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a b s t r a c t

In order to improve on current prompt fission neutron spectrum measurements, a gamma multiplicity
tagging method was developed at the Rensselaer Polytechnic Institute Gearttner Linear Accelerator
Center. This method involves using a coincidence requirement on an array of BaF2 gamma detectors to
determine the timing of a fission event. This allows for much larger fission samples to be used due to the
higher penetrability of gammas compared to fission fragments. Additionally, since the method relies on
gammas as opposed to fission fragments, the effects of the low level discriminator, used in fission
chambers to eliminate alpha events, are not seen. A 252Cf fission chamber was constructed in order to
determine the viability of this method as well as the efficiency when compared to a fission chamber. The
implemented multiple gamma tagging method was found to accurately reproduce the prompt fission
neutron spectrum for the spontaneous fission of 252Cf and to detect 30% of fission events.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Accurate nuclear data are important for reducing the uncer-
tainty of nuclear simulation codes such as Monte Carlo N Particle
(MCNP) [1] and GEANT [2]. These codes require cross-sections and
other nuclear data such as energy spectrum for prompt fission
neutron emission in order to simulate nuclear processes. This data
comes from evaluated nuclear data libraries such as the Evaluated
Nuclear Data File (ENDF) [3], the Joint European Fission Fusion
(JEFF) [4] evaluation, and the Japanese Evaluated Nuclear Data
Library (JENDL) [5]. These evaluated nuclear data libraries combine
experimental results with theoretical calculations in order to best
determine the value for the nuclear data. Fig. 1 shows several
experimental datasets for the prompt fission neutron spectrum
(PFNS) for thermal neutron induced fission of 235U as well as the
evaluations from ENDF, JEFF and JENDL. This shows that there is
very little experimental data for the PFNS for 235U particularly in
the region below 0.5 MeV. Additionally, the existing data often
have large associated experimental errors and, after proper nor-
malization, the shapes do not agree with the evaluated nuclear
data libraries. As seen in Fig. 1 all three evaluations are lower than
the experimental data in the region below 0.5 MeV. Therefore,
more accurate measurements are needed, particularly in the
energy region below 0.5 MeV, in order to more accurately repre-
sent the PFNS in simulations codes.

One of the limitations to current PFNS measurements is the
mass of fissionable material which can be used in the measure-
ments. Typical PFNS measurements are preformed using a fission
chamber to determine when a fission event has occurred. These
chambers are advantageous due to high efficiency for detecting
fission; however, they are limited by the total mass of fissionable
material they contain. Conventional fission chambers utilize the
energy deposition of fission fragments in a gas volume to deter-
mine when a fission event has occurred. Due to the limited range
of fission fragments in material, on the order of microns, the fis-
sion samples are required to be very thin to allow the fragments to
escape the sample [6]. This limits the fissionable mass available in
the experiment. Advanced multi-plate fission chambers such as
the Parallel Plate Avalanche Counter (PPAC) chamber used at the
Chi-Nu experiment station at Los Alamos National Laboratory
(LANL) contains 100 mg of fissionable material which is dis-
tributed across 10 sample cells with approximately 10 mg of
material per cell [7]. This both complicates the fission chamber
and requires time of flight corrections based on the sample's
location in the detector. These mass limitations require much
longer experimental run times in order to get statistically
significant data.

In order to increase the sample mass that can be used for PFNS
measurements, the prompt fission gammas can be used as a tag
that the fission event has occurred. This has been done previously
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Fig. 1. The PFNS for 235U thermal neutron induced fission showing several relevant
datasets as well as the most recent evaluations from ENDF, JEFF and JENDL data
libraries.

Fig. 2. The 252Cf fission chamber used in the spontaneous fission PFNS measure-
ments. The microparticle filter used to prevent fission fragments from con-
taminating the gas fill line, along with the gas fill line and aluminum housing are
highlighted. The sample plate is located in the center of the aluminum housing.

Table 1
Results from MCNP Polimi modeling for the optimization of the number of gamma
detectors used for gamma tagging. The total detection volume was conserved and
each detector was modeled as 5 cm thick. Gamma coincidence was used to
determine fission and false fission %.

of det. Det. rad. (cm) Fiss. % False fiss. % FOM

2 7.0 17.3 3.7 4.8
3 5.7 28.3 3.7 7.6
4 4.9 28.7 3.7 7.7
5 4.4 30.9 4.1 7.6
6 4.0 31.4 4.1 7.6
7 3.7 31.3 4.3 7.2
8 3.5 32.5 4.4 7.4
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for PFNS measurements of the spontaneous fission of 252Cf [8].
This method uses any gamma event as the fission start time. While
this works well for measurements of spontaneous fission due to
the low gamma background rate, it does not work for neutron
induced fission where the incident neutron beam provides a large
gamma background. Therefore, multiple gamma tagging would be
preferable for measurements of neutron induced fission. A multi-
ple gamma tagging technique was previously utilized at the Uni-
versity of Massachusetts Lowell [9]; however, large scattering
backgrounds caused difficulties in the measurement. Additionally,
gamma tagging has been used to measure the fission cross-section
with the gamma multiplicity detector at the Gaerttner Linear
Accelerator Center at Rensselaer Polytechnic Institute (RPI) [10].
Through the implementation of digital data acquisition, a new
multiple gamma tagging method has been developed at RPI in
order to measure the PFNS of several isotopes.
2. Gamma tagging method

In order to improve the count rate for prompt fission neutron
spectrum measurements, a multiple gamma tagging method was
developed at RPI using the RPI neutron scattering system [11]. The
gamma tagging method utilizes the high average fission gamma
multiplicity, 6.53 for 235U, 6.78 for 239Pu, and 6.95 for 252Cf [12],
along with the higher penetrability of gamma rays to allow for
much more massive samples to be used. An array of four gamma
detectors was oriented next to the fissioning sample, and a coin-
cidence requirement on the array was used to determine when a
fission event has occurred. For this application the gamma energy
is of little importance, and only the timing of the gamma was
required for coincidence. Therefore, BaF2 detectors were chosen as
the gamma detectors of choice, and the timing of the fast detector
response component was used for coincidence timing.

Several MCNP Polimi [13] simulations were performed in an
attempt to optimize the gamma detector arrangement for the
multiple gamma tagging method. For these simulations a 235U
sample was placed 10 cm from an array of BaF2 crystals. A 1 MeV
neutron beam was used to induce fission on the 235U sample.
Three EJ-301 detectors were modeled as 5 in. diameter by 3 in.
thick detectors, which are the size of detectors used currently at
the RPI neutron scattering system and located at a distance of
50 cm from the sample. In order to determine which detector
configuration was best for the BaF2 detectors, a figure of merit
(FOM) was determined. This FOM is the ratio of the percent of
fissions detected with the gamma tagging method over the false
fission percent and is given in Eq. (1). The FOM is designed to
increase the efficiency of the detection method while limiting the
false fission contribution thus a larger FOM is better. The valid
fission events are selected by seeing two gammas in coincidence
that result from a fission event. The false fission percent is the
percentage of events that contain a gamma coincidence of two or
greater coming from an event other than fission. This includes
events from capture as well as inelastic scattering; however, due to
limitation on the simulation, it does not included events from
mixed sources such as one gamma from fission and a second from
capture. Cross-talk between the detectors was not included in
either a valid fission or false fission event in the simulation. A
separate simulation was preformed in order to quantify this effect.
A 1/4 in. lead shield was placed around each detector to limit the
cross-talk. The cross-talk between detectors was found to be less
than 1% of total fission events.

FOM¼ FissionPercent
FalseFissionPercent

ð1Þ

The first simulation performed looked at optimization of the
number of gamma detectors used for the coincidence measure-
ment. For all gamma detectors in this simulation the thickness of
each detector was kept constant at 5 cm. In order to give equal
weighting to configurations with different number of detectors,
the detector radius was changed for each configuration of detec-
tors in order to preserve the total volume. The results of the MCNP
Polimi simulations can be seen in Table 1. Here the FOM is highest
for 4 detectors. Although the probability to detect fission is
increasing with number of detectors, the FOM is maximized at
4 detectors.



Table 2
Results from MCNP Polimi modeling for the optimization of the gamma detector
thickness used for gamma tagging. The simulations involved four detectors with a
constant radius of 4.9 cm. Gamma coincidence was used to determine fission and
false fission %.

Det. thickness (cm) Fiss. % False fiss. % FOM

1.0 8.0 3.1 2.5
2.0 16.4 2.8 5.8
3.0 22.0 3.1 7.0
4.0 25.5 3.5 7.4
5.0 28.3 3.4 8.4
6.0 30.5 3.5 8.8
7.0 32.3 4.0 8.0
8.0 33.4 4.2 8.0
9.0 34.4 4.2 8.3
10.0 35.0 4.6 7.6

Table 3
Results from MCNP Polimi modeling for the optimization of the gamma detector
radius used for gamma tagging. The simulations involved four detectors with a
constant thickness of 6.0 cm. Gamma coincidence was used to determine fission
and false fission %. The oscillatory behavior at higher detector radii is due to
uncertainty in the false fission %.

Det. radius (cm) Fiss. % False fiss. % FOM

4.0 25.2 3.5 7.2
5.0 30.8 3.4 9.2
6.0 34.5 3.4 10.2
7.0 36.8 3.4 10.9
8.0 38.0 3.7 10.3
9.0 39.1 4.0 9.8
10.0 39.1 3.9 10.1
11.0 38.3 3.9 9.8
12.0 38.1 3.8 10.1
13.0 37.4 3.9 9.6
14.0 36.8 4.1 9.0

Table 4
Isotopic composition of 252Cf sample obtained from ORNL.

Isotope Atom percent Weight percent

249Cf 10.92 10.82
250Cf 13.68 13.61
251Cf 4.76 4.75
252Cf 70.64 70.82
253Cf 0.00 0.00
254Cf 0.00 0.00
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The second parameter which was optimized was the thickness
of the gamma detectors. For these simulations the radius of the
detector was constant at 4.9 cm, and four detectors were used
which were the previous optimal number of detectors found. The
results from the simulations can be seen in Table 2, and an optimal
thickness of 6 cm was found.

The final optimization performed was on the gamma detector
radius. For these simulations four detectors were used with a
thickness of 6 cm as found in the previous optimizations. The
results of the simulation can be found in Table 3. This shows that
the optimal detector radius is found to be 7 cm. Furthermore, the
probability to detect a fission through the multiple gamma tagging
method with these parameters is 36.8% with only a 3.4% from false
detection. Although the false detection rate seems high, this value
was calculated for the probability to get a gamma coincidence
from an event other than fission. These events come from capture
and inelastic scattering. Since capture reactions do not have a
neutron associated with them, any background from these events
would be constant and do not greatly affect the measurements.
Therefore, only inelastic scattering events would have the gamma
coincidence as well as a neutron to be mistaken as fission events.
Once this criterion is applied the total false detection rate falls to
less than 1% for the given simulation. However, this is dependent
on the scattering to fission ratio and therefore will need to be
simulated for each measurement.

Through the simulations a final coincidence criterion was
obtained. A coincidence of two on an array of four BaF2 detectors
with a coincidence timing of 7 1.5 ns was used. This value for
coincidence timing was determined through an experiment look-
ing at the timing resolution of the BaF2 detectors which is
described in detail later in the paper. A 300 keV energy threshold
was chosen to minimize detection of events from radioactive
decay gammas. This value was chosen based on the decay gammas
of 252Cf and can be modified based on the decay radiation of the
isotope being measured. The timing window for neutron detection
from the fission start event was determined to be 600 ns. At a
distance of 50 cm this corresponds to a neutron energy of 3.6 keV
which is well below the measurement threshold of the neutron
detectors. The lowest measurable neutron energy is at 50 keV
which corresponds to 162 ns ToF. A thin plastic scintillator was
operated at high voltage, 2200 V, to allow for the measurement of
low energy neutrons. Since pulse shape discrimination cannot be
preformed at such low energies another method needed to be
employed for gamma neutron discrimination. The majority of
gamma events will not be correlated in ToF and therefore will be
subtracted as a constant background. The prompt gamma rays
from fission are predominently in the first few nanoseconds after
the fission event and are therefore outside the measurement
region. A small number of prompt gamma rays will be emitted at
longer times due to decay of isomeric states. MCNP Polimi was
used to model the effects of these gammas and they were found to
contribute less than 0.1%. The timing window sets the limit on the
fission rate available to be counted with this method to 5 � 106

fissions per second. This allows for measurement of the complete
neutron spectrum while allowing additional time at the end of the
measurement window to determine the background coincidence
rate. From the simulations this shows that the gamma tagging
method is 36.8% efficient at detecting a fission event.
3. Fission chamber

In order to demonstrate that the gamma tagging method could
be used to measure the PFNS, a 252Cf fission chamber was designed
and constructed. This allows for the prompt fission neutron
spectrum to be measured simultaneously using both the gamma
tag as the fission timing signal as well as the signal directly from
the fission chamber as the fission timing signal. A 20 ng 252Cf
sample was obtained from Oak Ridge National Laboratory (ORNL)
with isotopic distribution give in Table 4 . The sample was sent as a
powdered sample, which was then dissolved in nitric acid to
create a Californium Nitrate solution. Once the solution had eva-
porated, alcohol was added to the Californium Nitrate, and the
sample was deposited onto a titanium sample plate through
stippling. Several two microliter depositions were performed on
the sample plate resulting in a one inch spot size. The final sample
deposition was found to be approximately 18 ng of the original
20 ng corresponding to about 17,000 fissions per second, 99.5%
from 252Cf.

The sample plate was then placed in a parallel plate fission
chamber with 2 mm plate spacing between the anode and cathode
plates and filled with methane fill gas at 1 atm. The methane fill
gas has a high drift mobility which, along with the small plate
spacing, facilitates fast signal collection. The plate spacing was also
chosen to minimize events seen from alpha decay signals (Fig. 2).



Fig. 3. The pulse integral distribution spectrum for the fission chamber, taken with
EAGLE MCA software, showing the alpha peak as well as the fission fragment peak
and highlighting the discriminator setpoint chosen to eliminate the alpha signal.

Fig. 4. A measurement of the signal rate from the fission chamber as a function of
the discriminator level, taken with Acqiris AP-240 digital data acquisition board,
showing the location of the discriminator of alpha fission fragment discrimination
and demonstrating the extrapolation method used to determine the detector
efficiency.

Fig. 5. A figure showing the typical detector setup for a 252Cf spontaneous fission
measurement highlighting the location of the gamma detectors, neutron detectors
and sample position. An MCNP Polimi simulation was preformed to determine the
time-dependent neutron background caused by room return from the surrounding
materials.

Fig. 6. The timing resolution between 2 BaF2 detectors found by taking the timing
difference between the decay of 60Co. The timing resolution between 2 detectors
was found to be 3 ns FWHM and was used as the coincidence timing window.
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In order to determine the location of the discriminator as well
as the fission chamber efficiency, the fission chamber was con-
nected to an Acqiris AP-240 8 bit 1 Gsample/second digital data
acquisition (DAQ) board, and a pulse height spectrum was
obtained as seen in Fig. 3. Once the discriminator level had been
found, the fission signal was extrapolated back to what it would
have been with no discrimination. The ratio of the value at zero
discrimination to that at the given discriminator level provides an
estimate of the efficiency of the fission chamber, which was found
to be 83% efficient as seen in Fig. 4.
4. Experimental setup

The fission chamber was placed on a low mass sample holder
in the middle of the RPI neutron scattering system. This system,
seen in Fig. 5, utilizes a bank of 4 Acqiris AP-240 DAQ boards to
digitally store the detector signals for future post-processing.
These boards operate at a Gigasample/second sampling rate
resulting in one nanosecond resolution. The detector setup
includes an array of gamma detectors that were used for the
gamma tagging, as well as neutron detectors, in order to measure
the prompt fission neutron spectrum. Four BaF2 gamma detectors
were located 10 cm away from the center of the sample plate in
the fission chamber. These are hexagonal detectors which were
2 in. across and 5 in. thick. The neutron detectors consisted of two
5 in. diameter by 3 in. thick EJ-301 liquid scintillators for mea-
suring the high energy region (0.5–8 MeV) and one 5 in. diameter
by 0.5 in. thick EJ-204 plastic scintillator, that measured the low
energy region (50 keV–1 MeV) of the PFNS. The EJ-301 detectors
were located 50 cm from the fission source and the EJ-204
detector was located 48 cm from the fission source. This short
flight-path will result in a larger uncertainty for the high energy
neutrons; however, the system is designed for incident neutron
beam measurements and californium is merely used as a bench-
mark. Increasing the flight-path would result in greatly reduced
count rate which will not be useful for incident beam measure-
ments. The uncertainty in the flight-path will be included as an
uncertainty in the neutron energy bin. The fission chamber was
connected to the DAQ board through an Ortec-142 fast pre-
amplifier. All detector signals were recorded with the DAQ boards
and post-processed to determine the PFNS.



30 100 200
10

100

1000

10000

100000

1000000

Better timing resolution
with gamma tagging method

C
ou
nt
s

Time-of-Flight [ns]

Gamma Tagging Method
Fission Chamber

Fig. 7. The PFNS in ToF for the spontaneous fission of 252Cf using both the fission
tag from the fission chamber and from the multiple gamma tagging method using
an EJ-301 liquid scintillator.

30 100 200 300 400 500 600

102

103

104

105

Background

Prompt Neutron Peak

Prompt Gamma Peaks

C
ou
nt
s

Time-of-Flight [ns]

Gamma tagging method
Fission chamber

Fig. 8. The PFNS in ToF for the spontaneous fission of 252Cf using both the fission
tag from the fission chamber and from the multiple gamma tagging method using a
thin EJ-204 plastic scintillator.

13 5 2 1 0.5

E. Blain et al. / Nuclear Instruments and Methods in Physics Research A 805 (2016) 95–100 99
In order to determine an acceptable coincidence timing, the
timing resolution of the system had to be obtained. A 60Co source
was placed between two BaF2 detectors, and the timing difference
between the signals for each event was recorded. The results of
the measurement can be seen in Fig. 6. The measurement was
additionally performed for coincidence between the BaF2 detec-
tors and the EJ-301 and EJ-204 detectors with similar results. This
shows that the timing resolution of the system is 3 ns full width
half maximum and provides the basis for the coincidence criteria
for the gamma tagging method.
Fig. 9. The PFNS in ToF for the spontaneous fission of 252Cf comparing the
experimental data to an MCNP Polimi simulation using the Manhart evaluation
energy distribution with a 3 ns Gaussian timing distribution. Although the
experiment is higher in the region from 1 to 2 MeV and lower in the region around
0.7 MeV there is good overall agreement between the experiment and simulation.
5. Results

The prompt fission neutron spectrumwas measured using both
the signal from the fission chamber and the gamma tag as the start
signal. The pulses from the neutron detectors were then recorded
for 600 ns after the start signal to provide the full prompt fission
neutron spectrum in time of flight (ToF) as well as additional time
to provide the constant room background. The ToF results can be
seen in Figs. 7 and 8 for an EJ-301 and an EJ-204 neutron detector
respectively.

The spectra are aligned based on the centroid of the prompt
gamma peak, and the fission chamber was adjusted for the 82%
efficiency. The gamma tagging method was then normalized to the
fission chamber curve to find the efficiency of the gamma tagging
method. This was found to be 30% efficient, which is comparable
to the 33.4% efficient found with MCNP Polimi simulations for the
current configuration. The PFNS is also comparable using both the
fission chamber or the gamma tagging as the start signal. Addi-
tionally the results from the gamma tagging method were com-
pared to an MCNP Polimi simulation, using the 252Cf spontaneous
fission energy distribution from the Manhart evaluation and a 3 ns
Gaussian timing distribution, modeling the detectors and all sig-
nificant background sources and can be seen in Fig. 9. This shows
that the multiple gamma tagging method shows good agreement
with the PFNS for 252Cf and can be applied to other materials with
larger samples masses than could be used with fission chambers.
Lastly, the EJ-204 plastic scintillator was found to behave well in
the region below 0.5 MeV down to 50 keV and will be further
investigated as a neutron detector for this energy region.

One additional advantage of the gamma tagging method is that
it does not rely on the discriminator threshold present in fission
chambers. In a fission chamber the detector signal is generated
based on the ionization of particles within the fill gas. Both fission
fragments from fission events as well as alpha particles from
radioactive decay cause ionizations in the gas volume. The dis-
criminator is set in order to maximize the number of fission events
detected while minimizing the detection of alpha events. The
difficulty with this method occurs when the PFNS is measured
with a detector parallel to the plates of a parallel plate fission
chamber, oriented 90° to the normal of the fission sample, vs. a
detector perpendicular to the fission plates, oriented 0° to the
normal of the fission sample. A diagram of this configuration can
be seen in Fig. 10. Due to the longer ionization path for the per-
pendicular detector, it will detect more fission events than the
parallel detector. Since prompt fission neutrons are preferentially
emitted in the direction of the fission fragments [14], this results
in slightly different PFNS measured from the parallel and per-
pendicular detector. In order to demonstrate this effect the ratio of
the PFNS for different discriminator setpoints was measured and
can be seen in Fig. 10. The discriminator settings were based on
maximum pulse height as related to channel on the 8 bit digitizer.
How this corresponds to the fission fragment energy deposition
spectrum can be seen in Fig. 11. This shows that as the
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discriminator level increases the PFNS, particularly in the region
above 1 MeV, decreases for the parallel detector faster than the
perpendicular detector. This phenomenon does not exist for the
gamma tagging method since it does not require a discriminator
level for fission detection which can be seen in Fig. 10. This
demonstrates another advantage of the gamma tagging method
over using parallel plate fission chambers.
6. Conclusions

The gamma tagging method has been shown to accurately
reproduce the prompt fission neutron spectrum for the
spontaneous fission of 252Cf. The efficiency of the gamma tagging
method for the given experimental setup was found to be 30%.
Although this is lower than conventional fission chambers, by
increasing the mass of the fission sample, the multiple gamma
tagging method provides a higher total counting rate over fission
chambers. Additionally since it does not require fission fragment
neutron discrimination, it does not suffer from the discriminator
effects present in current ionization fission chambers. However,
when it is used for incident neutron beam measurements, a cor-
rection for inelastic scattering must be made. Initial simulations
show this correction to be minimal on the order of a few percent
and therefore should not limit the use of the gamma tagging
method for neutron induced fission measurements. This method
can therefore be used to measure the prompt fission neutron
spectrum for neutron induced fission on various isotopes of
interest including 235U, 238U and 239Pu. Measurements on the full
PFNS of 252Cf have already been performed and measurements on
the neutron induced fission of 238U are currently being analyzed.
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