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EXPANDED AND COMBINED UNCERTAINTY IN
MEASUREMENTS BY GM COUNTERS
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This paper deals with possible ways of obtaining expanded and combined uncertainty
in measurements for four types of GM counters with a same counter’s tube, in cases
when the contributors of these uncertainties are cosmic background radiation and in-
duced overvoltage phenomena. Nowadays, as a consequence of electromagnetic radia-
tion, the latter phenomenon is especially marked in urban environments. Based on ex-
perimental results obtained, it has been established that the uncertainties of an
influenced random variable “number of pulses from background radiation” and
“number of pulses induced by overvoltage” depend on the technological solution of
the counter’s reading system and contribute in different ways to the expanded and
combined uncertainty in measurements of the applied types of GM counters.
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INTRODUCTION

The result of any measurement contains uncer-
tainty, meaning that an ideally true value of a measured
variable cannot be known. There are many sources of
uncertainties in measurements and all of them cannot
be taken into consideration. According to the error the-
ory, the previously predominantly used classical math-
ematical discipline, information about the error is ob-
tained from the measurement itself. The said value
represents the difference between the obtained result
and an appropriate value obtained by standard measur-
ing instrumentation. The original variables of the error
theory were random and systematic errors (stochastic
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and deterministic variables), idealized terms no more
in practice today [1]. With the introduction of a new
concept, that of measurement uncertainty, all errors
were defined as stochastic variables and, conse-
quently, a practically oriented method of measuring
was created, suitable for efficient application in all
sorts of experimental measurements. The distinction
between these two concepts can, probably, be best
seen in the schematic representation given in fig. 1.
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Figure 1. Schematic representation of some basic con-
cepts related to measurement uncertainties [1]
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The expression of measurement uncertainties
utilizes the terms and mathematical apparatus of the
classical statistical theory. Assigning appropriate dis-
tribution and probability functions to each and every
datum of uncertainty is the basic assumption of the
whole concept. Apart from that, the following terms
pertaining to the domain of uncertainty in measure-
ment are also introduced [2]: (1) standard uncertainty,
u, which, according to the definition, equals the stan-
dard deviation, u = s; statistical certainty suitable for
standard uncertainty depends on the distribution as-
signed to a particulate measurement; (2) expanded un-
certainty, U, is defined as a product of standard uncer-
tainty and the coverage factor, k, which depends on the
assigned distribution, U = ku. A high value of statisti-
cal certainty, of the order of 99%, is suitable for ex-
panded uncertainty. This means that the measured
variable falls within the interval x, £ U with high cer-
tainty, where x; is the mean value of the measurement.

According to the method with which the uncer-
tainty is determined, there are two possible types of
uncertainties, type A and type B. Type A is determined
solely by the statistical method, meaning that it exists
in measurements which are performed more then
once, in cases when the measuring variable has a
stochastical nature. The type B uncertainty is deter-
mined by methods other than statistical analysis. This
uncertainty type can be determined even for a single
measurement, when type A does not exist. It includes
uses of all available data and knowledge about mea-
suring equipment, influenced environmental quanti-
ties, application of correction factors or physical data
taken from literature, etc. In this case, it is necessary to
assign an appropriate distribution function, since dif-
ferent distributions can be applied. As opposed to type
B, in cases of a mean value distribution concerning
type A, it is always the Gaussian distribution (accord-
ing to the Central Limit Theorem), even if a measured
stochastic variable belongs to some other distribution.
For example, in cases of natural phenomena such as
background radiation and radioactive decay of
radionuclides, distributions are assigned on the bases
of statistical behavior of these phenomena. The Pois-
son distribution, suitable for low frequency events
(appendix A), is applied to background radiation and
the Gaussian distribution, suitable for high frequency
events (appendix B), is applied to instances of the de-
cay of radionuclides.

The notion of combined uncertainty is intro-
duced in measurements where there is more then one
influenced quantity contributing to the said uncer-
tainty. Combined uncertainty is used either in repeated
measurements where the uncertainties of type A and
type B are simultaneously determined or, in a single
measurement (when type A does not exist), where
more then one measuring instrument is used and each
instrument contributes to the uncertainty of the type B.
As arule, when an experiment is performed, the deter-

mination of expanded and combined uncertainty rep-
resents the final goal of processing measurement data.
The aim of this paper is to investigate the influ-
ence of cosmic background and overvoltage phenom-
ena on measurements performed by different types of
GM counters. We believe it is of utmost importance to
take into consideration the overvoltage phenomenon
in measurements performed in an urban environment
(where the electromagnetic radiation is high). The
presence of overvoltage during these measurements
may well trigger the reading system of the counter and
give a higher number of counting pulses than ex-
pected. In that sense, when the experiments are per-
formed, the same counter’s tube is used, while the
technological solution of the electronic devices (coun-
ter reading system) is changeable. The applied reading
systems were made with the same type of tube technol-
ogy, discrete or integrated, with or without anticoinci-
dence protection. Appropriate statistical distributions
were assigned to the relevant random variable “num-
ber of pulses from background radiation” and “num-
ber of pulses induced by overvoltage”. Based on the
results obtained, it has been shown that these variables
vary in their contributions to the expanded and com-
bined uncertainties, in cases when the technological
solution of the counter’s reading system is changed.

UNCERTAINTY SOURCES OF
GM COUNTERS

According to the known characteristics of a GM
counter [3], by means of a process of detecting ioniz-
ing radiation, potential sources of uncertainty such as:
the dependence of detection on the energy and incident
angle of radiation, counter dead time, the reading sys-
tem (by means of the resolution of the instrument), in-
strument calibration errors, influence of background
radiation, uncertainty arising from the measurement
process (counting impulses), influence of the
overvoltage phenomenon in electronic devices (their
wire structures) generated by the induction of
overvoltage on the electromagnetic rays as a conse-
quence of electromagnetic radiation in the environ-
ment where the measurements are performed (this
phenomenon being especially marked in urban envi-
ronments) can be indentified.

In essence, the functioning of a GM counter is
based on the self-sustained avalanche gaseous effect
and, in that sense, the energy of incident radiation de-
termines the number of free, potentially initial elec-
trons in the counter’s tube, meaning that the said en-
ergy contributes significantly to the stochastic
response of the counter and, in fact, to the statistical
discharge time [4], directly determining the nature of a
type A uncertainty. In a similar way, the angle of inci-
dent radiation contributes to type A uncertainty, be-
cause the number and position of free electrons de-
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pend on this angle, that being especially marked in a
tube with a coaxial electric field. The dead time of a
counter is a source of type B or combined uncertainty,
depending on the determining method. Determining
dead time by recording pulses at the counter’s output
can be conditionally arranged to suit type B uncer-
tainty, while determining dead time by the two sources
method is to be considered as a combined uncertainty,
because the stochastical nature of radioactive decay
has to be taken in consideration.

The applied reading system is a source of type B
uncertainty and depends on the resolution of the coun-
ter’s technological solution, in the same way the true
value of a measured variable (the electrical discharge
throughout the counter’s tube which is of an analog na-
ture) is symmetrically arranged through the digital read-
ing, uniformly distributed over an interval of n —1/2
and n + 1/2 digits. The uncertainty due to instrument
calibration is of type B and, in almost all cases, a com-
ponent of uncertainty arising from systematic effects.
Background cosmic radiation is a source of combined
uncertainty and the determination of this kind of uncer-
tainty, without doubt, the most difficult one because of
its fluctuation and energy structure. The contribution of
background radiation to uncertainty can be decreased
by applying anticoincidence protection and back-
ground radiation correction, but it can never be com-
pletely eliminated. The uncertainty of counting im-
pulses from a radioactive source is of type A, because
the deexcitation of a nucleus is completely random and
nothing can determine the deexcitation moment. In
other words, it is impossible to connect deexcitation
with any measuring law — since this process would be of
a stochastical nature and associated with the Gaussian
distribution (because of the possible time balance in its
occurrence).

The minimization of electronic components and,
to an even greater extent, the exposure of the environ-
ment to electromagnetic radiation, lead to frequent oc-
currences of overvoltages within electronic devices
within GM counters, which can, independently of the
counter’s tube, trigger the reading system and, in doing
so, cause a type A uncertainty. The influence of these
sources of uncertainty can be decreased by applying an
overvoltage protection system of electronic devices
(coordination of isolations at low voltage levels) and/or
by performing measurements in an area protected from
electromagnetic radiation (over 100 dB protection).

EXPERIMENTATION AND
PROCESSING OF
MEASUREMENT DATA

With the aim of determining measurement un-
certainties of GM counters stemming from back-
ground radiation and the overvoltage phenomenon, all
experiments were performed in highly-controlled lab-

oratory conditions, involving four types of GM coun-
ters, with the same counter’s tube being applied. The
GM counters used were: (1) —a counter made in a dis-
crete semiconductor technology without an antico-
incidence protection, (2) —a counter made in a discrete
semiconductor technology with an anticoincidence
protection, (3) — a counter made in an integrated tech-
nology without an anticoincidence protection, and (4)
—acounter made in tube technology without an antico-
incidence protection. During the experiment, back-
ground radiation and number of pulses from the radio-
active radium source were measured in the proximities
of each type of the counters.

In order to statistically determine the distribution
of the random variable “number of pulses from back-
ground radiation” and “number of pulses from a radio-
active source”, the experiments were performed in two
series, involving 400 successive measurement per se-
ries, in 5 s intervals, without a radioactive source and
with it, respectively. Similarly, the statistical distribu-
tion of the random variable of a number of pulses in-
duced by overvoltage was determined, whereby, dur-
ing the experiment, all of the radioactive sources were
displaced from the laboratory and a two-electrode
spark chambers (with a 3 mm inter-electrode gap, at-
mospheric conditions and a 100 kV voltage and fre-
quency of successive breakdowns amounting to, ap-
proximately 8 Hz), was placed close to the counter.
During these measurements, the counter’s tube was
protected from the chamber’s influence by a leaded
screen (made of leaded bricks) and, in that sense, only
the electronic devices of the GM counter were ex-
posed to electromagnetic radiation. The obtained re-
sults were corrected to background radiation and
counter dead time (determined by the two sources
method). During the experiment, other relevant pa-
rameters had constant values.

According to the obtained and corrected results,
the time fluctuation of the measured variable is deter-
mined. Then the theoretical statistical distributions,
assigned to a random variable “number of pulses from
background radiation”, “number of pulses from a ra-
dioactive source” and “number of pulses induced by
overvoltage,” are defined. Appropriate distribution
parameters are determined by the momentum method
and the maximum likelihood method with indirect
likelihood function estimation [5]. Itis from these re-
sults and depending on the conditions of the experi-
ment that the possibility of determining measurement
uncertainty arises.

Uncertainty arising from the counter’s dead time
is determined according to

4 _ 0 G O o (1)
n  om or
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where 7 is the real number of pulses, m is the registered
number of pulses corrected on background radiation
and 7 is the dead time of the counter. According to

_my +my —myy -B

(2)

2 2 2
My —my —m,

the dead time of the counter is calculated, where mi; is
the registered number of pulses with the first source
(within the determination of dead time by the two
sources method), m; is the registered number of pulses
with the second source, m; is the registered number of
pulses with both of them and B is the number of pulses
from background radiation, and further, according to

eq. (2)

9T 07 G+ dmy +- " dm, + S dB (3)
T Omy om, omy, 0B
and

dmy = myu ., dmy = myut 4,

dmyy =myyupp, dB =Bug, 4)

where un1a, Uma, Umioa are the uncertainties of type A
arising from registering pulses with first, second, and
both sources simultaneously, and ug, is the uncertainty
of type A arising from background radiation.

The uncertainty of the reading system arising
from the resolution of the measuring instrument, given
the previous hypothesis that the real value of measured
variables exists over the interval of n —1/2 ton + 1/2
digits with a uniform probability, where the resolution
has a value of a single digit in all measurements, yields
to the expanded uncertainty with a value of 0.5 digits.
The standard deviation, according to the uniform dis-
tribution assigned to the uncertainty by the resolution
of the reading system, is o = 0.5/3"? and standard un-
certainty is up = 0.29 digits [6].

As it has already been said, background cosmic
radiation is a source of combined uncertainty, but this
applies only to the type A uncertainty which is deter-
mined according to the experimentally established fact
that the random variable “number of pulses from back-
ground radiation” belongs to the Poisson distribution.
The second key moment pertaining to this empirical
distribution is determined as a product of the number
of events and appropriate event probability. The histo-
gram and probability density function, figs. 2 and 3,
respectively, represent experimentally obtained re-
sults for a GM counter made in an integrated technol-
ogy without anticoincidence protection.

We have offered a theoretical explanation,
backed by experimental results, that the random vari-
able “number of pulses from a radioactive source” be-
longs to the Gaussian distribution. We have, also, de-
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Figure 2. Histogram of background radiation number of
pulses in the case of a GM counter made in an integrated
technology without anticoincidence protection
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Figure 3. Density function of background radiation
number of pulses in the case of a GM counter made in an
integrated technology without anticoincidence protec-
tion

termined the second key moment of consequence for
the standard uncertainty of type A. The histogram and
probability density function, figs. 4 and 5, respec-
tively, represent experimentally obtained results for a
GM counter made in an integrated technology without
anticoincidence protection.

The uncertainty caused by the overvoltage phe-
nomenon is of type A and it has been experimentally
established that the random variable “number of
pulses induced by overvoltage” belong to the Poisson
distribution. The uncertainty caused by overvoltage is
determined in the same way as the uncertainty caused
by background radiation. The histogram and probabil-
ity density function, figs. 6 and 7, respectively, repre-
sent experimentally obtained results for a GM counter
made in an integrated technology without anticoinci-
dence protection.
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Figure 4. Histogram of the radioactive source of number
of pulses in the case of a GM counter made in an inte-
grated technology without anticoincidence protection
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Figure 5. Density function of a radioactive source of a
number of pulses in the case of a GM counter made in an
integrated technology without anticoincidence
protection

Type A and type B uncertainties obtained by pre-
viously explained procedure are conditionally inde-
pendent of each other and standard combined uncer-
tainty can be determined as [2]

u, Zw/ui +u§ (5)

The expanded and combined uncertainty (over-
all uncertainty) is determined by multiplying eq. (5)
and coverage factor £. In the case of type A and type B
uncertainties, this factor gains its values over the inter-
val (3", 3), depending on the assigned distribution. In
the case of a combined uncertainty, as a compromise
for the value of the coverage factor, the value of 2.5
can be adopted [1].
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Figure 6. Histogram of induced overvoltage number of
pulses in the case of a GM counter made in integrated
technology without anticoincidence protection
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Figure 7. Density function of an induced overvoltage
number of pulses in the case of a GM counter made in an
integrated technology without anticoincidence
protection

RESULTS AND DISCUSSION

The overall uncertainty for a counter made in a
discrete semiconductor technology without antico-
incidence protection is 12.31%.

Overall uncertainty for a counter made in a dis-
crete semiconductor technology with anticoincidence
protection is 6.93%.

Overall uncertainty for a counter made in an in-
tegrated technology without anticoincidence protec-
tion is 17.16%.

Overall uncertainty for a counter made in tube
technology without anticoincidence protection is
9.24%.

The major contributors of the differences be-
tween overall uncertainty values are the uncertainties
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caused by background radiation and induced
overvoltages. As for the counters made in tube tech-
nology, the uncertainty caused by induced
overvoltages has not been noticed, as opposed to the
cases of counters made in an integrated technology
where the said source of uncertainty is a major contrib-
utor of overall uncertainty. In cases involving counters
with an anticoincidence protection, the uncertainty
caused by background radiation has not been noticed.
For all other types of counters, this source of uncer-
tainty has proved to be of an approximately same
value. Other known sources of uncertainty did not sig-
nificantly differ among themselves.

CONCLUSION

Based on considerations previously stated, the
influence of cosmic background radiation and
overvoltage phenomena on the value of expanded and
combined uncertainty in measurements with different
types of GM counters is shown here. The
minimization of electronic components and, even to a
greater extent, the exposure of environment to electro-
magnetic radiation, lead to frequent occurrences of
overvoltages within the electronic devices of GM
counters which can trigger the reading system.

Results obtained by a GM counter with a reading
system made in an integrated technology show the in-
fluence of this phenomenon on expanded and com-
bined uncertainty. The influence of this phenomenon
on measurement uncertainty can be decreased by ap-
plying overvoltage protection of electronic devices
(co-ordination of isolations at low voltage levels)
and/or by performing measurements in an area pro-
tected from electromagnetic radiation (over 100 dB
protection). On the other hand, the contribution of cos-
mic background radiation to measurement uncertainty
is noticed within GM counters without anticoinci-
dence protection.

Thus, it can be concluded that decreasing the ex-
panded and combined uncertainty can be achieved by
a suitable technological solution, i. e. by means of in-
creasing both efficiency and anticoincidence and
overvoltage protection of the electronic devices. In
further investigations, the effects of incident radiation
energy and angle on expanded and combined uncer-
tainty are to be included, especially in the vicinity of a
counter’s discrimination level.

APPENDIX A

The Poisson distribution is derived from the bi-
nomial distribution when 7 tends toward infinity and,
at the same time, np =A remains constant (Poisson’s
limiting-value statement)

A v A
iml " |pF (- pyF =2 e * k=0,1,2... (A])
ny k k!

Since probability p is very small for the large n
and np=A = constant, Poisson’s distribution describes
rare events.

Poisson’s density function is given by

k=012 (A2)

The Poisson distribution is a one parameter dis-
crete distribution that takes on nonnegative integer
values. The parameter A, is both the mean and the vari-
ance of the distribution. Thus, as the size of the num-
bers in a particular sample of a Poisson random num-
ber gets larger, so does the variability of that number.

The Poisson distribution is appropriate for all
applications involving counting the number of times a
random event occurs in a given amount of time, dis-
tance, area, etc. It is also used in the reliability theory
and in the theory of elementary particles.

APPENDIX B

A random process produces a normally distrib-
uted variate when the latter can be conceived as the
sum of a large number of independent, randomly dis-
tributed variates, and when each of these variates
makes only an insignificant contribution to the sum
(central limiting-value statement). This model, which
can be applied to many random phenomena (including
discharge processes, measuring errors and so on),
brings us to the extraordinary significance of the nor-
mal distribution, derived from de Moivre, Laplace,
and Gauss error and compensation calculations.

The Gaussian density function is given by

PR SO Y o
(p(x,y,O' )_ € (BI)
~2no

and the Gaussian distribution function is given by

X
\51 [e 1 2%q  (B.2)
o —%

The Gaussian distribution is a two parameter
family of curves. The first parameter, u, is the mean,
the second, o, the standard deviation. For experimen-
tally obtained data, the standard deviation can be de-
rived from the mean value of the sample, according to:

o=AJu (B.3)

D(x, 1,07 )=
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Kosunka CTAHKOBWH, Jlannjera APAHBWH,
‘Bophe JABAPEBU, Ipeapar OCMOKPOBUR

MNPOIMMPEHA 1 KOMBUHOBAHA MEPHA HECUI'YPHOCT
TAJITEP-MUJIIEPOBOI' BPOJAYA

Y pagy je onmcaH mocTynax fooujama MpompeHe 1 KOMOMHOBaHE MEPHE HECUTYPHOCTH 32 YSTHPH
tuna I'M 6pojaya ca uCTOM OpOjaukoM IEBH Y CIydajeBUMa Kajia MEPHY HECHUTYPHOCT Y Mepema yHOCe
MO3aIMHCKO 3pavese — (POH U MHYKOBaHE TPEHAIIOHCKe nojase. Kao mocneuia eneKTpoMarHe THOT 3paveha,
MIPEHAINOHCKe MojaBe Cy MOceOHO n3paxkeHe y ypoanuMm cpefuHama. Ha OcHOBY 1oOHjeHnX eKCTIEpUMEHTATHUX
pe3yirara yTBpHEHO je a y 3aBUCHOCTH Off TEXHOJIOIMIKOT pellleha Opojadya Bapupajy MepHEe HECUTYPHOCTH
YTHUILAJHAX CTyYajHUX BEJIMYMHA ,,0p0j MIMITyJICa Off HO3aIMHCKOT 3paveHa” 1 ,,0p0j UMITyJICa Off IPEHAIOHa” 1
U3 TOT pas3niora fAajy PasiIdydT AONPHHOC INPOIIMPEHOj W KOMOWHOBAHO] MEpPHOj HECHTYPHOCTH KOJ
npuMemeHnx Turnosa I'M 6pojaya.

Kmwyune peuu: mepra necuzyprociu, I'M 6pojay, i03a0uncko 3payerbe, UpeHalloHCKe flojase, MO
epeme



