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B-delayed neutron spectroscopy of 3%As with MONSTER at IGISOL
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The B-delayed neutron emission in the 8% As B decays has been measured at the Ion Guide Isotope Separator
On Line facility of the Accelerator Laboratory of the University of Jyviskyld. The complete 8 decays have been
studied with a complex setup that consists of a plastic scintillator for 8 particles, MONSTER—the MOdular
Neutron time-of-flight SpectromeTER—for neutrons, and a high-purity germanium and four LaBrj crystals for
y rays. The B-delayed neutron energy distributions have been determined by unfolding the time-of-flight spectra
with an innovative methodology based on the iterative Bayesian unfolding method and accurate Monte Carlo
simulations. The results obtained for 3> As are in excellent agreement with the existing evaluated data, validating
the proposed methodology. In the case of 36As, a stronger neutron intensity at higher energies than previously

predicted is discovered.

DOLI: 10.1103/PhysRevC.111.044312

I. INTRODUCTION

B-delayed neutron emission was discovered in 1939 by
Roberts et al. [1,2], shortly after the discovery of fission by
Meitner et al. in 1938 [3]. B-delayed two- and three-neutron
emission was discovered 40 years later in T g [4,5]. In 1988,
the only B-delayed four-neutron emitter so far, 7B, was in-
vestigated [6]. According to the Atomic Mass Evaluation in
2020 (AME2020) [7,8], around 20% of the known nuclei are
B-delayed neutron emitters.

The accurate quantitative understanding of §-delayed neu-
tron emission rates and spectra is necessary for several fields,
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including nuclear structure, nuclear astrophysics, and reactor
applications [9]. Detailed neutron spectroscopy is required to
improve the knowledge of the decay schemes of neutron-rich
isotopes far from the stability valley, and allows for more
precise determinations of neutron emission probabilities (Py,)
[10]. Regarding nuclear technology in particular, precisely
determined neutron emission spectra can improve the under-
standing of the kinematics and safety of new reactor concepts
loaded with new types of fuels. This is achieved through
applications such as reactor core characterization [11], reactor
shielding [12], and nuclear waste transmutation [13], among
others.

During the last decades, the field of -delayed neutrons has
experienced an increased activity thanks to the advances in nu-
clear experimental techniques and radioactive ion beam (RIB)
facilities producing increased yields of neutron-rich isotopes
[14]. Properties from individual precursors like the emis-
sion probability, 8 feeding, and energy spectrum are being
measured with advanced neutron detectors [15-17], digi-
tal data acquisition (DAQ) systems [18], and high intensity
RIBs [19-22].
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TABLE I. Relevant properties of the 8 decays extracted from ENDF/B-VIILO.

Isotope Tij (s) 0p (keV) Ogpn (keV) S, (keV) P, (%)
85 As 2.021 £0.010 92245+ 4.0 4687.2 £ 3.6 45373+ 5.4 594+2.4
0 As 0.945 +0.008 11541.0 £ 4.3 5380.2+4.3 6160.8 + 6.1 355+0.6

In this paper, we report on the results obtained in the
measurement of the 3386As B decays performed at the Ion
Guide Isotope Separator On Line (IGISOL) facility [21] of the
Accelerator Laboratory of the University of Jyviskyld. The
8586 A5 isotopes are fission products included in the priority
list for reactor studies [23], in part due to their significant
contribution to the 8-delayed neutron fraction in reactors, and
the role of those in reactor control. For this reason, there has
been an effort during the last years to improve the knowledge
on the B-delayed neutron emission process of these isotopes
[24-26], among others in the light-mass fission group. This
work is a continuation of said effort, aiming to complete the
available information by means of neutron spectroscopy with
the MOdular Neutron time-of-flight SpectromeTER (MON-
STER) [17,27]. Some relevant properties of the 8 decays of
8580 A5 are presented in Table I [28]. On the one hand, 85 As is
a relatively well-known isotope [29,30] in the vicinity of the
N = 50 shell closure with a high production yield at IGISOL,
which can be used as the experimental validation of the novel
time-of-flight (TOF) analysis methodology developed for this
work [31]. On the other hand, % As has a medium production
yield at IGISOL and new spectroscopic information can be
produced, shedding light on the nuclear structure of Z > 28,
N > 50 nuclei.

II. EXPERIMENTAL SETUP

The 33-86As isotopes were produced by 25 MeV proton-
induced fission reactions in a "™U target [32,33]. The protons
were accelerated with the MCC-30/15 cyclotron. In both
cases, the isobars were separated from the bulk of fission prod-
ucts by the IGISOL dipole magnet with resolution M/AM =
500 [33] and implanted on a movable tape inside of the
B detector. The data was collected in measurement cycles
following the implantation-decay method. The implantation,
decay, and activity removal periods were configured in a
multi-timer module, which provides logic signals for synchro-
nization, to maximize the activity of the neutron emitters with
respect to the other implanted isobars. During the cycle, the
ion beam was switched on and off by electrostatic deflection
at the switchyard of the IGISOL beam line. The cycle also
included an initial time interval for background measurement.

A picture of the whole experimental setup can be seen in
Fig. 1. The setup consists of a plastic scintillator for the detec-
tion of the emitted 8 particles, MONSTER for the detection
of the emitted neutrons, and two types of y-ray detectors for
the detection of the emitted y rays.

The emitted §-delayed neutrons were detected with MON-
STER [17,27], which is the result of an international
collaboration between CIEMAT, JYFL, VECC, IFIC, and
UPC within the framework of the DESPEC collaboration
[34,35] of the NUSTAR facility [36] at FAIR [19]. It was

conceived for the measurement of the energy spectra of 8-
delayed neutrons with the TOF technique and the partial
branching ratios to the excited states in the final nuclei by
applying B-n-y coincidences. The main characteristics of
MONSTER are:

(1) low light output threshold (~30 keVee);

(i1) high intrinsic neutron detection efficiency (~30%);
(iii) neutron/y-ray discrimination by their pulse shape;
(iv) good time resolution (~1 ns).

MONSTER is made of cylindrical cells of 200 mm diam-
eter and 50 mm height, filled with either BC501A or EJ301
scintillating liquid. Each cell is coupled through a light guide
of 31 mm thickness to either an R4144 or R11833 photomul-
tiplier tube (PMT) from Hamamatsu. For this experiment, 48
cells were arranged in two different setups, with 30 and 18
cells at 2 and 1.5 m flight paths, respectively. The total solid
angle covered by MONSTER was ~4%. The use of these
configurations was decided to have a good neutron energy
resolution while optimizing the available space and not com-
promising the total neutron detection efficiency. In addition,
using different flight paths provided valuable information on
the performance of the spectrometer in terms of energy res-
olution and signal-to-background ratio at different distances
from the implantation point.

The B detector consisted of a BC408 cup-like shaped plas-
tic detector of 30 mm diameter, 50 mm length, and 2 mm
thickness [37]. The detector was wrapped with reflector foil
to optimize the light collection. The design includes a cylin-
drical light guide of 30 mm diameter and 50 mm length for
the coupling to an R5924-70 PMT from Hamamatsu. The S
detector was located at the end of the beam line, on top of
the tape system and inside of the vacuum pipe, in such a way
that the implantation in the tape could occur through a 10 mm
aperture on the side of the detector.

FIG. 1. Experimental setup mounted at IGISOL.
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The signals from the 8 detector and MONSTER were used
as the start and stop signals, respectively, to measure the TOF
of the neutrons.

Finally, an EXOGAM HPGe Clover detector [38] and four
LaBrj crystals [39] were used for the detection of the emitted
y rays. However, due to low statistics, the data acquired with
these detectors during the implantation runs was only used for
monitoring the beam purity.

All the detector signals were registered with the digital data
acquisition system (DAISY), a custom digital DAQ system
developed at CIEMAT based on ADQ14DC digitizers from
Teledyne SP Devices with 14 bits vertical resolution, 1 GHz
sampling rate, and four channels [18]. The complete setup
required 60 channels. The system integrates custom pulse
shape analysis software also developed at CIEMAT to analyze
the registered signals online. To analyze the registered frames,
each frame is first corrected for its baseline. After that, a
smoothing filter is applied to reduce the noise. To determine
the number of signals in the frame and their time, a digital
constant fraction discriminator (CFD) algorithm is applied.
Once the CFD algorithm has been applied, the parameters
of the detected signals are calculated with any of the several
available pulse shape analysis routines, such as the digital
charge integration method or fitting the detector’s average
pulse shape to the signals present in the frames [40]. The used
pulse shape analysis routines did not add any dead time to the
measurement, estimated to be less than 1%.

III. EFFICIENCY CHARACTERIZATION

An accurate characterization of the detection efficiency
of the different detection systems used in the experiment is
crucial to obtain a reliable result. In this section, the efficiency
characterizations of the B detector and of MONSTER are
presented.

A. B detector

The B-detector efficiency was determined experimentally
at two different endpoint energy values from the °Sr into
2y B decay through the 8-y coincidence method using the
HPGe and LaBr; detectors. This decay has a half-life of
2.71 £0.01h, and the selected endpoint energy values were
565 £+ 9 and 1056 4 9 keV. The ions were implanted onto a
non-moving tape for 1 h and the decay of the implanted ions
was measured for 3 h.

Monte Carlo simulations performed with GEANT4 [41]
were used to determine the efficiency of the detector as a func-
tion of the endpoint energy. For this, several endpoint energies
in the range of interest were simulated in order to obtain a
smooth curve, which was then adjusted to the experimental
values varying the deposited energy threshold. This procedure
allowed to estimate the detection threshold to be of around
260 keV. Finally, all the efficiency curves compatible with the
experimental values were selected in order to conclude that
the experimental efficiency is reproduced with an uncertainty
of 5%.
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FIG. 2. B efficiency determined from the *2Sr into >y B decay
and comparison with Monte Carlo simulations. The calculated effi-
ciency curve with no threshold is shown for reference.

The results of the efficiency calculation and the comparison
with the experimental data are shown in Fig. 2.

B. MONSTER

The MONSTER neutron detection efficiency was deter-
mined through Monte Carlo simulations and validated with
the data from a TOF measurement with a 1.00 £ 0.15 GBq
232Cf source.

The Monte Carlo simulations were performed with the
light output response obtained from previous calibrations with
quasi-monochromatic neutron beams [27]. To obtain a smooth
curve, several energies in the range of interest were simulated.
The resolution and threshold determined experimentally were
also taken into account.

To obtain the experimental values of the detection effi-
ciency, the y rays from the spontaneous fission of >>2Cf
detected in the LaBrs detectors served for establishing a TOF
between the emission and the detection of the neutrons. Neu-
tron signals in MONSTER were selected by performing a
pulse shape discrimination (PSD) analysis based on the digital
charge integration method. Selecting the neutron signals in
this way allowed for a reduction of the background due to y
rays of one order of magnitude. The response of MONSTER
to different neutron energies was obtained by setting different
cuts in the TOF spectrum. These responses were compared to
the ones obtained from a simulation of the neutron emission of
the 252Cf source using the same TOF cuts. The simulation was
normalized to the measured TOF spectrum. This comparison
allowed to obtain the absolute value of the efficiency for every
energy.

The results of the efficiency characterization of MON-
STER are shown in Fig. 3. As can be seen in the figure, there is
an excellent agreement, within an uncertainty of 5%, between
the experimental values and the Monte Carlo simulations of
the MONSTER arrays for the two different flight paths.
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FIG. 3. Total neutron detection efficiency for both MONSTER
arrays determined from the 22Cf source and compared with Monte
Carlo simulations. The shaded regions correspond to the uncertainty
in the simulations.

IV. DATA ANALYSIS AND RESULTS

In general terms, the analysis methodology applied for this
work consists of:

(i) Fitting the solutions of the Bateman equations to the
growth and decay curves followed by the implanted
ions, for obtaining both the total number of ions being
implanted and the total number of decays. This in-
formation was obtained from the g activity registered
with the 8 detector.

(i) Unfolding the B-delayed neutron TOF spectra result-
ing from the neutron events detected with MONSTER
correlated with g particles detected with the 8 de-
tector using a novel data analysis methodology for
producing the neutron energy distributions and ob-
taining the total number of emitted neutrons.

(iii) Obtaining the neutron emission probability per decay,
the P, value, from the ratio of the total num-
ber of emitted neutrons to the total number of
decays.

A suite of C + + programs integrating ROOT [42] has
been developed for the data analysis presented in this work.
Besides, the figures showing the results have been produced
using some of the Python packages provided by the Scikit-
HEP project [43]. A full description of this analysis can be
found in Ref. [44].

A. B-activity distributions

The time evolution of the § activity during each measure-
ment cycle due to all isotopes in the decay chain is governed
by the Bateman equations. The experimental B-activity distri-
bution is fitted with a function that describes the contribution
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FIG. 4. Time evolution of the S-activity distributions and the
corresponding fits, including individual contributions, for both
cases. (a) A = 85 and (b) A = 86.

of each of the isotopes involved in the decay chain

A(t) =) GLiNi(1), ()

i=1

where €; is the average efficiency to detect a 8 particle coming
from the B decay of the ith member of the chain, A; is the
decay constant of the ith member of the chain, and N;(¢) is
the number of nuclei of the ith member of the chain given by
the solution of the Bateman equations [45]. This solution
depends on the respective implantation rate of each iso-
tope R;, which is the magnitude that we will obtain from
the fit.

The experimental B-activity distributions for both decays,
together with the total fits and the individual contributions, can
be seen in Fig. 4. As can be seen in the figure, the duration
of the measurement cycle in the case of ®As was shorter in
order to maximize its contribution with respect to the other
implanted isobars.

The results of the fits for both decays are presented in
Table II. For both decays, all the isobars with a half-life

044312-4
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TABLE II. Results of the fit to the B-activity curve along with
the calculated average efficiencies and the total number of decays.

Total decays

Isotope € (%) R (ions/s) (x 10%)

8 As 80.8+4.0 1800 + 100 4843
83e 76.0+3.8 23300 £ 900 239+9
8Br 69.7+3.5 13900 + 2500 4245
84Se 55.1+2.8 0+0 1.8+0.1
8 As 83.5+4.2 570 £ 40 12.74+0.8
8Se 72.9+3.6 16100 £ 400 7442
8Br 77.5+3.9 21500 42100 3043
88e 76.0+3.8 040 0.32+£0.02

comparable to the duration of the measurement cycle were
taken into account. In the table are also presented the calcu-
lated average detection efficiencies as well as the total number
of decays of each of the isotopes. The average detection ef-
ficiencies for each of the S-decays were calculated through
Monte Carlo simulations using the data available in ENDF/B-
VIIL.O [28].

B. Neutron energy distributions

The energy distributions of the neutrons emitted after the
B decays of 886 As were obtained from the measured TOF
spectra with an innovative methodology [31], based on the
iterative Bayesian unfolding method [46] and precise Monte
Carlo simulations. Due to the complex nature of neutron in-
teractions, a good physics model and correct implementation
of the detector geometries and surrounding materials are very
important for calculating accurate TOF distributions. For this
reason, the G4ParticleHP model [47] included in GEANT4 was
used, since it has been validated extensively for the simula-
tion of MONSTER modules [27,48,49]. This high-precision
model includes the necessary models and data for a complete
description of neutron-induced « production reactions on car-
bon. The detailed simulations performed in this work include
the parametrized light output functions of the scintillators for
electrons, protons, and heavier ions as a function of their
energy. In addition, the experimental setup was implemented
with a high level of detail, including all the MONSTER mod-
ules, ancillary detectors surrounding the implantation point,
and other elements like the structures holding the detectors
and the floor [31].

1. $As

In principle, the measured TOF spectra contain the contri-
bution from both y rays and neutrons, but the contribution
due to neutrons can be separated by applying a cut in the
PSD versus light spectrum. However, other neutron selection
cuts, such as the typical one used in TOF measurements with
plastic scintillators, were investigated as well. All the neutron
selection studied in this work are shown in Fig. 5 for the
MONSTER array at 2 m, in the case of the $As g decay.

The raw TOF spectrum and the TOF spectra resulting
from the application of each of the neutron selection cuts,
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FIG. 5. Neutron selection cuts studied. (a) Light versus TOF, (b)
PSD versus TOF, and (c) PSD versus light.

separately and all of them combined, can be seen in Fig. 6.
From the figure, it is clear that the cut in the PSD versus
light spectrum is the most effective. This cut provides the best
separation, which is almost as good as when applying all cuts
combined. Thus, it was decided to only use the cut in the
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FIG. 6. ¥ As measured TOF spectra with the MONSTER array
at 2 m as registered and with several neutron selection cuts.

PSD versus light spectrum. With this neutron selection cut,
the uncorrelated y-ray background is reduced by more than
one order of magnitude.

In order to perform the unfolding, the construction of the
response matrix is crucial to achieve an accurate result. The
response matrices used for this analysis covered the whole
energy range up to the Qg, values of the respective decays,
in energy intervals chosen according to the energy resolution
of the detection system. They included many experimental
effects, such as the exact flight path of each detector, the TOF
resolution of the system, the light production and detection
threshold of each detector, and also included an extra flat con-
tribution to account for the uncorrelated y-ray background.
As an example, the response matrix that has been used for the
MONSTER array at 2 m in the case of the 3As g decay can
be seen in Fig. 7.

The experimental TOF spectrum measured with the MON-
STER array at 2 m in the case of the As g decay is shown
in Fig. 8. In the figure are also shown the reconstruction
of the TOF spectrum and the contributions of the individual
responses and of the uncorrelated background.The neutron
energy distributions following the B decay of ®*As obtained
with both MONSTER arrays are presented in Fig. 9. The
agreement of the results obtained with both arrays is excellent
within their energy resolution. The results include an estima-
tion of both statistical and systematic uncertainties. On the one
hand, the statistical uncertainties have been directly obtained
from the unfolding’s covariance matrix. On the other hand,
the systematic uncertainties have been obtained by performing
different unfoldings. First, several unfoldings using different
response matrices were performed. These response matrices
were obtained by varying the most relevant parameters of
the measurement—flight path, TOF resolution, and efficiency
of the different detectors—within their respective uncertain-
ties. Second, to quantify the uncertainty due to the Bayesian
unfolding method itself, an unfolding using the maximum
e.ntropy method described in Ref [50] was performed. The
spectra obtained with all the different unfoldings were com-

3 R &

3 70f 10° 8

o ©
- w
o 10~
- 108
B 1076
— 1077

TOF (ns)

FIG. 7. Response matrix used for the unfolding of the ¥ As TOF
spectrum for the MONSTER array at 2 m. Each cause but the last
one corresponds to the response of a different neutron energy inter-
val. The last one is a flat response to account for the uncorrelated
background.

pared to the results, and the differences were taken as the
systematic uncertainties. The total uncertainties are the sum
of the statistical and systematic uncertainties.

In the figure, the obtained results are also compared to
existing data [28,51]. The existing data has been rebinned
to the binning of the results of this work. The results ob-
tained for 3As are in excellent agreement with evaluations,
which include experimental data obtained by the Kernchemie
Mainz group [29,30] and are supplemented with theoretical
calculations [52]. The differences observed at low energies,
below 300 keV, are due to the neutron detection threshold
of MONSTER. At high energies, above 2800 keV, where

Energy (MeV)
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@ 3500 — —— : : .
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z ' :
500 .[ | ‘ ERS
oL . (] Lll.*l«lt ‘ AT ]

FIG. 8. Experimental TOF spectrum obtained with the MON-
STER array at 2 m for the ¥ As decay. The reconstructions, together
with the contributions of the individual responses and the uncorre-
lated background, are also shown.
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FIG. 9. Neutron energy distributions obtained with both MON-
STER arrays for the 33As decay, compared to evaluated data.

the evaluated data are based on theoretical calculations, the
predicted intensity is not observed. This could be due to an
overestimation of the uncorrelated y-ray background, which
is a result of the unfolding. However, the systematic effects
study did not show significant variations in the flat back-
ground contribution, and given that such neutron emission is
not seen in any of the MONSTER arrays, with very different
signal-to-background ratios, it seems that no neutrons at such
high energies are actually emitted. Finally, it is worth noting
that the uncertainties of the results obtained in this work are
smaller than those reported in the literature. The total number
of neutrons emitted in the 8 decay of ®3As is a direct product
of the unfolding and, together with the total number of As A
decays obtained in Sec. IV A, yields an estimated P, value
of 40 =4 % in the case of the MONSTER array at 2 m and
of 41 £4% in the case of the MONSTER array at 1.5 m.
These results are once again perfectly compatible between
them within their uncertainties. The average P, value obtained
is 40.5 £ 2.8 %. It is worth noting that this result is biased,
since it does not account for the undetected neutrons due to
the different detection thresholds of the detectors. Indeed, the
P, value obtained in this work is below the ones reported in
the literature, either the 59.4 + 2.4 % from evaluations [28,53]
or the 63.1 = 1.0 % from more precise recent measurements
with *He proportional counters [24,26].

2. 86As

In the case of the ®As B decay, the TOF spectrum mea-
sured with the MONSTER array at 2 m is presented in Fig. 10.
In the figure are also shown the reconstruction of the TOF
spectrum and the contributions of the individual responses and
of the uncorrelated background.

The neutron energy distributions following the g decay
of % As obtained with both MONSTER arrays are presented
in Fig. 11. As can be seen in the figure, the agreement of
the results obtained with both arrays is excellent within their
energy resolution. These results also include an estimation
of both statistical and systematic uncertainties, obtained in
the same way as previously explained. No previous exper-
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FIG. 10. Experimental TOF spectrum obtained with the MON-
STER array at 2 m for the % As decay. The reconstructions, together
with the contributions of the individual responses and the uncorre-
lated background, are also shown.

imental energy distribution has been found for %¢As in the
literature. As such, the evaluated data includes only theoretical
calculations. There is some degree of agreement between the
results of this work and the evaluated data, but there are also
some differences worth noting. The increased intensity region
predicted at around 1000 keV is observed between 1200 and
1300 keV. The intensity at high neutron energies, above 3000
keV, is observed in this case, and could even be larger than
expected. In general, the measured neutron energy distribu-
tion seems more intense at higher neutron energies than the
calculated one, which predicts a more intense emission of
lower-energy neutrons. The results obtained in this work will
be key for improving both the evaluations of the 3®As g decay
and the theoretical models.
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FIG. 11. Neutron energy distributions obtained with both MON-
STER arrays for the % As decay, compared to evaluated data.
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The P, value of the 80Ag B decay has also been estimated,
yielding 23 & 2 % in the case of the MONSTER array at 2 m
and 24 =2 % in the case of the MONSTER array at 1.5 m.
The average P, value obtained is 23.5 & 1.4 %. As in the case
of the $As B decay, this value is below the 35.5 0.6 %
reported in the literature [24-26,28,53], which is once again
attributed to the detection thresholds of the detectors.

V. SUMMARY AND CONCLUSIONS

This work is a successful commissioning and measurement
with MONSTER, a neutron TOF spectrometer with excellent
neutron/y-ray discrimination capabilities and neutron energy
resolution, and its DAQ system DAISY.

The efficiency of the different detectors has been obtained
experimentally and reproduced with accurate Monte Carlo
simulations.

As part of this work, the innovative analysis methodology
developed to obtain the neutron energy distributions from
TOF measurements has been experimentally validated. This
methodology, combined with the fit of the f-activity curves
with the Bateman equations, allows to estimate the P, value
of the g decays.

The p-delayed neutron energy spectrum of 5As has
been procured. This result is in excellent agreement with
previous experimental data and evaluations, and serves
as the experimental validation of the developed analysis
methodology.

Finally, the 8-delayed neutron energy spectrum of %6 As has
been procured for the first time. The obtained energy distribu-
tion shares some similarities with the theoretical calculations
that have been included in evaluations, but it also presents

many differences. In particular, a stronger neutron intensity at
higher energies than previously predicted has been observed.
The results obtained in this work will be key to improve
both the evaluations of the As B decay and the theoretical
models.

The results presented in this work will be delivered to the
EXFOR library [54].
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