���� ���!� �����
�� ����� �� �� ������ ����� �����
�� �� �� ����� !� ��� !���� ��� �
�� ����� ����� ������ !��� �����
�! ����� ����� ������ ����� �����
�� ����� ����� ���� � ����� �����
�� ����� ����� ������ ����� ����
�� ����� !���� ����� ��!� �����
� !���� ����� ����� �� � �����
�� ����� ����� ��� � ���� �����
�� ����� ����� ���� ���� ����!
!� �����  ���� ���� ���� �����
!�  ���� ����� !��� ���� �����
!� ����� ����� ��!� ���� � ���
!! ����� ������ ���� ��!� �����
!� ������ ������ ��� ��!� ���!�
!� ������ �!���� ���� ���� �����
!� �!���� ������ ���� ���� ��� �
! ������ ������ ���� ���! �!� �
!� ������ ������ ��� ���� �����
!� ������ � ���� �� � ���� ����!
�� � ���� ������ �� � ���� � ���
�� ������ ������ ���� ���� �����
�� ������ ������ ���� ���� !����
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ABSTRACT

NEUTRON RADIATIVE CAPTURE GAMMA SPECTRA STRUCTURE.
The structure of gamma spectra observed in neutron capture reactions is
described by modelling of discrete levels.  The tendency of structure to
decrease as neutron energy increases is reproduced in calculations.
Modification of E1 strength functions according to observed maximum values
at low transition energy is proposed and tested on gamma spectra.  It is shown
that E1 and M1 strengths have the same values at energy � 2 MeV.  The
energy dependence of the E3-transition strength function is derived from
experimental data.

The energy distributions of gamma quanta, occurring during neutron radiative capture
are of particular interest from the point of view of nuclear theory and the theory of nuclear
reactions, since they provide information on the structure of the nucleus and its de-excitation
processes.  Another interesting aspect of gamma spectra has to do with research on the isomer
population in various reactions, including neutron and photonuclear reactions, since
information on the spectra makes it possible to refine the parameters and functionals of the
level density models, giant resonances and evaporation cascades, etc.  The applied aspects of
the research on gamma spectra are also quite broad, ranging from reactor shielding and
nuclear pumped of lasers to astrophysics and medicine.

Repeated analysis of the experimental energy distributions of photons shows three
basic features of the spectra:  structure with thermal neutron capture, pygmy resonances for
En = 0.01-1 MeV and finally, non-statistical effects for neutron energies En = 14 MeV.

The objective of this work is to seek methods of reproducing the structure of the
spectra of the reaction (n,�) in theoretical calculations for thermal and non-resonance neutrons
using the latest data on reduced radiative strength functions and the density of nuclear levels,
and to investigate the energy dependencies of the radiative strength functions in the low
energy range.
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1. BASIC EXPRESSIONS

In the statistical model of nuclear reactions, the gamma emission spectra from the
reaction (n,�) may be calculated using the Hauser -Feshbach formalism:

( ) ( ) ( )
( ) ( )� � �

� � � �

� � �
� � ��

��
�

� ��

��
�

�

γ
γ

π γ
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∑∑�
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0

1
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where E is the excitation energy of the compound nucleus, En, E� are the neutron and gamma
energies, �(U,J) is the level density of the nucleus with excitation energy U and total
momentum J, and � is the internal conversion coefficient.  The main quantities determining the
spectral shape according to Eq. (1) are the level density of the nucleus �(U,J) and the
coefficients T�XL.  Just like any other spectra, gamma spectra depend most strongly on these
two quantities.  Cascade transitions occurring due to the absence of energy binding the photon
with the nucleus are an additional feature.

The gamma ray transfer coefficients of the nucleus T�XL are related to the reduced
radiative strength functions fXL and energy E� by the expression:

( )� � � ��� ��

�

γ γ γπ= +
�

� �

. (3)

Spectra obtained using formulae (1)-(3) are primary gamma spectra and only have
structure in the hard part which is the result of the transitions of the highly-excited nucleus to
discrete energy levels.  In order to obtain the observed spectra, it is necessary to take into
account the possibility of cascade chains of sequential gamma emissions.  For this purpose, the
cascade-evaporation model [1] is used which, taking into account the conservation laws for
total momentum and parity, results in a system of equations with populations of a certain level
after a specific number of transitions n (n ≥ 1):

( ) ( ) ( ) ( )
( )� � � � � � � �

� � � �
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π π π γ
π π

π
ρ

π
�

Γ

Γ
, (4)

where the ratio of the partial transition width to the total decay width - the branching ratio - is
calculated as follows:

( )

( )�

� � �

� � �

��

��=
− ′∑ γ

π
�

. (5)
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The initial condition for calculating populations is:

( ) ( )� � � � �� �′ ′ =′
�

π
γ , (6)

and the gamma sum spectrum is calculated as the sum of the populations in all cascades:

( ) ( ) ( )� � � � � � �
�

�

γ
π

λ= ′ ′ +′∑ � � . (7)

The multiplicity of gamma quanta - the number of gamma quanta with a given energy
emitted during the capture of one neutron - is calculated as the ratio:

( ) ( )
( )μ

σγ
γ

γ
�

� �

�
� �

=
�

. (8)

The excitation energy integrals in formulae (1), (2) and (4) are replaced by the
summation for the range of discrete levels.  In particular, for calculations of populations using
cascade transitions, the ratio of the widths in Eq. (4) is replaced by the branching ratios for the
discrete energy levels Rij, which are the probabilities of transition from a given level i to
various final levels j.  Usually, experimental values of R are used in calculation but it often
happens that such data are incomplete or unavailable, in which case the calculated values from
Ref. [2] may be used:

( )
( )�

� � �

� � �
��

�� � �
��

�� � �
���

=
−

−

∑

∑∑
γ

γ
� (9)

This method of calculating the branching ratios has been successfully applied in the
analysis of the isomeric cross-sections and isomeric ratios of the reactions (n,2n), (n,p), (n,�),
(n,�) and others [2].

When analysing the spectra, the level density was calculated according to the
phenomenological variant of the superfluid model of the nuclear [3], and its parameters [4]
were not varied.

The reduced radiative strength functions are most often calculated using the Lorentzian
dependence:

( ) ( )
( )� � �����
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� � �
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γ γ
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⎥
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− −�

�

�

�

�

�

� �

�

�

� �
Γ

Γ
. (10)

For calculations of the radiative strength functions of quadrupole electric transitions,
the approach in Ref. [5] was used with an additional temperature dependence (hereinafter
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referred to as the KMF1 method).  The main difference between this method and the
Lorentzian dependence is that at low gamma energies the value of fE1 tends towards the finite
limit, determined by the giant resonance parameters E0, �0, and �0 and the temperature of the
nucleus T in the final state:

( )
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E E

E E E E
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+
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2 2 2

0
2

4
. (12)

The KMF dependence (11)-(12) has been confirmed experimentally [6] at energies
of 0.2-2 MeV, i.e. precisely in the range E� where the differences between the KMF method
and Lorentzian dependence are the greatest.  Verification of the applicability of formulae (11)-
(12) according to other data, carried out with respect to the spectra and cross-sections of the
reaction (n,�) [7, 9] and according to the description of the isomeric cross-sections of neutron
reactions [2], has shown that the KMF approach is preferable for a wide range of nuclei.  In
this work, GDR parameters from Ref. [8] or their systematics [9] have been used.

2. MODELLING OF THE LEVEL SCHEMES

Ample data exist on neutron radiative capture spectra where structure is observed.  For
example, in the measurements [10-14] the multiplicities of gamma quanta of the radiative
capture of thermal neutron by many target nuclei were obtained with a large energy resolution.
For the purposes of comparison with the results of calculations, in this work, the author
artificially decreased the experimental resolution by summing experimental values over 100
keV intervals, since it was with this resolution that the spectra for higher incident neutron
energies [15] were obtained.  These so treated data are shown in Figs 1-4, together with the
results of the calculations performed with the cascade-evaporation model.  The sloping
straight line in the histograms in Figs 1-4 indicates the absence of data in the corresponding
energy range.

A feature of all experimental dependencies �(E�) is the presence of structure in the
whole spectrum, despite the summation carried out for all energies.  In the calculated spectra
such structure over the entire spectrum is to be found only for the 23Na nucleus, while in the
remaining spectra it only occurs with soft and hard gamma rays.  The reason for such
behaviour of the calculated spectra may be understood from the data in Fig. 5, where
information is given on the discrete energy levels of decaying nuclei.

It seems obvious that the structure of the spectra in Figs 1-4 is caused by E1-
transitions to discrete energy levels.  At the same time, the information on these levels is
                                               
1Translator’s Note:  These are the initials of the names of the authors of Ref. [5].
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considered to be incomplete for excitations U � 2-3 MeV, in particular for odd-odd nuclei,
due to the suspected large number of missing levels.  For the calculations, the usual procedure
was followed of limiting the scheme used to the maximum energy at the point where the curve
of the cumulative sum of levels deviates (Fig. 5).  The discrete energy levels included in the
calculation also cause structure in the soft and hard part of the spectra, so that, whereas the
structure in the hard part is caused by primary transitions (with level U � Bn), the structure in
the soft part of the spectrum is caused by cascade transitions which remove the initial
population of discrete energy levels.  This means that, if the observed spectrum has structure
in the middle part, this is the manifestation of separate discrete energy levels having energies
up to Ulim � Bn/2.  In fact, from Fig. 5 it follows that the discrete levels of 24Na may be given
up to U � 4 MeV, completely covering the spectrum range, while for 90Y and 179Hf nuclei the
missing levels begin as early as U � 1 MeV.  Thus, in order to obtain structure in the
calculated spectra, it is necessary to model the discrete energy levels up to energies of the
order of Bn/2 for those nuclei in the experimental schemes for which the missing levels begin
much earlier.

The modelling of discrete energy levels has already been used [17, 18] in the
calculation of isomeric cross-sections.  The difference between the proposed method and those
used previously consists in the application of another level density model and another scheme
for obtaining the branching ratios of transitions between discrete energy levels which involves
the use of the superfluid model of the nucleus [3], the branching ratios, calculated according to
the method in Ref. [2], and the spin distributions, fitted to the experimental data in Ref. [19].

Another reason for the modelling is the need to ensure a smooth transition, for all
characteristics (not just the total number of levels), from the discrete to the continuous level
scheme of the decaying nucleus.

Beginning with the energy of the last, given experimental discrete energy level, the
total level density was calculated with parameters fitted to the description of the neutron
resonance density and to the value N0(U0)exp [4].  After this, in the excitation energy range �U
we introduced �(U0 + �U/2) of the equidistant levels whose spins were calculated with the
distribution parameter derived from experimental data [19].  This ensured a smooth transition
to the continuous part of the excitation spectrum for the numbers of levels with a determined
spin, i.e. in this part the level density was calculated with the same expressions used for the
modelled part of the spectrum.

From Fig. 5, it can be seen that the number of levels populated by dipole electric
transitions and modelled in the transitional part of the spectrum fits well with the discrete part
for 179Hf, where the relevant data exist.  Thus, the use of the spin distribution parameter
derived from the observed level schemes enables the behaviour of the dependence �(U,J) to be
extrapolated satisfactorily into the higher excitation energy range.  Of course, it should not be
expected that the modelled levels will reproduce sufficiently well the actual order of sequence
of the spin levels, but this is not required for gamma spectrum calculations - the important
thing is to ensure that in a specific excitation energy section there is a specific number of levels
with spins in a fixed range.  Nuclei, which are formed in the reactions shown in Figs 1-4, have
considerable differences in the absolute value of the level density.  In order to obtain the
structure in the spectrum of Fig. 2, it is sufficient to provide an additional 350 levels, whereas
for 176Lu and 179Hf this number of levels is insufficient.  Despite the strong fluctuations in the
numbers of photons as a function of energy existing in the experimental data with specially
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"worsened" resolution, it can be seen that, in many cases, it has been possible to reproduce in
sufficient detail the structure of the spectra.  Thus we have satisfactory reproduction of the
structure of the spectrum from the reaction 89Y(n,�) in Fig. 2, where detailed agreement of the
position of the peaks is obtained in many cases.  In the reaction 175Lu(n,�) (Fig. 4), although
350 levels were not sufficient to cover the entire spectrum range, two broad peaks were
obtained in the hard part of the spectrum without fitting.  A certain similarity of the observed
structure appeared for 178Hf(n,�) (Fig. 3) in the range E� = 4-5 MeV.  The considerable
(higher than an order) deviation from the experimental data for E� = 1.5-3 MeV is a flaw in
the calculated spectra obtained for the last two reactions.  Possibly this is due to special
features of the collective E2-transition which lead to a large increase in the strength functions
at energies � 1.5-2 MeV (Fig. 15), or to the nature of the population of the isomeric levels
existing in 176Lu and 179Hf nuclei at the corresponding excitation energies.

When the energy in the entrance channel of the reaction (n,�) increases, the
contribution of the neutrons with orbital angular momenta l > 0 also increases, and this results
in an expansion of the populations of the states of the compound nucleus over the entire
angular momenta, and consequently the structure of the photon spectra must gradually
become larger and finally disappear.  By way of example, we shall present data on the spectra
of the reaction (n,�) for neutrons with energies of 0.5 MeV (Figs 6-8).

The method of modelling the discrete level schemes applied for thermal neutrons may
be verified for En = 0.5 MeV.  The basic parameter when modelling is the value of the range
�U, within the limits of which the equidistant level spectrum is given.  For all the spectra
shown in Figs 2, 4, 6-8 the value �U = 1 MeV is used, which results in the appearance of
structure in the dependence N(U) (Fig. 5).  Figure 6 shows a clear repetition of the two broad
peaks at energies E� � 4.5 and 6 MeV.  This is also true of the data in Fig. 7 where the three
broad peaks obtained in the hard part of the spectrum are slightly displaced with respect to
energy.  The situation is interesting for 209Bi, where the number of calculated peaks is much
higher than the observed peaks, which is most likely caused by incorrect selection of the value
of �U during modelling, i.e. the special features of the gamma-transitions between levels of a
different nature were not taken into account in the calculations, and no attempts were made to
perform individual fitting of the spectra.

The further development of the method of modelling discrete energy levels by fitting
the calculated spectra and obtaining closer agreement with the observed structures may be
coupled with the introduction into the energy dependence of the level density of the
quasi-particle excitation structure of the superfluid model of the nucleus having the same
“step” order for the excitation energy [3].  The data in Fig. 8 again indicate that the slope of
the calculated spectrum differs greatly from the general trend of the experimental data.  At
first glance, this may point to the need to correct the energy dependence of the level density.
However, changing the level density parameters obtained from the neutron resonance density
is hardly justified, since these parameters need to be changed too much to describe the slope of
the spectrum.
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3. RADIATIVE STRENGTH FUNCTIONS

The second important functional in the calculation of the gamma spectra of the
reaction (n,�) consists of the reduced radiative strength functions, determined from the
experimental data on neutron resonances as:

( )� �
� �

�� �γ
γ

γ
= +

Γ
2 1

, (13)

where �� is the average radiation width and D is the average distance between the decaying
levels.

As a rule, photon absorption cross-sections, where the function fXL(E�) may be refined
in the limits 7-20 MeV, serve as a source of information about the energy dependence of
radiative strength functions.  In calculating the spectra, this dependence needs to be
extrapolated to the lower energy range.  In so doing, it is important to test the values obtained
since they will determine the spectral shape.  For this purpose one can use data on radiative
transitions between discrete energy levels and derive the reduced radiative strength function
from their characteristics:
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where T� is the half-life of the excited discrete energy level, � is the conversion coefficient,
and � is the mixing ratio with competing transitions of another multipolarity.

Of course, for such transitions, the scale of the fluctuation in the values of fXL is very
large, but we are interested in the strongest transitions, because they are the ones appearing in
the spectra.  In other words, it is necessary to establish an upper limit for the experimental
values, and to correct the parameters of the calculated strength functions according to these
data.  A similar procedure was used in Ref. [20] for the systematics of the strength functions.

DIPOLE GAMMA TRANSITIONS

Figure 9 contains data on the strength functions of electric dipole transitions of nuclei
with A = 160-185, obtained from data in the ENSDF file [16] using the formula (14).  As was
to be expected, the scatter of the values is very high, but the peak values over the entire range
exhibit an unexpected trend:  weak dependence on the gamma transition energy and on the
energy of the final level.  It is clear that these data cannot be described via the normal
approach (10), and that the KMF dependence must be used.  Furthermore, for transitions to
the ground state when the formula (11) is close to the Lorentzian dependence, it is necessary
to introduce an effective minimal temperature (fitted parameter) Tmin = 0.1 MeV, so that the
calculated strength function will coincide with the peak experimental values.

The results of the calculations of spectra with a fitted strength function are compared
with experimental data [15] in Fig. 10.  The use of the proposed parameterization results in a
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significant improvement in agreement at neutron energy 0.5 MeV:  the calculated curves
practically pass through the points of the experimental spectra.  A feature of the spectra at
these energies of bombarding neutrons is the presence of small peaks, often interpreted as
resonances in the reduced radiative strength functions - pygmy resonances [21].  There are
two basic arguments in favour of the existence of these resonances in the dependence fE1, and
not in the level density:  1) The constant position of the resonance peak in the spectrum with
variation in the energy of the bombarding neutrons, and 2) The increase in the resonance
energy with increasing mass number of the target nucleus.  The first argument may be partially
refuted by Fig. 11 which presents the results of calculations of spectra without the use of
pygmy resonance but with a modified strength function, and also data from Ref. [21] for
different neutron energies.  Sufficiently good agreement for all three neutron energies is
obtained without any fitting.  A certain structure remains at E� � 2.5 MeV.  However, on the
one hand, the deviation from the calculations does not exceed 30% and, on the other hand,
one can use the conclusions of Ref. [22] on the presence of intermediate levels precisely at
excitation energy 2.5 MeV resulting in resonances in the cross-section for the isomeric level
population in the reaction (�,�´).

The behaviour of the radiative strength functions of the dipole transitions is, to a large
extent, typical for a wide range of mass numbers.  Thus, for the range A = 50-140, fE1

(Fig. 12) and also fM1 (Fig. 13) behave in a similar way.  Figures 12 and 13 show that both the
electric and magnetic reduced strength functions at low transition energies can be described
more readily by the KMF method than by the Lorentzian dependence.  However, it should be
noted that in Weisskopf’s model [23] using the single particle approximation, the data
contained in Fig. 13 are well predicted, at least as regards energy dependence.

At low energies E�, the limiting value of fM1 differs little in magnitude from fE1, as
distinct from the region of giant resonance, although, considering the limited information on
magnetic dipole resonances [9], confirmation of the weak energy dependence of fM1 is
premature.  It might also be useful to extrapolate this dependence to the high energy region
according to formulae (11)-(12), using the data in Figs 12 and 13.  The use in calculations of
the isomeric cross-sections and gamma spectra of the reduced magnetic radiative strength
functions fitted according to Fig. 13 can evidently increase the sensitivity of the results to the
distribution of the level density according to parity in the region of the continuous excitation
spectrum.

GAMMA TRANSITIONS WITH L � 2

Usually, not enough attention is paid to radiation with multipolarities L = 2, 3 in the
calculation of spectra and nuclear reaction cross-sections.  It is assumed that these transitions
have a probability much lower than E1 and M1 and, even if they cannot be totally disregarded,
their influence on the results of the calculations does not have to be taken into account too
strictly.  A more important reason is the considerably lower volume of experimental data on
resonances, which means that it is not possible to establish reliable systematics for their
parameters or to investigate energy dependencies.  In this connection, the data on transitions
between discrete energy levels are of particular interest.  In order to illustrate the importance
of E2-transitions, let us compare their average radiation widths with the same values for E1-
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radiation.  With the well-known characteristics of the transition, the average radiation width
may be obtained as:

( )( )Γγ α δ
=

+ +∑� �

� �� �� �

� ��

�

, (15)

where the summation is carried out for all N transitions of this type in a certain energy interval
of a specific nucleus.

The average radiation widths of E1 and E2-transitions with E� � 2 MeV for nuclei
with A = 150-200, derived from experimental data [16] using formula (15), are shown in Fig.

14.  It is noteworthy that, despite the strong fluctuations, particularly of the values of Γ γ
E1

, a
clear trend is observed - the widths of E2 are two to three orders greater than the widths of
E1.  These differences are most likely caused by collective transitions between members of the
rotational bands, which is partially confirmed by the data in Fig. 15 showing a substantial
increase in the strength functions at energies � 1.5 MeV in comparison with single-particle
evaluations.

The radiative strength functions of electric quadrupole transitions shown in Fig. 15
vary in wide limits because the data are not assigned to transitions between levels of a different
nature.  Such an analysis, which would be quite difficult and laborious, may provide valuable
information on transitions between levels of uniform nature, and eliminate the disagreement
existing with the extrapolation of the giant resonance into the low gamma energy region.  It
can also be seen that the lower limit of the value of fE2 agrees satisfactorily with the
single-particle evaluation, and that the values of fM2 are consistent with Weisskopf’s
evaluation.

The data on the strength functions of radiation with L = 3 (Fig. 16) are not as
numerous as the data for quadrupolar transitions.  However, this information enables a
conclusion to be drawn on the energy dependence fE3(E�) - an increase in the strength function
at energies E� � 0.1 MeV is clearly observed.  This trend conflicts with Eq. (10), since in the
low energy region this equation gives an opposite dependence fE3(E�) � C/ E γ

3 .  The difference

in masses of this region, can also not cause the increase occurring in fE3 since according to the
single-particle evaluation, the strength functions can only differ by a factor of less than 10 due
to the differences in A.  The observed trend may be described by the empirical formula:

( ) ( )
� � �
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� � � �
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2 2

2 2 2 2 2
γ

γ

γ γ

=
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where the coefficients a = 10-14, b = 1.5 MeV, c = 1.5 MeV and d = 10-17 MeV-7 were selected
from the data in Fig. 16.
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4. TESTING THE METHOD

When calculating the gamma spectra on the basis of the statistical model, the level
density and radiative strength functions always go into the relations as a product and therefore,
when choosing or fitting one of the quantities, it should not be forgotten that an obvious
simplification is being made when another value is fixed.  In this work, the methods of
calculating the level density and the strength functions are tested on various characteristics and
features occurring at different neutron energies.  For example, the spectrum structure during
thermal neutron capture may be caused not only by the features of the level schemes, but also
by resonances in the strength functions.  In the latter case (En = 0.5 MeV), correcting the
strength functions seems more justified than changing the level density which, on the one hand,
is fixed in precisely this excitation energy range, and on the other hand, would require too big
changes in order to describe the observed spectra.

The logical question arises: is it impossible to find data by means of which the
proposed changes in the method of calculation can be additionally verified?  The required data
are isomeric ratios for isomers, whose spins differ greatly from the spins of the target nucleus
and the basic state of the residual nucleus.  Furthermore, the distributions of the angular
orbital momenta of the bombarding particle must be sufficiently narrow.  In Ref. [24] it is
shown that, in such a case, the calculated isomeric ratios may differ from the experimental
values by several orders.  Thus, the value rexp (m2) = 5.4 x 10-10 [25] for 178Hf m2(16+) excited
in the reaction 177Hf(n,�) with thermal neutrons, but the calculated value is six orders lower
rcalc = 6.2 x 10-16.  It was not possible to eliminate such a large difference by altering the spin
distributions of the level density - the main fitted quantity in such cases.  The use of the
method proposed in this work for correcting the radiative strength function leads to the
reasonable result rcalc = 9.6 x 10-10.

The search for data in which the features of fE1 appear at low or zero temperatures of
the final states of transitions may continue, guided by the obvious criterion that the value of
the isomeric ratio must be low, let us say r � 10-3.

In addition to the thermal radiative capture reaction, the required conditions for the
population of isomeric levels may be achieved by some target nuclei, including isomeric nuclei
in photonuclear reactions [26].  As an example of this let us consider the data on the excitation
of isomers in the reactions 167Er(�,�'), 167Erm and 179Hf(�,�'), 179Hf m (Figs 17 and 18).  The
results of the calculations show the unexpectedly good agreement of the isomeric cross-
sections (Fig. 17), and an analysis of the reasons for the discrepancy in the second reaction
(Fig. 18) is required.  Nevertheless, considering the very low values of the observed
cross-sections on the one hand, and the complexity and multi-parameter theoretical
dependence on the other, the agreement may be considered to be satisfactory.

In this work, the basic characteristics of the statistical model of nuclear reactions
influencing the neutron radiative capture gamma spectrum were investigated.  It was shown
that the observed structure of these spectra may be reproduced in theoretical calculations by
statistical modelling of the discrete energy level schemes.  The spin dependencies of the level
density obtained with such modelling agree satisfactorily with the data on discrete energy
levels.  Information was obtained on the energy dependence of reduced radiative strength
functions with multipolarities L � 3 from the experimental data on the characteristics of
transitions at low energies.  It was shown that the functions fML have a weak energy
dependence while the data obtained on the function fE1 for transitions to the ground state
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contradict the theoretical dependencies used for calculating them.  Modification of the
formulae and the parameterization of the function fE3(E�) were proposed in accordance with
the energy dependence that was established.

For nuclei with 160 � A � 185 it was possible to describe the observed spectra, not by
including an additional resonance in the radiative strength function but by correcting its energy
dependence for low energies.  For standardization the author proposed using the upper limit
derived from the experimental data on transitions between discrete energy levels.

The changes in the strength functions used to described the observed spectra were
verified according to the isomeric ratios of neutron radiative capture, and it was possible to
eliminate the previous discrepancy with experimental data amounting to six orders.  It was
shown that the method used for calculating spectra based on statistical and modified cascade
models may be used for the gamma inelastic scattering reaction leading to the formation of
isomers.

The author wishes to thank Dr. A.A. Goverdovskij for the discussions which
stimulated this work.
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Fig. 1. Gamma multiplicities from thermal radiative capture by a 23Na nucleus.  The
experimental data [10] summed in the ranges �E� = 0.1 MeV are shown by the
histogram.  The curve shows the calculation results.

0 2 4 6
10-4

10-3

10-2

10-1

100

89Yμ

Eγ,MeV

Fig. 2. Gamma multiplicities from thermal radiative capture by a 89Y nucleus.  The
experimental data [11] summed in the ranges �E� = 0.1 MeV are shown by the
histogram;  the solid curve represents the customary calculation and the broken
curve the calculation with modelled discrete energy levels.
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Fig. 3. Same as Fig. 2 but with 178Hf target nucleus.  Experimental data from Ref. [12].

0 2 4 6
10-4

10-3

10-2

10-1

100

175Luμ

Eγ,MeV

Fig. 4. Same as Fig. 2 but for the reaction 175Lu(n,�).  Experimental data from
Refs [13, 14].
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Fig. 5. Data on the discrete energy levels of the nuclei 179Hf, 90Y and 24Na [16].  The light
circles show all the identified levels, the dark circles show the levels with known
spins, and the dashes show the levels populated by E1-transitions.  The modelling
results are shown by the curves.  All the data for 179Hf have been multiplied by
100, and those for 90Y by 10.
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Fig. 6. Gamma spectra for the reaction 89Y(n,�) at En = 0.5 MeV.  Experimental data
(histogram) from Ref. [15], the curve notation is the same as in Fig. 2.
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Fig. 7. Same as Fig. 6 but for the reaction 93Nb(n,�).

0 2 4
10-5

10-4

10-3

209Bi

Eγ,MeV

Fig. 8. Same as Fig. 6 but for the reaction 209Bi(n,�).
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Fig. 9. Reduced strength functions (MeV-3) of E1-transitions for nuclei with
A = 160-185.  The points are experimental data obtained using formula (14); the
closed circles correspond to transitions to the ground state.  The curves are the
results of calculations with formula (11) for a nucleus with A = 170 at different
values of parameter T:  upper curve = 1 MeV, middle = 0.1 MeV and lower = 0.
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Fig. 10. Gamma spectra from the reaction (n,�) on 181Ta (top), 165Ho and 159Tb (bottom).
The points represent experimental data [15].  The curves represent calculations:
the broken curves show the unadjusted strength function E1, the solid curves
show fE1 corrected according to the data of Fig. 9.  The data for 181Ta have been
multiplied by 20 and those for 159Tb divided by 20.
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Fig. 11. Gamma multiplicities (MeV-1) from the reaction Tb(n,�) at En = 0.8 MeV (top),
0.4 MeV and 0.01 MeV (bottom).  The points represent experimental data [21],
the curves calculations with fitted fE1.  The data for 0.8 MeV have been multiplied
by 5, and those for 0.01 MeV divided by 5.
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Fig. 12. Reduced strength functions (MeV-3) of E1-transitions for nuclei with A = 50-140.
The points represent experimental data obtained using formula (14):  the closed
circles correspond to transitions to the ground state.  The curves show the results
of calculations (11) for a nucleus with A = 120 at different values of the parameter
T:  the upper curve is for 1 MeV, the middle one 0.1 MeV and the bottom one 0.
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Fig. 13. Reduced strength functions (MeV-3) of M1-transitions.  Same representation as
Fig. 12 with the addition of the single particle evaluation shown by the horizontal
curve.
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Fig. 14. Average radiation widths for E1 and E2 gamma-transitions in nuclei with A = 150-
210 derived from data on the de-excitation of discrete energy levels with
U � 2 MeV.

Eγ,MeV



—65—

0 ,0 0 1 0 ,0 1 0 ,1 1 10
10-19

10-18

10-17

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7  E2, A=50-140
 M2

Eγ, MeV

Fig. 15. Reduced strength functions (MeV-5) of E2 and M2-transitions for nuclei with
A = 50-140 obtained using formula (13).  The horizontal curves denote the
single-particle evaluations, and the upper curve calculations using the Lorentzian
dependence (15).
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Fig. 16. Reduced strength functions (MeV-7) of E3 and M3-transitions for nuclei with
A = 50-140 obtained using formula (14).  The horizontal curves denote the
single-particle evaluations, and the upper curve  denotes calculations using
formula (16).
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Fig. 17. Excitation cross-section of the isomer in the reaction 167Er(�,�')167Er induced by
bremsstrahlung.  The points represent experimental data [22], and the curve
calculated values.
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Fig. 18. Same as Fig. 17 but for the reaction 179Hf(�,�').
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INVESTIGATION OF THE RESONANCE STRUCTURE OF NEUTRON
CROSS-SECTIONS FOR THORIUM-232 AND NEPTUNIUM-237

IN THE 2 eV-100 keV ENERGY RANGE

Yu.V. Grigor’ev, V.V. Sinitsa
Russian Federation State Science Centre

A.I. Lejpunsk Institute of Physics and Power Engineering, Obninsk

G.N. Gundorin, Yu.P. Popov, Kh. Fajkov-Stanchik
Joint Institute for Nuclear Research, Dubna

INVESTIGATION OF THE RESONANCE STRUCTURE OF NEUTRON
CROSS-SECTIONS FOR THORIUM-232 AND NEPTUNIUM-237 IN THE
2 eV-100 keV ENERGY RANGE. Experimental results of transmissions for
three sample-filters of thorium-232 with thickness 0.01303 at/b, 0.02655 at/b
and 0.0517 at/b and for three samples of neptunium-237 with thickness
0.002074 at/b, 0.00417 at/b, 0.01253 at/b are presented in this work. Thorium
samples are metal discs with 45 mm diameter in aluminium containers.
Samples were made of NpO2 powder placed in cylindrical aluminium hermetic
containers with 56 and 43 mm inside diameters. Measurement was carried on
the pulsed neutron booster IBR-30 of JINR in Dubna on the 123 m flight path
with boron counters SNM-13 as detector. Point-wise and group cross-sections
were extracted from transmission data. Analogous values were calculated by
GRUCON code on the basis of the evaluated data from ENDF/B-VI and
JENDL-3 libraries.

The basic fuel and source materials used in nuclear power today are uranium-235 and
uranium-238, which explains, to a large extent the greater quantity of nuclear data on these
isotopes in comparison with the data on the fuel and source materials uranium-233 and
thorium-232.  Interest in the uranium-thorium cycle in the nuclear power industry is currently
increasing, which is stimulating research work on refining the neutron constants of these
above-mentioned isotopes.  This interest is linked to the search for ways of solving the
problem of transmutation and reducing the build-up of long-lived radioactive fission products
and transuranium isotopes.

As we know, the build-up of neptunium-237 in power reactors is becoming a serious
problem owing to its high radioactivity maintained over a long period of time.  As a result of
this, research is now being carried out on different neutron constants required for the
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development of optimum variants for the burnup of this isotope in reactors or in other
facilities.

Until now, little research has been carried out on neutron cross-sections of
neptunium-237, particularly fission cross-sections in the low energy range where the
cross-section reported by different authors differ by several orders of magnitude.  It is now
important to perform measurements to refine the total and partial cross-sections and the
effects of resonance shielding in the resonance energy range for both neptunium-237 and other
minor actinides including thorium.  In order to determine the resonance self-shielding factors
for total and partial cross-sections, it is necessary, in addition to measuring the self-indication
functions, to measure total transmissions in the sample filters over a wide range of thicknesses.
We measured total transmissions with three sample filters of thorium-232 and with three
samples of neptunium-237.

Experiment

The measurements were performed on the IBR-30 pulsed-neutron source of the Joint
Institute of Nuclear Research (JINR) (W = 10 kW, Fburst = 100 Hz, �burst = 4 �s) using a battery
of three boron counters SNM-13 on a 123 m flight path.  In order to increase the efficiency of
the neutron registration and to obtain a constant efficiency values over a wide energy range,
the counters were placed in a polythene disc 100 mm in diameter and 15 mm thick.  Total
transmissions were measured on three sample filters of 232Th with thicknesses of 0.01303,
0.02655 and 0.0517 at/b, and on three sample filters of 237Np with thicknesses of 0.002074,
0.00417 and 0.01253 at/b.  The thorium-232 samples were metal discs 45 mm in diameter of
various thickness in aluminium containers, while the neptunium samples were prepared from
neptunium-237 oxide (NpO2) powder, which was poured into hermetic aluminium containers
in the shape of discs with an inside diameter of 56 mm (two thin samples) and 43 mm
(one thick sample).  The sample filter with a thickness of 0.00417 at/b was made up of two
thin samples.  The general scheme of the experiment is shown in Fig. 1.

A liquid gamma-ray detector was used for testing the method of measuring the
self-indication functions in the radiative capture of thorium-232.

The time spectra with and without a sample in the neutron beam were stored in the
measuring module with a PC in the energy range from 1 eV to 100 keV with energy
resolutions of 0.1% and 30% respectively.  The width of the time channel was equal to 2 �s.
The background components in the spectra were measured with In, Mn and Al resonance
filters at 1.45 eV, 337 eV, 2.4 and 35 keV.  The indium and boron resonance filters were
permanently located in the neutron beam to remove background recycled neutrons and to
monitor the operating stability of the detector apparatus on background level at energy
1.45 eV.  The power level of the neutron source was monitored by means of two monitors
(boron counters, type SNM-12).  The error of the measured monitoring coefficient did not
exceed 0.5%.
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Fig.1. General scheme of the experiment
1 - monitor; 2, 4, 8 - collimators; 3 - sample filter; 5 - lead shield of the (n,γ)
detector; 6 - 16-section liquid (n,γ) detector; 7 - sample radiator; 9 - neutron
detector.

Results and discussion

Measurements of the total transmissions for thin samples have to be made with
great accuracy when neutron beam attenuation is between 3% and 10%.  In order to attain
a statistical error in the energy groups of the ABBN constant system [1] of
approximately 0.2-0.5%, it is necessary to measure the neutron spectra with and without a
sample in the neutron beam for hundreds of hours.  The typical measured time spectra without
deduction of the background are shown in Figs 2 and 3.  In order to facilitate comparison, the
spectra in each series were normalized to the monitoring coefficient but without correction for
oxygen in the NpO2 sample.  However, even with such high statistical accuracy,
methodological errors may significantly affect the accuracy of determination of the group
cross-sections and should therefore be looked at carefully.  Uncertainties in the isotope
composition and the thickness of the sample are negligible.  Impurities in the thorium samples
comprise 0.5%, while the impurities in the neptunium sample were removed by chemical
purification up to a level of 10-6 in terms of the quantity of atoms, with the exception of
oxygen.  The uncertainty in the thickness of the sample does not exceed 0.1%.  The correction
for oxygen also introduces an error of 0.1%.  The main contributory factors to the error in
transmissions and consequently in the cross-sections are the uncertainty of the monitoring
coefficient, the instability of the apparatus, and the background components in the spectra.
Corrections for the monitoring coefficient, instability of the apparatus, background
components and oxygen are in fact independent of energy in the range 1 eV-100 keV.  The
shape of the spectrum of the neutron beam passing through the sample is entirely determined
by the resonance structure of the total cross-section of 232Th and 237Np.  This makes it possible
to correct the total cross-sections in the resonance region on the basis of well-known
cross-sections in the inter-resonance region.
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The group transmissions and observed cross-sections were determined using the
following formulae:
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where �(E) is the neutron beam spectrum, �(E) is the detector efficiency, �t is the total
cross-section, n is the thickness of the sample filter, E is the neutron energy, Θ is the
temperature of the sample filter, Nsamp, No/n is the detector count with and without a sample,
Fsamp, Fo/n is the detector background count with and without a sample, K is the monitoring
coefficient, Ttk is the transmission due to the presence of oxygen.  The transmission due to the
presence of oxygen is determined by calculation.

Tables 1 and 2 show the experimental transmissions and observed total group
cross-sections in barns for thorium-232 and neptunium-237 respectively.

The last two columns of tables 1 and 2 contain the calculated observed total
cross-sections σ t

calc  for the thickest sample filters of thorium-232 and neptunium-237.

The calculated values of the total transmissions and cross-sections were obtained using
the group constant programme (GRUKON) [2] on the basis of evaluated data from the
ENDF/B-VI [3] and JENDL-3 [4] libraries in the investigated energy range.

The group transmissions and cross-sections were averaged over the Fermi spectrum.
Experimental transmission errors amount to 0.2-0.5%, and errors in the total observed cross-
sections to 2-10%.

The total transmissions are usually measured at n�t = 0.2-0.4, which leads to values of
the mean group cross-section 20-40% too low in the unresolved resonance region if no
correction is made for the resonance shielding of the averaged cross-sections.  As the
thickness of the sample filter is reduced, the effects of resonance shielding decrease.  Thus,
when n�t = 0.01 the observed cross-section is 2% less than the mean group total cross-section,
and when n�t = 1 the observed cross-section is half the total cross-section for zero thickness
of the sample filter.

As shown in Tables 1 and 2, the calculated total cross-sections σ t
calc  obtained on the

basis of evaluated data from both libraries, agree with the experimental observed group
cross-sections σ t

exp  in the energy range from 2.15 eV to 100 keV for the thickest sample
filters with thicknesses of 0.0517 at/b for 232Th, and 0.01253 at /b for 237Np.

In thin sample filters of thorium-232 and neptunium-237, the observed total
cross-sections of the experiment increase significantly in comparison to the cross-sections
for thick samples and are systematically greater than the calculated values in the energy
range 2.15 eV-100 keV, which can be seen in Tables 1 and 2 and Figs 4, 5, 6 and 7.  This
shows that the resonance structure of the neutron cross-sections of thorium-232 and
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neptunium-237 is significant up to 100 keV, and that resonance shielding had not previously
been sufficiently allowed for, which resulted in underestimation of the evaluated cross-sections
in the unresolved resonance region.

The mean group total cross-sections were obtained by extrapolating the experimental
observed cross-sections to the cross-section at zero thickness of the sample filter, i.e. by
multiplying the observed cross-sections by the calculated shielding coefficients Ksh:

σ σ σ σt sh t sh t
calc

t
calcK Kexp exp , /= = � (3)

where σ t
exp andσ t

calc  are the experimental and calculated observed total cross-sections, and

�σ t
exp � and �σ t

calc � are the experimental and calculated mean group total cross-sections.

The calculated resonance shielding coefficients in individual energy groups differ from
one another for various libraries, and therefore averaged values were used for determining the
group cross-sections.

For 237Np, the experimental mean group total cross-sections in the energy
range 2.15 keV-100 keV were obtained by averaging the observed cross-sections with sample
filter thicknesses of 0.002074 and 0.00417 at/b, since in the ENDF/B-VI and JENDL-3
libraries, the resonance structure of the cross-sections is less apparent in this energy range.

Table 3 shows the experimental and calculated average group total cross-sections for
thorium-232 and neptunium-237 in the energy range from 2.15 eV to 100 keV.  In the
majority of energy groups, the experimental values of the total cross-sections are 5-30%
greater than the calculated ones.

In addition to the group averaged values the point-wise values of the total
transmissions and cross-sections were also determined.  The method of processing the initial
time spectra was the same as that described above, but it was done by channels (the number of
time channels = 4096).  Figures 8 and 9 show the experimentally observed point-wise total
cross-sections without corrections for energy resolution and the Doppler effect.  As can be
seen from these figures, individual resolved resonances are observed in this experiment up to
300 eV.  Higher statistical accuracy is required in order to obtain the parameters for
particularly weak resolved resonances, and we aim to achieve this in the following stage.

In addition to measuring the total cross-sections, preliminary investigations of radiative
capture were performed on a thin thorium sample with a thickness of 0.000641 at/b using a
liquid 16-section gamma-ray detector.  The gamma multiplicity spectra for different
resonances coincide within the limits of experimental error, and have virtually identical
multiplicities of approximately 2.65, pointing to the possibility of measuring the resonance
parameters, cross-sections and self-indication functions in the radiative capture of thorium-232
with a gamma-ray detector.

Measurements of the total transmissions were performed, and from these the group
and point-wise total cross-sections of 232Th and 237Np in the energy range 2 eV-100 keV were
determined.
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Similar integral characteristics for these isotopes were obtained by calculation with the
GRUKON program on the basis of the latest evaluated data from the ENDF/B-VI, JENDL-3
libraries.  In the experiment stronger resonance shielding of the total cross-sections of
thorium-232 and neptunium-237 is observed than with calculation, and therefore the evaluated
total cross-sections of these isotopes should be revised upwards.

In the future, it is proposed to conduct more accurate measurements of the total
transmissions and self-indication functions in radiative capture on a wider set of thicknesses
of 232Th and 237Np samples, which will make it possible to refine the values of the average
resonance parameters, neutron cross-sections and their resonance shielding factors.

Fig. 2. Time-of-flight spectra of the open beam and with a sample
of 232Th. Width of the time channel 2 μs.

Fig. 3. Time-of-flight spectra of the open beam and with a sample
of 237Np. Width of the time channel 2 μs.
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Fig. 4. Experimental observed group total cross-sections of Thorium-232.

Fig. 5. Experimental and calculated observed group total cross-sections of Thorium-232.
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Fig. 6. Experimental observed group total cross-sections of Neptunium-237.

Fig. 7. Experimental and calculated observed group total cross-sections of Neptunium-237.
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Fig. 8. Experimental observed total cross-sections of Thorium-232.

Fig. 9. Experimental observed total cross-sections of Neptunium-237.
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