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Abstract

Photons have been measured with lanthanide halide safiutill detectors in
coincidence with fission fragments. Using the time-of-fligiformation, re-
actions from~-rays and neutrons could easily be distinguished. In skvera
experiments ort52Cf(sf), 22°U(ny,,f) and 24'Pu(n,,,f) prompt fissiony-ray
spectra characteristics were determined with high piatiand the results are
presented here. Moreover, a measured prompt fission nesgpexctrum for
235U(ny;,,f) is shown in order to demonstrate a new detection teclenigqu

1 Introduction

A good knowledge of particle emission in fission is esserftialthe peaceful use of nuclear power.

Prompt gamma-rays contribute considerably to the fissiat inea reaction core, whereas prompt neu-
trons are responsible for maintaining a chain reaction. prheision, with which their characteristics are
known, is of course important for both safety reasons and@oy. Apart from the technological as-

pects, there are also indications that in particular prdimpion gamma-rays reveal detailed information
on the dynamics of the fission process.

A coordinated research program for the experimental irgasbn of prompt fission neutron spec-
tra (PFNS) from major actinides, induced by fast neutronas vaunched by the IAEA [1], while
new measurements of prompt fissigrray spectra (PFGS), in particular for the reactidAgJ(n,f)
and?**Pu(n,f), have been included in OECD-NEAS high priority uest list for prompt fissiory-ray
data [2]. In recent studies we developed a technique, wiiimlrgin principle to measure simultaneously
both prompt neutrons angrays emitted in fission, and applied it to the reactidtt<f(sf), 23°U(ny,,f)
and**'Pu(n,,f). Below we report on the experiments, recently perforingtie framework of ERINDA,
and present results that were obtained so far.

2 Experiments

All experiments described in this paper have in common-hatys were measured in coincidence with
fission fragments. The photons were detected with novehéanide halide scintillation detectors, based
on cerium-doped lanthanum-chloride (La@e) [3], cerium-doped lanthanum-bromide (Laie) [4]
and cerium-bromide (CeB)[5, 6] crystals, respectively, which combine an excelléming resolution
with a reasonably good energy resolution. The trigger wasgiged by the fission fragments, which were
detected by either an ultra-fast polycrystalline chemiegdor deposited (pcCVD) diamond detector [7]
in conjunction with the fission fragment spectrometer VERB})or a Frisch-grid ionization chamber.
In all experiments both energy and time-of-flight (TOF) of fphotons were recorded. Figure 1 shows
a typical two-dimensional presentation of photons meabwith a 2 in. x 2 in. LaBr:Ce detector in
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Fig. 1: Distribution of y-rays by time-of-flight vs. energy. Prompt fissigrrays are represented by a horizontal
area (dashed line), while the vertical lines represerdys from reactions induced by prompt fission neutrons,
preferably inelastic scattering (see text for details).

coincidence with fission fragments, here from the spontasdigsion o°2Cf, investigated at the DG
Research Centre Institute for Reference Materials and ieasents (IRMM). The region of prompt
fission~-rays is indicated by the dashed line, while the many vdrticas between the dashed and the
dotted lines correspond to de-excitations after inelastigtron scattering in the detector or in structural
materials in the vicinity of the experimental set-up. Ethe line at 847 keV corresponds to the first
excited state if°Fe, whereas the one at 276 keV corresponds to the first exstiéel in®!Br present

in the detector. The time-of-flight distribution of the Etone is converted into an energy spectrum and
used to determine the neutron detection efficiency, asitbescin Ref. [9]. Below we show results from
an experiment o8>>U(ny,,f), obtained by applying this neutron efficiency to dateetalat the 10 MW
research reactor of the Centre for Energy Research in Batape

The prompt fissiony-rays were selected by choosing a narrow TOF window, thedrackd from
other reactions was assessed and subtracted, and thesdtai@rgy spectrum was normalized with the
number of fission events. In order to deduce the emitted prdisgion~y-ray spectrum, the measured
spectrum has to be corrected with the response functioneofisked detectors, which were determined
by means of Monte Carlo simulations with the computer codBlPIEOPE2011 [12], folded with the
energy resolution of the corresponding detector. Moreildetenformation on the actual extraction of
the emission spectrum is described e.g. in Ref. [4]. In tresmer we obtained PFGS characteristics,
i.e. the average-ray multiplicity 7., the average energy per photonand the total-ray energyE., ;.,
which are presented below.

3 Results

In this section an overview of experimental results is gif@nour prompt fission neutron angray
measurements performed so far. The results are comparedeioexperimental and calculated values,
where available. The reactions that were investigated®aef(sf), 23°U(n,,f) and?* Pu(ny,.,f).
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Fig. 2: Energy spectrum of neutrons from the reactidnU(n;,, f). The experimental values are fitted to a
Maxwell-Boltzmann distribution in order to extract a temgteire parameter and the distribution was normalized
to 1.

3.1 PFNS from the reaction?35U(nyy,,f)

In an experiment performed at the 10 MW research reactoreofCntre for Energy Research in Bu-
dapest, the reactiot¥*U(n,;,,f) was investigated with the same set-up as used to deterthéneutron
efficiency mentioned above (see Ref. [10] for details). Bighows the obtained neutron energy prob-
ability distribution, normalized to one. Due to several exqmental problems, leading to the loss of an
unknown number of events it was not possible to extract arageenumber of prompt fission neutrons
7. As a consequence of the poor statistics, we had to restniselves to neutron energies above 1 MeV
due to uncertainties in assessing the constant backgrddadever, it was at least possible to extend
the energy range to 5 MeV. Although the statistical accuragyuite poor, indicated by the large error
bars (containing both statistical uncertainties and thiom® background determination as well as effi-
ciency), we fitted a Maxwell-Boltzmann distribution to thata. It results in a temperature parameter
Ty = (1.3 +0.5) MeV, which agrees well with documented values like e.g. M&3/ from Ref. [11].
Admittedly, the experimental data presented here is of gaality and the shape of the neutron spectrum
- a Maxwell-Boltzmann distribution - was assumed to be knbeforehand; still, perfect agreement with
previously published values for the temperature paranvedsrachieved. This result might serve at least
to illustrate the applicability of the neutron detectionhirique mentioned above.

3.2 PFGS characteristics from the reaction€52Cf(sf), 232U(ny,f) and 241 Pu(ngs,f)

Several experiments were performed to measure promptriissiay spectra (PFGS). The investigation
of the spontaneous fission &fCf was carried out at the DG Research Centre IRMM in Geel, avhil
the thermal neutron-induced fission of bdtU and?*' Pu was studied at the 10 MW research reactor
of the Centre for Energy Research in Budapest. The expetimegre conducted according to the brief
description in Sect. 2. More information on the particulsstiumentation and experimental set-ups for
each measurement as well as details about the data treadneegiven in Refs. [4, 13—15], where also
the obtained emission spectra are shown. An overview ofeterchined PFGS characteristics from our
measurements, denoted by the individual detector that e, @re displayed in Fig. 3 fét2Cf(sf), in
Fig. 4 for23°U(ny,,f) and in Fig. 5 for?*'Pu(n,,,f). Mean photon multiplicity, mean photon energy per
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Fig. 3: Overview of measured PFGS characteristics for the spoateission of52Cf: (a) Mean photon mul-

tiplicity, (b) mean photon energy per fission and (c) totééased photon energy from our work, denoted by the
detectors in use. Average values and their uncertainteediaplayed as full drawn and dashed lines, respectively.
They are compared to results from other experiments and Intadt=ulations (see Refs. [4, 13] and references

therein.
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Fig. 4: Overview of measured PFGS characteristics for the thermiadran-induced fission o°U: (a) Mean
photon multiplicity, (b) mean photon energy per fission at)ddtal released photon energy from our work, denoted
by the detectors in use. Average values and their uncedsiate displayed as full drawn and dashed lines,
respectively. They are compared to results from other éxygits and model calculations (see Ref. [14] and
references therein.
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Fig. 5: Overview of measured PFGS characteristics for the thermatran-induced fission ¢! Pu: (a) Mean
photon multiplicity, (b) mean photon energy per fission at)ddtal released photon energy from our work, denoted
by the detectors in use. Average values and their uncedsiate displayed as full drawn and dashed lines,
respectively. They are compared to results from other éxyits and model calculations (see Ref. [15] and
references therein.
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Fig. 6: Low energy part of PFGS for the fissioning systems reportedih this work. The distinct peak structures
exhibit obvious similarities.

fission and total released photon energy are plotted in therupiddle and lower part of the figures,

respectively. Values averaged over our results and th&erteinties are shown as as full drawn and
dashed lines. Corresponding values from other measurerasnivell as from theoretical calculations

and an evaluated data library are shown for comparison. r&efes to those studies are given in the
references mentioned above. A brief discussion of our fgslfollows below.

4 Summary and discussion

From the overviews presented in the previous section we maglede that all our measurements gave
very consistent results independent of the particularctieten use. That made it possible to determine
average values for the PFGS characteristics with hitherpvacedented accuracy for all fissioning sys-
tems investigated so far. Other recent experimental iedaken with the detector system DANCE and
published during the years 2012 and 2013, exhibit averadgpticities, which are lower than ours, and
a totaly-ray energy released in fission that is too high compared toemults. An explanation for this
discrepancy is given by absorption effects for low eneygwys as addressed in Ref. [4]. A comparison
of the low energy regions of the PFGS for the fissioning systesported about in this work, exhibits
distinct and very similar peak structures (see Fig. 6). Webe that their origin is de-excitation of
rotational states in mainly heavy fission fragments. A gmestonfirmation for that is the topic of our
efforts in the next future.

We have also demonstrated a technique to measure PFNS wiitfateum bromide detectors by
evaluatingy-rays produced in inelastic neutron scattering off bromrinelei, even if the obtained data
for 235U is affected by very low statistics. Since the energy of thesidered excited state is equal to the
minimum kinetic energy of the detectable neutrons, the lnergy threshold in this work should be in
principle at about 280 keV. This is much lower than the 500E0@D keV, which is reported for standard
neutron detectors. In order to prove that we have to appéytduhnique to experimental data taken with
better statistics, which is in progress.
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