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Abstract. We have developed a new setup to measure prompt y-rays from the >*>U(n,,, f) reaction.
The setup consists of two multi-wire proportional counters (MWPCs) to detect the fission fragments, two
LaBr;(Ce) scintillators to measure the y-rays. The highly efficient setup was installed at the PF1B beam line
of the Institut Laue Langevin (ILL). We have successfully measured the y-ray spectrum up to about 20 MeV

for the fist time in neutron-induced fission.

1. Introduction

The measurement of the prompt y-ray spectrum (PFGS)
is quite important to study the de-excitation process
of neutron-rich fission fragments [1] as well as to
generate data required to design new types of reactors,
such as the Generation-IV reactors and advanced light-
water reactors (Generation-III" reactors) [2]. The PFGS
measured for spontaneous fission of 22Cf [3,4] does
not decrease linearly with y-ray energy on a logarithmic
scale but shows a broad hump at y-ray energies of E, >
8 MeV. This is interpreted as a GDR of fission fragments
centered around E, = 15MeV. In addition to a study
of the GDR for neutron-rich nuclei, the PFGS includes
information of sharing the total excitation energy between
two fragments [5], and information on the structure of
neutron-rich nuclei [6] which plays a key role in de-
excitation process of the highly excited fragments. The
measurement of the PFGS is also connected to the
decommissioning of the nuclear-fuel debris in damaged
Fukushima atomic power plants in Japan. This necessitates
a surveillance detector to monitor the fission rate in
the debris. The prompt y-rays in fission with the
energies higher than E, = 6MeV, which corresponds
to the highest energy of background y-rays from the
debris, would be used to monitor the fission rate. For
thermal neutron-induced fission of °U, ?>U(n,,,, f), the
data of the PFGS are limited up to E, ~ 8MeV [7]
and E, ~ 6MeV [8], respectively. This prompted us to
make a new measurement to extend the known PFGS
up to energies high enough to observe the GDR for
the 2%U(n,,, f) reaction using the newly developed
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multi-wire proportional counters (MWPCs) and LaBr3(Ce)
scintillators. A digital data acquisition system was used
to acquire signals from the detectors with high counting
rate and to monitor pile-up events. By using the setup,
we have measured the PFGS for the >**U(n,,, f) reaction
at the Institut Laue Langevin (ILL), Grenoble, France.
The experimental method and results are presented in this
work.

2. Experiment

The measurement was carried out at the PF1B beam
line of the ILL [9]. In the present study, we have used
two MWPCs to detect both fission fragments (FFs) in
coincidence and two LaBr;(Ce) scintillators to measure
y-rays accompanying the 23U(n,,, f) reaction. The
experimental setup is shown in Fig. 1.

A ?¥U target (isotopic enrichment is 99.9%),
117 ug/cm? in thickness and 30mm in diameter,
evaporated on 33 j1g/cm? polyimide backing, was mounted
with a tilting angle of 45° with respect to the beam axis in
the vacuum chamber made of Al as shown in Fig. 1. The
neutron beam was collimated to about 20 mm in diameter
to give a neutron flux of 1.0 x 10® n /cm?/s at the target
position to optimize a counting rate of the MWPCs and the
LaBr;3(Ce) scintillators. The counting rates for the MWPCs
and LaBr3(Ce) scintillators were about 55 kHz and 30 kHz,
respectively. The neutron beam passed through the thin
aluminum windows to irradiate >*U target mounted at the
center of the vacuum chamber.

Both FFs were detected by 80 x 80 mm? position-
sensitive MWPCs attached in the vacuum chamber. The
distance between the target-center and the middle of the
MWPC cathode was 50 mm corresponding to a geometric
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used to detect the y-rays from the fragments. The
distance between the center of target and the front face
of the LaBr3(Ce) scintillator was set to be 250 mm to
separate a prompt y-rays and neutrons with a time-of-
flight (TOF) method as will be described below. The
LaBr3(Ce) scintillators have a detection efficiency of 0.7%
for 1.33 MeV y-ray.

Signals from the MWPCs and LaBr;(Ce) scintillators
with their time-stamp information were acquired by
a newly developed high-speed digital data acquisition
system and recorded on a hard disk. Therefore the
coincidence between the MWPCs and LaBr3;(Ce) scin-
tillators can be performed in the off-line analysis. The
dead time of the system was less than a few percents
during the measurement, allowing almost dead time free
measurements. Through the run for 437 hours, the totally
registered FFs in coincidence reached 4.3 x 10'°.

3. Results

y-ray spectrum obtained by one of the LaBr;(Ce)
scintillators is shown in Fig. 2(a). Here the spectrum
was obtained without imposing any gate conditions and
the threshold for the LaBr3(Ce) scintillators was set
at 0.8 MeV. We see clearly several discrete background
y-rays up to about 2300 ch. They were produced by
the collision of neutrons with various materials including
the LaBr3(Ce) scintillator itself. Since Al was used
for the vacuum chamber, the housing of the MWPCs and
that of the LaBr;(Ce) scintillators, most of these y-rays are
explained as the events due to the 2’ Al(n, y)*® Al reaction
and B-decay of 2!Al followed by the neutron capture
reaction of 2’Al, e.g., peaks at around 430 ch and 1850 ch
were assigned to be 1.78 MeV y-ray from the S-decay of
28 Aland 7.72 MeV y-ray from the 2TAl(n, y)28A1 reaction,
respectively. These y-rays were used for checking the
gain stability of the LaBrs;(Ce) scintillators during the
measurement.

Figure 2(b) shows time difference (Az) between FFs
and y-rays. The correction for time-shift of FFs traversing
the 50 mm distance has been applied by using the positions

At

Figure 2. (a) A y-ray spectrum taken by the LaBr;(Ce)
scintillator. The spectrum was obtained without imposing any
gate conditions. (b) Time difference (At) between the FFs and
y-rays. Dashed lines indicate the example of gate position (for
ADC ch < 1000 ch), which was used to obtain the y-ray spectrum
coincidence with FFs shown below.

of FFs’s incidence on the MWPC. A peak at At = Ons
contained y-ray events accompanying the >*U(n,,, f)
reaction. The events at a broad peak at Ar~10ns
were assigned to be background events originating
from prompt-neutrons in the 23U(n,;,, f) reaction, the
(n,n’y) and/or (n, y) events produced by the interaction
with bromine (7®'Br) and lanthanum ('**La) in the
LaBr;(Ce) scintillator. Since the interaction of neutrons
with LaBr3;(Ce) scintillator was well studied in Ref. [10],
the events contained in the broad peak would be used to
obtain information on prompt-neutrons in the >*U(n,;, f)
reaction in further analysis. The plateau region (Afr <
—10ns) is due to time-independent background caused
by natural radioactivity including the self-activity of the
LaBr;(Ce) scintillator, thermal neutrons scattered from
various materials the neutron beam passed through, and
cosmic rays. The time-independent background events
were assumed to be contained in the peak at At = Ons
with the same intensity, which was thus subtracted from
the y-ray spectrum measured in the peak, as will be
described below.

The y-ray spectrum in coincidence with FFs (fore-
ground spectrum) is indicated by solid line in Fig. 3.
The spectrum was obtained by applying the time window
for the A¢, which is indicated by the dashed lines
in Fig. 2(b). Here the width of the time window
corresponds to full width at tenth maximum of the peak
at At = Ons. For high-energy region (ADC ch >1000),
the Ar spectrum obtained in the present measurement
depended on y-ray energy observed by the LaBr;(Ce)
scintillator. Therefore, we adjusted a gate position on
the positive side on At spectrum so as not to include
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Figure 3. y-ray spectrum coincidence with FFs (solid line)
compared to time-independent background jy-ray spectrum
(dotted line).

the time-dependent background events observed in the
broad peak at Af~10ns. Details of the analysis will
be published elsewhere[11]. We can see the 7.72MeV
y-ray from the *’Al(n, y)*®Al reaction. This indicates
that the foreground spectrum contains non-negligible
amount of time-independent events. The time-independent
background y-ray spectrum was obtained by putting the
gate on At spectrum at At < —10ns (see Fig 2(b)), and
the resulting spectrum expected to be contained in the peak
at At = Ons is indicated by dotted line in Fig. 3. The
background subtracted (net) spectrum was thus obtained
by subtracting the time-independent background y-ray
spectrum from the foreground spectrum.

The PFGS for the >»U(n,,, f) reaction was deduced
by unfolding the net-spectrum with the use of re-
sponse functions of the LaBr;(Ce) scintillators. Response
functions and also energy calibration of the LaBr;(Ce)
scintillators were made using the 1.173- and 1.333-MeV
y-rays from the ®°Co y-ray source, and 4.44-, 8.73-, 13.9-,
and 18.4-MeV ones from the 'B(p, y)'>C reaction [12].
The response functions of the scintillators were calculated
by using the Monte-Carlo code, GEANT4 [13] in a
similar manner described in Ref. [14]. In the present
study, the unfolding was performed with a computer
program, TUnfold [15], and the response matrix made
of response functions mentioned above. Validity of the
response functions used in the analysis was confirmed
by comparing the calculated spectrum with the y-ray
spectrum from the ''B(p, y)!>C reaction measured with
the same LaBr3;(Ce) scintillators used in this study, as
shown in Fig. 4. The preliminary result of the unfolded
y-ray spectrum for the B5U(n,p, f) reaction is shown in
Fig. 5.

As shown in Fig. 5, we have succeeded to extend the
PFEGS for the 2°U(n,,, f) reaction up to E, ~20MeV,
by gaining the factor of 10° in statistics compared to the
latest measurement [8], which reports the PFGS up to
E, ~ 6MeV. It is evident that the obtained PFGS for the
B5U(nyy,, f) reaction does not decrease linearly with y-ray
energy on the logarithmic scale, but shows a broad hump
at £, > 10MeV. This could be interpreted as the GDR of
FFs as with the case of spontaneous fission of 2>2Cf. We
have observed the GDR of FFs for the first time in neutron-
induced fission. In addition to the hump at £, > 10MeYV,
hump structures around £, = 4 MeV and 6 MeV are found
in Fig. 5. These structures were also found in the PFGS for
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Figure 4. Measured 18.4MeV y-ray spectrum of the
"B(p, y)'2C reaction (black square) compared to the calculated
one (dotted line) by GEANT4. The calculated spectrum deviates
from the measured one below about 15.3MeV due to the
15.1 MeV y ray from the same reaction.
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Figure 5. PFGS for the >*U(n,;, f) reaction (preliminary).

spontaneous fission of 2>Cf [16]. The origins of the hump
structures in the present PFGS for the >*U(n,,,, f) reaction
will be discussed in further publication.

4. Conclusions

In this study, we have developed a new setup to measure
the prompt y-rays in fission with significantly high
sensitivity, particularly for the high-energy region. The
setup consists of two MWPCs to detect FFs, two large
volume LaBr;(Ce) scintillators. The set up was used to
measure the PFGS for the *%U(n,;, f) reaction using
high intense neutron beam available at the PF1B beam
line of the ILL. The obtained spectrum reached up to
E,~20MeV, where the structure associated with the
GDR was revealed for the first time in neutron-induced
fission. We also observed hump structures at around
E, =4MeV and 6MeV, similar to the observation in
spontaneous fission of 232Cf. Further measurements are
necessary to elucidate the origin of these structures,
by making correlation measurement between PFGS and
fission fragment masses and/or total kinetic energies.
Existence of high energy y-rays of £, > 6 MeV and its
spectrum could open a way to develop a new type of
surveillance detector to monitor the increasing fission rate
in the debris of damaged Fukushima atomic power plants
that could happen in removing the debris as a first action
for the decommissioning.

The present study is the result of “Measurement of high-energy
prompt gamma-rays in fission for surveillance detector to monitor
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criticality of fuel debris” entrusted to Japan Atomic Energy
Agency (JAEA) by the Ministry of Education, Culture, Sports,
Science and Technology of Japan (MEXT).
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