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Prompt gamma-ray and x-ray spectroscopy techniques are being employed to 
study fast-neutron-induced fission of actinides to determine independent (pre-beta- 
decay) yields for a wide range of product nuclides. Data are acquired using the 
GEANIE high-resolution gamma-ray spectrometer at the LANSCE/WNR unmod- 
erated spallation neutron source providing neutrons with energies from below 1 
MeV to over 400 MeV. Three different techniques (identification by characteristic 
gamma rays, by gamma-gamma coincidences, and by fission-gamma coincidences) 
are being used to gather complementary data sets from which detailed fission yields 
can be extracted. From these data, mass and charge distributions are determined 
over a wide incident-neutron energy range. The phenomena of interest include the 
transition from asymmetric to symmetric fission, the competition between neutron 
and gamma-ray emission, nuclear structure effects in fission and the angular mo- 
mentum imparted to the fission products. Results for 238U and 236U are presented. 

1. Introduction 

There is renewed interest in neutron-induced fission, in particular at higher 
energies due to the potential use of high-energy accelerators for nuclear 
waste traneimutation and energy generation, for the production of beams 
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of rare and radioactive ions, to test models of fission using the increased 
computational power available’, and to  learn more about the details of the 
fission process. Following a brief overview of some previous research, we 
describe the GEANIE gamma-ray spectrometer and some of the current 
studies of neutron-induced fission, including the determination of indepen- 
dent yields of nuclides and mass and charge distributions of primary fission 
products. 

Fission products have been studied using gamma-ray spectroscopy for 
many years. A comprehensive review of post-fission phenomena that de- 
scribes much of our knowledge of mass and charge distributions and other 
quantities is given by Hoffman and Hoffman.2 Cheifetz et al. performed 
one of the first experiments to use high-resolution gamma spectroscopy to 
study independent fission  yield^.^ Here we give a brief overview of some of 
the previous research on fission. 

Spontaneous fission of 252Cf and 248Cm recently have been investigated 
with the large high-resolution gamma-ray spectrometers, Gammasphere 
and Euroball. Such measurements have provided excellent low-background 
data where rare processes such as alpha ternary fission have been ~bse rved ,~  
and properties of neutron-rich nuclei have been meas~red .~  However, such 
studies are limited to very few fissioning nuclei and essentially a single 
energy. 

Charged particle-induced fission has been studied using protons, 
deuterons and other ions. These studies probe fission at higher energies 
and have provided the majority of the data at intermediate energies. The 
use of heavy ions brings in large angular momentum allowing the study of 
fission under more extreme conditions. 

Previous studies of neutron-induced fission have mostly been conducted 
at incident neutron energies below 15 MeV due to limitations of neutron 
sources. The majority of neutron-induced fission data comes from thermal 
neutrons, reactor fast-neutron spectra, 14-MeV neutrons, and some data 
taken with monoenergetic neutron sources typically below 10 MeV. 

The fission process is described as elongation of the nucleus followed 
by scission in which neutron-rich primary fragments are emitted. These 
fragments rapidly emit neutrons after which we refer to them as primary 
products. About 10% of the primary products that we observe in gamma- 
decay studies are stable, while the other 90% undergo beta decay on a time 
scale of ms to 100’s of seconds. It is primarily the prompt gamma-rays 
emitted in less than 10 ns from the primary products that are measured in 
our experiments. From the prompt gamma-ray yields we can infer fission 
product yields for many product nuclides including the stable products that 
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are not usually observed in radiochemical measurements of fission yields. In 
addition we have measured K x-ray yields from the primary products which 
allow us to deduce charge distributions (yields summed over isotopes) and 
which complement the data obtained from the gamma rays. 

At incident neutron energies'below the neutron binding energy (.- 6 
MeV for actinides) only fission of the A + 1 compound nucleus is possible. 
However, at higher energies one or more prefission neutrons may be emitted 
in (n,xn'f) [x=1,2,3, ...I reactions. Thus at higher energies the observed 
yields are summed over more than one fissioning system (e.g. 239U, 238U, 

It is estimated that about one thousand different product nuclei are 
created in the fission of actinide nuclei, although many are produced only 
with very low probablity. Each of these product nuclei can emit several 
gamma rays thus producing a very complicated spectrum. The product 
yields range over many orders of magnitude with the maximum yield being 
about 4% of the total fission yield. In our gamma-ray measurements we 
observe approximately 100 different product nuclei representing about 10% 
of the different nuclides produced, but accounting for almost 90% of the 
total fission yield. 

2 3 7 u  ...). 

2. Experiment 

The GEANIE high-resolution photon detector array6 and the LAN- 
SCE/WNR broad-spectrum spallation neutron source have been described 
elsewhere.r In these measurements 11 LEPS, for x-ray and low-energy 
gamma rays, and 15 coaxial HPGe detectors, for higher-energy gamma 
rays, were used. BGO escape-suppression shields are used on a majority of 
the Ge detectors. The energies of the incident neutrons is determined by 
the time-of-flight technique. For the singles gamma-ray and gamma-gamma 
coincidence measurements, samples consisted of N 400 mg/cm2 metal disks 
of 238U (99.8% enriched) and 236U (93.15% enriched). 

For the x-ray measurements, however, it was necessary to detect the 
fission fragments in coincidence with the x-rays to get a clean spectrum in 
which the x-rays were observable above background. For these measure- 
ments solar cells were used as fission fragment detectorsU8 A total of 8 solar 
cells with thin (.- 1 mg/cm2) 238U deposits were used. A schematic diagram 
of the active target is shown in Fig. 1. Very thin (- 75 mm) Si solar cells 
were used to rcduce attenuation of x-rays in the target. The active target 
was modeled with MCNPQ to calculate the attenuation in the sample. The 
traiismission averaged over the 8 cells ranged from about 20% for 10 keV 
x-rays (light products) to 70% for 35-keV x-rays (heavy products). 
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Figure 1 .  Schematic diagram of the solar cells used to detect the fission fragments in 
coincidence with the x-rays. 

3. Analysis and Results 

3.1. 235 U(n , f )  

Results from a study of single gamma-rays and limited gamma-gamma 
coincidence data have been published." Over 200 gamma rays from 56 
fission products were observed, and excitation functions were obtained for 
146 gamma rays. However, for the purpose of analyzing the transition from 
asymmetric to symmetric fission, only 29 clean transitions from 22 fission 
products that were within one standard deviation of a Gaussian fit to the 
evaluated 14-MeV data of James et ab" were used. The observed mass 
distributions were fit with a 5-Gaussian-curve model in order to  deduce the 
symmetric and asymmetric contributions. 

A major goal of this study was to examine the transition from asymmet- 
ric to  symmetric fission in 23sU over a wide energy range. This transition 
can be interpreted as an indication of the disappearance of shell effects at 
high-excitation energies in the fissioning system. The result observed is a 
change from predominantly asymmetric fission to  predominantly symmet- 
ric fission over a range of about 20 MeV in excitation energy, starting at 
a probability for symmetric fission of 10% around 14 MeV and reaching 
90% by 35 MeV. These data are unique for neutron-induced fission and in 
having continuous coverage over a large energy range. 

3.2. 23a U(n,f) 

Gamma-ray measurements and gamma-gamma coincidence measurements 
have been made on 238U, but here we concentrate on recent mesaurements of 
the x-rays from fission products. The x-rays following fission are produced 
primarily by electrons filling orbitals following internal conversion. Thus 
greater x-ray yields (up to 1 x-ray per product nuclide) are observed for 
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the higher 2 (heavier) products. The x-ray yields depend strongly on the 
structure of the low-lying nuclear levels and the energy and multi-polarity of 
the transilions. Strong odd-even mass effects are observed. Detailed fitting 
of the K, and Kp x-rays was carried out to extract the total x-ray yields 
for a given element. A portion of the x-ray spectrum from the heavy-mass 
products is shown in Fig. 2. 

Figure 2. Spectrum of x-rays for some of the heavier-mass fission products observed 
with GEANIE. Peaks are labelled with the symbol of the element from which the x-rays 
are emitted. The lines are fits to the K, and Kp x-ray lines and background.The large 
silver peaks are due mainly to inelastic excitation of nuclei in the silver contact on the 
solar cell. 

We use the prescription of Reisdorf et a l l 3  that was obtained from 
detailed measurements of thermal-neutron-induced fission of 233U, 235U, 
and 252Cf spontaneous fission to relate measured x-ray yields to charge 
yields. Due to the shift of fission products to lighter isotopes with increasing 
incident neutron energy (with increased neutron emission) x-ray yields are 
expected to change somewhat with increasing incident neutron energy. This 
change will be greater for the light-mass fragments than for the heavy- 
mass fragments due to the greater shift in masses observed for the light 
fragment peak. We observe average mass shifts that are typically 1 or 2 
mass units over a range of 400 MeV. We expect to  be able to estimate 
these effects based on observed mass shifts from our gamma-ray data and 
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on the known low-energy structure of the product nuclides. The preliminary 
charge yield results shown in Fig. 3 use the Residorf pre~criptionl~ without 
modification. Results for higher-energy neutrons (50 < E,, < 400 MeV) 
show that the symmetric fission region of the charge distribution fills in 
and the distribution may broaden slightly. 

100 
238U(n,f) - Charge Yields 1 

0 '  
0 

Wahl - 14 MeV 

S GEANIE - 0.7 - 6 MeV 

Figure 3. Preliminary charge yields deduced from the GEANIE x-ray data are compared 
with the systematics of A. Wahl.12 The GEANIE data are  summed over the energy ranges 
0.7 < E, < 6 MeV and 50 < E, < 400 MeV. The lower curve is for a reactor neutron 
spectrum peaking near E, = 1 MeV while the upper curve is for 14-MeV neutron-induced 
fission of 238U. Corrections for shifts in the mass distributions with energy remain to be 
done. 

These results demonstrate that new information on neutron-induced fis- 
sion can be obtained using a spallation neutron source and gamma-ray spec- 
troscopy. The measured product yields, their observed gamma-ray spectra 
and the mass and charge distributions give information about the fission 
process that is important for a detailed understanding of fission as well as 
being useful for applications. 
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