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Abstract

The interaction of ionizing radiation with matter is a stochastic process and statistical analy-
sis of such a process would be a crucial step in understanding radioactivity. Geiger—Miiller
(GM) counter is a widely used radiation detector used in nuclear radiation surveying, which
produces counts upon exposure to a radioactive source. There are a variety of multi-pur-
pose software that can be used to perform statistical analysis of measured counts from a
GM counter. However, statistical analysis is a lengthy, error prone and time-consuming pro-
cess, which gets more tedious when the number of measurements increases. In the present
work, we have developed an open-source and easy-to-use graphical user interface (GUI)
computer program named RadStat for statistical analysis of counts measured by a GM
counter. RadStat has its own scripting syntaxes and bundled with gnuplot for quick visuali-
zation of output results. We believe the present open-source GUI program would be a useful
tool for research and teaching of nuclear radiation physics.

Introduction

Nuclear radiation is ubiquitous in our daily life, in that we are exposed to radiation on a daily
basis from various sources [1-5]. The interaction of radiation with matter is a stochastic pro-
cess, which means statistical analysis of the process would be a crucial step in understanding
the underlying physics of such interactions [6, 7]. For example, Geiger-Miiller (GM) counter
which is one of the most commonly used detectors for surveying nuclear radiation [8-11], pro-
vides information on the count or count rate upon exposure to a radiation source. The pro-
duced counts would be meaningless on their own and statistical analysis would be required to
provide physical meanings to these count readings. The basic information was provided by the
mean counts with their associated standard deviations that estimated the most probable count
and the corresponding spread of the data, respectively.

Once the counts from a radiation source are obtained, it is useful to check the distribution
of the counts against Poisson distribution by first putting the counts into fixed sized bins (i.e.,
performing binning) to ensure that the experimental measurements have been properly
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performed. In addition, it is also common to approximate the Poisson distribution with the
normal distribution using the mean counts and the standard deviation [12, 13]. The average
count is obtained from the measured experimental counts and then the standard error would
be calculated according to the sample size. Individual count readings can be checked against
lo (¥ + v/X) and 20 (X £ 24/%) limits [14].

The abovementioned statistical analysis is a lengthy, error prone and time-consuming pro-
cess, which gets more tedious when the number of measurements increases. To the best of our
knowledge, there is no dedicated open-source and easy-to-use software that is tailor-made for
statistical analysis of GM counter data, and most researchers and students use tools such as
Microsoft Excel, MATLAB, and other multi-purpose software to carry out statistical analysis
of their experimental data. In the present work, we have developed an open-source graphical
user interface (GUI) program named RadStat for statistical analysis of GM counter data. Rad-
Stat has its own specific scripting language to perform user defined statistical analysis. RadStat
has been bundled with gnuplot (http://www.gnuplot.info/) for ease of plotting and visualiza-
tion of the results. There are variety of tools and software that can perform general statistical
analysis such as SPSS Statistics [15], SAS/STAT [16], Stata [17], Minitab [18] and many other
packages. These software packages are for general statistical analysis and not dedicated to sta-
tistics of nuclear radiation. In addition, there are other tools that were developed for statistical
analysis of nuclear radiation. For example, ROOT [19] is a powerful software framework writ-
ten in C++ programming language that provides statistical analysis, data processing and visu-
alization, however users need to learn and use C++ programming language to communicate
with the program. The ADAQ framework [20] uses C++ and Python libraries and has been
designed to streamline the acquisition and analysis of radiation detector data produced in digi-
tal data acquisition (DAQ) systems and in Monte Carlo detector simulations; this software
mainly focuses on data acquisition and lacks in-depth statistical analysis functions. InterSpec
[21] is a native or web application to assist in analyzing spectral nuclear radiation data, using a
peak-based methodology; this software would be useful in identifying radionuclides, source
age and activity, shielding amounts and dose rate calculations by feeding the obtained spec-
trum into the software. In comparison, RadStat is easy to use, since no programming knowl-
edge would be required, and the statistical features provided by RadStat would be useful for
early learners in this field to verify the statistics involved in nuclear radiation measurements.

Radioactivity and interaction of radiation with matter is a stochastic process. The variations
in the recorded counts from a radioactive source is the result of this stochasticity. It would be
important to understand the extent of this variation and the count that best represents the activ-
ity of the radioactive sample. Theoretically the measured counts from a radioactive source fol-
lowed the Poisson distribution, which under most conditions can be approximated using the
normal distribution. The obtained raw data (i.e., counts) would be meaningless without statisti-
cal analysis. For example, the noise corresponding to statistical fluctuation in the counts
obtained through nuclear radiation measurements could easily lead to false positives or false
negatives if the data have not been rigorously checked using proper statistics. The statistical
analysis tools offered by RadStat program would be useful to further verify the statistics involved
in nuclear radiation measurements. We believe the present program would be useful for statisti-
cal analysis of GM counter data and can be particularly useful and beneficial for teaching and
learning activities for young researchers and students in the field of nuclear radiation physics.

Material and methods

RadStat was written in the FORTRAN90 programming language. Microsoft PowerStation
QuickWin run-time libraries and Microsoft Fortran libraries (using MSFLIB) were used in
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Table 1. List of RadStat syntaxes and their specific functions.

Syntax Function
Banner RadStat banner
timedate Time and date
info Developer information
radstatdef RadStat project
meandef Mean definition
stdevdef Standard deviation definition
normappx Normal approximation
samplestat Comment on sampling
siglimcheck Sigma limit check
distbdiff Difference in distributions
sample Sampling the data
Isiglim I-sigma analysis
gmtip Some GM counter tips

https://doi.org/10.1371/journal.pone.0267610.t001

Syntax
mean
stdev
stdevpois
stdevdiff
min
max
bin
lowbin
highbin
norm
pois

2siglim

Function
Calculates mean
Calculates standard deviation
Calculates standard deviation from Poisson distribution
Calculates difference between standard deviations
Minimum value finder
Maximum value finder
Binning the data
Smallest bin
Largest bin
Normal distribution estimation
Poisson distribution estimation

2-sigma analysis

building the GUI [22, 23]. The FORTRAN90 programming language was chosen mainly due
to its fast computational speed and numerical stability. In addition, the use FORTRAN90 pro-
gramming language would make the task easier to bundle RadStat with Monte Carlo packages

such as Monte Carlo N-Particle (MCNP) and Particle and Heavy Ion Transport code System
(PHITS) radiation transport codes that were written in FORTRAN programming language. In
addition, gnuplot uses Qt5 libraries for plotting the output data. RadStat is a portable computer
program that does not require installation and it has a size on disk of ~492 KB. In the present
work, we have developed our own syntaxes for a variety of widely used statistical functions.
This makes statistical analysis easier to perform, and can thus facilitate pedagogical applica-

tions. Using these scripts, the users do not need to write their own computer programs, which

can be relieving to those users who are not good at computer programming. These scripting

syntaxes are summarized in Table 1.

The syntaxes programmed into RadStat should be written in a dedicated script data file for
the program to read. The user can use any of the commands shown in Table 1 to perform a
specific statistical analysis. These scripting syntaxes would be read as string and then detected

by the program after reading the script data file. In addition to these scripting syntaxes, the
GUI would also take some inputs such as raw data number, raw data name, output file name,
bin and sample size, which are shown in Fig 1.

These GUT inputs were read in the form of 256-character lengths and were then converted
to floating point 4-byte real numbers. RadStat has been bundled with gnuplot (http://www.
gnuplot.info) to plot the binned counts from the experimental measurements and to provide

theoretical counts using Poisson and normal distributions. Estimation from the Poisson distri-

bution was calculated as

ppais (x) =

et X A 1)

x!

where p,,;5(x) was the probability getting the value x from the Poisson distribution with the
mean value A. It is remarked that for large x values it would be tedious to numerically calculate
the factorial of x as needed in Eq (1). In order to circumvent this, we used the Stirling’s approx-
imation [24, 25] to numerically compute the factorial. The method provided a close approxi-
mation to the computed probability from the Poisson distribution. The Poisson distribution
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RadStat program E
RadStat program
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No. Data
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Fig 1. Snapshot of RadStat GUI computer program.
https://doi.org/10.1371/journal.pone.0267610.9001

could also be approximated using the normal distribution as

P = 75T )

where p,,,,m(x) was the probability from the normal distribution of x, y was the mean and o
was the standard deviation. The use of gnuplot in combination with RadStat would make the
comparison much easier through graphical representation. The program outputs the plotting
data in gnuplot format after the plot button has been clicked.

The fluctuations arising from the counting statistics represent an unavoidable source of
uncertainty in all nuclear radiation measurements; these fluctuations can be quantified and
compared with the predictions from statistical distributions such as Poisson and normal distri-
bution [26]. Previously, Tsoulfanidis and Landsberger [27] provided a detailed description on
the statistical analysis process in nuclear radiation measurements and provided all the required
steps; these were implemented in the RadStat computer program. To the best of our knowl-
edge, there is no software like RadStat computer program which is tailor-made for statistical
analysis of counts from nuclear radiation measurements that has the ease of use, functionality
and its own syntaxes.
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The RadStat program and its source code could be downloaded from https://figshare.com/
articles/software/RadStat_An_open-source_statistical_analysis_tool_for_counts_obtained
by_a_GM_counter/17876057. The current version of our program is executable on Microsoft
Windows systems. In addition, we have tested the present program in GNU/Linux environ-
ment using Wine and it worked well. RadStat does not require any installation and it can run
in portable mode. RadStat is distributed under GNU General Public License version 3 (GNU
GPLv3). We have used measurements from a *°Sr radioactive source to test the present com-
puter program. A total of 100 measurements each obtained within 10 second-intervals were
measured using the ST360 GM counter system. The GM tube voltage was set at 840 V and the
total counts (source + background radiation) were measured. If our objective was to determine
the “net count” (i.e., “gross count”-“background count”) due to the source itself, the “back-
ground count” should be subtracted, in particular for relatively weak sources. However, the
objective of the example here was to study the distribution of the gross count, which followed
the Poisson distribution, so the “background count” was not subtracted.

The RadStat program cannot analyze the data in real-time; this is mainly due to the fact that
entire count arrays must be read by the program and specific array size must be allocated to
the memory prior to runtime. The data from the ST360 counter was recorded and transferred
to the computer manually. The source activity was 407 Bq and the source to detector distance
was 2 cm.

Results and discussion

The 100 measured counts are shown in Table 2. These counts were used as input data to test
our RadStat program. All commands shown in Table 1 were used to demonstrate the capability
of RadStat. Three different cases were chosen for this numerical test, namely, (1) bin size of 5
and sample size of 10, (2) bin size of 10 and sample size of 20 and (3) bin size of 2 and sample
size of 5.

The direct output of statistical analysis from RadStat for the measured data is shown in
Box 1. In this analysis, bin size of 5 and sample size of 10 were used. All commands shown in
Table 1 were used to demonstrate the full capability of RadStat. The output from RadStat pro-
vides the users with all required statistical analyses for the measured experimental data. The
RadStat program produces Google search in an automatic manner, which helps the users to
get more information on each topic as necessary.

The experimental results were binned with a size of 5 (lines 36 to 48 in Box 1). The bins,
cumulative number, number in each bin, estimation from Poisson distribution and approxi-
mation with normal distribution are summarized in Table 3. The estimations from Poisson
and normal distributions for the number count in each bin were close to those measured

Table 2. The 100 measured counts each obtained within 10 second-intervals using a GM counter.

172
183
191
166
177
171
163
179
174
165

https://doi.org/10.1371/journal.pone.0267610.t002

171
190
197
157
158
211
181
197
183
167

177
183
187
196
166
194
176
181
169
178

196 168 199 161 182 158 185
180 194 206 176 185 189 175
180 149 179 179 180 176 168
181 161 186 175 211 184 176
186 157 191 168 194 199 183
182 168 199 190 172 181 177
200 177 174 179 176 188 165
186 182 171 173 166 170 191
192 170 184 179 180 181 172
180 155 159 164 180 191 170
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Box

1. Statistical analysis output from RadStat program for bin size

of 5 and sample size of 10

9.

10.

11.
12.

. Analysis of the measured data in file by RadStat

. Data file name: datal00.dat

skoksk ook ok skokokokokok kokokkokok kokskokokok okskok Rk sfokskok ok ok skok ok
kK k ok ok ok ok Rk R ok kK

skokokokskok kokokokoksk sk ok kokkokokk skok skokckkokok kok

ok k ok ok ok skokkockokk kk ok ok kk

k ok ok ok ok ok ok kk ok ok ko

ko k ok kokoskskokok kokokskkok kok ok ok kok

—The RadStat project—

We were inspired to develop this project and computer program after teaching
nuclear radiation labs for many years at City University of Hong Kong. The pres-
ent tool and scripting language would be useful to familiarize the students and
young researchers with the concept of statistics of nuclear radiation. The pro-
gram aims at analysis of GM counter data. RadStat loads in the measured experi-
mental data and performs the required statistical analysis.

—Some GM counter tips—

A Geiger counter (Geiger-Muller tube) is a device used for the detection and
measurement of all types of ionizing radiation: alpha, beta and gamma radiation.
Basically, it consists of a pair of electrodes surrounded by a gas. The electrodes
have a high voltage across them. The gas used is usually Helium or Argon. When
radiation enters the tube, it can ionize the gas. The ions (and electrons) are
attracted to the electrodes and an electric current is produced. A scaler counts the
current pulses, and one obtains a “count” whenever radiation ionizes the gas. The
apparatus consists of two parts, the tube and the (counter + power supply). The
Geiger-Mueller tube is usually cylindrical, with a wire down the center. The
(counter + power supply) have voltage controls and timer options. A high voltage
is established across the cylinder and the wire as shown on the page of figures.
When ionizing radiation such as an alpha, beta or gamma particle enters the
tube, it can ionize some of the gas molecules in the tube. From these ionized
atoms, an electron is knocked out of the atom, and the remaining atom is posi-
tively charged. The high voltage in the tube produces an electric field inside the
tube. The electrons that were knocked out of the atom are attracted to the positive
electrode, and the positively charged ions are attracted to the negative electrode.
This produces a pulse of current in the wires connecting the electrodes, and this
pulse is counted. After the pulse is counted, the charged ions become neutralized,
and the Geiger counter is ready to record. another pulse. In order for the Geiger
counter tube to restore itself quickly to its original state after radiation has
entered, a gas is added to the tube [28]. In conclusion, the Geiger-Muller counter
is cool;) copy the link into your browser for a quick google search:
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13.
14.
15.

16.
17.
18.

19.
20.
21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

https://www.google.com/search?q=geiger+muller+counter
—How data mean/average is calculated?—

mean: sum of a collection of numbers divided by the count of numbers in the col-
lection [29]. Here, the collection refers to the inputted measured data into the
program. Simply, sum all the data points and divide it by the total number of
data points. copy the link into your browser for a quick google search:

https://www.google.com/search?q=arithmetic+mean
—How data standard deviation is calculated?—

standard deviation: measure of the amount of variation or dispersion of a set of
values [30]. Here, the set of values are those measured data inputted to the pro-
gram. Mean of data will be needed in order to calculate the standard deviation.

copy the link into your browser for a quick google search:

https://www.google.com/search?q=standard+deviation
—Normal approximation to Poisson distribution—

For sufficiently large values of mean, (say mean>1,000), the Normal Distribution
is an excellent approximation to the Poisson Distribution. If mean is greater than
about 10, then the Normal Distribution is a good approximation if an appropriate
continuity correction is performed [31]. copy the link into your browser for a
quick google search:

https://www.google.com/search?q=normal+approximation+to+poisson
+distribution

ook ok ok ok ok

lnfo*******
RadStat program developed by Ben, report any issues or bugs
to: ben.sh@my.cityu.edu.hk

Time, date, zone

2021 11 19 540 22 34 0 O
mean/average: 179.010

standard deviation from data: 12.321

standard deviation from Poisson distb.: 13.379
difference of standard deviations: 1.058
smallest value in measured data array: 149.000
largest value in measured data array: 211.000
smallest bin value: 147.000

largest bin value: 211.000

147.000 151.000 1.000 1.000 1.162 1.232
152.000 156.000 2.000 1.000 2.605 2.634
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38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.
66.
67.

68.

157.000
162.000
167.000
172.000
177.000
182.000
187.000
192.000
197.000
202.000
207.000

161.000
166.000
171.000
176.000
181.000
186.000
191.000
196.000
201.000
206.000
211.000

9.000 7.000 4.981 4.906

16.000 7.000
28.000 12.000
41.000 13.000
62.000 21.000
76.000 14.000
85.000 9.000
91.000 6.000
97.000 6.000
98.000 1.000
100.000 2.000

147.000
152.000
157.000
162.000
167.000
172.000
177.000
182.000
187.000
192.000
197.000
202.000
207.000

151.000
156.000
161.000
166.000
171.000
176.000
181.000
186.000
191.000
196.000
201.000
206.000
211.000

-.070
-.029
.075
.202
.261
185
.001
-.176
-.241
-.182
-.067
.025
.063

8.159 7.957
11.502 11.242
14.017 13.833
14.827 14.826
13.664 13.840

11.013 11.254

7.789 7.970

4.850 4917

2.667 2.642
1.299 1.236

The normal distribution approximation to the Poisson distribution produces
fully/partially smaller estimated count values compared to those from Poisson
distribution.

The one-sigma (one standard deviation) is: 69.000%

31.000% of data falls outside one-sigma (one standard deviation)

EEE TS

one-sigma (one standard deviation

)*****

One standard deviation, or one-sigma define a region that includes 68 percent of
all the data points

The two-sigma (two standard deviation) is: 96.000%
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69. 4.000% of data falls outside two-sigma (two standard deviation)
)*****

70. *****two-sigma (two standard deviation

71. Two standard deviation, or two-sigma define a region that includes 95 percent of
all the data points

73. sample size: 10

1. 174.100
2. 181.200
3. 180.700
4. 186.300
5. 168.100
184.800
174.400

8. 182.600

9. 181.700
10. 176.200

74. ******Sample analysis®******

75. sample mean: 179.010
76. sample variance: 28.673
77. sample standard deviation: 5.355
78. sample standard deviation from mean: 4.231

79. —end of file—

experimentally. Since the total number of experimental measurements was 100, the cumulative
counts added up to 100. The obtained results in Table 3 were plotted using gnuplot (that was
bundled with the RadStat program) and shown in Fig 2.

The difference between the Poisson and normal distribution estimations are also shown in
the output of RadStat presented in Box 1 (lines 49 to 62). In addition, based on the obtained
differences, the program automatically comments on the obtained differences (line 63). In
addition, in Box 1 (lines 64 to 71), the 1o (x £ 1/X) and 20 (X £ 2+/X) limits were used to
check the percentage of data that fell inside or outside the 10 and 20 limits. Furthermore, the
results of sampling and sample analysis (sample size set to 10 in this test) are shown as output
results (lines 72 to 78) in Box 1. Several different test cases were performed using RadStat with
different bins and sample sizes. The output results for these tests obtained from RadStat can be
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Table 3. Binning of measured data with estimations from Poisson distribution and normal distribution approximation.

Low bin High bin Cumulative Number Poisson Normal
147 151 1 1 1.162 1.232
152 156 2 1 2.605 2.634
157 161 9 7 4.981 4.906
162 166 16 7 8.159 7.957
167 171 28 12 11.502 11.24
172 176 41 13 14.017 13.83
177 181 62 21 14.827 14.83
182 186 76 14 13.664 13.84
187 191 85 9 11.013 11.25
192 196 91 6 7.789 7.970
197 201 97 6 4.850 4917
202 206 98 1 2.667 2.642
207 211 100 2 1.299 1.236

https://doi.org/10.1371/journal.pone.0267610.t003

downloaded from: https://figshare.com/articles/software/RadStat_An_open-source_
statistical_analysis_tool_for_counts_obtained_by_a_GM_counter/17876057.

Conclusions

In the present work, an open-source GUI computer program named RadStat was developed.
RadStat is dedicated to performing full statistical analysis of experimentally data obtained
using a GM counter, but it can also be used to analyze data obtained using other radiation
detectors. RadStat reads the input data in ascii format and provides binning and sampling
functions based on user-defined bin size and sample size. RadStat has its own scripting lan-
guage, which is simple to use and understand. The program estimates the counts in each bin
using Poisson distribution and approximates these using the normal distribution. In addition,
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Fig 2. Gnuplot of binned results outputted by RadStat from experiment (purple), Poisson estimation (green) and

normal approximation (blue). The x and y-axis represent the bin number and counts in each bin, respectively.

https://doi.org/10.1371/journal.pone.0267610.g002
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checks against 1o (X £+ 1/X) and 20 (¥ + 2/x) limits would be performed and the program
automatically comments on the results from this check. Finally, the program performs sam-
pling and sample analysis of the user-inputted data. RadStat is a portable computer program
which does not require installation. RadStat was bundled with gnuplot to enable quick visuali-
zation of the output results. We believe the present open-source GUI program would be a use-
ful tool for research and teaching of nuclear radiation physics and in general radiation science.
Recently, we have developed the MCHP (Monte Carlo + Human Phantom) platform to facili-
tate teaching nuclear radiation physics using MCNP Monte Carlo package [32]. In future
works, we aim to bundle RadStat into the MCHP platform; this would be particularly useful to
perform statistical analysis of nuclear radiation interaction with human body and organs. Such
statistical analysis would help enhance the understanding on the significance of interaction
events from different ionizing radiations with human body and organs.

Supporting information

S1 Fig. Comparison between RadStat and Microsoft Excel in estimating probability of
occurrence from Poisson distribution (for A = 1, 4, 10, 50, 70 and 90). In order to test the
success of the present program in estimating Poisson probabilities, we have performed com-
parison between the results (for A = 1, 4, 10, 50, 70 and 90) generated from RadStat and those
from Microsoft Excel version 16.0.12527.22079 using the POISSON built-in function. These
were tested for different cases and solved from 1 to 100 number of occurrences. From the com-
parison shown in Fig 1, good agreement was obtained between the estimated results from Rad-
Stat and those from Microsoft Excel.

(TIF)

Acknowledgments

We acknowledge the support of the Neutron computer cluster from the Department of Phys-
ics, City University of Hong Kong, for the computational work involved in this paper.

Author Contributions

Conceptualization: Mehrdad Shahmohammadi Beni, Kwan Ngok Yu.
Data curation: Wing Sum Kwan, M. Rafiqul Islam, Kwan Ngok Yu.
Formal analysis: Mehrdad Shahmohammadi Beni, Kwan Ngok Yu.
Funding acquisition: Kwan Ngok Yu.

Investigation: Mehrdad Shahmohammadi Beni, Wing Sum Kwan, Kwan Ngok Yu.
Methodology: Mehrdad Shahmohammadi Beni.

Project administration: Hiroshi Watabe, Kwan Ngok Yu.

Resources: Hiroshi Watabe.

Software: Mehrdad Shahmohammadi Beni, Hiroshi Watabe.
Supervision: Hiroshi Watabe, Kwan Ngok Yu.

Validation: Mehrdad Shahmohammadi Beni, M. Rafiqul Islam.
Visualization: Mehrdad Shahmohammadi Beni.

Writing - original draft: Mehrdad Shahmohammadi Beni, Hiroshi Watabe, Kwan Ngok Yu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267610 May 31, 2022 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267610.s001
https://doi.org/10.1371/journal.pone.0267610

PLOS ONE

RadStat: An open-source statistical analysis tool for counts obtained by a GM counter

Writing - review & editing: Mehrdad Shahmohammadi Beni, Hiroshi Watabe, Kwan Ngok

Yu.
References

1. Hendry JH, Simon SL, Wojcik A, Sohrabi M, Burkart W, Cardis E, et al. Human exposure to high natural
background radiation: what can it teach us about radiation risks?. J. Radiol Prot. 2009; 29: A29—-A42.
https://doi.org/10.1088/0952-4746/29/2A/S03 PMID: 19454802
Gofman JW. Radiation and human health. San Francisco: SierraClub Books; 1981.
Trovati S, Ballarini F, Battistoni G, Cerutti F, Fasso A, Ferrari A, et al. Human exposure to space radia-
tion: role of primary and secondary particles. Radiat Prot Dosim. 2006; 122: 362—366. https://doi.org/
10.1098/rpd/ncl438 PMID: 17151013

4. Dubrova YE. Long-term genetic effects of radiation exposure. Mutat Res. 2003; 544: 433—-439. https:/
doi.org/10.1016/j.mrrev.2003.05.003 PMID: 14644346

5. Chaudhry MA. Biomarkers for human radiation exposure. J Biomed Sci. 2008; 15: 557-563. https://doi.
org/10.1007/s11373-008-9253-z PMID: 18454354

6. Cooper PN. Introduction to nuclear radiation detectors. Cambridge: Cambridge University Press;
2011.

7. Visinelli L. Counting statistics using nuclear radiation. ResearchGate. 2014. Available from: https://
www.researchgate.net/publication/259967378_Counting_statistics_using_nuclear_radiation.

8. KaurA, Sharma S, Mittal BR. Radiation surveillance in and around cyclotron facility. Indian J Nucl Med.
2012; 27: 243—-245. https://doi.org/10.4103/0972-3919.115395 PMID: 24019654

9. Mori C, Kumanomido H, Watanabe T. Application of a background-compensated Geiger-Mduller counter
to a survey meter. Nucl Instrum Methods Phys Res A. 1984; 228: 177-182.

10. Lifschutz H. A Complete Geiger-Miller Counting System. Rev Sci Instrum. 1939; 10: 21-26.

11.  Veall N. A Geiger-Muller counter for measuring the beta-ray activity of liquids, and its application to
medical tracer experiments. Br J Radiol. 1948; 21: 347-351. https://doi.org/10.1259/0007-1285-21-
247-347 PMID: 18869136

12. Cheng TT. The normal approximation to the Poisson distribution and a proof of a conjecture of Ramanu-
jan. Bull Am Math Soc. 1949; 55: 396—401.

13. Chen LH. Poisson approximation for dependent trials. Ann Probab. 1975; 3: 534—-545.

14. Patel JK, Read CB. Handbook of the normal distribution. New York: CRC Press; 1996.

15. The SPSS Statistics website. Available from: https://www.ibm.com/products/spss-statistics.

16. The SAS/STAT website. Available from: https://www.sas.com/en_hk/software/stat.html.

17. The Stata website. Available from: https://www.stata.com/.

18. The Minitab website. Available from: https://www.minitab.com/en-us/.

19. Brun R, Rademakers F. ROOT—An object oriented data analysis framework. Nucl Instrum Methods
Phys Res A. 1997; 389: 81-86.

20. Hartwig ZS. The ADAQ framework: An integrated toolkit for data acquisition and analysis with real and
simulated radiation detectors. Nucl Instrum Methods Phys Res A. 2016; 815: 42—49.

21. The InterSpec website. Available from: https://github.com/sandialabs/InterSpec.

22. Shahmohammadi Beni M, Watabe H, Yu KN. Securevision: An open-source user-customizable image
encryption program. Appl Sci. 2021; 11: 7915.

23. ShahmohammadiBeni M, Watabe H, Yu KN. CompVision: An open-source five-compartmental soft-
ware for biokinetic simulations. Open Phys. 2021; 19: 454—459.

24. Mermin ND. Stirling’s formula!l. Am J Phys. 1984; 52: 362—365.

25. Marsaglia G, Marsaglia JC. A New Derivation of Stirling’s Approximation to nl. Am Math Mon. 1990; 97:
826-829.

26. Knoll GF. Radiation detection and measurement. New York: John Wiley & Sons; 2010.

27. Tsoulfanidis N, Landsberger S. Measurement & detection of radiation. New York: Taylor and Francis;
2021.

28. Siegel P. Introduction to Geiger Counters. 2015. Available from: https://www.cpp.edu/~pbsiegel/
bio431/texnotes/chapter4.pdf.

29. Jacobs HR. Mathematics: A human endeavor. New York: W.H. Freeman; 1994.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267610 May 31, 2022 12/13


https://doi.org/10.1088/0952-4746/29/2A/S03
http://www.ncbi.nlm.nih.gov/pubmed/19454802
https://doi.org/10.1093/rpd/ncl438
https://doi.org/10.1093/rpd/ncl438
http://www.ncbi.nlm.nih.gov/pubmed/17151013
https://doi.org/10.1016/j.mrrev.2003.05.003
https://doi.org/10.1016/j.mrrev.2003.05.003
http://www.ncbi.nlm.nih.gov/pubmed/14644346
https://doi.org/10.1007/s11373-008-9253-z
https://doi.org/10.1007/s11373-008-9253-z
http://www.ncbi.nlm.nih.gov/pubmed/18454354
https://www.researchgate.net/publication/259967378_Counting_statistics_using_nuclear_radiation
https://www.researchgate.net/publication/259967378_Counting_statistics_using_nuclear_radiation
https://doi.org/10.4103/0972-3919.115395
http://www.ncbi.nlm.nih.gov/pubmed/24019654
https://doi.org/10.1259/0007-1285-21-247-347
https://doi.org/10.1259/0007-1285-21-247-347
http://www.ncbi.nlm.nih.gov/pubmed/18869136
https://www.ibm.com/products/spss-statistics
https://www.sas.com/en_hk/software/stat.html
https://www.stata.com/
https://www.minitab.com/en-us/
https://github.com/sandialabs/InterSpec
https://www.cpp.edu/~pbsiegel/bio431/texnotes/chapter4.pdf
https://www.cpp.edu/~pbsiegel/bio431/texnotes/chapter4.pdf
https://doi.org/10.1371/journal.pone.0267610

PLOS ONE RadStat: An open-source statistical analysis tool for counts obtained by a GM counter

30. Bland JM, Altman DG. Statistics notes: measurement error. BMJ 1996; 312: 1654.

31. TangW, Tang F. The Poisson binomial distribution—Old & New. arXiv:1908.10024 [Preprint]. 2019
[cited 2022 January 5]. Available from: https://arxiv.org/abs/1908.10024.

32. Shahmohammadi Beni M, Watabe H, Krstic D, Nikezic D, Yu KN. MCHP (Monte Carlo + Human Phan-
tom): Platform to facilitate teaching nuclear radiation physics. PLoS ONE. 2021; 16: e0257638. https://
doi.org/10.1371/journal.pone.0257638 PMID: 34534258

PLOS ONE | https://doi.org/10.1371/journal.pone.0267610 May 31, 2022 13/13


https://arxiv.org/abs/1908.10024
https://doi.org/10.1371/journal.pone.0257638
https://doi.org/10.1371/journal.pone.0257638
http://www.ncbi.nlm.nih.gov/pubmed/34534258
https://doi.org/10.1371/journal.pone.0267610

