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Abstract  
A mobile radiological search system (MRSS) is frequently used in nuclear security to 
interdict illicit nuclear material. One difficulty an MRSS faces is in characterizing its 
detectors’ background responses, particularly in its neutron counter(s). This difficulty 
adds complications to identifying the presence of neutron-emitting radiological materials 
during an operation. Fortunately, previous work has identified a power law relationship 
between muons registered by the MRSS’s gamma detectors and background neutrons. 
This relationship can be applied to estimate the MRSS’s background neutron count rate 
using that muon count rate. To test the usability of such an estimate, an MRSS was 
used to sweep a parking garage that had an 886 kBq 252Cf source present on various 
levels. A moving average of the MRSS’s muon count rate was used to estimate the 
background neutron count rate, and that dynamic estimate was compared against the 
observed neutron count rate to determine whether an alarm should occur. For a 
“control” method, a similar comparison was made between the observed neutron count 
rate and a constant estimate of the neutron background, where the latter came from a 
6-minute measurement of the neutron background outside the parking garage. The 
results showed that the dynamic estimate of the neutron background performed as well 
as the constant estimate when identifying whether the 252Cf was present, particularly 
when the MRSS was on the same level as the material. In many cases, the dynamic 
estimate produced stronger evidence in favor of an alarm than the constant estimate, 
and the dynamic estimate was also more likely to produce an alarm when the MRSS 
was on a level adjacent to the 252Cf. In addition to these results, the dynamic method 
appeared to have similar performance as the constant method when outside the parking 
garage. All of these data indicates that applying the neutron–muon power law 
relationship improves an MRSS’s sensitivity to manmade neutron sources in extreme 
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environments (such as a parking garage or urban center) while maintaining its 
sensitivity in more normal, open environments. 
 

Keywords: neutron detection, gamma scintillation, nuclear security, mobile search, 
neutron counting, neutron alarm, neutron background, muon background 
 

1. Introduction  
Nuclear security operators frequently employ mobile radiation search systems (MRSSs) 
to screen areas for illicit nuclear materials. These vehicle-mounted systems can be 
employed for operations that require securing an area either before a major public event 
(such as a sporting event or presidential inauguration) or during an incident response 
(where such devices may have already been used). Fortunately, radiological material 
emits characteristic radiation, specifically gamma rays and neutrons, and an MRSS thus 
employs gamma spectroscopy and neutron counting radiation detectors to aid in 
locating these materials. 
 
One requirement in these operations is understanding the ambient (or background) 
detector response, which is necessary for them to alarm when in the presence of 
artificial radioactive material. This response is essential because all alarms require 
adjudication, including incorrect ones, and the adjudication of these false alarms results 
in time lost during these extremely time-sensitive operations. Unfortunately, the fact that 
these systems are always moving makes characterizing much more difficult than what 
would be needed for stationary laboratory measurements. This problem is mitigated in 
the gamma spectroscopy system because the background produces an energy 
spectrum that is unique from any artificial materials. Conversely, the neutron counting 
system does not have such a unique background response, and complexities in neutron 
physics cause that response to be affected in more ways than would occur in the 
gamma spectrometer. 
 
Fortunately, previous research has shown that the problems with characterizing the 
neutron background can be mitigated using data from the gamma spectrometer after 
small modifications. That work found that when calibrated for much higher energy 
scales (up to 70 MeV instead of 3–4 MeV), the gamma spectrometer primarily detects 
muons [1]. These muons are produced by the same processes that produce 
background neutrons, which suggests that the detection of both particles would vary 
similarly in background conditions [2]. Further work showed that this detection indeed 
occurs in these mobile search systems, and the muon and neutron count rates are 
correlated by a power law relationship [3]. More importantly, no artificial source of 
muons exists outside of laboratory conditions, which means the muon count rate in a 
MRSS at any given moment comes from the background. Thus, the power law 
relationship determined from previous work could conceivably be applied to estimate 
the background neutron count rate using the muon count rate. That estimate could be 
used to determine if an artificial neutron source is present. 
 
This research sought to test the applicability of a neutron alarm method derived from the 
neutron–muon power law relationship derived in previous work, particularly in a 
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scenario where the neutron background is expected to change. For this situation, an 
MRSS’s muon count rate was used to estimate its background neutron count rate and 
compared against what that detector observes when radiological material may be 
present. A parking garage was selected for these tests because it is the most extreme 
scenario where the neutron background is likely to change. The development of this 
method sought to improve the MRSS’s capabilities to account for such changes as they 
would occur in parking garages or urban areas while maintaining its sensitivity to 
neutron-emitting radiological materials. Because the neutron–muon relationship as it 
stands is empirical, these tests required the use of the same system as what was used 
in previous research to develop the relationship [3]. To determine this new method’s 
effectiveness, it was also compared against a more intuitive alarm method from a 
constant estimate of the neutron count rate. 
 

2. Materials and Methods  
As mentioned in the introduction, these tests used the same system as those used to 
characterize the neutron–muon relationship described in previous work [3]. This 
research consisted of one 2 × 4 × 16 in. (5.08 × 10.16 × 40.64 cm) NaI detection system 
with an Ortec digiBASE multichannel analyzer and one Ortec neutron counting system 
with four 1 × 18 in. (2.54 × 45.72 cm) 3He tubes encased in a high-density polyethylene 
moderator [4, 5]. The NaI detector’s energy calibration was made using 137Cs and 22Na, 
as shown in Table 1, to achieve an approximately 70 MeV energy scale, and data below 
channel 62 (of 1024 with the first channel labelled “0”) were ignored to discriminate 
background gamma rays. The energy range of approximately 4 MeV to approximately 
70 MeV was used to match the energy range used while characterizing the neutron–
muon count rate relationship [3]. The detectors were placed in a vehicle, as shown in 
Figure 1, with the NaI detector placed lying flat with its largest face parallel to the 
ground (i.e., with its largest face “looking up” from the vehicle). Data were also collected 
from a polyvinyl toluene detector in the same orientation and another NaI detector in a 
different orientation (lying flat with its largest face perpendicular to the ground—“looking 
out” from the vehicle), but they were not included because their neutron–muon 
relationships were not as well-defined. 
 

Table 1. Calibration information for the NaI detector. 
 137Cs 22Na 

Gamma ray energy (keV) 662 511 1274 

Photopeak 
Energy (keV) 662 511 1274 

Channel number  10.5 ± 1 8 ± 1 19.5 ± 1 

Calibration (keV ch-1) 68.0 ± 10.7 

 
The parking garage in which these measurements took place was the Central Campus 
Garage (CCG) on the campus of Texas A&M University. This structure has eight levels 
of parking space with a mirrored, spiral traffic pattern, where two sides of the same 
parking level have opposite traffic directions (in terms of moving toward upper or lower 
levels). Schematics of a selection of the eight levels of CCG are shown in Figure 2. 
Measurements occurred in “sweeps” of the entire height of the garage. The mobile 
search system would begin on either the top or bottom level (eight or one, respectively) 
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and follow the normal traffic route as it traversed up and down the garage until the 
vehicle returned to its starting location.  
 

 

 
Figure 1. Detector setup in the (top) cabin and (bottom) trunk of a sedan used for mobile search 

measurements of a parking garage with a neutron source present. 
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(a)                                                                             (b) 

 
(c)                                                                             (d) 

 
(e) 

Figure 2. Maps indicating the layouts and traffic patterns of a selection of levels of CCG, which 
includes (a) level 1, (b) level 2, (c) level 3, (d) level 7, and (e) level 8. Mobile search sweeps 

began/ended on either level 1 or 8. During sweeps, the source was placed on the side of a level 
where traffic travelled downward (the bottom half shown in a, c, and d and the top half shown in b 

and e). 

 
For each sweep, a 252Cf source was present on one of eight levels of the garage. This 
source was placed in another vehicle that was parked on a given level on a side where 
the traffic flow was downward. The 252Cf source had a total activity of approximately 
886 kBq and a neutron emission rate of approximately 103,000 s−1. After the eight 
sweeps with the source, one additional sweep was performed without the source in the 
garage. All data were collected during a single measurement campaign, and the overall 
measurement times of that campaign that correlate to the start and end of each sweep 
are shown in Table 2 with the respective start and source positions. Neutron and muon 
count rate data collected during these sweeps were used to create two neutron alarm 
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metrics, values which indicate the presence of an artificial neutron source when a 
certain condition is met. 
 

Table 2. Times in the measurement campaign (in seconds 
after starting acquisition) that sweeps began and ended, along 

with the sweep’s respective start/end level and source level. 
Sweep 
start/end 
level 

Source 
level 

Start 
time 
(s) 

End 
time 
(s) 

1 8 1090 1380 
1 7 1450 1725 
8 6 1940 2210 
8 5 2280 2550 
8 4 2630 2900 
8 3 3000 3275 
8 2 3380 3650 
8 1 3770 4040 
8 * 4160 4650 

*The final background sweep (indicated by Source Level *) 
consisted of a full sweep that began/ended at level 8, plus 

a half-sweep as the system returned to level 1 before 
exiting the garage. 

 
The primary difference between these two metrics is their method for estimating the 
average neutron count rate. This estimation is essential to an alarm metric, as will be 
made clear later in this article. The first alarm metric used an intuitive estimation of the 
average neutron count rate, namely one determined from a brief measurement of 
known background conditions (i.e., without a neutron source present). In this case, 
measurements occurred before entering the parking garage while the MRSS was 
travelling to the area and while it was static nearby (measurements were between 300 s 
and 700 s relative those shown in Table 2). The estimate of the average neutron count 
rate then came from the overall average count rate during that period. This average 
value remained constant and was used throughout measurements, and its alarm metric 
was used as the control for these tests. The second alarm metric used a calculated 
estimate of the average neutron count rate based on the neutron–muon relationship 
defined in previous research. Specifically, the estimated average background neutron 
count rate was calculated from the measured average muon count rate, as shown in 
Equation 1 [3]. Unlike the control method, this estimate was dynamic and changed as 
the muon background changed. These changes occurred frequently in the parking 
garage with the variances in the amount of concrete shielding, hence its selection as the 
scenario for these tests. 
 

𝑛̅ = 0.001149 𝑚̅2.0567, (1) 
 
where 𝑛̅ is the average neutron count rate (s−1), and 𝑚̅ is the average muon count rate 
(s−1). 
 

Using an average value of the neutron and muon count rates was necessary for these 
alarm metrics because of the characteristics of these particles. The physics that govern 
the creation and detection of both neutrons and muons result in their measurements 
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being random variables, each with their own probability distribution. Specifically, these 
are Poisson random variables because measurements of these particles occur by 
counting the number detected over a given period. This distribution means that the 
probability of a certain number of counts for each particle within a given time (which are 
integers greater than or equal to zero) will follow the Poisson probability mass function 
(pmf), as shown in Equation 2. The shape of a pmf is dictated by its expected counts, λ, 
within that observation time. Although Equation 2 shows that any observed value 
(greater than zero) is possible, increasingly large observations relative to the expected 
value are increasingly unlikely, which is the main aspect for any alarm metric. 
 

pmf(𝑥) = Pr(𝑋 = 𝑥) =
λ𝑥

𝑥!
e−λ, (2) 

 
where X is the Poisson random variable of counts (integers greater than or equal to 
zero) observed in a given time with an expected value of λ, x is one observation of X, 
Pr(X = x) is the probability that an observation of X will result in x counts, and λ is the 
expected number of counts from Poisson random variable X. 
 
An MRSS would operate under the assumption that no artificial source of neutrons is 
present (i.e., operators assume it is measuring background), and its alarm algorithm 
would expect to observe counts within a Poisson distribution that has a known, 
expected value. In statistics, this assumption would be called the null hypothesis and is 
considered true under most, if not all, scenarios. An alarm occurs when an observation 
has an exceedingly low probability of occurring as part of the null hypothesis’s Poisson 
distribution, thus providing evidence in favor of an alternative hypothesis. The 
alternative hypothesis in this case is that an artificial neutron source is present.  
 
Evidence in favor of this alternative hypothesis is indicated when the background 
Poisson distribution has a low probability of producing a given observation. This 
probability is calculated by determining the cumulative probability of all count values 
less than the observation, as described in Equation 3. Because an artificial source of 
neutrons will increase the expected count rate, larger values from Equation 3 would 
indicate stronger evidence for rejecting the null hypothesis that counts are from the 
background. However, the null hypothesis cannot be rejected until the cumulative 
probability of that value is sufficiently large. This threshold is dictated by the desired 
maximum probability of false positives (i.e., the likelihood that an incorrect rejection of 
the null hypothesis might occur). For this research, a false alarm probability of 0.05 was 
desired because it is what the International Atomic Energy Agency (IAEA) suggests for 
most measurement operations [6]. This false alarm probability means that the 
cumulative probability threshold needed to be 0.95. Therefore, if an observation causes 
Equation 3 to produce a value greater than 0.95, it can be said that the observation 
likely did not come from background. As a result, the maximum probability of that 
statement being falsely made would be 0.05 (or 1 in 20, on average). 
 
Although an alarm metric would monitor the result of Equation 3 for values that are 
greater than 0.95, the asymptotic nature of the Poisson cumulative distribution function 
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makes this difficult to display visually. One solution is to modify the result of Equation 3 
by applying the function shown in Equation 4 to generate an alarm metric, MA. This 
metric would then be monitored for values that are larger than the threshold dictated by 
the selected false positive probability, which in this case is Pr(X → x) = 0.95 or 
MA = 2.9957. The value of MA has no asymptote, which makes its plots as a function of 
time more visually intuitive, as will be observed later in this article. 
 

Pr(𝑋 → 𝑥) = Pr(𝑋 < 𝑥) = e−λ ∑
λ𝑖

𝑖!

𝑥−1

𝑖=0

= e−λ (1 +
λ1

1!
+

λ2

2!
+ ⋯ +

λ𝑥−1

(𝑥 − 1)!
) , and (3) 

 
𝑀A = − ln(1 − Pr(𝑋 → 𝑥)) , (4) 

 
where X is the Poisson random variable of counts (integers greater than or equal to 
zero) observed in a given time with an expected value of λ, x is one observation of X, 
Pr(X → x) is the probability that observation x is the result of variable X, λ is the 
expected number of counts from variable X in a given time, and MA is the alarm metric. 
 
This is not a novel method for calculating an alarm metric and is arguably the simplest 
method. The main difficulty in its application is in estimating the expected value of λ, the 
background neutron count rate distribution. Any Poisson random variable’s count 
distribution and its expected value will only match those suggested by Equation 2 with 
an infinite number of observations, the collection of which is an impossible task for any 
human. However, any number of observations can produce an estimate of that value, 
whose accuracy would increase with more observations.  
 
Although an MRSS has significant limitations in the observations it can obtain for its 
estimate, it still has a variety of techniques to make that estimation. One such technique 
has already been described: the measurement of the background before entering the 
garage. The average neutron count rate over this time informed the expected value for 
the control method’s alarm metric. For this work, a background measurement for 400 s 
prior to entering the garage without a neutron source present yielded an average count 
rate of approximately 0.17 s−1. As part of the control alarm metric, this average count 
rate was considered constant; thus, the product of it and the selected observation time 
of 15 s yielded a constant expected value of approximately 2.6 neutron counts. That 
expected value was used with observations of neutron counts to calculate values of 
Equations 3 and 4. 
 
The other estimation technique applied the neutron–muon relationship described in 
Equation 1. That relationship allowed the estimation to be dynamic, and thus, a much 
smaller observation time was used to estimate the expected value than that for the 
control. In this case, the average muon count rate at any given time was calculated 
using the data from the previous 15 s. That average muon count rate was used in 
Equation 1 to calculate the average neutron count rate, and—similar to the control 
method—the expected value was the product of that average neutron count rate and 
the observation time of 15 s. Although this estimate was dynamic during measurements, 
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it and the observations were used with Equations 3 and 4, whose results were similar to 
that of the control’s estimate. 
 
For both alarm metrics, a constant observation time of 15 s was used throughout the 
measurements. This value was selected to reduce the random noise that appears in the 
observations while allowing the data to respond to the variances that occur in the 
parking garage when traveling at normal speeds. These variances came from the 
MRSS moving from one level to the next (either up or down), thus changing the amount 
of nearby shielding, and this process would occur approximately every 20 s during the 
sweeps. From these data, 15 s was selected to reduce the likelihood that data from the 
previous level contributed to an observation. From this method, the expected number of 
neutron counts (or the value of λ in Equation 3) was the product of either method’s 
average value and 15 s. This expected number of counts was then compared against 
the number of neutron counts measured over the previous 15 s (or the value of x in 
Equation 3) at any given time. As mentioned previously, a common maximum false 
positive rate for these systems is 5%. Therefore, an alarm would occur if either 
method’s value for MA (from Equation 4) was greater than 2.9957, particularly if that 
condition was met for a sustained period of time. 
 

3. Results and Analysis 
Plots of the two alarm metrics’ values over time during the measurements are shown in 
Figures 3 through 10 for sweeps 1 through 8, respectively, as defined in Table 1. These 
plots include markers showing the times where the sweep started and ended and the 
time the system reached the garage’s cross-over point. The times simply indicate when 
the vehicle started and stopped moving through the garage, and the cross-over point 
means the point where the vehicle reached the top or the bottom of the garage 
(depending on the level where the sweep started/ended) and thus changed whether it 
was moving upward or downward. 
 
All these plots show that both methods would have produced alarms when the MRSS 
was nearest to (or on the same level and side as) the source, as shown by the largest 
increase in the alarm metric(s). Along with that result, both alarm metrics increased 
when the system was either on a level adjacent to the source or on the same level as 
the source but on the opposite side. When that occurred, the metric from the dynamic 
estimation method of the neutron’s expected value was more likely to exceed the alarm 
threshold and increase more than the constant estimation method. 
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Figure 3. Alarm metrics over time during an MRSS sweep with the source on level 8. The sweep 

began and ended on level 1, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the upward section of the 
garage to the downward section on level 8. The dynamic method (blue) calculated the alarm 
metric using the predicted background neutron count rate, and the control method (orange) 

calculated the metric using the constant average background neutron count rate. An alarm would 
occur when these metrics’ values were greater than the threshold indicated by the black dotted 

line. 

 

 
Figure 4. Alarm metrics over time during an MRSS sweep with the source on level 7. The sweep 

began and ended on level 1, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the upward section of the 
garage to the downward section on level 8. The dynamic method (blue) calculated the alarm 
metric using the predicted background neutron count rate, and the control method (orange) 

calculated the metric using the constant average background neutron count rate. An alarm would 
occur when these metrics’ values were greater than the threshold indicated by the black dotted 

line. 
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Figure 5. Alarm metrics over time during an MRSS sweep with the source on level 6. The sweep 

began and ended on level 8 as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 

 

 
Figure 6. Alarm metrics over time during an MRSS sweep with the source on level 5. The sweep 

began and ended on level 8, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 
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Figure 7. Alarm metrics over time during an MRSS sweep with the source on level 4. The sweep 

began and ended on level 8, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 

 

 
Figure 8. Alarm metrics over time during an MRSS sweep with the source on level 3. The sweep 

began and ended on level 8, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 
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Figure 9. Alarm metrics over time during an MRSS sweep with the source on level 2. The sweep 

began and ended on level 8, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 

 

 
Figure 10. Alarm metrics over time during an MRSS sweep with the source on level 1. The sweep 
began and ended on level 8, as indicated by the green and red vertical dashed lines, respectively. 
The yellow vertical dashed line indicates the cross-over point from the downward section of the 
garage to the upward section on level 1. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 
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As a comparison with these sweeps, the alarm metrics for the final background sweep 
over time are plotted in Figure 11. This figure shows that the alarm metrics did not 
increase as much as when the source was present, as expected. However, there were 
two instances where the dynamic alarm metric crossed the alarm threshold in a 
meaningful way. The two alarms’ midpoints occurred at approximately 4300 and 4360 s, 
as shown in Figure 11, which would have been when the MRSS was on level 1 (the 
cross-over point) and level 3, respectively. One explanation for this result might be that 
although the source was not in the garage during this sweep, it was nearby; it was being 
secured in a building across the street during the first half of that sweep. These data 
suggest that the system was still observing excess neutrons from that source, albeit in a 
reduced fashion from the other tests, which the dynamic alarm metric was able to 
recognize as such. This result is further indicated by the fact that these alarms occurred 
when the MRSS was on or just above or below the ground level, where the garage walls 
would have had less of a shielding effect on that source than when the MRSS was at 
higher levels. 

 

 
Figure 11. Alarm metrics over time during an MRSS sweep with no source in the garage. This 

experiment consisted of one full sweep starting from level 8 (green vertical dashed line) with an 
additional half-sweep that returned to level 1 to exit the garage (red vertical dashed line). The 

yellow vertical dashed lines indicate the cross-over points, with the first being from the downward 
section of the garage to the upward section at level 1 and the second being from the upward 

section to the downward section at level 8. The dynamic method (blue) calculated the alarm metric 
using the predicted background neutron count rate, and the control method (orange) calculated 

the metric using the constant average background neutron count rate. An alarm would occur 
when these metrics’ values were greater than the threshold indicated by the black dotted line. 

 
Similar to the background sweep, the alarm metrics under more normal background 
conditions (before the system entered the garage) are shown in Figure 12. These data 
were collected in a suburban-type environment, where few buildings were near the 
system but not in such a way that would affect the neutron or muon count rates. The 
source was brought in proximity to the detectors during the final setup, which caused 
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the extremely high values between times 750 and 880 s. The system then entered the 
garage shortly after that (at 900 s) to get into position for the first sweep, thus producing 
the variable alarm metrics shown between 880 and 1050 s. These data, particularly 
those before 750 s, show that in less extreme environments (i.e., not in urban areas or a 
parking garage), both alarm metrics would produce similar values regardless of whether 
a neutron source is present. 
 

 
Figure 12. Alarm metrics over time prior to and just after entering the garage. The dynamic 

method (blue) calculated the alarm metric using the predicted background neutron count rate, and 
the control method (orange) calculated the metric using the constant average background neutron 

count rate (orange). Data from 300 to 700 s were used to calculate the average background 
neutron count rate used for the control method. The source was next to the system between 750 
and 880 s. With the source in the garage, the system entered the garage at 900 s and moved into 

position for the first sweep after 1050 s. 

 
One potential limitation for this method lies in the way a system measures the muon 
count rate. For these measurements, the muon count rate was the total counts between 
4 and 70 MeV in a NaI detector. Measurements with this and similar systems have 
shown that the potential exists for excess detections at the lower end of this range. This 
occurred during a similar test with the previously described system, where the source 
was placed on the trunk of the vehicle (above the neutron detector). A plot of the 
relevant count rates during this time are shown in Figure 13. Those data show that the 
source caused the neutron count rate to increase significantly, but the muon count rate 
also increased, which in turn caused an increase in the estimated neutron count rate. 
However, Figure 14 shows that something similar did not occur when the source was 
nearby the mobile search system before it entered the parking garage. 
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Figure 13. Muon (blue, left axis), observed neutron (orange, right axis), and estimated neutron 
(green, right axis) count rates over time during separate measurements with the mobile search 
system. The 252Cf source was placed on the trunk of the mobile search vehicle between 870 and 

1040 s. 

 

 
Figure 14. Muon (blue, left axis), observed neutron (orange, right axis), and estimated neutron 
(green, right axis) count rates over time before parking garage measurements with the mobile 

search system. The 252Cf source was placed adjacent to the system between 750 and 880 s. 

 
A similar phenomenon occurred during measurements performed by a US Department 
of Energy Radiological Assistance Program (RAP) team; these measurements were 
analyzed with previous work [3]. In that system, the muon count rate was the total 
counts in the NaI detector’s overflow channel, which included counts between 3 MeV 
and approximately 12 MeV. During the measurements, the system was near an ion 
beam facility while it was active, which greatly increased their systems’ neutron count 
rate, as seen in Figure 15. Similar to the data in Figure 13, there was also an increase 
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in their overflow channel count rate, which caused the estimated neutron count rate to 
increase. 

 

 
Figure 15. Muon (blue, left axis), observed neutron (orange, right axis), and estimated neutron 

(green, right axis) count rates over time during RAP measurements as part of previous work [3]. 
The ion beam facility was active between 23,700 and 24,000 s. 

 
In both cases, the observed neutron count rate increased significantly to where an 
alarm still would have occurred despite the estimate being affected. Because of this, it is 
likely that the detections that occurred were the result of the sources themselves or 
secondary reactions they caused. In the case of the 252Cf source, it is likely that the 
excess NaI detections were a result of (n, γ) reactions with materials in the vehicle. In 
this case, the 56Fe(n, γ)57Fe reaction is likely to occur in the vehicle’s steel, and that 
reaction has a nontrivial probability of emitting gamma rays with energies up to 7.6 MeV 
[7]. This specific interaction is likely because the effect occurred when the source was 
placed on the vehicle (Figure 13) but not when the source was nearby for a significant 
period (Figure 14). Similar reactions are likely to have occurred in the scenario of the 
ion beam facility because of the excess radiation it may emit while active. However, the 
characteristics of that radiation and the nearby materials are unknown, which prevents 
any further speculation. These data suggest that it is plausible that such an effect may 
only occur with strong neutron sources, but more research would be required to confirm 
such a characteristic. This confirmation would be important because these appear to be 
the only scenarios where nonbackground environments would affect the estimate of the 
background neutron count rate. 
 

4. Conclusion 
This work shows that a dynamic estimate of the background neutron count rate from its 
power law relationship with an MRSS’s muon count rate is a meaningful basis for a 
neutron alarm metric. Measurements of a source in a parking garage showed that the 
dynamic alarm method produced an alarm at the same rate or more often than a 
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commonly used method that applies a constant estimate of the neutron background. A 
dynamic method such as this has the added benefit of being able to account for 
common background changes that an MRSS may observe, which should reduce an 
MRSS’s false alarm rate. Also, it is conceivable that an improved estimate of the 
neutron background throughout an MRSS’s operation would improve its sensitivity to 
neutron-emitting radiological materials (making it able to alert operators to smaller 
amounts). These aspects will require further study to quantify the potential reduction in 
an MRSS’s false alarm rate and its minimum detectable activity. 
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