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C. A. McGrath,��� P. E. Garrett�, D. P. McNabb� and W. Younes�
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Measurements of discrete�-ray spectra have been carried out as a function of incident-neutron energy for nuclei
populated in���U��� ���� (� � �) reactions. The GEANIE spectrometer, comprised of 26 Ge detectors (11 planar
and 15 coaxial), was used to detect�-rays. Neutrons were provided by the “white” neutron source of the Los Alamos
Neutron Science Center’s WNR facility. The energy of the incident neutrons was determined using the time-of-flight
technique. Absolute cross sections were determined for emission of several�-rays from low-lying states of�������U
isotopes (spin up to 10�� and excitation energy up to�1 MeV) as a function of incident-neutron energy (� ��� 	

� 	 ��� ��� ). Uncertainties associated with the spectroscopic analysis of the data are discussed. Predictions
of partial�-ray cross sections from GNASH calculations up to neutron energy
� � �� ��� are compared to the
experimental results and are generally in good agreement. Combining the experimental results with the predictions
of the nuclear reaction modeling provides a measurement of the���U��� ��� reaction cross section and validate this
technique for determining reaction cross sections using�-ray spectroscopy.

KEYWORDS: neutron-induced gamma-ray cross sections, measurement, uranium 238, germanium-detector
array spectrometer

I. Introduction

Neutron-induced reaction cross sections are important for
applications such as neutron transport and heating and radio-
chemical diagnostics. Data on these reactions usually exist for
neutron energies below����� . In a neutron-induced reac-
tion the residual nucleus is typically left in a highly excited
state which subsequently decays via�-cascades to the ground
state. High-resolution measurement of the prompt�-rays in
such a reaction allows identification of specific residual nu-
clei by the characteristic energies of transitions between the
low-lying levels.

Using the technique of combining measured neutron-
induced partial�-ray cross sections with detailed theoreti-
cal modeling we are able to verify, improve and extend to
higher neutron energies the existing data on neutron-induced
reaction cross sections. At the Los Alamos Neutron Science
Center/Weapons Neutron Research (LANSCE/WNR) facility
a program to study several elements using this technique was
initiated several years ago.1) So far, experimental results have
been reported in (�� ���) reactions on Pb,2) Al,3) Pt,4) Mo,5)

O,6) ���Pu7) and ���U8) isotopes providing an experimental
database for comparison with nuclear model calculations.

II. Experiment

Discrete�-rays have been measured for U isotopes popu-
lated in������� ���� reactions as a function of incident neu-
tron energy using the Ge�-ray spectrometer GEANIE9) (GEr-
manium Array for Neutron Induced Excitations) and neutrons
from the “white” source neutron beam at the LANSCE/WNR
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facility.10) GEANIE is comprised of 11 Compton-suppressed
planar Ge detectors (Low Energy Photon Spectrometers -
LEPS), 9 Compton-suppressed coaxial Ge detectors and 6 un-
suppressed coaxial Ge detectors. The energy of the neutrons
was determined using the time-of-flight technique. The neu-
tron flux on target was measured with a fission chamber, con-
sisting of���U and���U foils.11)

The target consisted of one���U foil, 730 mg/cm� thick (in
a 1998 run), and of two���U foils, 840 mg/cm� thick in total,
and four natural Fe foils, 165 mg/cm� thick in total, in front
and in back of the���U foils (in a 1999 run). The Fe foils
were included so that the cross section of the strong 846.8-
keV line from inelastic scattering could be used as a check on
the absolute cross sections obtained.

Two-parameter data were acquired for each detector con-
sisting of time-of-flight relative to a fast proton-beam-pickoff
signal and gamma-ray pulse height from the Ge detectors. Es-
cape suppression was implemented by vetoing the associated
Ge signals with the BGO signals in the hardware. Absolute
detector efficiencies were determined using a variety of cal-
ibrated gamma-ray reference sources. Corrections for the fi-
nite beam spot size and gamma-ray attenuation in the sample
were modeled using the MCNP Monte-Carlo radiation trans-
port code.12) Electronic “dead-times” were measured using
scalers and corrections were applied to the data. During the
experiment the data were stored on magnetic tapes for subse-
quent off-line analysis.

III. Analysis

The cross sections for emission of a total of 45�-rays of
�������U isotopes were determined. The absolute partial�-
ray cross section	� was obtained using the relation:
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Fig. 1 Cross sections as a function of incident neutron energy (� ��� 	 
� 	 ��� ��� ) for the following transitions: a) 103.5 keV
(4� � 	�) (circles, solid line) and 158.5 keV (6� � ��) (squares, dotted line) yrast transitions of���U; b) 104.2 keV (4� � 	�)
(circles, solid line) and 160.3 keV (6� � ��) (squares, dotted line) yrast transitions of���U; c) 635.2 keV (1� � 	�) off-yrast
transition of���U (filled circles represent the present data and the open squares represent results from Ref.13)); d) total of 687.0 keV
(3� � 	�) off-yrast transition of���U (bigger peak) and 687.6 keV (1� � ��) off-yrast transition of���U (smaller peak at

� � �
 ��� ); e) 122.0 keV (11/2� � ��	�) of ���U; and f) 129.3 keV (5/2� � ��	�) of ���U. Solid lines represent GNASH
predictions
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where�� is the yield of a�-ray;
 is the incident neutron flu-
ence;�� is the detection efficiency of the array for the partic-
ular �-ray energy corrected for attenuation within the target;
�� is the conversion coefficient for the particular�-ray; ��

is an angular-distribution correction found to be smaller than
�4� in all significant cases;� is the target thickness;�����
and����� are the dead time corrections for the detection of
�-rays from the array and neutrons in the fission chamber, re-
spectively.

The cross sections as a function of incident neutron energy
for 9 of the transitions studied in the present work are shown
in Fig. 1. The cross sections deduced for all 45 transitions
together with additional information on the experiment and
the analysis of the data can be found in Ref.14)

IV. Discussion

The cross sections in Fig. 1 are compared with predictions
from GNASH calculations.15)

The GNASH reaction model code is a preequilibrium
and direct nuclear reaction model coupled with a statistical
Hauser-Feshbach calculation. It includes multiple preequilib-
rium particle emission as well as angular momentum effects
and conservation. GNASH predicts reaction and level cross
sections, isomer ratios and spectra for�-rays, neutrons and
charged particles. Currently, the model for actinide nuclei is
limited to calculations up to 30 MeV incident neutron energy.

Generally, there is good agreement between experimental
results and theoretical predictions. However, some notice-
able differences were observed, especially in the three-neutron
channel, where GNASH overestimates the cross sections for
the transitions of the ground-state band (see 104.2 keV and
160.3 keV transitions in Fig. 1.b) and tends to underesti-
mate the cross sections for the side-feeding transitions (see
687.6 keV transition in Fig. 1.d). Hence, shifting part of the
three-neutron channel cross section from the yrast to off-yrast
transitions in the calculations will improve the agreement with
the experimental data. In the������� ��� reaction channel the
cross sections for the yrast transitions were found to be nearly
constant at energies far above the channel threshold in con-
trast to the GNASH calculations which indicate a decrease
with increasing neutron energy above the reaction threshold
(see 103.5 keV and 158.5 keV transitions in Fig. 1.a). Hence,
it is necessary to increase the population of the lower spin
yrast states at neutron energies far above the threshold in the
calculations. Only two and one transitions were observed in
the two-neutron and four-neutron channels (see Fig. 1.e,f), re-
spectively. These transitions represent only a small fraction
of the total cross section for these channels, and, hence, no
general conclusions can be drawn for these channels.

The cross sections of 16 transitions in���U contribute in-
dependently to the total channel cross section by feeding the
lowest���U levels in parallel. Hence, by summing their cross
sections a large fraction of the total cross section for the
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Fig. 2 Summed cross section for 16 transitions of���U feeding in
parallel the lower levels of this isotope. The dotted line is the
GNASH prediction for the sum of these transitions and the
solid line is the GNASH prediction for the total������� ���-
channel cross section

������� ��� reaction channel is obtained (seeFig. 2). The
strongest among these transitions is the 103.5 keV transition
in Fig. 1 whose cross section amounts to�70� of the sum. In
Fig. 2 the sum of the GNASH predictions for these transitions
is included together with the GNASH prediction for the total
������� ���-channel cross section. The experimental points
are in good agreement with the GNASH predictions and ac-
count for approximately 75� of the predicted total reaction
channel cross section for���� � 
� � ���� .

In order to check for systematic errors in our method of
measuring�-ray cross sections, the result for the cross section
of the 846.8-keV transition of��Fe was compared to the evalu-
ated cross section for this transition at
� � ��� MeV16) and
was found to be in excellent agreement.14) Moreover, good
agreement was observed between the cross sections obtained
in the present work and partial�-ray cross sections obtained
in inelastic scattering of neutrons up to
� � ��� on���U
and reported in Ref.13) (see Fig. 1.c).

V. Conclusion

Partial ���U(�� ���)�����U, � � �, cross sections for
45 transitions have been measured for neutron energies
� ��� � 
� � ��� ��� and compared with theoretical
calculations up to
� � �� ��� from the GNASH reac-
tion model. Generally, there is good agreement between ex-
perimental results and theoretical predictions while the differ-
ences observed provide valuable feedback for future calcula-
tions on the same or similar reactions. These data serve as a
detailed test of reaction model calculations as well as provid-
ing important information for radiation transport calculations.
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