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ABSTRACT 
 
In this paper a method is developed, using higher order statistics, to identify the type and 
degree of neutron and gamma ray cross talk between detectors that are placed in 
proximity to one another.  A set of measurements was performed using the Nuclear 
Materials Identification System (NMIS) to acquire the time-dependent bicovariance of 
the pulses in fast plastic scintillating detectors.  These signatures were analyzed to infer 
the degree and type of false coincidences (cross talk) in relation to true coincidences.  
 

1.  INTRODUCTION 
 
In fast time-correlation measurements performed in safeguard applications12 it is common 
to use two or more adjacent detectors to acquire source-detector and detector-detector 
time-dependent correlations.  These and other signatures have been shown7, 8 to be 
sensitive to the amount of fissile mass in the sample to be analyzed.  In such applications, 
correlated counts are due to fission events induced in the fissile material, whereby 
neutrons and gamma rays are emitted simultaneously and correlated in time with the 
neutron that induced fission.  The time-correlated counts in the detectors are thus closely 
related to the amount of fissile material inside the sample to be analyzed.  In this context, 
it is desirable to minimize the amount of “false” coincidences due to the scattering of 
neutrons and gamma rays from one detector to another.  These events give time-
correlated pulses in the detectors that are not directly related to fission events, thus 
concealing the required signal. 
 
Cross talk identification is of interest in many other applications in which detectors are 
placed close to each other and correlation measurements are performed.  Such 
applications include the study of heavy-ion induced reactions and spectroscopy 6, 14 and 
interferometric experiments. 2, 4, 13 
 
In this paper higher order statistical signatures9 were collected using NMIS to infer the 
degree and type of neutron and gamma ray scattering between the detectors.  
Measurements were performed in which the distance between the source and two 
detectors was kept constant, and the distance between the detectors was varied. 
 

2.  MEASUREMENT SETUP 
 
Active measurements were performed with NMIS in which the instrumented 252Cf source 
was placed at a distance of one meter from the two detectors, as shown in Figure 1.  The 
252Cf source provides a timed source of neutrons and gamma rays.  Each spontaneous 
fission event emits, on average, four neutrons and seven to eight gamma rays.  The 
detectors are Bicron - BC 420 fast organic scintillating crystal.  The crystal dimensions 
are 3.75 by 3.75 by 4 inches.  The sides of the detectors are shielded with 1/4 inch of 
lead.  The distance d between the source and each detector was held constant at 100 cm.  
Six measurements were performed, with the distance between detectors ∆ equal to 0, 5, 
10, 15, 20, and 25 cm.  By increasing the distance between the detectors the solid angle5 
between them decreases.  Therefore more cross talk should occur for smaller ∆ and less 
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for larger ∆.  Conversely, true coincidences from the multiple particles emitted by 252Cf 
are independent of the distance between the detectors because the solid angle subtended 
by the detectors to the source does not change.  There is however some angular 
dependence between the fission neutrons.15  For example, the angle between fission 
neutrons is more likely to be 180° than 90°.  This effect is not significant in this 
experiment because the distance d between the source and detector is large compared to 
the distance ∆ between detectors.  Therefore the angle between true coincident neutrons 
is always small. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Schematic drawing of measurement setup: top view. 
 
 

3.  MEASUREMENT RESULTS AND ANALYSIS 
 
The source-detector-detector bicovariance consists of pairs of counts in the two detectors 
correlated with a 252Cf fission.  This signature is shown in Figure 2 for ∆ = 5 cm.  The 
time at which a pulse occurs in detector 1 after a source fission is τ1, and τ2 is the time at 
which it occurs in detector 2 after a source fission. 
 
The following are the possible triplets of events that contribute to the bicovariance:  
 
1. f-γ-n and f-n-γ 
2a.  f-n-n’ and f-n’-n 
2b. f-n1-n2 
3. f-n-γn and f-γn-n 
4. f-γ-γ 
 
where f is a 252Cf fission, γ is a fission gamma detection, γn is a (n, γ) gamma detection, 
and n is a neutron detection.  The order of the triplets represents a 252Cf fission, detection 
in detector 1 and detection in detector 2 respectively.  The pair n1-n2 indicates two 
different neutrons, while the pair n-n’ indicates the same neutron before and after 
scattering. 
 
The features in Figures 2 and 3 are numbered according to the possible triplets of events 
given above.  In feature 1, a gamma pulse in one detector is followed by a neutron pulse 

∆Cf252 

d

d 

Det. 1

Det. 2

Lead shield 
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from the same fission in the second detector.  For example, a gamma ray reaches detector 
1 at τ1 equal to 3.3 ns, while a neutron reaches detector 2 at τ2 greater than τ1, varying 
according to the spectrum of the neutrons emitted by 252Cf.  This occurrence gives the 
ridge along axis τ2.  The opposite is also possible, giving a second, symmetric ridge along 
axis τ1.  
 
In features 2a and 2b, two neutron pulses in the two detectors form the triplet.  This 
instance can be given by two different neutrons, n1-n2, generated by the same 252Cf 
fission event as in 2b or by the scattering of one neutron from one detector to the other,  
n-n’, as in 2a.  These two different cases give rise to two components: the first gives a 
small, broad distribution oriented in the center of the τ1, τ2 plane (2b), while the second 
gives two distinct, symmetric ridges (2a). 
 
A neutron generating a gamma ray in one detector n-γn that gives a pulse in the other 
detector produces feature 3.  The secondary gamma rays can be generated by a (n, n’γ) 
reaction or a (n, γ) reaction.  The result is a ridge along the τ1=τ2 line because the gamma 
ray reaches the second detector almost instantaneously. 
 
Finally, fission-gamma-gamma triplets f-γ-γ, labeled 4, can be originated by two distinct 
gamma rays or by a single gamma ray scattering from one detector to the other.  Either 
process results in similar τ1-τ2 pairs.  These two processes therefore cannot be resolved as 
in the n-n cases between feature 2a and 2b of the bicovariance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Source-detectors bicovariance for ∆∆∆∆ = 5 cm. 
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3.1 MEASUREMENT RESULTS 
 
Figures 3 through 5 show the top view of the source-detector bicovariances for ∆ = 0, 10, 
and 20 cm respectively.  Inspection of these figures shows that some of the ridges depend 
on the detector-detector distance ∆ whereas others do not.  The fission-gamma neutron 
ridges, f-γ-n, (labeled 1) are not affected by changes in ∆.  This is because there are no  
(γ, n) processes present.  The fission-neutron-neutron ridges, f-n-n’ (labeled 2a) move and 
decrease as ∆ increases.  On the other hand, the f-n1-n2 feature is only mildly dependent 
on ∆.  The f-γn-n ridge (labeled 3) and the fission gamma-gamma ridges, f-γ-γ (labeled 4) 
do not change position although their volume changes, as will be shown in the Section 
3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  Source-detectors bicovariance for ∆∆∆∆ = 0 cm: top view. 
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Fig. 4.  Source-detectors bicovariance for ∆∆∆∆ = 10 cm: top view. 

 

 
Fig. 5.  Source-detectors bicovariance for ∆∆∆∆ = 20 cm: top view. 
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3.2 FEATURES FROM THE BICOVARIANCE  
 
Figure 6 shows the volumes of the ridges given by the f-γ-γ, f-γ-n, f-n-n’, and f-n-γn 
triplets as a function of the distance between the detectors, ∆.  As can be seen, only f-γ-n 
triplets are independent of the distance between detectors, indicating that scattering does 
not affect this particular signature. 
 
On the other hand f-γ-γ, f-γ-n, f-n-n’, and f-n-γn triplets are strongly affected by 
scattering.  The volume of the ridge given by these triplets increases approximately by a 
factor of two for the f-γ-γ triplet and a factor fourteen for the f-n-n’, and f-n-γn triplets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 6.  Volumes of the ridges f-γγγγ-γγγγ, f-γγγγ-n, f-n-n’, and f-n-γγγγn as a function of the 
distance between the detectors, ∆∆∆∆.  Lines have been drawn to guide the eye. 
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3.3 ANALYSIS OF THE 252CF f-n-n’ TRIPLET 
 
The f-n-n’ scattering process can be modeled based on a single hydrogen scattering 
assumption.  From this model the outer boundary of the f-n-n’ ridges can be predicted.  
Let τ1 and τ2 be the times after a 252Cf source fission at which a detection occurs in 
detector 1 and detector 2, respectively.  In the discussion, the following assumptions are 
made: 
 
1. scattering occurs on H only,3 and 
2. only one scattering event occurs before the neutron escapes the detectors. 
 
Let E1 be the neutron energy before detection in detector 1.  The energy after the first 
collision is  
 

LEE θ2
12 cos=       (1) 

 
where Lθ is the scattering angle in the laboratory system.  A plot of the ratio of the energy 
of the scattered neutron to that of the incident neutron is given in Figure 7.  Neutron 
scattering on hydrogen is forwardly directed in the lab system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7.  Ratio of scattered neutron energy to incident neutron energy as a function of 
the scattering angle in the laboratory system, Lθ . 
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The relationship between energies allows us to write a relationship between τ1 and τ2 
 

�
��
�

�
+=

Ld
d

θ
ττ

cos
11

1

2
12      (2) 

 
where d1 and d2 are the distances from the source to the first collision and from the first to 
the second collision respectively. 
 
For a count to be recorded in the detectors, the neutron must deposit an energy exceeding 
the threshold value set in the constant fraction discriminator (CFD).  This minimum 
energy corresponds to a maximum scattering angle thθ  given by 
 

1

1cos E
Eth

th
−=θ   .      (3) 

 
A neutron scattered at an angle greater than thθ  cannot register a pulse in the second 
detector because it will have insufficient energy.  In our experiment, the CFD 
discriminator level was set at 40 mV, corresponding1 to a neutron energy threshold of 
1.16 MeV.  Using Eq. (3) with E1 = 2 MeV, for example, gives thθ = 40.4°.  For larger 
values of ∆, neutrons scattering once in the first detector at angles less than thθ cannot hit 
the second detector. 
 
Substituting thθ  into Eq. (2) allows one to determine the relationship between detection 
times that is shown with solid black lines in Figures 8 and 9.  These lines are the outer 
boundary of the fission-neutron-neutron cross talk ridges, and correspond to the longest 
delay between counts in the two detectors for a single hydrogen scatter. 
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Fig. 8.  Source-detectors bicovariance for ∆∆∆∆ = 0 cm.  Boundary lines given by Eq. (2) 
correspond to scattering between detectors at the threshold angle, thθ . 
 

Fig. 9.  Source-detectors bicovariance for ∆∆∆∆ = 5 cm.  Boundary lines given by Eq. (2) 
correspond to scattering between detectors at the threshold angle, thθ . 
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4.  EFFECTS OF NEUTRON AND GAMMA SCATTERING BETWEEN 
DETECTORS ON COVARIANCE 

 
Source-detector and the detector-detector covariances are among the signatures acquired 
by NMIS.  These signatures have been shown to be sensitive to sample enrichment.  The 
effect of cross-talk on these signatures can be divided into two categories.  The first is 
due to particles that are unrelated to the source fission (for example gamma rays coming 
from the deexcitation of the nuclei of the sample or background radiation).  The second is 
due to particles that are time-correlated to the source.  The use of higher order statistics11 
to correlate detector pulses to the initiating source fission can eliminate the effect of the 
first type of scattering, but not the effect of the second. 
 
Detector-detector covariances were acquired with NMIS for varying distances between 
detectors ∆, in the measurement configuration described in Section 2.  Figure 10 shows 
the detector-detector covariances for different values of ∆.  The combined effect of γ-γ 
and n-γn scattering between detectors is evident in the gamma peak.  The n-n’ scattering 
gives two symmetric peaks.  In typical operation, ∆ = 0 cm and this effect appears as 
shoulders to the gamma peak.  As expected, γ-n and n-γ pairs are not affected by 
scattering. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10.  Detector 1 – detector 2 covariance for different distances between 
detectors: ∆∆∆∆ = 0, 10, and 25 cm. 
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5. CONCLUSIONS 
 
In this paper measurements performed with NMIS have been used to quantify the interaction 
between fast plastic scintillating detectors used in time-correlation measurements.  By 
maintaining a constant distance between source and detectors, and varying the distance 
between detectors we showed that both neutron and gamma ray cross talk contribute 
significantly to the observed signatures.  Furthermore, gamma rays that are generated by 
neutron interactions in one detector can proceed to give correlated pulses in the second 
detector. 
 
These effects are considerable and must be taken into account in determining the rate of true 
coincidences in measurements that make use of detectors placed close to each other. 
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