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Prompt gamma-ray and x-ray spectroscopy techniques are being employed to study 
fission induced on 238U targets by neutrons of energy from 1 MeV to 150 MeV. Data 
are acquired using the GEANlE high resolution gamma-ray spectrometer at the 
LANSCE/WNR unmoderated spallation neutron source. Information on the pre- 
decay yields (excitation functions and isotopic distributions) were extracted from 
gamma and gamma-gammacoincidence data for a wide range of nucleides. Charge 
yields were extracted by measuring prompt x-rays from a thin, fission-sensitive 
target using photovoltaic cells specially designed. The experimental results are 
presented and compared to  model calculations. 

1. Introduction 

Fragment production yields from neutron-induced fission of actinides have 
been extensively studied using gamma-ray spectroscopy for many ‘years. In 
particular it is well known that, for uranium isotopes, production yields 
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increase with the neutron energy in the symmetric fission region‘. 
These measurements have mostly been conducted at incident-neutron 

energies below 15 MeV due to limitations of neutron sources. The major- 
ity of neutron-induced fission data comes from thermal neutrons, reactor 
fast-neutron spectra, 14MeV neutrons, and some data taken with monoen- 
ergetic neutron sources typically below 10 MeV. Above 15 MeV, very few 
measurements have been made2. 

There is now renewed interest in neutron induced fission, in particular at 
intermediate energies (i.e. between 14 MeV and 1 GeV) due to the potential 
use of high-energy accelerators for nuclear waste transmutation and energy 
generation, for the production of beams 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. 

In this perspective, a collaborative experimental program has been car- 
ried out by Bruykres-le-Chgtel and Los Alamos. This program takes ad- 
vantage of the WNR facility4 at LANSCE (Los Alamos Neutron Scibnce 
CEnter), a spallation source which provides a relatively large flux of fast 
neutrons in a broad energy range extending up to more than 150 MeV. 

Experiments utilizing the gamma-ray spectrometer GEANIE (GErma- 
nium Array for Neutron-Induced  excitation^)^ have provided new data on 
prompt gamma and x-ray emission. 

The fission process is described as elongation of the nucleus followed by 
scission in which two neutron-rich primary fragments are emitted. These 
fragments rapidly emit neutrons after which we refer to them as secondary 
fragments. These are produced in excited states and two processes partici- 
pate in their electro-magnetic de-excitation: gamma emission and internal 
conversion. The latter is accompanied by the emission of K x-rays charac- 
teristic of the fragment’s atomic number. 

About 10% of the isotopes observed in gamma decay are stable, while 
90% undergo beta decay on a time scale of ms to 100’s of seconds. It 
is the prompt gamma-rays emitted in less than 10 ns from the secondary 
fragments that are measured in our experiments. From the prompt gamma- 
ray yields we can infer fission secondary fragment yields for many product 
nuclides including the stable fragments that are not usually observed in 
radiochemical measurements of fission yields. 

At incident-neutron energies above the neutron binding energy (about 
6 MeV for actinides) one or more pre-fission neutrons may be emitted. Thus 
the observed yields at higher incident energies are summed over several 
fissioning system: 239U, 238U, 237U.. . 
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In this report, we briefly describe the experiment and analysis, then 
results are presented for isotopic yield excitation functions, for the mass 
distribution of the barium isotopes and for inferred charge yields from the 
x-ray data. 

2. Experiment 

GEANIE is an array of 26 high-resolution germanium gamma-ray detectors. 
11 of the detectors are LEPS dedicated to low energy photon spectroscopy, 
from 10 to 300 keV. The other 15 detectors are coaxial HPGe, more adapted 
to higher energy gamma-rays, typically from 300 to 2000 keV. BGO (bis- 
muth germinate) background suppression shields are used on 20 of the de- 
tectors. GEANIE is located 20 meters from the WNR neutron production 
target at the end of a collimated flight path. The energies of the incident 
neutrons are determined by the time-of-flight technique, applied between 
the spallation target and GEANIE. 

Two types of experiments were done at GEANIE with 238U. 
The first one consisted of inclusive gamma-ray measurements and was 

performed with -400 mg/cm2 targets of 238U (99.8% enriched). GEANIE’s 
many detectors gave the opportunity for analysis of the recorded gamma- 
rays in both single-gamma and double-gamma-gamma-coincidence modes. 
The target’s relative thickness provided high gamma counting rates. How- 
ever, the recorded gamma-rays originate not only from the fission fragments 
but also from other neutron-induced reactions occuring on the target or on 
the device, such as (n,n’) or (n,xn) on uranium. Background due to neutron 
scattering is particularly high for low energy photons and fission K x-ray 
can not be seen. 

For the x-ray measurements, it was necessary to detect the fission frag- 
ment in coincidence with the x-rays to get clean spectra in which the x-rays 
were observable. In a second class of experiment, we used solar cells as 
fission fragment detectors. We designed a thin, fission-sensitive target of 
238U, consisting of eight 1 mg/cm2-layers deposited onto eight photovoltaic 
cells5. A coincidence with the detection of a fission fragment in a cell was 
required in the gamma and x-ray recording. Very thin solar cells were used 
to reduce x-ray attenuation. The active target was modeled with MCNP‘ 
to calculate the attenuation in the sample. The transmission average over 
the 8 cells ranged from about 15% for 10 keV x-rays (light fragments) to 
70% for 35 keV x-rays (heavy fragments). 
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3. Analysis and Results 

3.1. Identification of the fission fragments 

Three different sets of data were used to identify the fission fragment: 
characteristic single-gamma-rays, gamma-gamma coincidences and fission- 
gamma coincidences. Thanks to a complementary analysis of the different 
types of measurement, we could identify about one hundred fission frag- 
ments. Elements from germanium to neodymium are seen. In some case 
up to ten isotopes of the same element are detected. 

The total number of created' fragments is estimated at about one thou- 
sand. The fragment production yields range over several order of magnitude 
with a maximum being about 4% of the total yield. The observed fission 
fragments represent also about 10% of the estimated total number of cre- 
ated fragments, but account for almost 90% of the total fission yield. 

Gamma-rays in coincidence with fission fragments 
I100 

Number of 
counts per 
0.4 keV 

8 daw of beam 

Y99 
Xe136 y99 Ce148 

I I Ba144 

AII neutron energies 
LEPS sum 

I ,"I 

Gamma-ray energy (keV) 

Figure 1. Pure neutron-induced fission prompt-gamma-ray spectrum obtained with a 
thin 238U target. All WNR neutron energies are included. A coincidence time of 50 ns 
between the fission fragment detectors and one of the 11 GEANIE LEPS was required. 

As a part of the analysis, the figure 1 shows a portion of a pure-fission 
spectrum obtained with a thin 238U target. All the gammai.rays are pro- 
duced by fission fragments and most of the intense gamma-rays are labelled 
by the symbols of the atoms that emit them. 
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3.2. Excitation functions and isotopic distributions 

For the extraction of the production cross sections of a fission fragment 
as a function of incident-neutron energy, i.e. the excitation function, the 
transitions of the ground state rotational band (GS) provide a good tool 
to study even-even nuclei. It is known that in these nuclei the decay will 
feed the low-spin transitions (almost 100% for the 2+ to O+ transition). 
Measuring the intensity of a gamma-ray from a low spin transtion gives a 
good measurement of the yield of the fragment which emitted it. 
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Figure 2. Excitation function of two GS transition ~ f ' ~ ~ X e .  Single and coincidence 
data are compared with Wahl systematics. Dotted lines indicate tKe error bars of the 
evaluations. 

As an example, figure 2 displays the excitation function of the lowest 
two GS transitions of I3'Xe and the measurement of the intensity of these 
two gamma-rays in coincidence. The three excitation functions are identical 
within errors, so we can assume that the gamma-rays are not contaminated: 
that means they are fed by the 138Xe nucleus only, and that we can interpret 
these functions as production yields of the 13*Xe fragment. 

The excitation functions show the thresholds corresponding to the dif- 
ferent fission chances. 

The data are compared to the Wahl systematics7. The systematics val- 
ues are calculated from a multi-gaussian fit to mass and charge distributions 
of library data. The energy dependence is interpolated between data sets. 
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At energies above 14 MeV, Wahl used data from proton induced fission. 
The calculated values fit the data reasonably well. 

This method allows determination of the excitation function for about 
30 even-even fission fragments. In our data set, we see that the shapes of 
the functions are very different from one fragment to the other, especially 
concerning the height of the thresholds. 

Then, we compare the production of different isotopes of the same ele- 
ment, obtaining isotopic distributions of the fragments. 

. . I. _ _  _ . . _ .  - .  . - . _-_ - - 
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Figure 3. Mass distribution 'of barium isotopes, measured for 3 incident energy bins 
and compared with the values from Wahl systematics at the average energies of the bins. 

As an example, figure 3 displays the production yields of five isotopes of 
barium, for three large incident-neutron energy bins. Results are compared 
with Wahl systematics. Both data and calculations show that at higher 
incident-neutron energies, the mean mass of the fragment goes down and 
the mass distribution is broader. Wahl calculations are consistent with our 
measurements at low incident energies but partially fail to reproduce them 
above 50 MeV. 

3.3. Charge yields 

Coincidences between photon and fission fragment detection in the active 
target experiment permitted prompt K x-ray measurements8. Due to the 
large number of K x-ray lines, five per element, the x-ray energy spectrum 
is quite complex. Nevertheless, it has been possible, within the limits of the 
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recorded statistics, to deconvolute the contribution of the different elements 
for several groups of incident-neutron energy. This was done by fitting the 
data with a multigaussian function with one free parameter per element (see 
figure 4). Background was considered linear on successive energy ranges. 

cs 

‘ W  

0 0  
Photon Energy (keV) 

Figure 4. Low energy photon spectrum for fission on 238U induced by neutrons from 
10 to 20 MeV. The 70 K x-ray lines correspond to 19 elements. The 15 most intense 
elements are labelled (K, peaks except silver’s Ka). 

In the seventies, Reisdorf and collaborators measured the x-ray yields 
per fragment in spontaneus and low energy neutron induced fissiong. It 
appears that this depends only weakly on the nature of the fissioning sys- 
tem. By applying Reisdorf’s prescription to our x-ray yields, we extract 
an estimate of the charge distribution of the fission fragments. These dis- 
tributions are displayed in figure 5 for four incident-neutron energy bins. 
These results exhibit the expected increase in the probability for symmet- 
ric fission as one goes toward high incident-neutron energies. The values of 
Wahl systematics are consistent with our data for all incident energies. 

4. Conclusion 

New data on prompt gamma and x-ray emission in intermediate energy 
neutron-induced fission on 238U were obtained. Gamma-ray measurements 
have enable the extraction of excitation functions for about 30 secondary fis- 
sion fragments. An estimate of the charge distribution of the secondary fis- 
sion fragments was obtained from x-ray measurements for several neutron- 

- 
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Figure 5. Element yields per 100 fissions determined from the x-ray yield measurement 
for four incident-neutron energy bins (black dots): 1)  threshold-6 MeV, 2)  11-20 MeV, 
3) 20-50 MeV, 4) 50 MeV and up. Average energies are labelled. The histograms 
correspond to the Wahl systematics at the average energies. 

energy bins. The comparison of these results with evaluated data (Wahl 
systematics) shows that the evaluations are consistent with measurements 
below 20 MeV but partially fail to reproduce the data at higher energies. 
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