
 ORNL/TM-2007/196 
  
 
 
 
 
 
 
 
 

Measurements of Separate Neutron and 
Gamma-Ray Coincidences with Liquid 
Scintillators and Digital Pulse Shape 
Discrimination 
 
 
 
 
 
 
 

October 2007 
 
 
 
 
 
 
 
 
Prepared by 
 
Marek Flaska 
Sara A. Pozzi 
 
 
 
 
 
 



 
 
 

DOCUMENT AVAILABILITY 
 
Reports produced after January 1, 1996, are generally available free via the U.S. Department of 
Energy (DOE) Information Bridge. 
 
 Web site http://www.osti.gov/bridge 
 
Reports produced before January 1, 1996, may be purchased by members of the public from the 
following source. 
 
 National Technical Information Service 
 5285 Port Royal Road 
 Springfield, VA 22161 
 Telephone 703-605-6000 (1-800-553-6847) 
 TDD 703-487-4639 
 Fax 703-605-6900 
 E-mail info@ntis.gov 
 Web site http://www.ntis.gov/support/ordernowabout.htm 
 
Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange 
(ETDE) representatives, and International Nuclear Information System (INIS) representatives from 
the following source. 
 
 Office of Scientific and Technical Information 
 P.O. Box 62 
 Oak Ridge, TN 37831 
 Telephone 865-576-8401 
 Fax 865-576-5728 
 E-mail reports@osti.gov 
 Web site http://www.osti.gov/contact.html 

 
 

 
This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States government nor 
any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, 
or favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 

 



 
 
 ORNL/TM-2007/196 
 
 
 

Nuclear Science and Technology Division 
 
 
 
 

MEASUREMENTS OF SEPARATE NEUTRON AND GAMMA-RAY 
COINCIDENCES WITH LIQUID SCINTILLATORS AND DIGITAL PULSE 

SHAPE DISCRIMINATION 
 
 
 
 

                                                     M. Flaska and S. A. Pozzi 
 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 
 
 
 
 
 
 
 

Date Published: October 2007 
 
 
 
 
 

Prepared by 
OAK RIDGE NATIONAL LABORATORY 

P.O. Box 2008 
Oak Ridge, Tennessee 37831-6283 

managed by 
UT-BATTELLE, LLC 

for the 
U.S. DEPARTMENT OF ENERGY 

under contract DE-AC05-00OR22725 
 



 



iii 

CONTENTS 
 

Page 
 
LIST OF FIGURES ............................................................................................................ v 
 
ABSTRACT...................................................................................................................... vii 
 
1. INTRODUCTION .......................................................................................................... 1 
 
2. DESCRIPTION OF EXPERIMENTAL SETUP............................................................ 1 
 
3. MEASUREMENT RESULTS AND ANALYSIS ......................................................... 3 
 
4. COMPARISON WITH MCNP-POLIMI SIMULATIONS ........................................... 6 
 
5. CONCLUSIONS............................................................................................................. 8 
 
6. ACKNOWLEDGMENT................................................................................................. 9 
 
7. REFERENCES ............................................................................................................... 9 
 



 



v 

 LIST OF FIGURES  
 

Figure Page 
 
    1. Photograph of the experimental setup. ...................................................................... 2 
 
    2. Pulse height distributions acquired using a Cs-137 source for both               

detectors used. ........................................................................................................... 3 
 
    3.  Measured detector–detector cross-correlation functions for bare Cf-252 source 

placed 30 cm from either detector. ............................................................................ 4 
 
    4. Measured detector–detector cross-correlation functions for Cf-252 source       

placed 30 cm from either detector and shielded with 2.2 cm of lead. ....................... 5 
 
    5. Measured detector–detector cross-correlation functions for Cf-252 source       

placed 15 cm from detector 1 and 45 cm from detector 2......................................... 6 
 
    6. Measured and simulated detector–detector cross-correlation functions                   

for the Cf-252 source placed 30 cm from either detector.......................................... 7 
 
    7. Measured and simulated detector–detector cross-correlation functions                   

for the Cf-252 source placed 30 cm from either detector and shielded                  
with 2.2 cm of lead. ................................................................................................... 7 

 
    8. Measured and simulated detector–detector cross-correlation functions                   

for the Cf-252 source placed 15 cm from detector 1 and 45 cm from              
detector 2. .................................................................................................................. 8 

 



 

 
 
 



vii 

ABSTRACT 
 

The detection of correlated neutron and gamma-ray events has proven very useful for the 
identification of various nuclear materials. Indeed, since for a given material and 
geometry the time distributions of the correlated events are very characteristic, they  
represent and can be used as distinctive signatures of different material-geometry 
configurations. 
 
Here we present a new application of a digital pulse shape discrimination (PSD) 
technique for the measurement of neutron and/or gamma-ray coincidences. The PSD 
technique is based on the standard charge integration method. The measurement method 
allows for the collection of fast coincidences within a time window of the order of a few 
tens of nanoseconds. The use of PSD allows for the accurate acquisition of the 
coincidences in all particle combinations. Specifically, separate neutron–neutron, 
neutron–gamma-ray, gamma-ray–neutron, and gamma-ray–gamma-ray coincidences are 
acquired with two 25 by 25 by 8 cm liquid scintillation detectors. The measurements are 
compared to results obtained with the MCNP-PoliMi code, which simulates neutron and 
gamma-ray coincidences from a source on an event-by-event basis. This comparison 
leads to relatively good qualitative agreement. 
 
Simulations of the separate neutron and gamma-ray contributions to the total cross-
correlation function help to improve further the performance of experimental systems that 
aim at accurate identification of nuclear materials. This research has direct applications in 
the areas of nuclear nonproliferation and homeland security. 
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1. INTRODUCTION 
 
Several techniques used in the field of nuclear safeguards rely on the measurement of 
neutron multiplicity distributions to assess and characterize fissile materials in various 
forms [1]. These techniques are based on the thermalization of neutrons from fission in 
polyethylene moderators and subsequent detection using He-3 counters.    
 
More recent applications in the areas of homeland security and nuclear nonproliferation 
use organic scintillation detectors in liquid or plastic form. These detectors are sensitive 
to both fast neutrons and gamma rays [2]. Signatures that rely on coincidence 
measurements of neutrons and gamma rays from fission have been shown to be useful in 
the detection and characterization of nuclear materials [3, 4]. The coincidence 
distributions are of interest in the areas of nuclear nonproliferation and homeland security 
because they contain information that can be used to accurately identify and characterize 
fissile isotopes. 
 
Recently, we have described the application of a digital pulse shape discrimination (PSD) 
technique [5] to the identification of shielded neutron sources [6]. In the present report, 
this PSD technique is used for the analysis of correlated neutron and gamma-ray events 
from a Cf-252 spontaneous fission source using two liquid scintillation detectors. The 
correlation is performed in a time window of a few tens of nanoseconds. The experiments 
are performed with and without lead shielding for a symmetric position of the source with 
respect to the detectors, and without lead for an asymmetric position. The use of the PSD 
technique allows the acquisition of separate neutron–neutron, neutron–gamma-ray, 
gamma-ray–neutron, and gamma-ray–gamma-ray coincidences in the two liquid 
scintillators. The knowledge of these separate contributions is essential for further 
improvement of the existing measurement systems based on detection of correlated 
events. 
 
This paper is organized as follows: Section 2 describes the experimental setup, Section 3 
describes the experimental results, Section 4 presents the comparison of simulated and 
measured data, and Section 5 presents the conclusions and points to future work.  

 

2. DESCRIPTION OF EXPERIMENTAL SETUP 
 
The setup consists of two liquid scintillation detectors. The size of the active volume 
hosting the liquid scintillator is 25 by 25 by 8 cm. The detectors are placed on a steel cart, 
at a distance of 60 cm from each other. Initially, a Cf-252 source is placed at the center of 
the assembly. Figure 1 shows a photograph of the experimental setup. 
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Figure 1. Photograph of the experimental setup. 

 
The signals from the anodes of the detectors are acquired with a Tektronix TDS-5104 
oscilloscope, which is controlled via a Matlab script. The voltages and the threshold used 
at the detectors were determined by standard energy calibration performed using a Cs-
137 source. The source was placed at the center of the front face of each detector, in 
contact with the surface of the detector. The pulses generated by source gamma rays were 
collected and analyzed for both detectors to determine the pulse height distributions 
(Compton edges). The voltages at the detectors were adjusted until the pulse height 
distributions from the two detectors were fully aligned. Figure 2 shows the pulse heights 
for the two detectors at the voltages used in these measurements. 
 
A Cs-137 source was also used to check if the detectors’ pulses were aligned in time. 
This was done by placing the detectors close to each other with the source in between. 
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Figure 2. Pulse height distributions acquired using a Cs-137 source for both detectors used. 

 

3. MEASUREMENT RESULTS AND ANALYSIS 
 
Measurements were performed using the Cf-252 source with and without a lead shield of 
thickness 2.2 cm. The detection threshold was set to ~130 keVee (keV electron 
equivalent). The oscilloscope was triggered on the signal from detector 1, and pairs of 
pulses that satisfy given threshold condition were acquired using a Matlab script. The use 
of this script and of the digital oscilloscope extended the measurement time to 
approximately one week.1 The pairs of pulses were then analyzed offline to determine the 
particle type that created them (neutron or gamma ray) and their time difference. An 
optimized digital PSD technique was used for the particle identification. 
 
Figure 3 shows the measurement results for the bare Cf-252 source. The total cross-
correlation function is subdivided into neutron–neutron, neutron–gamma-ray, gamma-
ray–neutron, and gamma-ray–gamma-ray coincidences. Symmetry about time zero is 
observed in the measured results; this is expected because of the symmetry of the 
experimental setup. 

                                                 
1 By using a pulse digitizer, the measurement time can be reduced to minutes. 
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Figure 3. Measured detector–detector cross-correlation functions for bare Cf-252 source 
placed 30 cm from either detector. The total cross-correlation function is subdivided into 
neutron–neutron, neutron–gamma-ray, gamma-ray–neutron, and gamma-ray–gamma-ray 
coincidences.  

 
Figure 4 shows the measurement results for the Cf-252 source placed in the center of the 
detector assembly and shielded with 2.2 cm of lead. As before, the total cross-correlation 
function is subdivided into the contributions of different particle pairs. Comparison with 
Figure 3 shows the gamma ray attenuation by the lead shield, which results in lower 
gamma-ray─gamma-ray, neutron-gamma ray, and gamma-ray-neutron coincidences. 
Neutron-neutron coincidences are now predominant. 
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Figure 4. Measured detector–detector cross-correlation functions for Cf-252 source placed 
30 cm from either detector and shielded with 2.2 cm of lead. The total cross-correlation 
function is subdivided into neutron–neutron, neutron–gamma-ray, gamma-ray–neutron, 
and gamma-ray–gamma-ray coincidences.  

 
Figure 5 shows the measurement results for the bare Cf-252 source placed 15 cm from 
detector 1 and 45 cm from detector 2; all measured partial contributions are shown 
together with the total cross-correlation function. The asymmetric positioning of the 
source can be observed in the correlation results, which are now also asymmetric about 
time zero. This result leads to the conclusion that the cross-correlation technique may be 
used to determine the position of a point-like source located between two detectors.  
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Figure 5. Measured detector–detector cross-correlation functions for Cf-252 source placed 
15 cm from detector 1 and 45 cm from detector 2. The total cross-correlation function is 
subdivided into neutron–neutron, neutron–gamma-ray, gamma-ray–neutron, and gamma-
ray–gamma-ray coincidences. 

  

4. COMPARISON WITH MCNP-POLIMI SIMULATIONS 
 
The measurement configurations from the experiments described in the previous section 
were simulated using the MCNP-PoliMi code [7]. The code can simulate neutron–gamma 
correlations from a spontaneous fission source by choosing an option in the input deck. 
The detector response is then simulated via a specialized postprocessing code [8], which 
can compute not only the total, but also the partial cross-correlation functions. Figures 6, 
7, and 8 show the comparison of the measured and simulated results for all the 
configurations discussed earlier. Because the experimental setup described above does 
not operate in real time, absolute comparison of the measured and simulated results is not 
possible. Instead, the results are normalized to the total number of correlations. In general 
we obtained relatively good qualitative agreement between the measurements and the 
simulations, which is a promising result for further experimental work on cross-
correlation signatures of various nuclear materials. Further investigation is needed to 
explain the remaining unresolved differences between the measurements and the 
simulations. 
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Figure 6. Measured and simulated detector–detector cross-correlation functions for the Cf-
252 source placed 30 cm from either detector. 

 
Figure 7. Measured and simulated detector–detector cross-correlation functions for the Cf-
252 source placed 30 cm from either detector and shielded with 2.2 cm of lead. 
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Figure 8. Measured and simulated detector–detector cross-correlation functions for the Cf-
252 source placed 15 cm from detector 1 and 45 cm from detector 2. 

 

5. CONCLUSIONS 
 
A new application of a digital PSD technique to the measurement of cross-correlation 
functions with liquid scintillation detectors is presented. The PSD technique allows for 
acquiring separate neutron–neutron, neutron–gamma-ray, gamma-ray–neutron, and 
gamma-ray–gamma-ray coincidences. The knowledge of these separate contributions 
helps to further improve the existing measurement systems relying on detection of 
correlated events from a fissionable material. These correlated events can be used as 
material-geometry “signatures”, and therefore are of great relevance and interest for 
nuclear nonproliferation and homeland security applications.  
 
The measurement method is based on the detection and digitization of fast coincidences 
between pairs of neutrons and/or gamma rays. The correlated events are detected with 
two 25 by 25 by 8 cm liquid scintillators. The measurements were compared to 
simulation results obtained with the MCNP-PoliMi code, and relatively good qualitative 
agreement was obtained. 
 
The data analyzed in this report was acquired using a fast digital oscilloscope (Tektronix 
TDS-5104); however, the same technique can be applied to data acquired with a fast 
digitizer which would result in significantly shorter measurement times. 
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