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Impact of low-energy photons on the characteristics of prompt fission y-ray spectra
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In this paper we report on a new study of prompt y-rays from the spontaneous fission of »2Cf. Photons
were measured in coincidence with fission fragments by employing four different lanthanide halide scintillation
detectors. Together with results from a previous work of ours, we determined characteristic parameters with high
precision, such as the average y-ray multiplicity v,, = (8.29 & 0.13), the average energy per photon €, = (0.80 £
0.02) MeV, and the total y-ray energy release per fission E,, o = (6.65 & 0.10) MeV. The excellent agreement
between the individual results obtained in all six measurements proves the good repeatability of the applied
experimental technique. The impact of low-energy photons, i.e., below 500 keV, on prompt fission y-ray spectra
characteristics has been investigated as well by comparing our results with those taken with the DANCE detector
system, which appears to suffer from absorption effects in the low-energy region. Correction factors for this
effect were estimated, giving results comparable to ours as well as to historical ones. From this we demonstrate
that the different techniques of determining the average y -ray multiplicity, either from a properly measured and

normalized spectrum or a measured multiplicity distribution, give equivalent and consistent results.

DOLI: 10.1103/PhysRevC.92.014618

I. INTRODUCTION

In a recent paper results were presented from precise
measurements of prompt fission y-ray spectra (PFGS) from
the reaction n,;, + 23U [1]. Their characteristics in terms of
average y-ray multiplicity v,, average energy per photon and
total y-ray energy release per fission, €, and E, i, respec-
tively, were determined for y-rays with energies between 0.1
and 6.0 MeV. Since the experimental results were compared
with both previous measurements [2—4] and recent Monte
Carlo Hauser-Feshbach calculations [5-8], which cover an
energy range up to 10 MeV and more, the impact of y-rays
with energies above 6 MeV was investigated. This was done
by fitting a measured spectrum between 3 and 6 MeV with
an exponential function, extrapolating it to 10 MeV and
integrating between 6 and 10 MeV. A detailed description
of this procedure is given in Ref. [1]. As a result it could be
estimated that the contribution of these high energetic photons
on the total y-ray energy released per fission is at most of the
order of the uncertainty of its mean value.

In the present work, in contrast, we investigated the impact
of the low-energy part of PFGS on their characteristics. The
study was motivated by the fact that experimental results
obtained by our collaboration agree quite well with corre-
sponding historical experimental as well as recent theoretical
values, but disagree considerably with those taken with the
DANCE detector system. This has already been shown for
the reactions 22Cf(sf) [9], 2> U(ng, f) [11, and >*'Pu(ng, f)
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[10], in particular for €, and E, .. These discrepancies were
associated with absorption effects in DANCE for photons in
the low-energy regime [9], which becomes rather obvious
by comparing the shapes of the PFGS below 500 keV. In
order to assess this effect numerically and eventually offer a
possibility to correct for it, we revisited our measurements of
PFGS from the spontaneous fission of 2>2Cf(sf). In addition
to our previous results published in Ref. [9], obtained with a
LaBr3:Ce and a CeBrj3 scintillation detector, respectively, we
performed and analyzed four more measurements employing
three other detectors. The results are given below.

II. EXPERIMENTS AND RESULTS

The new measurements were performed by putting a
232Cf source inside a cylindrical vacuum chamber. The fast
fission trigger was provided by an artificial polycrystalline
chemical vapor deposited (pcCVD) diamond detector, whose
active area was 1 cm x 1 cm, and which was mounted
directly above the 2°2Cf sample. The properties of the artificial
diamond detector are described in Ref. [12]. In one of the
measurements a coaxial cerium-doped lanthanum chloride
(LaClj5:Ce) scintillation detector of size 1.5 in. x 1.5 in. was
placed at a distance of 37 cm from the fission source in order
to measure photons in coincidence with fission fragments.
More detailed information about the experimental setup and
employed electronics may be found in Ref. [11], where also
results from the characterization of the used scintillation
detector is given. In other measurements, coaxial cerium-
doped lanthanum bromide (LaBr;:Ce) scintillation detectors
of size 2 in. x 2 in. (two times) and 3 in. x 3 in. were
used in a similar setup. They have already been used in
previous experiments (cf. Refs. [1,9,10], where also references
to information about their properties are given).
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Here too, the distance between detector and 2>Cf sample
was 40 cm for the smaller detectors and 60 cm for the bigger
one. All detectors were placed perpendicular to the symmetry
axis of the ionization chamber in the same plane as the fission
source. Hence, they all have in common that their covered
solid angle is about 47t /1000, indicating that the probability of
multiple photon events decreases for each photon by a factor of
1/1000. The observed coincidence timing resolution at E,, =
200 keV was about 1 ns for LaBr;:Ce and 1.1 ns for LaCls:Ce
detectors in conjunction with a diamond detector, which is
better than obtained with a Frisch grid ionization chamber
used as fission trigger [10]. Fission y-rays were selected
within £3 ns relative to the prompt peak in the time-of-flight
spectrum; see Ref. [10] for comparison.

After obtaining a background-subtracted prompt fission
y-ray spectrum, the response function of the respective scin-
tillation detectors must be unfolded in order to extract the real
emission spectra. These response functions were determined
by means of Monte Carlo simulations with the computer code
PENELOPE2011 [13], where experimental conditions, like,
e.g., acceptance of the corresponding detectors, were taken
into account. The measured spectra were then reproduced
with the results from the simulations and the actually emitted
prompt fission y-ray spectrum was deduced according to a
technique that has been described in Ref. [9] and already
applied successfully on seven measurements involving five
different lanthanide halide detectors [1,9] prior to this work.

When both measuring time and effective activity of the
sample are known, the adjustment of the integral simulated
spectrum to the experimental one gives automatically the
properly normalized emission spectrum in units per MeV and
fission. Hence, integrating over the entire energy spectrum
gives the number of y -rays per fission, i.e., the multiplicity. The
effective activity depends on the total activity, the spatial exten-
sion of the radioactive source, and the coverage of the diamond
detector, which is important, since it determines the fission
trigger rate. This, however, was not very well known in the
measurement with the LaCl;:Ce detector. Hence, the emission
spectrum for that detector obtained in this work was adjusted
in height to a corresponding spectrum taken previously with
a LaBr;:Ce detector [9]. This adjustment was performed by
normalizing the integral spectrum to the reference spectrum
within the energy range between 2 and 6 MeV.

The resulting emission spectra from this work are shown in
Fig. 1(a), where the different detectors in use are indicated. For
the sake of clarity, error bars are shown only for one detector
(Q489). Within these uncertainties, the agreement between
all four spectra is very good over the entire energy range. In
Fig. 1(b) one of the spectra obtained in this work is compared to
results from different theoretical efforts. As mentioned above,
new and advanced computer codes are able to simulate prompt
neutron and y -ray emission from primary fission fragments by
a Monte Carlo approach together with a full Hauser-Feshbach
calculation, developed independently at CEA Cadarache [5,6]
and by a Los Alamos/New York collaboration [7,8]. Both
theoretical models provided already predictions for PFGS
characteristics for the system n,, + 2*U, which are in good
agreement with recent experimental results [1]. Both research
groups supplied us also with results from new and improved
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FIG. 1. (Color online) (a) Unfolded prompt fission y-ray emis-
sion spectra from the spontaneous fission of 22Cf, taken with four
different lanthanide halide scintillation detectors: three LaBr;:Ce
detectors and the LaCl;:Ce detector used in this work (see text for
details). (b) Comparison between one of the experimental spectra
from this work with the ones of model calculations from Refs. [14,15]
and data from the evaluated library ENDF/B-VII.1 [16]. Apart from
the energy range above 4 MeV, the slopes of all spectra are in rather
good agreement, i.e., within the error bars from our measurement,
which for the sake of clarity are shown for the first mentioned detector
only.

calculations for the spontaneous fission of 22Cf, which include
both PFGS characteristics and calculated spectra [14,15].
The latter are depicted in the lower part of Fig. 1, together
with information from the recently updated evaluated data
base ENDF/B-VII.1 [16]. The agreement between all data
is rather good, despite differences with respect to the slopes
above 4 MeV and the fact that the evaluation underestimates
the photon yield at energies below 400 keV. Below the
characteristic parameters describing PEGS are determined and
compared as well.

For that, the integral and first moment of the measured
energy distributions are calculated, representing the average
photon multiplicity and the total photon energy, respectively.
The average energy per photon is then given by the ratio
of average total photon energy and average multiplicity.
The uncertainties of the integrated values contain statistical
uncertainties in the measured spectra as well as contributions
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TABLE I. Summary of prompt y-ray characteristics for the spontaneous fission of 2>Cf. Experimental results from this work for the y-ray
multiplicity v,,, the average energy €,, and the total energy E, ,, are given and the covered energy range is indicated. The results from our
previous work [9] are given as well and averaged values for our six measurements are presented. They are compared to previously obtained
experimental results from Refs. [2,17,18] as well as to corresponding numbers from the evaluated nuclear data files in ENDF/B-VII.1 [16] and
from calculations from Refs. [5,6,8,14,15]. The results denoted by * are calculated on the basis of an adjustment to a result from Ref. [9] (see
text for details). The bottom line corresponds to modified values from Ref. [17] according to a procedure described in Sec. III.

Results Detector Diameter x length v, € E, ot Energy range
(in. x in.) (per fission) MeV) (MeV) (MeV)
This work LaBr;:Ce (Q489) 2x2 8.29+0.07 0.81 £0.01 6.74 £ 0.09 0.1-6.4
This work LaBr;:Ce (Q491) 2x2 828 £0.08 0.82+0.01 6.76 £ 0.09 0.1-6.5
This work LaBr;:Ce (2987) 3x3 8.28+0.07 0.79£0.01 6.51 £0.07 0.1-7.7
This work LaCl;:Ce (SEB 347) 1.5 x 1.5 828+044 0.82£0.05 6.81 £0.14 0.1-6.0 *
Billnert et al. [9] LaBr;:Ce (Q489) 2x2 828 £0.08 0.80+£0.01 6.64 £0.10 0.1-7.2
Billnert et al. [9] CeBr; (315) 1x2 8.31+0.10 0.80=%0.01 6.61 £0.12 0.1-6.5
This work Averaged values 8.29+0.13 0.80+£0.02  6.65=+0.10 >0.1
Chyzh et al. [17] DANCE [19] 8.14+040 094+£0.05 7.65+£0.55 0.15-9.3
Verbinski et al. [2] Nal 23x6 7.80£0.30 0.88+0.04 6.84+£0.30 0.14-10.0
Pleasonton et al. [18] Nal 5x4 832+040 085£0.06 7.06+£0.35 >0.085
ENDF/B-VII.1 [16] Evaluation 8.58 0.78 6.71 0.1-10.0
Litaize et al. [5] Calculation 6.77
Regnier et al. [6] Calculation 8.8 0.70 6.2 0.15-10.0
Regnier [14] Calculation 8.62 0.72 6.21 0.07-10.0
Becker et al. [8] Calculation 9.97 0.85 8.47 0.14-10.0
Talou [15] Calculation 7.96 0.86 6.85 0.1-10.0
This work Modified results from Chyzh et al. [17] 8.40 £ 0.81 0.76 £0.08 6.38 +£0.91 0.1-93

from the Monte Carlo simulations of the response function, the
unfolding procedure, and from all other data treatment. The
relative contributions of statistical and systematic uncertainties
are given in Table I1. The adjustment of the spectrum taken with
the LaCl;:Ce detector introduced an additional uncertainty,
which explains the somewhat larger error bars. The resulting
characteristic parameters are listed in Table I, together with
corresponding numbers from our previous work [9]. Averaged
values from these six measurements are given as well. They
were obtained for the average multiplicity and the average
total y-ray energy by weighting the individual values with their
respective statistical uncertainties according to Table II. Hence,
the uncertainties of those mean values consist of a statistical
part, calculated from the statistical uncertainties from the
six measurements, to which a systematic part was added,
corresponding to the mean value of the individual systematic
uncertainties. The mean value of the average photon energy is

TABLE II. Relative contributions to the total uncertainties of
prompt fission y-ray characteristics from our measurements as given
in Table L.

Type of uncertainty v, E, o €,
Statistical (y-rays, fissions, 13.4% 8.7% 10.2%
number of simulations)

Systematic 86.6% 91.3% 89.8%
e Simulation (setup, cross sections) 56.2% 54.8% 54.9%
e Energy calibration - 4.6% 3.8%
o Fitting detector response 30.4% 31.9% 31.1%

then calculated from the ratio of the averaged values for multi-
plicity and total energy with their corresponding uncertainties.
Our results are compared to results from previous experiments
[2,17,18], model calculations [5,6,8,14,15], and the recent
evaluation [16]. The last line corresponds to modified values
from Ref. [17] according to a procedure explained below. A
survey of results is also given in Fig. 2, where the full (red)
circles denote the values from this work as well as from our
previous one [9], while the open black circles indicate the
other available results. Mean values and their uncertainties,
based on our measurements, are indicated by full-drawn and
dashed (red) lines, respectively. The good repeatability of the
technique applied in our experiments is documented by the
excellent agreement between the results obtained in each of
the six measurements.

III. DISCUSSION AND CONCLUSIONS

From both presentations, Table I and Fig. 2, it is obvious
that all our measurements, performed independently with high
statistics and with different detectors, led to very consistent
results. Averaging these gives very precise mean values, i.e.,
with very small uncertainties. Our results are also in good
agreement with those from experiments from the early 1970s
[2,18], recent model calculations [14,15], and the evaluated
library ENDF/B-VII.1 [16]. The average photon multiplicity
from Ref. [17], determined by means of a multiplicity distribu-
tion measured with the DANCE detector system, agrees also
quite well with our result. This is also reflected in Fig. 3, which
shows the measured distribution from Ref. [17] as open black
dots and a calculated one from this work as (red) histogram.
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FIG. 2. (Color online) Overview of results for the measurement
of prompt y-ray emission from the spontaneous fission of 232Cf: (a)
Average photon multiplicity, (b) mean photon energy per fission, and
(c) total released photon energy. Values from both this work and our
previous work [9] are shown in full (red) circles and compared to other
experimental results from the early 1970s [2,18] and from a recent
work by Chyzh et al. [17]. Also shown are data from ENDF/B-
VIIL.1 [16] and results from recent Monte Carlo Hauser-Feshbach
calculations [14,15]. Values averaged over our results obtained in six
measurements with five different detectors and their uncertainties are
displayed as full drawn and dashed (red) lines, respectively.

Here we have used a negative binomial distribution to describe
the probability P (v, ) for a certain multiplicity v, , which may
be written as

P(v,) = (a+vy -

)P“(l -7, ey
Y

with o = (D, — 7' and p = a/(a +7v,) [20]. The only
parameters to be used here are D, = 1.074 according to
Ref. [20] and the average y-ray multiplicity v,, = 8.29 from
our work (cf. Table I). The good agreement between both
distributions corresponds not only to the good agreement
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FIG. 3. (Color online) Comparison of prompt fission y-ray mul-
tiplicity distributions: as (red) histogram the calculated one from this
work based on the average experimental value and a negative binomial
distribution, and the measured one from Ref. [17] as open black dots.

between both average multiplicities, but it proves also that
both—complementary—methods of determining an average
multiplicity, i.e., integrating a correctly measured PFGS on
one hand and calculating the first moment of a measured
multiplicity distribution on the other, give equivalent and
consistent results. Moreover, it indicates also the goodness of
approximating prompt fission y-ray multiplicity distributions
with the here-chosen parametrization. This model is also used
in the fission module provided by Ref. [21].

In contrast to what we have just shown, the PFGS from
DANCE does not result in a comparable average multiplicity,
since a big part of photon yield is missing in the spectrum,
which is depicted in Fig. 4. Here we have compared the
PFGS taken with a LaBr3:Ce detector from this work with
the one obtained by the DANCE collaboration [17], which has
been normalized to the spectrum from Ref. [2], as shown in

10% ¢
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----- Chyzh et al.
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Photons / (MeV fission)
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FIG. 4. (Color online) Comparison of PFGS from >2Cf(sf), ob-
tained with one of the LaBr;:Ce detectors and the one obtained with
the DANCE detector system [17], depicted as full (red) and dashed
(black) lines, respectively. The (red) hatched areas below 500 keV
and above 4 MeV indicate the missing photon yield in the DANCE
spectrum (see text for details).

014618-4



IMPACT OF LOW-ENERGY PHOTONS ON THE ...

Ref. [9]. The (red) hatched areas below 500 keV and above
4 MeV indicate the difference in photon yield, which affects
practically the low-energy region only and amounts to about
30%, i.e., integration of the spectrum from Ref. [17] gives an
average multiplicity of 5.81 compared to our averaged value of
8.29. Please observe that the value of 8.14, as given in Ref. [17]
and listed in Table I, has been verified by summing over
their multiplicity distribution. In contrast, the mean energy per
photon is in accordance with the PFGS shown there. Hence, it
is not really a surprise that both average photon energy €, and
total released y-ray energy E, o published in Ref. [17] are
significantly higher than all other values available so far (see
Figs. 2(b) and 2(c), respectively), since a lack of low-energy
photons shifts the mean energy toward higher values. We have
assessed this effect and present a correction factor for the
average photon energy obtained with DANCE.

Since our PFGS and the one from Ref. [17] agree well
between 500 keV and 4 MeV (cf. Fig. 4), we calculated the
average photon energy for both spectra within this energy
region as well as for the entire energy regime. From the ratios
of both values for each spectrum we determined a factor of
(0.81 £ 0.07), with which the average photon energy given in
Ref. [17] must be multiplied. As a result one obtains €, =
(0.76 £ 0.08) MeV, which is in good agreement with all the
other values depicted in Fig. 2(b). If we also correct the
spectrum from Ref. [17] for the loss of photons according to
Fig. 4 and compute the average photon multiplicity, we obtain
v, = (8.40 & 0.81), which agrees well with the original value
of (8.14 £+ 0.40) deduced from the multiplicity distribution
in Ref. [17]. Using both €, = (0.76 0.08) MeV and
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v, = (840 £ 0.81) we may calculate E, x = (6.38 £
0.91), which also compares well with all other results. These
values have been included in Table I (bottom line). The
given uncertainties were estimated from the ones given in
Refs. [9,17] under the assumption that the relative errors in
energy are negligible. It must be noted here that, apart from
the multiplicity distribution depicted in Fig. 3, the mean total
energy as a function of y-ray multiplicity is given in Ref. [17],
too. If both pieces of information are combined, one obtains an
average total y-ray energy of 6.69 MeV and, together with an
average multiplicity of 8.14 deduced from Fig. 3, an average
energy per photon of 0.82 MeV. These values are in excellent
agreement with our results as well as with the ones from our
corrections to the PFGS from Ref. [17].

We conclude that the determination of the average prompt
fission y-ray multiplicity, either from a properly measured
spectrum or a measured multiplicity distribution, gives equiv-
alent and consistent results, as it ought to be. However, if the
measured photon spectrum is not correct, e.g., the low-energy
part is underestimated, not only the deduced multiplicity is
affected, but also the average energy per photon and the total
released y -ray energy. Hence, a good knowledge of the PFGS,
in particular the low-energy part below 500 keV, is crucial for
the determination of PFGS characteristics.
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