Eur. Phys. J. A (2013) 49: 114
DOI 10.1140/epja/i2013-13114-8

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Measurement of prompt X-rays in 238U(n,f) from threshold to

400 MeV

Investigation of fission charge yield evolution

T. Granier>*", R.O. Nelson?, T. Ethvignot!, M. Devlin?, N. Fotiades?, P.E. Garrett® ¢, and W. Younes®

L CEA, DAM, DIF, 91297 Arpajon, France

2 Los Alamos National Laboratory, Los Alamos, NM 87545, USA
3 Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

Received: 25 April 2013 / Revised: 1 August 2013

Published online: 16 September 2013 — (© Societa Italiana di Fisica / Springer-Verlag 2013

Communicated by N. Alamanos

Abstract. Prompt K X-ray emission yields in the fission induced by neutrons on 22®U have been measured
for the first time for incident energies ranging from below 1MeV up to 400 MeV. Results are used to
investigate the evolution with incident neutron energy of the fragment elemental distribution and the X-
ray emission probability per element. The progressive increase of the symmetric fission probability with
neutron energy is observed in qualitative agreement with Wahl systematics for the primary fission fragment

charge yields.

1 Introduction

More than seventy years after the discovery of fission, pho-
ton spectra associated with fission still are not accurately
characterized. X-rays and gamma rays following fission
have been studied extensively for spontaneous fission of
252Cf, and thermal neutron-induced fission of 233235U (see
e.g. [1-4]). More recently gamma-ray studies have been
extended to higher energies for 23>23%U [5-8]. However,
we know of no comprehensive evaluations of fission pho-
ton spectra. Photon emission carries typically about 6%
(~ 3.5% prompt and ~ 2.5% delayed) of the energy re-
leased in fission, and the energy deposition, heating and
radiation damage produced are different from those due to
fission fragments and neutrons. Such X-ray and gamma-
ray data, when evaluated and incorporated into libraries,
will improve the fidelity of simulations and may be im-
portant in better predicting system properties, with ap-
plications to power reactors at MeV neutron energies (fast
reactor neutron spectra), and at higher energies (tens or
hundreds of MeV) for accelerator driven systems for ra-
dioactive waste destruction and power generation [9].
Photon emission following fission consists of gamma
rays emitted in the de-excitation of the fragments follow-
ing neutron emission (secondary fragments), X-rays emit-
ted following internal conversion decay of the fragments,
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and delayed gammas and X-rays following beta decay. In
this work we focus mainly on prompt photons, defined
as those emitted within ~ 200ns after scission. Due to
nuclear structure and decay properties, the most intense
prompt gamma-ray lines correspond to the 27 first excited
state decay of the even-Z-even-N (even-even) secondary
fragments, while the more intense X-rays are associated
with states having the largest internal conversion coef-
ficients that tend to be low-lying levels in odd-mass or
0dd-Z-0dd-N (odd-odd) nuclides away from closed shells.

Measurements of prompt fission gamma rays have been
performed (see for example, ref. [10]) and provide informa-
tion on fragment yields for a particular A and Z, when the
characteristic gamma-ray energies are known, or if frag-
ments are measured in coincidence with good resolution.
However, most of the information obtained is typically
for even-even fragments because the best signal to back-
ground in the gamma-ray spectrum is for the intense first
27 to g.s. transition typical of feeding patterns in even-
even nucleus gamma-ray decay. In the case of odd mass
or odd-odd fragments, gamma and internal convertion de-
excitation involves multiple bands and low-lying levels re-
sulting in a poor signal to background. Thus, the majority
of fission gamma-ray data provides information on even-
even fragments (see, e.g., refs. [5,7,8,11]).

As discovered over forty years ago, prompt X-rays in
nuclear fission originate almost completely in internal con-
versions associated with prompt gamma de-excitation of
the fission fragments [12-14]. Properties of prompt fission
X-rays were extensively studied for 2°2Cf spontaneous fis-
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sion and in thermal neutron-induced fission of 232U, 235U
and #*Pu [4]. Moreover, the X-ray emission was inves-
tigated in 23°U fast neutron induced fission for incident
neutron energies of 0.7 and 3.5 MeV [15,16]. A review of
X-ray emission by fission fragments is given in ref. [17]. Be-
cause of their production in internal conversion, the more
intense X-ray lines originate with fission fragments that
are away from closed shells and are often odd mass or
odd-odd nuclides. Thus X-rays tend to sample a different
subset of fission fragments than gamma rays, and their
yields are very dependent upon nuclear structure of the
fragments produced.

The present work aims at extending investigations of
prompt fission X-rays to higher incident neutron energies.
For the first time prompt K X-ray yields in 2*3U(n,f) have
been measured for incident neutron energies ranging from
1 to 400MeV. The results provide interesting informa-
tion on fragment de-excitation which will be useful for
constraining phenomenological or semi-phenomenological
models of fission. Also, although prompt X-ray yields are
not a measure of the fission fragment charge yields they
can be used to infer the fission fragment charge distribu-
tion evolution as a function of incident neutron energy.

This study is part of a collaborative effort on nuclear
fission research by teams of the Commissariat & 1’Energie
Atomique in Bruyeres le Chatel and the Los Alamos Neu-
tron Science Center. In this framework, measurements of
prompt fission neutron energy and multiplicity [18-20] and
on prompt fission gamma-ray emission [6-8] have been
performed these last years. Preliminary results of this
study were included in an IAEA report on fission product
yield data [8].

2 Experiment

The experiment was conducted at the WNR facility of
the Los Alamos Neutron Science Center (LANSCE) [21
22]. Tt was based on the GEANIE array of photon spec-
trometers [23,24] and a dedicated 238U active target which
permitted detection of fission events with a high effi-
ciency. GEANIE is located on the 60 degree right neutron
flight-path of WNR at a distance of 20.34 meters from the
neutron production target. The neutrons were produced
through spallation induced by 800 MeV protons emitted in
sub-nanosecond pulses every 1.8 us. This temporal struc-
ture is well suited for measuring the incident neutron en-
ergy using the time-of-flight technique. The 233U active
target was centered in the detector array into the colli-
mated neutron beam trajectory. Most of the time, when a
fission occurred in the target, it generated a signal. This
signal was used to trigger the data acquisition system
which then collected the signals from the photon detec-
tors in coincidence. The time delay between the fission
signal and the proton beam-pulse timing signal was also
recorded. This time delay corresponds to the time of flight
of the incident neutron and this information was used off-
line to compute the corresponding kinetic energy. In this
way photon energy spectra are obtained for groups of in-
cident neutron energies.
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The fission target consisted of eight 1 mg/cm? thin lay-
ers of high-purity 238U, each deposited onto a photovoltaic
(solar) cell by a mass separator. The total mass of 238U in
the target was about 25 mg. Each solar cell is an indepen-
dent detector able to detect one of the fission fragments
from a fission event occurring in the associated 238U layer
with a high efficiency (2 80%). The precise knowledge
of the efficiency was not required in the experiment be-
cause fission detection was used only as a trigger. The
solar cells were operated with SAPHIR charge preampli-
fiers [25]. With these preamplifiers the time resolution for
fission detection was about 8 ns (FWHM). Fission-induced
signals from the solar cells were easily discriminated from
alpha-induced signals and noise. This fission target was de-
signed to minimize the attenuation of low-energy photon
radiation. Although the solar cells can exhibit decreased
efficiency due to alpha particle damage, the alpha flux
from 2**U (and 23°U in another experiment) was small
enough that no noticeable loss of efficiency occurred dur-
ing the course of the experiment. Damage from exposure
to the high-energy neutron beam also was not seen in the
course of these experiments. The fission fragment detector
is described in detail in ref. [26].

Resolution achieved on the incident neutron energy is
mainly driven by the time resolution of the fission detec-
tor. The neutron energy resolution was determined from
the time width of the spallation target gamma flash to
be 1% at 1MeV, 3.3% at 10MeV and 10% at 100 MeV
incident neutron energy.

Neutron fluence on target integrated up to 30 MeV
neutron energy was on the order of 10° neutrons s~tcm 2.
The neutron energy spectrum was basically a classical
spallation spectrum, slightly modified by the presence of
1.5cm lead and 2.5 cm borated polyethylene attenuators
in the beam. These attenuators were respectively designed
to diminish the intensity of the gamma-flash induced by
the spallation reactions and the flux of low-energy, scat-
tered neutrons.

GEANIE was comprised of 26 high-resolution germa-
nium (Ge) gamma-ray detectors, twenty of which were
equipped with bismuth germanate background suppres-
sion shields. Eleven of the shielded Ge detectors were
planar detectors dedicated to low-energy photon spec-
troscopy, typically, from ~ 10keV up to 300 keV (but with
spectra extending to 1 MeV).

About nine million fission-photon coincidences were
recorded at a rate of ~ 15 per second using the whole ar-
ray. Most of these data correspond to fission gamma rays.
Thick sample experiments provide even more gamma rays
and these were exploited in refs. [5,7,8]. About 5% of these
coincidences correspond to X-rays emitted in fission and
were analyzed in the present work.

3 Detector characteristics

Calibrated radioactive point-like sources of 2°2Cf, 241 Am
and 33Ba were used to calibrate the low-energy pho-
ton detectors in the relevant energy region as well as to
measure their resolution as a function of photon energy.
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The typical resolution achieved was 0.6keV (FWHM)
at 30keV. However, some of the LEPS detectors had a
slightly degraded resolution because of neutron radiation
damage effects. These data were also used to determine
the efficiency response of each detector. The five best de-
tectors in terms of resolution and efficiency were retained
for the analysis. Due to the large value of the resolution
compared to the intrinsic widths of the K X-ray lines [27],
the lineshape of each individual X-ray line observed in the
spectra is Gaussian to a good approximation.

Although the target was designed to minimize X-ray
attenuation, this phenomenon remains large at low en-
ergy and needs to be corrected for. To study this ef-
fect Monte Carlo simulations were realized with the code
MCNP4C2 [28]. The target geometry and constituting
materials were precisely described. This included the sil-
icon and silver backings of the photovoltaic cells as well
as the target holder made of plastic. Also, the positions of
the germanium detector were described. The correspond-
ing X-ray transmission averaged over the eight deposited
cells ranges from about 20% for 12keV X-rays (light frag-
ments) to 70% for 35 keV X-rays (heavy fragments). These
values were found to be consistent with experimental data
recorded with a low-energy photon source placed in dif-
ferent configurations behind the target in the field of view
of the detectors.

Parametrisations describing the variation as a function
of photon energy of the efficiency, the resolution and the
photon transmission were obtained and used subsequently
in the analysis of the fission prompt photon spectra.

4 Spectra characteristics

Photon energy spectra were produced off-line by requir-
ing a 200 ns time coincidence between photon and fission
signals. This value is consistent with the slow rise time
at low energy inherent to the Ge detectors and takes into
account imperfections in the time alignment of the differ-
ent photon detector channels. The choice of a 200 ns time
gate defines the time range for observation of “prompt”
fission X-rays. X-rays from states with half lives much
longer than this will appear as part of the time-random
background spectrum.

There is no evidence of Doppler shift or broadening
in the X-ray spectra. Based on measurements of K X-ray
emission times for fission fragments reported in ref. [13]
and the stopping of fragments in our setup, to a very
good approximation, all fragments are stopped and neu-
tral when X-rays are emitted. Thus neither Doppler ef-
fects, nor the expected 900eV energy shift [11] expected
of X-rays from ionized fragments are expected to influence
our results.

The fission prompt K X-ray spectra are quite complex
since they are comprised of five X-ray lines per element.
However, the energies and relative intensities of these lines
are known to a high precision [29]. These five lines are
arranged in a doublet, K, ,, and a typically five times less
intense triplet, Kg, , ,, located 1 to 5keV higher in energy
depending on Z. In addition, a continuous background
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Fig. 1. Low-energy photon spectrum in coincidence with
neutron-induced fission for incident neutrons energies between
0.7 and 6 MeV (E = 3MeV). Fission fragment K X-rays are
visible and the overall shape of the X-ray spectrum reflects
the expected charge asymmetry characteristic of fission at this
energy. Note that the intense Ag peaks are due to an experi-

mental artifact.
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Fig. 2. Evolution with increasing incident neutron energy of
the photon energy spectrum in the 12-42keV region. 1) 12—
17MeV, E = 14MeV; 2) 17-50MeV, E = 32MeV; 3) 50—
400 MeV, E = 180 MeV.
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is observed below the peaks. This background is due to
random coincidences and coincidences with Compton tails
of fission ~v-rays.

At low incident neutron energy, where fission induced
on 238U is known to be preferentially asymmetric, the fis-
sion prompt K X-ray spectrum is mostly populated within
two regions of photon energy (see fig. 1). A low-energy re-
gion extending roughly from 5 to 20keV corresponds to
the light (28 < Z < 45) fragments and a higher energy
region from about 25 to 40keV corresponds to the heavy
(51 £ Z < 61) fragments. At higher neutron energy, this
figure is modified since the contribution from symmetric
fission increases (see fig. 2).

Another well-known property observed is the odd-even
effect in Z favoring X-ray production for odd nuclear
charges. This effect is attributed to a larger amount of
internal conversions because of the larger number of low-
lying excited states in the odd-odd and odd-mass nuclei.
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Another feature observed is an intense peak corre-
sponding to the Ag K, doublet. The intensity observed
far exceeds the production of Ag fission fragments and is
explained by 7-induced fluorescence in the silver backings
of the solar cells. Due to the relatively large thickness of
these backings, the amount of real and chance coincidences
of fluorescence X-rays with fission is high. To a lesser ex-
tent, L X-rays from uranium excitations are also visible
in the spectra.

Also, some peaks corresponding to the escape of Ge K
X-rays can be observed. This phenomenon is well known
in photon spectroscopy below 50keV with Ge detectors
and is described for example in ref. [30]. Subsequent to
the photoelectric absorption of the primary radiation in
the Ge crystal, Ge K X-rays originating from the atomic
shell rearrangement after the photoelectron emission can
escape the crystal and contribute to secondary peaks lo-
cated about 10keV below the full energy peak. In fig. 1
the escape peaks associated with the silver and iodine K,
peaks can be observed.

5 X-ray analysis

X-ray yields have been extracted for the following bins
of incident neutron energies: 0.7-6 MeV, 6-11 MeV, 11—
20MeV, 20-50 MeV and 50-400 MeV. This wide binning
was driven by statistical considerations. Since the low
energy photon detection threshold was about 12keV for
some of the germanium detectors, the spectrum analysis
was restricted to the 12-45keV region.

The spectrum analysis has been performed using a
dedicated suite of programs developed under the PAW
software from CERN [31]. These programs were coupled
to an X-ray data base and made use of the MINUIT pro-
gram for function minimization and error analysis [32].
The spectral background below the peaks was determined
automatically via the method proposed by Westmeier [33,
34], which has the advantage of describing satisfactorily
the steplike baseline shape under photoelectric peaks [30].

The following procedure was conducted to deconvolute
the X-ray spectra. In a first pass, background below X-
ray peaks was determined by the program. The spectrum
was then background-subtracted while preserving the orig-
inal statistical uncertainty associated with each spectrum
channel.

Least squares fit of the background-subtracted spec-
trum was then performed with a parametric function de-
scribing the different X-ray contributions. The function
consists of a weighted sum of Gaussians, each Gaussian
describing a given X-ray line. All X-ray lines, correspond-
ing to fission fragments and uranium excitations, which
may lie in the considered energy range are taken into
account. Also, the Ge K X-ray escape peaks associated
with the most prominent full energy peaks have been in-
cluded. X-ray line energies are fixed according to X-ray
standards [29]. The width of the Gaussians is fixed accord-
ing to the systematic variation of the detector resolution
as a function of photon energy which has been studied
with calibrated radioactive sources. The intensity of the
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escape peaks is fixed relative to that of the corresponding
full energy peak in the following way: the intensity ra-
tio between the full energy peak and the escape peak has
been measured for Ba K, peaks using data recorded with
a 133Ba calibrated X-ray source. The variation of the in-
tensity ratio with photon energy is then taken from X-ray
spectroscopy literature [35], so that the relative intensity
of the escape peaks can be fixed for all relevant full energy
peaks. In addition, each photon line is attributed a weight
accounting for detection efficiency and photon transmis-
sion at the corresponding energy as obtained from the
systematic studies. Lines belonging to the same element
are attributed relative weights according to X-ray stan-
dards [29].

Finally, although the fitted function describes a large
number of photon peaks, it includes only a limited num-
ber of free parameters, only one per element. This number
remains small compared with the number of data points
in the spectra. Examples of deconvoluted X-ray spectra
are displayed in fig. 3. They correspond to incident neu-
tron energies lying between 0.7 and 6 MeV. The photon
spectrum between 20 and 41keV (bottom panel in fig. 3)
has been fitted with a function describing 90 X-ray peaks
with 18 free parameters corresponding to 18 elements.

The statistical uncertainty associated with each spec-
trum channel was taken into account in the minimization
procedure. In practice, two sections of the spectrum, par-
tially overlapping, were successively fitted (typically 11—
23keV and 20-42keV). The results of the low-energy fit
were used as initial values for the high-energy section fit
for the elements common to both sections.

In some cases the fit obtained in the first pass was not
satisfactory in describing local minima in the spectrum.
This was in particular the case for unresolved regions such
as the 30-36 KeV range. A second pass was then initiated
with some corrections on the background shape previously
determined automatically. Particular attention has been
paid to keep the background estimate as smooth and sim-
ple as possible. The uncertainty on the final results due to
background determination is discussed in the next section.

The 2 values resulting from the fits remain between
0.6 and 1.8. This indicates the good quality of the fits
and that the number of free parameters was not too large
with respect to the information contained in the spectra.
The uncertainties associated with the fitted parameters
are obtained by making use of the MINOS processor from
the MINUIT package which takes into account parame-
ter correlations and non linearities [32]. They are used to
compute the uncertainties of the K X-ray yields.

6 Systematic uncertainty

The systematic uncertainties of the measurement can
be divided into instrumental and analytical. The main
sources of instrumental systematic errors are the uncer-
tainty on photon detection efficiency and X-ray transmis-
sion correction. The uncertainty on detection efficiency is
related to that of the activities of the radioactive sources
and has been estimated to be about 3%. The uncertainty
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Fig. 3. Example of spectrum deconvolution in terms of X-ray lines. Top: 10-23 keV region. Bottom: 20-41keV region. The main
peaks are labeled. Incident neutron energy is from 0.7 to 6 MeV corresponding to E = 3MeV. Although the number of X-ray
lines taken into account is large, the number of free parameters in the fitting procedure remains limited to one per element.

on photon attenuation which is based on a Monte Carlo
simulation is estimated to be about 7%, giving an overal
uncertainty of ~ 10% on the final results due to both cor-
rections. Also, as mentioned earlier, fluorescence induced
in the silver constituting the photovoltaic cell backings re-
sults in a significant enhancement of the silver K X-ray
peaks. Since this effect cannot be discriminated from the
Ag X-ray production in fission, this element has been re-
moved from the final results.

The analytical systematic uncertainty is certainly
dominated by the uncertainty on background determi-
nation. This uncertainty is directly related to the peak
to background ratio. It is moderate for an intense, well-
resolved peak whereas it can be large for a small, par-
tially resolved peak. The sensitivity to background deter-

mination has been studied by deconvoluting the spectrum
with both artificially lowered and enhanced background
assumptions. In doing so the resulting fit was significantly
degraded. Upper and lower limits of the background mod-
els were determined on this basis. In order to assess an
uncertainty in terms of a Gaussian width, sigma, we have
considered these upper and lower background limits as 3-o
deviations from the background model of our best fit con-
sidered as the best determination of the real background
shape. Under this assumption, the 1-o uncertainty asso-
ciated with background remains most of the time on the
order of 10%, in particular for Z = 40-42 and Z = 50—
56. However, it becomes large (50% and above) for the
less prominent X-ray peaks such as those corresponding
to symmetric fission (Z = 43-49).
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Fig. 4. K X-ray yields per fission for five bins of incident
neutron energies. Solid dots: this experiment. Open dots: cal-
culations (see text).

7 Results on X-ray yields

The results for the K X-ray yields per fission are listed in
table 1 and represented in fig. 4 for five bins of incident
neutron energies (E,): 0.7-6 MeV, 6-11 MeV, 11-20 MeV,
20-50 MeV and 50-400 MeV. The corresponding average
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energies are respectively 3, 8, 14, 32 and 180 MeV. These
data correspond to the sum of K, and Kj rays of each
element per fission.

The trend already visible in fig. 2 is confirmed here.
The X-ray yields follow the trend expected for the charge
yields. This is more clearly visible in fig. 5 which displays
the evolution as a function of FE,, for 3 groups of elements
respectively situated in the light peak, symmetric region
and heavy peak of the fission fragments. The main feature
here is the expected enhancement of the symmetric fission
probability, whereas the probability for asymmetric fission
decreases.

Examination of the data features shows the expected
greater X-ray yield from odd-Z nuclei, for example Nb,
Cs, I, La, although some even-Z nuclei such as Zr and
Mo have large yields. Large X-ray yields for Zr were seen
similarly in spontaneous fission of 252Cf [11]. We note, as
an example of nuclear structure affecting the X-ray yields,
that the X-ray yield from Y will be reduced in our mea-
surement due to the delayed decay (8.6 us) of one of the
highly converted levels in ?°Y.

8 X-ray yield calculations

Detailed calculations of X-ray yields were performed on
the basis of two main ingredients: 1) the Wahl systemat-
ics for fission product yields for 2*¥U(n,f) [36], 2) up-to-
date data on level schemes (i.e. branching ratios and inter-
nal conversion coefficients) [37] for the secondary fission
fragment nuclides. In order to compare with the measure-
ments, Wahl systematic yields have been calculated for
the five incident neutron energy bins given above using
the CYFP code [38]. Among other features, this code com-
putes the isotopic fission yields for neutron-induced fission
of actinides at a given incident neutron energy. Since the
energy intervals were broad, the yields were calculated for
several neutron energy values within each energy interval.
Then, these results were averaged within each interval us-
ing weights reflecting the energy spectrum of the incident
neutrons as obtained from the experimental time-of-flight
data. The uncertainties given by CYFP were also propa-
gated in this process. It was observed that in some cases
the uncertainty provided by CYFP is quite large, even
though the yields are substantial. This was observed in
particular for 130:131,132gy 132,133G, 133,134 apq 1357
for some neutron energies below 6 MeV. These divergences
are also present in the CYFP-based UKFY4.1 library of
fission product yields [39]. They are most likely due to nu-
merical problems in the CYFP code and it was chosen to
allocate a realistic value for the uncertainty in those cases.
This value was chosen to be equal to that of neighboring
isotopes with similar fission yields or to the uncertainty
given by the code for the same isotope but at a different
incident neutron energy for which the numerical problem
is not seen.

For each isotope with non-negligible production, level
scheme data from ref. [37] were used to calculate the
amount of internal conversion in the prompt gamma de-
cay process from the internal conversion coefficients and
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Table 1. K X-rays per fission Y3 (Z) for 5 bins of incident neutron energies (see text). u(Yx) is the relative uncertainty in

percent as derived from the fits.

Thresh.—6 MeV 6-11 MeV 11-20 MeV 20-50 MeV 50-400 MeV

7 Yk u(Yx) Yk u(Yk) Yk u(Yk) Yk u(Yk) Yx u(Yx)

(x10°) (%) (x10°) (%) (x10°) (%) (x10°) (%) (x10°) (%)
35 5920 42 9620 41 13850 34 9870 34 8240 35
36 14510 22 15270 32 1590 354 19650 22 12120 34
37 15920 26 1720 257 6480 80 5290 133 0 0
38 21540 11 15430 22 13030 31 9480 33 2750 84
39 13420 11 13290 17 12960 20 10310 18 2600 50
40 21770 17250 10 14670 14 5250 25 3240 33
41 12230 9260 12 6610 19 4300 26 2940 26
42 10090 10 5720 21 6060 23 530 236 2720 35
43 1410 28 3150 20 4260 18 7110 9 7810 7
44 1760 36 660 144 2210 52 2890 29 6380 11
45 0 0 660 124 0 0 1360 84 2880 18
46 450 171 440 1730 1240 115 4020 25 4270 21
48 790 85 2560 43 2070 57 1970 43 2760 33
49 5690 15 4980 22 4640 35 9540 12 9840 11
50 11060 46 8730 81 4760 193 9610 62 15950 36
51 5690 15 3700 26 1700 97 3460 33 2230 48
52 14230 15 15050 22 11530 35 2750 95 3290 78
53 18360 2 17360 3 11210 6 6940 6 2890 12
54 25770 4 20570 6 9490 16 3950 20 2080 44
55 13330 2 15570 3 14560 4 11470 3 5090 6
56 10300 3 8790 6 7260 4710 7 2630 13
57 6590 3 7090 5 6260 6 4250 5 2470 8
58 3880 5 3970 7 2970 10 2530 8 1030 17
59 1020 10 1920 8 2100 9 1440 8 1180 8
60 310 19 610 15 500 20 320 19 250 24
61 50 120 300 30 430 26 420 19 360 19
62 10 200 250 28 80 100 0 0 140 36

gamma-ray intensities. Most of the converted gamma tran-
sitions initiate from isomeric levels with half lives not al-
ways negligible with respect to the 200 ns measurement
windows. To properly account for their contribution, a
lifetime factor was applied. This factor varies from 1.0
for prompt photons (no correction) to essentially zero (no
contribution) for long-lived states.

The fission K X-ray yields were obtained by multiply-
ing the obtained amount of converted transitions by the
isotopic fission yields and by the 1984 evaluated X-ray
fluorescence yields of Bambynek [40], and then summing
over isotopes of each atomic number. Full population of
the isomeric states per fission is assumed in the calcula-
tion, although this is certainly not true in all cases. The

resulting calculated X-ray yields as a function of Z are
represented in fig. 4 together with the measured yields. It
can be seen that the agreement with the measurements is
fair overall and excellent for some Z values. However, there
are cases where measurement far exceeds calculation, sug-
gesting that some highly converted transitions are missing
in the level scheme data. The lack of information in level
schemes is evident, for instance, in the heavier isotopes of
iodine (Z = 53) for which only very few levels are cur-
rently known. We observe that the discrepancy between
measurement and calculation, on average, progressively
decreases as the incident neutron energy increases. This is
because, at higher energies, the mass distribution of the
fragments for a given Z is shifted towards lower masses,
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Fig. 5. Evolution of K X-ray yields as a function of F, for a selection of elements corresponding to light (left panel), intermediate

(central panel) and heavy (right panel) fragments.

i.e. more stable nuclei, for which level scheme data are
much more complete. In contrast, in the case of Sb, calcu-
lations and measurements agree at lower energies, whereas
calculations exceed measurements as energies get higher,
with an increasing mismatch. This behavior suggests that
at higher energies there may be a shift to nuclei in which
prompt (200ns) gamma decay may involve blocking iso-
meric states or opening of pathways which bypass low-
lying strongly converted transitions, in contrast to our as-
sumption of 100% population. These results provide an
indication of nuclei in which to search for internally con-
verted states that decay on a 200ns time scale via pre-
dominantly F2 and M1 transitions.

9 Investigation of fission charge yields

The question naturally arises whether prompt K X-ray
yields can be used to assess fission charge yields quantita-
tively.

Since the prompt K X-rays are emitted subsequently
to the internal conversions occurring in the prompt de-
excitation of the fission fragments, their yields are nec-
essarily related to fission charge yields. For given A and
Z, the average number of K X-rays emitted per fission,
or Yk (Z, A) is the product of the isotopic yield Y (Z, A)
by the average number of K X-rays emitted per fragment
during their prompt de-excitation K(Z, A),

Summing over A, eq. (1) can be rewritten,
Y(2)=Y(2)-K(Z), (2)

where K (Z) is the mean K X-ray emission probability per
fragment of element Z.

We note that the values of K(Z, A) depend on the
internal conversion decay properties of each nuclide. If the
feeding and decay of these levels were well known, then the
values of K(Z,A) could be calculated, however, lack of
knowledge of the internal conversion coeflicients, lifetimes
and even energies for many of the levels make this task
difficult and not very accurate in many cases as shown in
the preceding section.

The K X-ray emission probability was studied by Reis-
dorf et al.in the early seventies [4] in low-energy fission of
several actinides. In this early work coincident measure-
ments of the kinetic energies of both fragments and the
prompt K X-rays were performed. K(Z) was obtained
for spontaneous fission of 2°2Cf and in thermal neutron-
induced fission of 233U, 23°U and 23°Pu. The K X-ray
emission probability was found to vary systematically with
Z and A for all the studied systems following a sawtooth
curve (fig. 6). It is at a minimum at low Z and A (Z = 36,
A = 90) then increases with increasing Z and A to reach
a plateau at A ~ 108, Z ~ 42, then drops for Z > 48 and
increases again up to Z = 61, A = 156 where it reaches
a plateau. This behavior is interpreted in terms of transi-
tion from sphericity to deformation when going away from
closed shells (N = 50,82, Z = 82). The transition from
pure vibrational to rotational excited states is reflected in
the increasing number of low-energy v transitions in the
de-excitation of the fragments, favoring internal conver-
sions.

Another interesting finding of ref. [4] is that K(Z) does
not vary strongly from one system to another. This is il-
lustrated in Fig. 6 where the ratios of K (Z) for 233U(n,f),
239Pu(n,f) and 2°2Cf to K(Z) for 23°U(n,f) are also repre-
sented. It can be seen that for all systems the ratio remains
in a 50% envelope for almost all Z values.
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Obviously in the present case the fissioning system dif-
fers from those investigated by Reisdorf. Depending on
incident neutron energy and the opening of the different
emission channels prior to fission, the fissioning system is
possibly 239U (first chance fission), 238U (second chance
fission), but also lighter isotopes of U and even isotopes of
Th and Pa. Moreover, Reisdorf’s results were obtained at
low excitation energy whereas in the present case higher
excitation energies and spin are expected for the fissioning
system.

However, there are several factors that tend to make
X-ray emission following fission vary slowly with changing
incident neutron energy:

1) Post neutron fragment excitation varies little with in-
cident neutron energy. Neutron emission takes much
of the available energy from the fissioning system
with the average number of emitted neutrons increas-
ing rapidly with increasing neutron energy, and pre-
equilibrium neutron emission potentially removing a
large fraction of the incident energy at high ener-
gies [20]. Recent measurements of prompt fission neu-
tron spectra in 238U(n,f) for incident neutron ener-
gies from 1 to 200 MeV indicate that the increase of
fragment temperature remains slight over this entire
incident neutron energy range [18]. Although, aver-
age total gamma-ray energy emitted does increase by
about 2MeV over the indicent neutron energy range
from thermal to 20 MeV (see ref. [41] and references
therein).

2) For the heavier-mass fragment peak there is almost
no shift in fragment masses with increasing F,,, only
broadening of the peak is observed. There is a shift to
lower masses, however, for the lighter mass fragments
with increasing incident neutron energy.

3) Nuclear level structure of isotopes differing by only 2
neutrons is often similar so that internal conversion
rates may be similar as well, although large variations
in conversion may occur.

Following these arguments it is instructive to use Reis-
dorf’s measurements as a prescription for K(Z) in order
to infer fission charge yields from our measurements. Al-
though this may be a crude approximation, the order of
magnitude of the error made can be estimated from the
spread on K(Z) observed for the different fissioning sys-
tems in fig. 6.

The charge distributions obtained in this way are dis-
played in figs. 7-9. The values of K(Z) were taken from
the measurements for 23°U(n,f) when available and other-
wise from that for 2°2Cf spontaneous fission.

It must be stressed that the data in figs. 7-9 are abso-
lute. No normalization has been applied. Two error bars
are represented, corresponding to the uncertainty derived
from the least squares fits (solid bar) and the quadratic
addition of this latter with the 50% relative uncertainty
associated with the K(Z) values (dotted bar).

The first observation is that the shapes of the charge
distributions correspond well to the expectations of a pro-
gressive increase of the symmetric fission probability with
a decrease of the asymmetric one, as well as an overall
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broadening. These results follow the progressive transi-
tion towards symmetric fission reported in ref. [42] for
measured fission mass yields in 233U (n,f).

The results for the first four energy intervals have been
compared with model calculations using the GEF code
(version 2013/1.7) [43]. The calculations were performed
for the mean energy of each energy interval, i.e. 3, 8, 14
and 32 MeV, respectively. It was not possible to compute
the charge yields for the highest energy bin with this code.
As can be seen in figs. 7 and 8, the agreement of the GEF
calculation with our results is quite good for the four en-
ergy bins.

In the same figures the results are also compared with
the Wahl systematics determined for the corresponding
energy intervals (see previous section). The Wahl sys-
tematics are represented with the associated uncertainty
(hatched areas). The agreement is also surprisingly good
for all energy intervals. This seems to confirm that K(Z)
does not vary strongly when going to higher incident
energies.

The agreement with Wahl is slightly degraded for the
higher energy interval ((E,) = 180MeV), where the ob-
tained charge yields seem to be, for the most part, sys-
tematically lower than the Wahl systematics. This can be
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interpreted, at least partly, as a decrease of the average
radiation probability K (Z) due to the shift towards lower
masses in the fragment mass distribution at given Z, pre-
sumably with lower internal conversion rates on average.
In refs. [6,7], a typical mass shift of 4 to 5 mass units is
reported when going from F,, = 3MeV to E,, = 70 MeV
in the Z domain from 50 to 60. According to the system-
atic variation of the K X-ray emission probability with A
reported in ref. [4], one might expect a decrease of K(Z)
by at least a factor of 2. The same behavior is also ex-
pected in the Z domain from 36 to 41. This correction on
the radiation probability would improve the agreement of
the obtained charge distributions for high incident neu-
tron energies with the Wahl systematics.

One could conceive a study in depth to determine
K (Z) through the modeling of the de-excitation of each
isotope, taking into account the mass shift with increas-
ing energy. However, as stated above, the level schemes
of most fission fragments are not well known, particularly
for the most converted transitions whose contribution to
K(Z) is the highest. Thus such a determination of K(Z)
would have to rely on models to a large extent. The re-
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cent development of Monte Carlo models of nuclear fission
(see, e.g., refs. [44-49]) can provide tools to investigate this
quantity provided internal conversion models are imple-
mented in the simulation of the fragments de-excitation.
Conversely, the present X-ray data provide an additional
test for these models.

Alternatively, coincidence measurements of X-rays
with conversion electrons and gamma rays can deter-
mine the nuclear levels from which the X-rays originate
as demonstrated by Watson et al. [11]. With the LAN-
SCE neutron source and GEANIE array, fission detectors
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with a larger amount of fissionable material are needed to
enable such studies.

To summarize, two main conclusions can be drawn
from this study of the variation of the K X-ray emis-
sion probability as a function of incident neutron energy.
First, the variation remains moderate even over our large
incident neutron energy range. This has been explained in
part through the changes in neutron emission that tend to
keep fragment excitations independent of incident neutron
energy. Second, X-ray emission appears to be dominated
by the transition of the nucleonic composition of the post
neutron fragments toward smaller numbers of neutrons.
Presumably these lighter fragments, on average, have re-
duced internal conversion because they are getting closer
to closed-shell nuclei.

10 Conclusion

Measurements of prompt K X-ray yields in 238U (n,f) have
been performed for the first time for fast neutron energies
ranging from 0.7 MeV to 400 MeV. These data provide in-
tegral information on fission fragment de-excitation which
may be useful for modeling nuclear fission for applications
and for basic understanding. Corresponding fission frag-
ment charge distributions have been derived from these
data using K X-ray emission probabilities per fragment
obtained in an earlier work in low-energy fission [4].

Results are in good agreement with GEF model calcu-
lations [43] and Wahl systematics [36,38] and corroborate,
at least qualitatively, the evolution of the mass distribu-
tion measured in another work [42] for the same system.
This shows that the K X-ray emission probability K (Z) is
not strongly changed at higher incident neutron energies
despite different nucleonic composition, excitation ener-
gies and spins of the fragments. The main influence on
K(Z) seems to be due to the shift towards lighter mass
fragments and more symmetric fission with increasing in-
cident neutron energy.

Measurements of X-ray and gamma-ray coincidences
can provide more detailed information on the production,
excitation and level properties of individual fragments,
however, greater statistics are needed for such studies. Ex-
tension of these measurements to more alpha active ma-
terials will require the use of alternate fission fragment
detectors such as gas-filled counters where radiation dam-
age is not an issue.

These data provide new information on the low-energy
portion of the photon spectrum emitted in neutron-
induced fission of 233U for a very wide range of incident
neutron energies. Such data are complementary (both
in photon energy range and in arising more from odd-
mass and odd-Z-odd-N fragments away from closed shells,
rather than even-Z-even-N fragments) to that obtained
from gamma-ray studies, and have application to the mod-
eling of nuclear reactors and accelerator driven systems as
a component of the total energy emitted in fission.
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