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A B S T R A C T

The use of liquid scintillation detectors provides the possibility to acquire information about both 𝛾-rays
and neutrons. The capability of plutonium detection via 𝛾/n coincidences in liquid scintillation detectors
is well demonstrated in the literature, and it is also acknowledged that correlated 𝛾/n detection can offer
better sensitivity and signal to noise ratio compared to neutron–neutron for some applications. In this paper
we perform an assessment of the use of 𝛾/n coincidence counting in small samples, what may have use in
the context of nuclear safeguards. We formulate the expected number of 𝛾/n coincidences and calculate the
average and covariance of 𝛾-ray and neutron multiplicities for 238Pu, 240Pu, 242Pu and 252Cf. The multiplicative
coefficients for the 240Pu effective mass equation was then calculated using 𝛾/n coincidences, and Monte
Carlo simulations performed in order to model the detection of neutrons and 𝛾-rays inside liquid scintillation
detectors.

We conclude that 𝛾/n coincidence counting still has potential capabilities when the objective is the
detection of plutonium, but its use for plutonium effective mass quantification is limited compared to n/n
coincidence counting. Nevertheless, the method could still be applicable for the purpose of plutonium mass
quantification by using a calibration curve that is specific to a sample’s mass and size.
1. Introduction

The use of liquid organic scintillation detectors has been investi-
gated for a decade as an alternative technology to 3He detectors for use
n neutron multiplicity counters [1]. Beyond the well known benefits,
uch as lower sensitivity to both accidental coincidences and high
eutron background from mixed samples with light elements [2,3],
hese detectors also makes it possible to acquire information about
ther observables since they can also detect 𝛾-rays [4,1].

There are several possibilities when measuring both 𝛾-ray and neu-
ron rates. Each individual particle can be measured in singlets, dou-
lets and triplets. Combinations between both particles is also possible,
/n, 𝛾/n/n and 𝛾/𝛾/n. Single neutron counting and coincidence count-
ng of neutrons in second and third order moments are well established
s reliable techniques to infer quantitatively and qualitatively about the
resence of spontaneous and induced fission in a sample [5–7]. With
he neutron multiplicity method the coincidence count rate can be re-
ated to an effective mass of 240Pu. The n/n coincidence technique also
llows to distinguish between metal and oxide samples via estimation
f (𝛼, n) reaction rates [8].

The capability of plutonium detection by multiplicity counters via
-ray and neutron coincidences in liquid scintillation detectors are also
ell demonstrated in the literature [9,10,1,11–13]. Moreover, it is also
cknowledged that correlated 𝛾/n can offer a better sensitivity and
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signal to noise ratio compared to n/n for some applications [10,14,15].
It may therefore be of interest to investigate the capability to infer
the sample mass from correlated 𝛾/n counting for samples of small
spontaneous fission activity, where less sensitive techniques may be
difficult to use.

In this paper we perform an initial assessment on the use of the
combination of 𝛾-rays and neutrons, considering 𝛾/n multiplicity cor-
relation in the fission process. Because we have chosen to limit this
study to small samples, where techniques with lower efficiency but
higher accuracy may not be feasible, self-multiplication effects caused
by induced fission are outside the scope of this study, as well as (𝛼, n)
reactions in the sample.

In Section 2 we formulate the expected number of 𝛾/n coincidences
in a measurement and calculate the average and covariance of 𝛾-ray
and neutron multiplicities for 238Pu, 240Pu, 242Pu and 252Cf. We also
verify the validity of the approximations proposed in Section 2 through
numerical simulations. In Section 3 we define the multiplicative factors
from the 240Pu effective mass equation using 𝛾/n coincidences and
compare with the ones calculated in the literature. In Section 4 we
perform MCNP simulations of plutonium metal samples in order to
model the detection process in the liquid scintillators. In Section 5 we
discuss the results and finally, a summary and conclusion are presented
in Section 6.
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Table 1
Average and covariance of the neutron and 𝛾-ray multiplicities for the
nuclides Pu-238, Pu-240, Pu-242 and Cf-252 calculated with FREYA AND
CGMF..

FREYA

Isotope �̄� �̄� cov(𝑀𝑛 ,𝑀𝛾 )

Pu-238 2.1769(3) 6.4176(7) −0.713(4)
Pu-240 2.2366(3) 6.4904(7) −0.644(4)
Pu-242 2.1222(2) 6.5185(7) −0.517(4)
Cf-252 3.7473(4) 7.6906(8) −0.824(5)

CGMF

Isotope �̄� �̄� cov(𝑀𝑛 ,𝑀𝛾 )

Pu-238 2.173(3) 7.634(7) −0.95(1)
Pu-240 2.137(3) 7.552(7) −0.84(1)
Pu-242 2.111(2) 7.453(7) −0.79(1)
Cf-252 3.7509() 9.152(8) −1.26(2)

2. Expected number of detected 𝜸/n pairs

Assuming that the detection probabilities of neutrons and 𝛾-rays
follow the binomial distribution, the number of 𝛾/n coincidences per
detector pair and fission event is

𝐶𝛾∕𝑛 =
∑

𝑀𝑛𝑀𝛾

𝑃 (𝑀𝑛,𝑀𝛾 )𝑀𝑛𝑀𝛾𝜀𝑛𝜀𝛾 = 𝜀𝑛𝜀𝛾 𝐸[𝑀𝑛 ⋅𝑀𝛾 ], (1)

where 𝜀 denotes detection efficiency, 𝑀 denotes multiplicity, while
the subscripts 𝛾 and 𝑛 indicates 𝛾-rays and neutrons, respectively.
𝑃 (𝑀𝑛,𝑀𝛾 ) is the joint multiplicity distribution. It is assumed that
𝜀𝑛 and 𝜀𝛾 are independent of 𝑀𝑛 and 𝑀𝛾 . In addition, correlations
in energy and angle between emitted neutrons and 𝛾-rays are also
neglected. The number of detector pairs is given by

𝑛𝑑 = 𝑛(𝑛 − 1), (2)

for 𝑛 detectors. The expectation value 𝐸[𝑀𝑛 ⋅ 𝑀𝛾 ] is related to the
multiplicity covariance by

cov(𝑀𝑛,𝑀𝛾 ) = 𝐸[𝑀𝑛 ⋅𝑀𝛾 ] − 𝐸[𝑀𝑛] ⋅ 𝐸[𝑀𝛾 ], (3)

where 𝐸[𝑀𝑛] and 𝐸[𝑀𝛾 ] are the expectation values for neutron and 𝛾-
ray multiplicity. Therefore, the expected number of 𝛾/n coincidences
is a function of the detection efficiency and the nuclear data quan-
tities �̄� (mean neutron multiplicity), �̄� (mean 𝛾-ray multiplicity) and
cov(𝑀𝑛,𝑀𝛾 ).

𝐶𝛾∕𝑛 = [cov(𝑀𝑛,𝑀𝛾 ) + (�̄� ⋅ �̄�)]𝜀𝑛𝜀𝛾 (4)

Computational simulations with the Fission Reaction Event Yield
Algorithm (FREYA) [16,17] and the Cascading Gamma-Ray Multiplicity
with Fission (CGMF) [18], were used to calculate neutron and gamma
multiplicities, and their relative covariance for 238Pu, 240Pu and 242Pu
isotopes. 252Cf was also investigated since it is commonly used as a
calibration source in fission research and applications. Results from
the FREYA code are displayed in Fig. 1. The results indicate negative
covariance between 𝛾-ray and neutron multiplicity for all the three Pu
isotopes and 252Cf investigated, cf. Table 1. It is important to highlight
that the uncertainties related to these results are only statistical, due
to the number of events simulated. The relative contribution of the
covariance to the expected number of coincidences in Eq. (4) is in all
cases small (between 3 and 5%).

To arrive at a prediction for the expected number of 𝛾/n coinci-
dences in Eq. (4) a number of approximations were made. In order
to verify that the approximations are valid in a detection scenario
we have performed numerical simulations. The investigated detection
scenario consists of eight detectors surrounding a nuclear material
point-like source; it is illustrated in Fig. 2. The modeled detectors were
cylindrical liquid scintillators (12.7 cm × 12.7 cm), type EJ-309 [19]
positioned in a ring with a 30 cm radius. The spontaneous fission source

6
(10 spontaneous fission events) was positioned in the center of the

2

Table 2
Comparison between Expected and Observed number of coincidences per fission, with
and without energy threshold, for plutonium isotopes and californium.

No. of 𝛾/n per fission

Without threshold With threshold

Isotope Expected Observed ratio Expected Observed ratio

Pu-238 0.0436(5) 0.0439(2) 1.007 0.0187(2) 0.0190(1) 1.0184
Pu-240 0.0460(5) 0.0462(2) 1.003 0.0196(2) 0.0198(1) 1.0096
Pu-242 0.0448(4) 0.0450(2) 1.004 0.0182(2) 0.0184(1) 1.0116
Cf-252 0.0940(7) 0.0939(3) 0.998 0.0411(3) 0.0413(2) 1.0038

Table 3
𝛾-ray and neutron efficiency, with and without energy threshold, for plutonium isotopes
and californium.

Without threshold With threshold

Isotope 𝛾-ray neutron 𝛾-ray neutron

Pu-238 (6.20±0.01)10−3 (9.40±0.02)10−3 (4.70±0.01)10−3 (5.30±0.02)10−3
Pu-240 (6.30±0.01)10−3 (9.40±0.02)10−3 (4.80±0.01)10−3 (5.40±0.01)10−3
Pu-242 (6.40±0.01)10−3 (9.40±0.02)10−3 (4.60±0.01)10−3 (5.30±0.02)10−3
Cf-252 (6.40±0.01)10−3 (9.30±0.02)10−3 (4.60±0.01)10−3 (5.70±0.01)10−3

detector ring. Simulations for each plutonium isotope were initially
done separately.

As a first step the detectors were considered idealized, meaning
that no threshold for energy or time were applied. Particles were
followed and counted if the followed particle deposited any quantity
of energy inside the sensitive detector volume. In a second step an
energy threshold in terms of scintillation light output 𝐿 > 0.1 MeVee
nd a coincidence-time window 1 ns < 𝛥𝑡 < 100 ns were applied.
he time window was chosen considering the time interval between
he detection of a 𝛾-ray and a neutron emitted in the same fission
vent. The precise choice has a low impact on the registered number
f coincidences. The prompt fission neutron yield above 15 MeV is
egligible and the flight time of such neutrons in the detection sce-
ario is approximately 5 ns. The low impact of the precise choice of
ime window was corroborated by varying the lower threshold of the
ime window between 0.1 and 10 ns; no significant difference in the
umber of registered coincidences was observed. The expected number
f coincidences, according to Eq. (4), and the number of coincidences
bserved in the simulations are presented in Table 2.

As already mentioned, 252Cf is commonly used as a calibration
ource. The efficiencies for 𝛾-rays and neutrons related to 238Pu, 240Pu
nd 242Pu as well as 252Cf are presented in Table 3, again with and
ithout energy and time thresholds. The efficiencies for the plutonium

sotopes are relatively consistent with the 252Cf ones for 𝛾-rays. The
arger differences are found between 238Pu (3% - without threshold)
nd for 240Pu (4% - with threshold). For neutrons the efficiencies are
ery similar among the plutonium isotopes with or without threshold,
ut it has a significant difference, of 7%, compared with the one
or 252Cf when thresholds are applied. This difference in the neutron
fficiency is due to the difference in neutron energy spectra for 252Cf
nd the plutonium isotopes. If 252Cf is used to determine the efficiency
n a real detection scenario a correction for the neutron spectrum
ifference should be applied.

. 240 Pueff mass for 𝜸/n coincidence counting

It is customary to define an effective mass of 240Pu to relate a
oincidence response of a neutron detection system to the quantity
f plutonium in a sample. The effective mass of 240Pu is defined as
he mass of 240Pu that would give a certain coincidence response. It
s written as a linear combination of the masses of the even mass
umbered isotopes 238Pu, 240Pu and 242Pu
meff = 𝛾238 m238 + m240 + 𝛾242 m242, (5)
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Fig. 1. Neutron and 𝛾-ray multiplicity distributions 𝑃 (𝑀𝑛 ,𝑀𝛾 ) calculated with FREYA for the three Pu isotopes 238Pu, 240Pu and 242Pu as well as for 252Cf. The red lines show
he conditional averages 𝐸(𝑀𝑛|𝑀𝛾 ) and 𝐸(𝑀𝛾 |𝑀𝑛).
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Fig. 2. Schematic illustration of the modeled detection setup, with 8 cylindrical liquid
cintillation detectors positioned in a ring with 30 cm radius. The detector geometry
s illustrated in the inset.

here 𝛾238 = 2.52 and 𝛾242 = 1.68 for thermal neutron detection
systems [20].

Dolan et al. investigated the response of a fast detection system
using organic liquid scintillation detectors and reported 𝛾238=2.49 and
𝛾242=1.57 for n/n [8]. The use of 𝛾-rays adds new dependence param-
eters, such as spontaneous fission prompt 𝛾-ray multiplicity and the
covariance between 𝛾-ray and neutron multiplicities. The multiplicative
coefficient for 𝛾/n correlation counting for an isotope of plutonium 𝐴Pu
can be defined as

𝛾𝐴 =

(

𝐶𝛾∕𝑛𝑏sf
𝑚𝑎𝑇1∕2

)

𝐴
(

𝐶𝛾∕𝑛𝑏sf
𝑚𝑎𝑇1∕2

)

240

(6)

here 𝑚𝑎 is the atomic mass, 𝑏sf is the branching ratio and 𝑇1∕2 is
he half-life related to the plutonium isotope of mass number 𝐴 in
he numerator and to 240Pu in the denominator. The expected number
f 𝛾/n coincidences 𝐶𝛾∕𝑛 is given by Eq. (4). The molar mass values
ere obtained from AME2020 [21] and the half-lifes along with the
ranching ratios for spontaneous fission were obtained from INDC [22]
nd ENSDF [23].
3

Table 4
240Pu effective coefficients for 𝛾/n correlation counting.

Code + Library 𝛾238 𝛾242
FREYA + INDC 2.3380 1.6127

FREYA + ENSDF 2.4065 1.6109
CGMF + INDC 2.4999 1.6402

CGMF + ENSDF 2.5695 1.6345

In order to model the detection of neutrons and 𝛾-rays in the liquid
scintillators, MCNP’s PTRAC [24] and MCNPtools [25] were utilized.
Neutron and 𝛾-ray interactions were followed inside the liquid scintil-
lator, and energy deposited by electrons and protons were registered.
The energy deposited in units of MeV was translated to light output in
units of MeVee. For detection of 𝛾-rays linear electron light output was
assumed, while for detection of neutrons the proton light output func-
tion from Enqvist et al. [12] was used. The multiplicative coefficients
for 238Pu and 242Pu were determined using the two available models
or fission events built-in to MCNP6.2 code [26], FREYA [16,17] and
GMF [18].

We have chosen to use both models at this stage to highlight the
ifferences between them. The results are presented in Table 4. The
elative differences between the two models range between 1%–7%, the
argest deviations are found for the 238Pu isotope. A difference between

the two data bases INDC and ENSDF around 1%–3% can also be noted.

The values we found for the multiplicative coefficients are close to
the ones previously reported for n/n coincidence, differing by 6% and
2% for 𝛾238 and 𝛾242 respectively to the coefficients presented for fast
detection system [8]. The FREYA + INDC combination was used for
the remainder of the simulations in this paper mainly due to it faster
simulation time compared to CGMF.

4. 𝜸/n coincidence counting for plutonium metal samples

The same detector configuration described in the previous section
was used in MCNP simulations with plutonium metal (PM) samples
to calculate 𝛾∕𝑛 coincidence detection rates. This was done in order
to check how the observed coincidence rates (calculated with MCNP),

relate to the expected coincidence rates. The comparison is done by
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Table 5
Isotopic mass composition percentages of the four Plutonium Metal
samples used.

Isotope 1 2 3 4

Pu-238 0.01% 0.06% 0.68% 0.97%
Pu-239 93.31% 84.20% 72.65% 62.45%
Pu-240 6.29% 14.16% 18.08% 25.32%
Pu-241 0.06% 0.27% 1.43% 1.49%
Pu-242 0.04% 0.36% 2.05% 4.19%
Am-241 0.27% 0.96% 5.10% 5.57%

translating these quantities into 240Pu effective mass. The true effective
ass is calculated by applying Eq. (5) using the multiplicative coeffi-

ients from Table 4. For a simulated sample we calculate the effective
ass that would be observed in a measurement as

𝑚eff =
𝑁𝛾∕𝑛

[

𝑎 𝑏sf 𝐶𝛾∕𝑛
]

240

, (7)

here 𝑁𝛾∕𝑛 is the observed number of coincidences in the simulation.
he quantities in the denominator are related to 240Pu; 𝑎 is the specific
ctivity, 𝑏sf is the spontaneous fission branching ratio and 𝐶𝛾∕𝑛 is the
xpected number of 𝛾∕𝑛 coincidences per fission according to Eq. (4).

Coincidences arising from induced fission cannot be distinguished
rom spontaneous fission and would be counted as well, this effect
ust be considered having also in mind the average higher multiplicity

or neutrons emitted by induced fission [20]. In the (𝛼, n) reaction,
eutrons and 𝛾-rays are produced, albeit with a lower multiplicity
han in spontaneous fission. The 𝛾/n coincidence condition does not
ompletely exclude false counting of (𝛼, n) neutrons. However, because
e have limited this study to small samples, self-multiplication and (𝛼,
) reaction interference can be neglected.

The PM samples were modeled as consisting only of plutonium and
mericium. Four different isotopic compositions were chosen, varying
etween 6%–25% in 240Pu content and between 90%–62% in 239Pu
ontent (See Tab. 5), representing three different grades of plutonium,
eapon Grade (240Pu < 7%), Fuel Grade (7% < 240Pu < 19%) and
eactor Grade (240Pu > 19%). Sample number one was used to inves-

igate how changes in the mass and shape would affect the observable
f interest keeping the same plutonium isotopic composition. These
econdary samples were also modeled as cylinders, and the masses
ere varied from 6.6 mg to 13.9 g with radie varying from 7.5 mm

o 1.08 cm.
Fig. 3 presents the number of observed coincidences per initial

ission in the sample as a function of the sample radius. The number of
bserved 𝛾/𝛾 and 𝛾/n coincidences show a clear exponential decrease
s a function of the radius of the sample, related to self-absorption
f 𝛾-rays within the sample. In contrast to the strong dependence on
he sample size and shape for 𝛾/n coincidences, the n/n coincidences
resent a very stable value almost independent of the sample radius.
owever, with a much smaller overall rate.

In Fig. 4 the effective mass that would be observed in a mea-
urement, according to Eq (7), is shown as a function of the true
ffective 240Pu mass, that can be calculated using the coefficients in
ab. 4. It is observed that for samples with the same mass and radius,
ut different isotopic compositions, the relation between the number
f observed and expected coincidences do not change, with a ratio
pproximately constant around 0.5. Thus, it could be possible to devise
correction for the 𝛾-ray self absorption, considering that for a fixed

ample composition it follows a simple exponential decay. However,
his calibration curve would be highly dependent on the sample size,
ass and detection geometry.

. Discussion

The 𝛾-ray and neutron multiplicity covariance calculated for 252Cf

sing FREYA or CGMF are not in agreement with the ones reported i

4

Fig. 3. Detected number of coincidences per fission as a function of the radius of the
sample. The statistical uncertainty is smaller than the plotted symbols.

Fig. 4. Observed 240Pueff mass as function of Real 240Pueff mass. The green line
represents a least square fit of a straight line.

by experimental studies [27,28] that presents much smaller covariance
values. No experimental data exist on this quantity for spontaneous
fission decay of any of the Pu-isotopes; new measurements are therefore
desirable. The large uncertainty on the multiplicity covariance will
impact the number of 𝛾/n coincidences. However, the relative contri-
bution of the covariance on the expected number of coincidences in
Eq. (4) is only between 3 and 5%.

We observe, as presented in Table 2 that for each nuclide investi-
gated the number of 𝛾/n coincidences observed in the simulation, with
and without realistic detection thresholds, agree with the prediction
by Eq. (4). This provides confidence in the approximations made to
arrive at this equation. However, when using 𝛾/n coincidence counting
to estimate 240Pueff mass, a strong dependence on the sample radius is
observed. This is due to the well known effect of attenuation of 𝛾-rays
in the sample, which causes a significant decrease in the number of
observed 𝛾/n coincidences. A deviation between observed and expected
240Pueff mass under 10% is reached only for samples smaller than
10 mg.

For samples with compositions different from the ones presented
here one may need to account for additional effects that are relevant
to the use of 𝛾/n coincidences, not addressed in this paper. Examples of
such are neutron self multiplication, high rate of neutrons emitted by
(𝛼, n) reaction and when the presence of other nuclides expressively
affect neutron and 𝛾-ray production. In this case the equation for
240Pueff mass must be expanded, with terms to account for particles
roduction rates for either (𝛼, n) reaction and spontaneous as well as
nduced fission [20].
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6. Summary and conclusions

In this paper we have investigated some aspects of the use of
𝛾/n coincidence counting. We formulate the expected number of 𝛾/n
coincidences and calculate the average and covariance of 𝛾-ray and
neutron multiplicities for 238Pu, 240Pu, 242Pu and 252Cf using the
Fission Reaction Event Yield Algorithm (FREYA). The multiplicative
coefficients from the 240Pueff mass equation were then calculated and
Monte Carlo simulations were performed in order to check the relation
between 𝛾/n observed and expected coincidence counting.

We conclude that 𝛾/n coincidence counting presents potential as a
complementary method to n/n counting for small samples. However,
it has many weak points if presented as a sole method for effective
mass determination in comparison with n/n coincidence counting.
For instance, the self-absorption of 𝛾-rays, even in samples of rela-
tively small masses (milligrams), poses a challenge that will remain for
multiplicative samples.

It is clear that improvements on the knowledge of nuclear data
quantities related to 𝛾-ray multiplicity as well as 𝛾/n-multiplicity co-
variance would be welcome for the further development of the method.
Here, like for n/n coincidence counting, uncertainties in nuclear data
will still be a source of error in the effective mass calculation through
multiplicities.

We also call attention to the fact that even if the method works
properly for the desired measurement setup it is, like for n/n coinci-
dence counting, still necessary to know a priori the plutonium isotopic
composition and perform a calibration to be able to use the plutonium
effective mass equation to infer the total plutonium mass. Moreover,
correction factors that account for miss-classification, background and
pileup must also be applied.
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