Eur. Phys. . A (2024) 60:70 THE EUROPEAN M)
https://doi.org/10.1140/epja/s10050-024-01277-8 PHYS'CAL JOURNAL A Cur;)%caﬁégr

Regular Article - Experimental Physics

Measurement of the prompt fission y-rays from slow
neutron-induced fission of 23U with STEFF

The n_TOF Collaboration (www.cern.ch/ntof)

T. Wrightl’a , A. G. Smith!, N. V. Sosnin?, S. A. Bennett!, P. J. Davies?, A. V. Popescu4’5, J. A. Ryan!, A. Sekhar!,
S. Warren!, O. AberleS, S. Amaducci’®, J. Andrzejewski’, L. Audouin!’, M. Bacak®11-12 J, Balibrea'?,

M. Barbagallo'4, F. Be¢vai's, E. Berthoumieux'?, J. Billowes!, D. Bosnar!®, A. Brown?, M. Caamaiio!’,

F. Calvifio!®, M. Calviani®, D. Cano-Ott!3, R. Cardella®, A. Casanovas!3, F. Cerutti®, Y. H. Chen!’, E. Chiaveri':%-1,
N. Colonna'4, G. Cortés!3, M. A. Cortés-Giraldo!?, L. Cosentino?’, L. A. Damone!42!, M. Diakaki'?,

C. Domingo-Pardo??, R. Dressler??, E. Dupont!2, I. Duran!’, B. Ferniandez-Dominguez!’, A. Ferrari®, P. Ferreira2*,
P. Finocchiaro?’, V. Furman*, K. Giobel?>, A. R. Garcial?, A. Gawlik-Ramiqga9, S. Gilardoni®, T. Glodariu2,

I. F. Goncalves?*, E. Gonzilez-Romero'3, E. Griesmayer!!, C. Guerrero!’, F. Gunsing®'?, H. Harada?’,

S. Heinitz?3, J. Heyse?3, D. G. Jenkins®, E. Jericha!l, F. Kippeler??, Y. Kadi®, A. Kalamara’, P. Kavrigin'!,

A. Kimura?’, N. Kivel?, M. Kokkoris®, M. Krti¢ka!®, D. Kurtulgil?*, E. Leal-Cidoncha!’, C. Lederer-Woods?,

H. Leeb!!, J. Lerendegui-Marco'?, S. Lo Meo’1, S. J. Lonsdale?, D. Macina®, A. Manna’-3, J. Marganiec’,

T. Martinez'3, A. Masi®, C. Massimi’-%, P. Mastinu3?, M. Mastromarco'?, E. A. Maugeri>}, A. Mazzone!#-33,

E. Mendoza'?, A. Mengoni®!, P. M. Milazzo®*, F. Mingrone®, A. Musumarra3>-3%, A. Negret?¢, R. Nolte"’,

A. Oprea®®, N. Patronis’, A. Pavlik®, J. Perkowski’, I. Porras*’, J. Praena?’, J. M. Quesada'®, D. Radeck?’,

T. Rauscher*!#2, R. Reifarth?, C. Rubbia®, M. Sabaté-Gilarte!"!?, A. Saxena®, P. Schillebeeckx?®, D. Schumann?3,
P. Sedyshev‘”, A. Stamatopoulos”, G. Tagliente“, J. L. Tainzz, A. Tarifeﬁo-SaldiVials, L. Tassan-Got1?,

S. Valenta!®, G. Vannini’:8, V. Variale!#, P. Vaz*4, A. Ventura’, V. Vlachoudis®, R. Vlastou®, A. Wallner**,

C. Weiss!!, P. J. Woods?, P. iugec‘s’16

1 University of Manchester, Manchester, UK

2 University of Edinburgh, Edinburgh, UK

3 University of York, Heslington, UK

4 Institut Laue-Langevin, Grenoble, France

5 Technische Univeristat Munchen, Munich, Germany

6 European Organization for Nuclear Research (CERN), Meyrin, Switzerland

7 Istituto Nazionale di Fisica Nucleare, Sezione di Bologna, Italy

8 Dipartimento di Fisica e Astronomia, Universita di Bologna, Bologna, Italy

9 University of Lodz, Lodz, Poland
10 Tngtitut de Physique Nucléaire, CNRS-IN2P3, Univ. Paris-Sud, Université Paris-Saclay, 91406 Orsay Cedex, France
"' TU Wien, Atominstitut, Stadionallee 2, 1020 Wien, Austria
12 CEA Irfu, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
13 Centro de Investigaciones Energéticas Medioambientales y Tecnolégicas (CIEMAT), Madrid, Spain
14 Tstituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy

15 Charles University, Prague, Czech Republic

16 Department of Physics, Faculty of Science, University of Zagreb, Zagreb, Croatia

17 University of Santiago de Compostela, Santiago, Spain

18 Universitat Politécnica de Catalunya, Barcelona, Spain

19 Universidad de Sevilla, Sevilla, Spain
20 INFN Laboratori Nazionali del Sud, Catania, Italy
21 Dipartimento Interateneo di Fisica, Universita degli Studi di Bari, Bari, Italy
22 Instituto de Fisica Corpuscular, CSIC - Universidad de Valencia, Valencia, Spain
23 Paul Scherrer Institut (PSI), Villigen, Switzerland
24 Instituto Superior Técnico, Lisbon, Portugal
25 Goethe University Frankfurt, Frankfurt, Germany
26 Horia Hulubei National Institute of Physics and Nuclear Engineering, Migurele, Romania
27 Japan Atomic Energy Agency (JAEA), Tokai-Mura, Japan
28 European Commission, Joint Research Centre (JRC), Geel, Belgium
29 Karlsruhe Institute of Technology, Campus North, IKP, 76021 Karlsruhe, Germany
30 National Technical University of Athens, Athens, Greece


http://crossmark.crossref.org/dialog/?doi=10.1140/epja/s10050-024-01277-8&domain=pdf
http://orcid.org/0000-0002-6285-1105

70 Page2of 11

Eur. Phys. J. A (2024) 60:70

31 Agenzia Nazionale per le Nuove Tecnologie (ENEA), Roma, Italy
32 INFN Laboratori Nazionali di Legnaro, Legnaro, Italy

33 Consiglio Nazionale delle Ricerche, Bari, Italy

34 Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy

35 Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Italy

36 Department of Physics and Astronomy, University of Catania, Catania, Italy
37 Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany

38 University of loannina, Ioannina, Greece

39 University of Vienna, Faculty of Physics, Vienna, Austria

40 University of Granada, Ioannina, Spain

41 Department of Physics, University of Basel, Basel, Switzerland

42 Centre for Astrophysics Research, University of Hertfordshire, Hertfordshire, UK

43 Bhabha Atomic Research Centre (BARC), Mumbai, India

4 Affiliated with an Institute Covered by a Cooperation Agreement with CERN, Meyrin, Switzerland

45 Australian National University, Canberra, Australia

Received: 19 September 2023 / Accepted: 21 February 2024 / Published online: 19 March 2024

© The Author(s) 2024
Communicated by Jose Benlliure

Abstract The average energy and multiplicity of prompt
y-rays from slow neutron-induced fission of 23U have
been measured using the STEFF spectrometer at the neu-
tron time-of-flight facility n_TOF. The individual responses
from 11 Nal scintillators were corrected for multiple y-ray
interactions, prompt fission neutrons and background counts
before being deconvolved to estimate the emitted spectrum
of prompt fission y-rays. The results give an average y-ray
energy EV of 1.71(5) MeV and multiplicity v, of 2.66(18)
considering y-rays emitted within the energy range 0.8-6.8
MeV. The n_TOF data has a slightly larger EV and smaller
v, than other recent measurements, however the product of
the two is in agreement within quoted uncertainties.

1 Introduction and motivation

Exploiting the energy released during thermal neutron-
induced fission of 2*3U is fundamental to global energy pro-
duction and forms a significant fraction of most developed
countries’ low-carbon base-load electricity supply. As coun-
tries determine their future energy policy in order to meet the
Paris agreement and thus a heavier reliance on low-carbon
technologies, nuclear fission is often cited and depended
upon as a reliable technology to complement and supplement
other renewable energy sources.

Although nuclear reactors are a mature technology, sup-
plying electricity to power grids since 1954, many of the
precise details of the energy released in fission are still not
known [1]. Alongside other physical quantities, which facil-
itate the calculations associated with nuclear technologies,
nuclear fission observables fall under the blanket of nuclear
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data. The accuracy of these nuclear data underpins the feasi-
bility, safety and efficiency of both present and future nuclear
technologies. Fast reactors, which make up four of the six
reactors considered within the generation IV (Gen-1V) inter-
national forum [2], are of particular interest for future tech-
nologies due to their benefits such as increased fuel burn-up
efficiency and inherent safety. This increased efficiency and
safety come at the cost of complexity and challenges in the
design and operation of Gen-IV fast reactors. There is there-
fore an increased reliance on the accuracy of the associated
nuclear data, such as the requirement for a maximum uncer-
tainty of 7.5% on the energy deposition in non-fuelled zones
such as the reactor core reflectors [3]. Heating in these zones
is dominated by y-rays, which typically constitute ~10% of
the total energy released in the reactor core. These y-rays
originate from radiative neutron capture, inelastic scatter-
ing, radioactive decay of fission products and prompt y-rays
emitted from fission products. The latter make up the largest
contribution (~40%) and also dominate the uncertainty in the
heating of the non-fuelled zones. A high priority request was
issued in 2006 [4] to provide data on mean prompt fission
y-ray (PFG) energy E » and multiplicity v, from neutron
induced fission of 23°U to meet application requirements.
This request triggered investigations at different facilities into
these quantities. The reported results show some differences
(see Sect.?2).

The Spectrometer for Exotic Fission Fragments (STEFF)
provides a powerful tool for measuring the properties of
prompt fission y -rays and has been utilised to study and mea-
sure the neutron-induced fission of 2°U. This work describes
the first measurement using STEFF at the neutron time-of-
flight facility (n_TOF) at CERN, the results of which shall
complement other recent measurements of mean prompt fis-
sion y-ray energy and multiplicity.
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Table 1 Existing experimental
PFG data for average

gamma-ray energy £, and
multiplicity vy, and the values
adopted by ENDF/B-VIIIL.O
evaluation. E,,;, and E,,q
represent the lower and the
upper energy thresholds of
detected y-rays, respectively

Reference Ein (keV) Eax MeV) EV MeV) vy
ENDF/B-VIILO [6] 0 - 0.85 8.58
Peelle et al. [7] 150 10.5 0.99(7) -
Pleasonton et al. [8] 90 10 0.99(7) 6.51(30)
Verbinski et al. [9] 140 10 0.97(5) 6.7(3)
Oberstedt et al. [10] 100 6 0.84(2) 8.19(11)
Chyzh et al. [11] 150 25 - 7.35(35)
Murray et al. [12,13] 0 8 1.09(30) 7.74(12)
Makii et al. [14] 1000 20 1.78(5) 2.29(5)

The status of current data and recent measurements is dis-
cussed in Sect.2, followed by a description of STEFF in
Sect. 3. The details of the experimental campaign at n_TOF
are provided in Sect.4. The handling of the data analysis is
addressed in Sect. 5, and the results are discussed in Sect. 6.
Finally, some concluding remarks are provided in Sect.7.

2 Current data

The aforementioned high priority request [4] has motivated
multiple recent measurements of prompt fission y-rays,
which, when combined with older measurements from the
1970s, offer a large number of data sets. Table 1 summarises
the data provided in EXFOR [5], with the mean quantities
taken using the determined fission time window and lower
and upper y-ray energy limits E,;, and E,,, as stated in
the respective reference.

A simple comparison of the mean energy is not intuitive
as it is significantly affected by the choice of E,;;, and Ej;;
in the measurement. In order to make direct comparisons,
the chosen E,;;, and E,,,, must be the same and this is the
approach used when comparing the results from this work
with those in Table 1, as discussed in Sect.7. To a lesser
extent, the time window chosen relative to the time of fis-
sion also affects the measured quantities. This is however
not expected to change E y» but will be positively correlated
with v, [15].

The results of Oberstedt et al. [10], based on two LaBrz:Ce
detectors of 50.8 mm diameter x 50.8 mm thickness, exhibit
unsurpassed PFG energy resolution for low-energy y-rays,
and the resulting data are in reasonable agreement with
model codes such as CGMF [16]. As such, these data have
been adopted by ENDF/B-VIIL.O [17], however, other exper-
iments exhibit differences. Chyzh et al. [11] utilize a highly
segmented and efficient y-ray calorimeter, and large differ-
ences are apparent at low y-ray energies. Further Makii et al.
[14] used significantly larger scintillators (127 mm diameter
x 102 mm thick LaBr3:Ce) and the results show differences

at higher y energies (> 5 MeV); the detection of fission
neutrons was cited as a possible reason.

The work of Murray et al. [12], which is an experiment
using STEFF in the PF1b measurement station at the ILL
high-flux research reactor, also showed significant differ-
ences from other measurements in the high-energy region of
the prompt fission y -ray spectrum. In practice, issues related
to the electronics and initial data processing of this mea-
surement have not been satisfactorily accounted for. Results
from this experiment [12] list E;,;,, = 0, as the data was
interpreted based on a statistical model which fits the full
energy spectrum [13].

In summary, many data-sets are available, which individ-
ually have very low uncertainties, however when comparing
the spectra (see Fig. 8 below), discrepancies are still apparent,
indicating possible underestimates of the various systematic
errors, for example uncertainties from the unfolding proce-
dure or neutron-induced signal subtraction. Complementary
measurements utilising different experimental setups and
analysis methods, such as those presented here, provide cru-
cial checks of existing data and often additional information
on various quantities.

3 STEFF

STEFF is a 2E2v device, where a combination of timing
and energy detectors allow a simultaneous measurement of
fission fragment (FF) energy (E) and velocity (v) for both
fragments in binary fission. The combination of the kinetic
energy and velocity of the fission fragments (FFs) allows the
atomic masses of the post neutron evaporation fission prod-
ucts to be calculated. So-called 2E2v devices have histori-
cally been used to measure independent FF yields [18]. More-
over, there is a renewed interest in these detection systems
[19-22] as detector technologies, electronics and analytical
methods have advanced and new nuclear data requirements
have become apparent.

With STEFF, shown in Fig. 1, an actinide target is held
in an evacuated central chamber where it is bombarded with

@ Springer
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Fig. 1 Cutaway diagram of STEFF as used at n_TOF

neutrons from a collimated beam, which enters through a
50-pm thick Mylar window. Some FFs will be emitted in the
direction of the two main arms of STEFF (marked Bragg 1
and 2 in Fig. 1), where they first pass through FF time-of-
flight sections. The timing ‘start’ signal is taken from one
of the arms with a thin secondary electron foil (= 200 nm
aluminium-coated Formvar) 152mm away from the target
center. Secondary electrons emitted backwards from the
foil with respect to the fragment direction are reflected
isochronously in a perpendicular direction to the FF axis
using electrostatic mirror. The detection of deflected elec-
trons is performed with a Micro Channel Plate (MCP) with
sub-nanosecond timing resolution. The timing ‘stop’ signal
is provided in each arm by Multi-Wire Proportional Coun-
ters (MWPC), based on the detection of secondary electrons
from a second thin foil. The start and stop times, fg g,y and
Istop» allow the velocities of both fragments to be determined
based on the known flight path of 732mm. The FFs then
pass through a window made of 0.9 pum thick Mylar film
with a 0.2 g cm~2 aluminium layer where they are stopped
in isobutane-filled Frisch-grid ionisation chambers with fif-
teen 10cm x 5cm anode segments. This serves to measure
the remaining kinetic energy of the FFs after passage through
the foils and gas window and the direction (6, ¢) of the fis-
sion axis can be determined with a precision of £2°. For the
purposes of this work, the 2 E2v capability of STEFF is used
to provide a precise fission time #fggion -

An array of eleven 127mm diameter x 102mm thick
Nal scintillator crystals surrounded the central chamber. Nal
events occurring within a chosen coincidence window with
respect to fssion Were selected for the prompt-fission y-ray
measurement. For the n_TOF experiment, there were two
further FF time-of-flight arms (marked Bragg 3 and 4) at 45°
to the vertical, added to increase the solid angle coverage,
and thus the efficiency, however these arms were not used as
part of the present analysis as they cannot determine #fgsion
precisely.

@ Springer

4 n_TOF Experiment

STEFF was installed in the second experimental area (EAR?2)
of the neutron time-of-flight facility n_TOF at CERN [23,
24], which has an extensive programme of neutron-induced
fission measurements [25]. The data presented here corre-
spond to a 4-week experimental campaign in June 2016,
measuring fission events induced in an 81-mm diameter
100 g cm™2 93% enriched 233U target on a 2 pg cm~2 Al
backing. The n_TOF facility offers a high instantaneous flux
of neutrons resulting from 20 GeV/c proton pulses with rms
time width of &~ 7 ns impinging on a fixed lead target. The
subsequent spallation, evaporation and fission reactions pro-
duce high-energy neutrons which are, in the case of the ver-
tical EAR2 beamline, moderated by a thin layer of water and
thus leave the target with a broad neutron energy distribution
from meV to GeV. As well as neutrons, a range of other par-
ticles are produced. The experimental area is shielded from
charged particles by a permanent magnet. A high flux of rela-
tivistic neutral particles make up the so-called y-flash, which
arrives promptly after the proton beam impinges on the spal-
lation target, and provide a reference for the time of neutron
production. Neutrons that pass through the &~ 18.5 m Experi-
mental Area 2 (EAR2) beamline are collimated before arriv-
ing in the experimental area. The detection time of neutron-
induced reactions relative to the y-flash in the experimental
area provides the corresponding neutron time-of-flight, from
which the neutron energy can be determined, allowing mea-
surement of fission events as a function of neutron energy.

The arrival of a proton bunch at the spallation target is used
asatrigger for the n_TOF data acquisition which is composed
of a series of flash ADC units. A secondary ‘fission’ trigger is
generated from signals on any of the Frisch grids of the Bragg
ionisation chambers, which opens an acquisition window,
within which the detector outputs are stored digitally. The
signal amplitude and timing information is extracted through
the use of a pulse shape analysis routine [26], and the digitised
ionisation chamber waveforms are saved for further offline
analysis.

For the analysis in this work, a minimum threshold for
y-ray detection of E,,;, = 0.8 MeV and an upper neutron
energy cut of 8 meV were adopted. These thresholds are
both due to the response of the Nal detectors to the y-flash.
Although the detectors had a threshold set at 100 keV y-ray
energy, it was found after the processing that due to the base-
line being incorrectly reconstructed after the y -flash, a much
higher 800 keV threshold had to be used for the beam-on
data. Furthermore, the time it took the detectors to function
without any severe gain and pile-up effects limited the maxi-
mum neutron energy to the subthermal region below 8 meV,
based on an investigation of the Nal scintillator gain stability
at various beam intensities at EAR2 at n_TOF.
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A set of gain correction coefficients has been derived as a
function of neutron energy in an effort to compensate for the
y-flash effects, however for neutron energies above the cho-
sen 8 meV threshold, the magnitude of the correction factor
rapidly exceeds 10% (for example, the magnitude of the gain
correction is 7% for ~10 meV neutron energy). Furthermore,
changes in gain cause drift in the constant fraction discrim-
ination of signals, affecting fission y-ray timing resolution.
The chosen neutron and y-ray energy thresholds thus repre-
sent the most reliable segment of the collected data. Details
of the gain investigation can be found in Ref. [27]. The inves-
tigation has also assessed the reliability of data collected with
a LaBr3:Ce during the same measurement campaign, finding
the detector to have been stable. Data extracted from this
detector are expected to have a significantly lower threshold
in y-ray energy and provide information for more energetic
neutrons. These data are presently undergoing analysis and
are expected to be published at a later date.

5 Data analysis
5.1 Calibrations

The Nal detector signals were calibrated in time and energy
using 137Cs, %0Co, 8Y and Am-Be sources. The digitised
waveforms were fit with an average signal shape using a
pulse-shape analysis routine described in Ref. [26]. The
resulting timing resolution, energy calibration curves and
energy resolution are given in Fig. 2. The Nal array timing
resolution was 5 ns (FWHM). The mean FWHM energy res-
olution for the individual detectors was 8% for the 1173-keV
0Co y-ray.

5.2 Fission event identification

The FF time-of-flight #50p — fstart provides a clean fission
event selection for analysis; the FF time-of-flight distribution
is shown in Fig. 3. The FF velocity is thus calculated, and the
time of fission ffission 18 found from fgart — toffset, WhETe foffset
is the time it takes the FF to reach the start detector based on
the calculated velocity.

The mean detection time of prompt fission y-rays is
around 1 ns after ffgsion corresponding to the y-ray flight
time to the Nal detectors from the target (* 20 cm distance).
Figure 4 shows the detected time versus deposited energy dis-
tribution of signals in the Nal detectors. The distribution of
Nal signal times #ny1 relative to fggion exhibits a peak cor-
responding to prompt fission y-rays and a shoulder at later
times corresponding to y-rays originating from the interac-
tion of prompt fission neutrons with the Nal detectors and
surrounding materials (see Sect. 5.4 for details).

700
600
500
400
300
200
100

FWHM = 5 ns

Counts

|
N
o

|
o
o
o
-
o

600
500
400

ADC channel

300
200
100

- --Quadratic fit

1 2 3 4 5 6 7 8
Y-ray energy (MeV)

(=]
OTHH‘HH‘HH‘HH‘HH‘HHI\

Fig. 2 Top: The time Az between signals in different detectors cor-
responding to detected photo-peak y-rays from a %°Co source for a
single Nal detector within the array. These y-rays are emitted simul-
taneously, thus the measured distribution in time shows our intrinsic
timing resolution. Bottom: Energy calibration for the same Nal detec-
tor. The quadratic fit is shown with a dashed line. The error bars on the
data points represent full-width half-maxima of the y-ray peaks
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Fig. 3 FF ToF spectrum. The dashed lines indicate the gate applied to
identify a fission event

5.3 Multiple-hit subtraction

Due to multiple y-rays being produced in a single fission
event, there is a non-negligible probability that more than
one prompt fission-related y-ray will interact with the same
detector crystal resulting in pile-up. Other sources of y-
rays can also lead to summation signals, such as those from
two (or more) fission events, or background y -rays uncorre-
lated to fission, although the latter events have a substantially
lower probability due to the low background counting-rate,
as shown by the counts outside the peak corresponding to
fission-related y-rays in Fig. 6. In all cases, the effect leads

@ Springer
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Fig. 4 y-ray detection time with respect to #s;ssi0, Versus deposited
y-ray energy averaged over the 11 Nal detectors. The dashed boxes
correspond to cuts that have been applied within the analysis. Box width
corresponds to +20 window around the prompt fission y-ray peak (as
determined by fitting discussed in Sect. 5.4), and box height corresponds
to the chosen y-ray energy intervals, within which fits to the data were
performed, also detailed in Sect. 5.4. The issues in the signal processing
for lower energy y-rays are clearly visible in the broadening of the peak
in time

to an overestimation of the average y-ray energy and under-
estimation of the deduced average multiplicity.

For an isotropic distribution of y-rays, the probability of
a pile-up event in one detector is the same as detecting two
single y-rays in two separate, but identical detectors with the
same efficiency within a time window corresponding to the
system dead-time. For this work, it is assumed that any two
y-rays that are detected in an individual detector within a 60
ns wide time range would not be resolved.

Each individual Nal detector in the array has the same
total efficiency and our data is dominated by counts from
prompt fission y-rays (discussed further in Sect. 5.4), which
are not emitted isotropically, however the anisotropy between
the angles our detectors subtend is small and thus this tech-
nique is applicable and can be used to calculate a multiple-hit
correction for the pile-up of > 2 y-rays. The correction is
estimated on a detected y -ray energy bin-by-bin basis, result-
ing in high statistical uncertainty at high y-ray energies. The
average correction from all eleven detectors in each energy
bin is thus calculated and a fit was performed to obtain a
smooth correction. This is shown in Fig. 5, where the num-
ber of counts at low energies (<1 MeV) is underestimated by
up to 10%, whereas at high energies, the number of counts is
overestimated by up to 40%. The uncertainty on the correc-
tion is estimated by the deviation between the results from
individual detectors. The uncertainty is up to 10% below 5
MeV and up to 50% above. When weighted by the num-
ber of counts, the average uncertainty is around 15%, which
propagates to a ~2% and ~3% uncertainty in the final mean
energy and multiplicity values respectively.

@ Springer

5.4 Background structure

As well as prompt fission y -rays, those originating from other
sources are also detected and in order to differentiate between
these, the expected time structure of the detector response to
each source is utilized. A typical example of the experimental
time response for the average of four of the Nal detectors for
1—1.5 MeV y-ray energies is presented in Fig. 6. The time
structure was assumed to comprise four parts:

1. Counts from prompt fission y-rays, showing a Gaussian
distribution centered around the expected time relative to
Ifission of ~1 ns.

2. Counts from the decay of isomeric states in FFs showing
exponential decay after the arrival of prompt fission y-
rays.

3. A random background constant in time, showing a con-
stant level.

4. Counts from the detection of y-rays originating from the
interaction of fission neutrons.

Over a time period corresponding to tens of ns after the
fission event, these contributions are distinguishable. Rele-
vant functions for these four sources can be fit to the data
simultaneously. This is trivial for the first three sources but
more complicated for the last one.

The detection of y-rays from the interaction of fission
neutrons originate primarily from capture and inelastic scat-
tering reactions in the detectors themselves or the surround-
ing material. Neutrons emitted from the low-energy fission
of 233U are assumed to follow the Watt distribution in energy
[28]. Since the target-to-scintillator distance is known, the
energy distribution can be converted to time-of-arrival at the
centre of the scintillator with reference to the time of fission,
t = tNal —tfission- The distribution of prompt fission y-rays
in time is expected to be closely related to this, therefore a
function F (¢) has been defined to estimate this distribution:

208489077
T’ sinh (20.420,,)

I—pn
(t — )’

The constants in Eq. 1 have been derived from Ref. [29]
and transformed into the corresponding time units for an esti-
mated gamma-ray flightpath of 25 cm. Here, a,, 0,, and .,
are free parameters to allow divergence from the Watt dis-
tribution. These free parameters are required, since the time
spectra of detected events from fission neutrons will not fol-
low the time distribution of a Watt spectrum exactly due a
strong correlation between prompt fission neutron energy
and angle of emission with respect to the fission axis, and
due to the detector response to neutrons. This function has
been summed along with a Gaussian representing prompt
fission y-rays and a constant component representing the

anole

F(1) = ey
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Fig. 5 Top: Average energy
spectra from all 11 Nal detectors 102
within a 60 ns time window
shown in in Fig. 6 before and
after the correction for multiple
hits. Bottom: The magnitude of
the multiple-hit correction (in
%) as a function of y-ray
energy. All shown uncertainties
are statistical only
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non-fission correlated counts and then fit to the data in a time
window of 10 ns before and 50 ns after 7 ;ssi0n. The expo-
nential component due to the decay of FF isomeric states is
not included, since it is a minor contributor to the shape and
was not required to find an adequate fit.

The angular distribution of fission neutrons with respect
to the fission fragment axis is anisotropic, as is their distri-
bution in energy, therefore it is expected that the measured
neutron contribution varies with respect to the position of
each Nal detector. The detectors position in the array with
respect to the fission fragment axis have an angle 6 of either
45° (4 detectors, on-axis) or at 69.3° (7 detectors, off-axis),
and it has been observed during fitting, that the measured
neutron contribution is similar for all the detectors within
their respective group. The respective magnitude of the var-
ious contributions will vary as a function of deposited y-ray
energy, therefore the sum of these three functions is fitted to
the measured spectra for various deposited-energy regions,
showninFig. 4. In order to use smaller y-ray energy intervals,
the on-axis and off-axis detector spectra were each averaged.
This resulted in two sets of deposited-energy spectra subdi-
vided into intervals increasing in width from 200 keV at low
y-ray energies, up to the final cut of all counts above 3 MeV.
The boundaries in deposited y-ray energy were chosen to
be as small as possible whilst providing adequate statistics
for the fits to be performed. An example fit for the on-axis
detectors in the deposited energy range 1 —1.5 MeV is shown
in Fig. 6 indicating the goodness of the overall fit, therefore
lending confidence to the assumptions made in accounting
for the background.

This approach allows for an average total background con-
tribution (Watt plus constant in the 10 ns before and 50 ns

6000 70100 8000
Detected y-ray energy (keV)

i i i
3000 4000 5000

after 7 ;s5ion time range) to be calculated for the on- and off-
axis detectors. The background contribution for the on-axis
detectors is larger in magnitude on average by ~ 50%, which
is expected [30].

In order to minimise the contribution from background
counts, a time window corresponding to &= 2 ¢ around the
Gaussian mean has been applied. Whilst this reduces the PFG
statistics, the chosen time window reduces any background
counts to a negligible level (sub 1%) and therefore removes
the need for background corrections a wider time window
would require.

It is noted that if the full time window shown in Fig. 6 is
used, then the contribution from background counts ranges
from 8/15% at low energies up to 20/35% at high energies for
on- and off-axis detectors respectively. While the method of
background estimation used in this work is based on a mostly-
empirical approach, and the full-window background contri-
butions are substantial, background estimation quality was
tested by subtracting the background from our results taken
in the full-window shown in Fig. 6. The results agree with
those using £2¢ time window within 1/2% for the average
energy and multiplicity respectively, suggesting the back-
ground contributions are reasonably well-identified.

5.5 Deconvolution

The experimental response of the detectors to prompt fission
y-rays must be unfolded to obtain the energy spectrum of the
emitted y -rays and this is performed by iterations of applying
the ‘Gold’ algorithm described in [31]. The response matrix
for each detector was generated with GEANT4 [32] simu-
lations of the mono-energetic detector responses, where the
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Fig. 6 The average spectrum of %) - : -
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full detector array and the central chamber of STEFF were 2 3000E
. . . . < F —— Unfolded spectrum
included in the geometry. The response matrix was validated 3 2500k
by unfolding the detectors’ response to standard y-ray cali- © F—— Measured spectrum
bration sources, which reproduced the emitted spectra well. 2000 Re-folded spectrum
Furthermore, the unfolded spectra reproduced the experi- 1500F- P
mental data when the response was refolded in as shown 10005
in Fig.7. E

The efficiency of each individual detector was determined 500¢

: : 60 H iR PRIT I T WY RESRAN1 | PR | TR A !

experimentally with a ®”Co source and using the number of RS R

coincidences with reference to one of the two simultane-
ously emitted y-rays. The measured photopeak efficiency
was found to be on average 5% higher than that of the
GEANT4 simulation, therefore the simulated responses were
scaled to be in agreement with the experimentally measured
values. The mean single-detector total photopeak efficiency
of the 1.17 MeV y-ray was determined to be 0.66(3)%.

After applying the multiple-hit correction and the back-
ground subtraction, one final correction must be performed
due to the anisotropy of prompt fission y-rays with respect
to the fission axis angle, which for thermal neutron-induced
fission on 233U exhibit an [1 (0) — 7(90)]/1(90) of 0.13 [33]
and thus the on-axis detectors overestimate v, by 1.5% and
the off-axis detectors underestimate v,, by 4.3%. The on- and
off-axis energy spectra corresponding to a 20 cut around
the Gaussian mean were averaged. Repeat iterations of the
unfolding routine on this spectrum were performed until the
chi-squared between the spectrum resulting from refolding
of the unfolded spectrum and the measured spectrum was not
changing. The resulting spectrum was then unfolded to gen-
erate the energy spectrum associated with the emitted prompt
fission y-rays.

The emitted energy spectrum can be used for an estima-
tion of y-ray Doppler shift and broadening. The former will
be slightly different for the two different detector angles,
however this systematic difference has been calculated to
be negligible. Broadening arises due to the detected y-ray
originating from either a forward or backward moving FF
with respect to the detector. This broadening is a maximum
of ~5% at the highest y-ray energies, however since the

@ Springer

y-ray energy (MeV)

Fig. 7 Experimental, unfolded and refolded spectra for a response of
a single detector to a %°Co calibration source

spectrum being Doppler broadening is a continuum, it is not
expected to affect the final results.

6 Results

The unfolded spectrum, normalised to the number of detected
fissions and to the bin width in MeV is shown in Fig. 8 com-
pared to the recent data sets of Chyzh et al. [11], Oberstedt
et al. [10] and Makii et al. [14]. The data used for the Mur-
ray et al. measurement with STEFF at ILL [12] were also
reanalysed with the full procedure used in the present work,
however the results were not in agreement with the n_TOF
data, due to the issues in the associated data set discussed in
Sect. 2. The differences were particularly pronounced at high
y-ray energies, and itis assumed that the ILL data suffer from
unresolved issues in this energy region such as ADC satura-
tion, energy calibration and gain drift leading to problematic
results, which are thus not included in the comparison.
Below 5 MeV, the n_TOF data is in good agreement with
Oberstedt et al. and Makii et al. and the data of Chyzh et al.
is systematically higher in y-ray intensity/fission/MeV. The
large detector volumes used in this work allow the measured
spectrum to extend up to ~ 9.5 MeV providing data in this
region. Here, the data of Chyzh et al. is in good agreement
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Table 2 The resulting values of Ey, vy, and Ey X V), in this work com-
pared to other recent measurements over a common energy region of
0.8-6.8 MeV. The uncertainties on the n_TOF results include both statis-
tical and systematic contributions; for the other data sets, the fractional
uncertainties from their published results have been used to estimate
the uncertainty in this energy range. No correlation has been included
in the calculation of the E"y X V), uncertainty

Reference E, MeV) ¥, E, x b, (MeV)
Oberstedt et al. [10]  1.64 (4) 2.99 (4) 49 (1)
Chyzh et al. [11] 1.56 (4) 324(15) 5.1(3)
Makii et al. [14] 1.56 (4) 3.04 (7) 47 (2)
n_TOF 1.71 (5) 2.66(18)  4.5(3)

with this work, both of which measured more intensity at
high energies than Makii et al.. However, in the higher-energy
region, the data are particularly sensitive to the specifics of
the deconvolution response matrix, detector calibration, and
multiple-hit subtraction, which, combined with lower statis-
tics, could account for the differences between the measure-
ments.

The statistical uncertainty in average gamma-ray energy
E_,, and average multiplicity v, is given by the variation in
the eleven individual detectors after the experimental effects
and background have been subtracted. This is 2% for Ey
and ~6% for v,,. Further, there is a systematic uncertainty
from the multiple-hit correction of 2% and 3% for EV and
vy, respectively. The final uncertainty has been obtained from
taking the statistical and systematic components in quadra-
ture. A quantitative comparison of Ey and v, with those
deduced from experiments available in EXFOR [5] was per-
formed by calculating the two parameters within a common
energy region of 0.8—6.8 MeV. These results, along with the
product of the mean energy and multiplicity, are given in
Table 2. The values of E y and v, agree within two standard

3 4 5 6 7 8 9
vy-ray energy (MeV)

deviations with all data sets, as does the product of the two
quantities.

7 Summary

STEFF has been used to measure the properties of prompt-
fission y-rays from thermal neutron induced fission of 23U
at n_TOF. The analysis procedure involved identifying the
time of fission and unfolding the y-ray spectra from the cor-
responding time window after correcting for multiple hits and
eliminating background contributions. A comparison of E y
and v,, with other recent data sets shows the n_TOF results
are in agreement with other recent measurements within three
standard deviations but often not within one. Our final mean
energy and multiplicity for the chosen energy range have a
total uncertainty of 3% and 7% respectively. This uncertainty
is larger than other measurements and mostly arises due to
the differences from each individual Nal detector response.
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