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Abstract— We present new results on the measurement of
correlated, outgoing neutrons from spontaneous fission events in
a Cf-252 source. 16 EJ-309 liquid scintillation detectors are used
to measure neutron-neutron correlations for various detector
angles. Anisotropy in neutron emission is observed. The results
are compared to MOCNPX-PoliMi simulations and good
agreement is observed.

I. INTRODUCTION

IN the past few years, efforts to develop new measurement
systems to support nuclear nonproliferation and homeland
security have increased substantially. Monte Carlo radiation
transport is one of the simulation methods of choice for the
analysis of data from existing systems and for the design of
new measurement systems; it allows for accurate description
of geometries, detailed modeling of particle-nucleus
interactions, and event-by-event detection analysis.

This work describes the validation of the new Monte Carlo
code MCNPX-PoliMi fission models, with particular
emphasis on the simulation of spontaneous fission of Cf-252.
Experimental data is compared to model data from the
MCNPX-PoliMi ver. 2.0. This code was released through
RSICC in 2012 as a patch to MCNPX ver. 2.7.0 and as an
executable [1].

Code validation is performed using an array of 16 EJ-309
liquid scintillation detectors and performing time-correlated
neutron measurements with a Cf-252 spontanecous fission
source.
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II. MCNPX-POLIMI SOURCE OPTIONS

MCNPX-PoliMi allows the user to simulate various
spontaneous fission sources by changing the IPOL(1) data
card in the input deck. The spontaneous fission sources that
can be modeled include Cf-252, Pu-240, Pu-242, etc. For
specific information on the usage of these sources please see
ref. [1-2].

A. Simulation of Correlated Neutron and Gamma Rays

In the current version of the MCNPX-PoliMi code, neutrons
and gamma rays from each fission event are simulated
independently of each other. Fig. 1 shows the number of
neutrons and gamma rays emitted in the spontaneous fission
simulation of the isotope Cf-252. The figure displays the
probability of emission of # neutrons or gamma rays.
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Fig. 1. Probability of emission of » neutrons or gamma rays per
spontaneous fission of Cf-252.
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Fig. 2. Probability of emission of » neutrons or gamma rays per
spontaneous fission of Pu-240.

Neutron energy distributions follow a well-known Watt
spectrum shape. In the new spontaneous fission models, the
energy spectrum of emitted neutrons is dependent on the
multiplicity of the neutrons. Details on these models can be
found in Ref. [3-5]. The present work is focused on neutron
correlations.

B. Circular Geometry

A simple geometry, consisting of 12 spherical liquid
scintillation detectors, was designed to verify the various new
fission models in MCNPX-PoliMi. A point spontaneous
fission source was placed at the center of the detector
assembly, in which 12 idealized, spherical detectors of radius



5 cm were placed at a distance of 40 cm from the source. Fig.
3 shows the geometry for the simulation study.

Fig. 3. MCNPX-PoliMi geometry for simulation study of detected neutron
pairs for various angles between detectors.

Neutron time-dependent, cross-correlation functions were
simulated for all pairs in the assembly. Fig. 4 shows the total
(neutron, neutron) pairs for all pairs of detectors separated by
the same angle. As expected, the isotropic treatment yields a
near-constant number of detected pairs, whereas the
anisotropic treatment results in greater correlated counts at 30
degrees and 180 degrees and fewer correlated counts at 90 and
120 degrees when compared to the isotropic treatment. Of all
pairs, the 30 degree pairs are the ones that are most affected
by cross-talk. In cross-talk events, the same neutron gives a
count in two or more detectors. This effect is more prominent
in detectors that are close to each other, i.e. those separated by
30 degrees. In these simulations, the detection threshold is set
to 70 keVee.
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Fig. 4. Number of correlated neutron detections per detector pair as a
function of angle between detectors for two different fission models:
anisotropic (IPOL(1)=1) and isotropic (IPOL(1)=-1). Statistical error is
smaller than the symbol used.

III. EXPERIMENTS

A set of experiments were performed using 16 EJ-309
liquid scintillation detectors, having diameter 3 inches and
height 2 inches. Each detector was calibrated (gain-matched)
by analyzing the Compton continuum measured with a Cs-137
source. This approach ensures equal response of the detectors.
The detection threshold was set to 70 keVee.

A. Detector Setup and Calibration

Fig. 5 shows a photograph of the experimental
configuration, showing the EJ-309 liquid scintillation
detectors arranged in two rings. Each ring consisted of eight
detectors, directed towards the center of the assembly, where a
Cf-252 source with a spontaneous fission rate of
approximately 8300 fissions/sec was placed. The distance
between the Cf-252 source and the center of each detector
face was set to approximately 22.5 &+ 2 cm. This configuration
allows for various detector pairings, which can be grouped
into various angular bins, having bin-width of 10 degrees. In
this setup, 12 out of 18 angular bins have detector data, and
only 2 out of 12 of these have only one pair of detectors
contributing to the data.

Fig. 5. Photograph of experimental configuration for Cf-252 experiments
at the University of Michigan.

Fig. 6 shows the measured and simulated correlated neutron
detector counts as a function of angle of correlation (detector
angle) for a 960-minute measurement. Variations in the
source-to-detector distance generate differences in the solid
angle for specific pairs of detectors, which produce some
oscillatory behavior in the data. A general trend is apparent in
the data, with the largest number of correlations recorded in
the lower and upper angles of correlation, and lowest number
recorded around 90 degrees. The number of measured
correlated neutrons in the 30 degree bin is approximately 70
% higher than in the 90 degree bin. The effect is also present,
though not as pronounced, in the 170 degree bin.



700, T T T T T T T

“IPOL(1)=1
600 IPOL(1)=-1 4
Measurement
—Fit
500+ 4
400~ T |
2T ) -
g - T
S 300l T R T i
— P
= —= T = 4 — .
200~ L : 4
100+ 4
| | | | | \ |
% 20 60 E 0 120 140 160 180

0 10
Angle of Correlation (degrees)

Fig. 6. Measured correlated neutrons as a function of detector angle for
Cf-252 spontaneous fission. MCNPX-PoliMi results for various fission
models are also shown, corresponding to IPOL(1)=1 and isotropic emission,
IPOL(1)=-1.

Comparison of the measured data to simulated data shows
good agreement. The trends are well-reproduced in the
simulation. In this comparison, the advantage of the use of the
anisotropic treatment over the isotropic treatment is clear in
the angular bins 150 to 180 degrees. However, the use of the
anisotropic treatment over-predicts the number of counts in
the 30 degree bin.

IV. CONCLUSIONS

New results are presented on the angular distribution of
neutron emission from spontaneous fission of Cf-252.
Measured data shows anisotropy of emission of neutrons from
spontaneous fission events. The measured data are compared
to MCNPX-PoliMi simulations using two fission models:
IPOL(1)=1 (anisotropic) and IPOL(1)=-1 (isotropic). The
results show good agreement between experimental data and
model prediction. Future experiments will be needed to
evaluate the advantage of the anisotropic model over the
isotropic model and to understand the over-prediction in the
30 degree bin.
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