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This study presents a new dead-time measurement method using the gamma attenuation law and
generalized dead-time models for nuclear gamma-ray detectors. The dead-time of the Nal(Tl) detection
system was obtained to validate the new dead-time determination method using very thin lead and
polyethylene absorbers. Non-paralyzing dead-time was found to be 8.39 ps, and paralyzing dead-time
was found to be 8.35 ps using lead absorber for Nal(Tl) scintillator detection system. These dead-time

values are consistent with the previously reported dead-time values for scintillator detection systems.
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was used.

The gamma build-up factor's contribution to the dead-time was neglected because a very thin material
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1. Introduction

Radiation counting is a random process and is inevitably
affected by some count losses. A minimum separation time is
required for two radiation events to be recorded in radiation de-
tectors. This separation time is called the dead-time of the detec-
tion system [1]. Two different factors affect the detector system's
dead-time; the detector's intrinsic dead-time and pulse process-
ing dead-time. The intrinsic dead-time of a radiation counting
system depends on different parameters including geometry, ma-
terial, and design of the detector as well as operating conditions
such as applied voltage and temperature [2—5]. The pulse pro-
cessing dead-time is associated with the electronic circuitry of the
detection system. The most important contribution for pulse pro-
cessing dead-time is analog to digital transition for pulses [6].
Dead-time effect on the detector system will result in lower
observed counts than the true counts. Therefore, a mathematical
correction is required to make up for the lost counts, that would
bring the count rate close to the true counts.

Researchers have suggested dead-time correction models for
more than seven decades to correct count losses [7]. There are two
simple generalized dead-time correction models, one paralyzed
and one non-paralyzed [8,9]. The paralyzable correction model
assumes that if a radiation interaction occurs within the dead-time
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duration of the detection system, radiation interaction is not
recorded as an individual event, and will reset dead-time hence
extending dead-time. The paralyzable correction model is mathe-
matically expressed as

m=ne ™™ (1

where n, m, and 7 represent the true count rate, the observed count
rate, and the dead-time, respectively. In the non-paralyzing model,
the dead-time for a detector system is fixed, and interactions that
occur during this dead time cannot be recorded. Unlike the para-
lyzing model, after the initial event is recorded by the detector, the
non-paralyzing model allows the system to recover after a fixed
dead-time. The non-paralyzing correction model is mathematically
expressed as

n

s @
it is important to emphasize that no detector, in reality, follows
these two generalized correction models exactly. The behavior of a
real detector falls in between non-paralyzing and paralyzing dead-
time models [10]. For example, Lee and Gardner have developed
their hybrid model that includes two dead-times as shown in Eq.
(3) [11]. They applied the decaying source method with *®Mn to
validate the proposed hybrid model and obtained less than 5%
deviation from observed counting rates for the GM detector.
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ne*ﬂTp

m=————
1+nTnp

(3)

In their expression, 7, is the paralyzing dead-time, 7y is the
non-paralyzing dead-time. Likewise, Patil and Usman [6] devel-
oped a new hybrid correction model (shown in Eq. (4)) by devel-
oping the model previously proposed by Miiller [12]. They
implemented the decaying source method with *®Mn and 2V to
validate the proposed hybrid model using HPGe (High Purity
Germanium) detector. For a HPGe detector, they obtained a paral-
ysis factor between 50 and 77%, and the dead-time value was be-
tween 6 pus and 10 ps [6].

ne—n Tf

- B 4
M= 1= )
where fis the paralysis factor, which is the paralyzing probability of
the detection system and 7 is the total dead-time of the system.

2. Dead-time determination methods

One of the most common methods for determining the dead-
time of a detection system is the two-source method [13,14]. It is
commonly used method to estimate the dead-time of gas-filled
detector systems. The method can be implemented simply by
obtaining the radiation rate from two sources, both individually
and in combination. In order to estimate the dead-time of the
detection system using two-source model, the sum of the radiation
rates observed individually from both sources must be greater than
the radiation rate observed for combined sources. It is essential to
keep the radioactive sources in the same geometry during mea-
surement. In addition, scattering around the detector may affect the
measurements. All mathematical expressions for two-source
method are explained well in the literature [1,2].

The second common dead-time determination method for a
detection system is the decaying source method [1]. This method
can be applied according to the known exponential decay behavior
of a radioactive source using isotopes with short half-lives.
n=nge * +n, (5)
where A is decay constant of the isotope, np, is the background count
rate, ng becomes the true count rate when t = 0. Assuming there is
no background radiation and substituting Eq. (5) into the non-
paralyzing dead-time model equation that is given in Eq. (2),
decay source equation becomes,

meM = — ngrm + ng

(6)
when the value of me’t is plotted with respect to the value of m, the
slope of this line provides — ng7. Therefore, the dead-time can be
obtained from the ratio of the slope to the intercept value. A more
detailed description of this method can be found in the literature
[1,14,15].

3. Deadtime Measurement with Radiation Absorption Law
(DMRAL)

When a beam of photons penetrate through a material, the
transmitted beam intensity (I;) of gamma-rays passing through a
material is expressed by
Iy =Ipe™™

(7)

where Iy incident beam intensity, u is linear attenuation coefficient,
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and x is the thickness of the material. The linear attenuation coef-
ficient (u) represents all possible interactions with material
including photoelectric effect, Compton scattering, and pair pro-
duction [1]. Eq. (7) is based on the assumption that there is no
build-up (build-up factor = 1), an assumption valid for thin shield
approximation [16]. For other cases it would be necessary to ac-
count for the build-up factor. A similar method for neutron detector
dead-time measurement was reported to have produced good
results [17].

In this study, a new method to determine dead-time for gamma-
ray measurement systems is introduced using gamma-ray attenu-
ation law and generalized dead-time correction models. Assuming
the gamma attenuation law given by intensity in Eq. (7) is
expressed by true gamma-ray counts (n and np) as;
ny =nge ¥ (8)
where ny is the incident number of true gamma rays, and n; is the
transmitted number of true gamma-rays. It should be noted that
the number of measured gamma rays is mp when gamma-ray
measurement is obtained without using any shielding material
between the detector and the radioactive source. The detector
measures mj (transmitted number of measured gamma-rays) when
a layer of material is placed between the detector and radioactive
gamma source, this should be in fact n; (transmitted number of
true gamma rays). Alternatively, Eq. (8) can also be written using
the mass attenuation coefficient.

—(&).px
ni =nge (’) 9)
where p/p is the mass attenuation coefficient, and p is the density of
the material. The mathematical non-paralyzing dead-time model
can be expressed with Eq. (10) with no absorber between detector
and the radioactive source.

No

mo=-——o—
0 1+n0T

(10)

If a very thin material is to be placed between the detector and
the radioactive source, the non-paralyzing model can be written as

n

m=-—_r_
1 1+n17

(11)

where m; is the measured transmitted gamma-rays, n; is the true
transmitted gamma-rays, and < is the dead-time of the detection
system. The ratio of mp and mj can be written as

ng

() ()

m
Combining Eq. (9) and Eq. (12), the following ratio is obtained

ny 1+ (no,e@)‘(/m)).f
(1 T nor)' (no.ef <g)A<px))

The ng7 term can be obtained from Eq. (13) and written as

moi

m, (12)

mo_

My (13)

my —mg.e <%>'(px)

mg.e (,ﬁ) () mye (%) (px)

If the mass attenuation coefficient of the material and the

Ng.7T= (14)
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density of the material are known, then the value of ngr can be
easily calculated since mg and m; values will be determined by the
detector. It should be noted that the material must be very thin to
ensure the validity of the build-up factor = 1 assumption. The only
unknown parameter is the incident number of true gamma rays
(np) in Eq. (10) after ngr parameter determined using Eq. (14) for
the non-paralyzing dead-time model. Once the incident number of
true gamma rays (1np) is obtained, the dead-time of the detection
system can be easily determined using Eq. (10). This procedure can
also be done with the linear absorption coefficient of a material
instead of mass attenuation coefficient.

If there is no material placed between detector and radioactive
source, the mathematical expression for the case of paralyzing
dead-time model can be written as

my=nge "7 (15)

If a very thin material is to be placed between the detector and
the radioactive source, the paralyzing model can be expressed as

m.7

my=nye- (16)

Again, using Eqs. (15) and (16) for paralyzing model and
gamma-ray attenuation law with mass attenuation coefficient (Eq.
(9)), the ratio of myp and m; can be expressed as

mo ng.e "7

m; np.e-mT (17)
m n 'efﬂo.T
F?: 0 (18)

("0 e &) «px)) | (enm () .(,m))

After the necessary mathematical operations are performed, Eq.
(18) becomes

In (%) = —nT+ npTe <%) oy (%) -(px) (19)

1

Then, the ny7 term can be obtained from Eq. (19) and written as

ln(m—‘l’) - (%).(px)
0 (%)A(m) 1

Again, the only unknown parameter is the incident number of
true gamma-rays (ng) in Eq. (15) after ngr parameter determined
using Eq. (20) for the paralyzing dead-time model. Once the inci-
dent number of true gamma-rays (np) is obtained, the dead-time of
the detection system can be easily determined using Eq. (15). In the
light of all these theoretical statements, dead-time calculations of a
Nal(Tl) scintillator detector were implemented to validate this
method.

Ng.7= (20)

4. Validation of DMRAL Method

The experimental part of DMRAL method was carried out at
Marmara University Nuclear Physics Laboratory (MUNPL). A Nal(TI)
scintillator detection system manufactured by Ortec was tested to
validate the DMRAL method, a newly introduced dead-time
determination method. A 370 kBq (10 pC) ®’Cs radioactive
gamma source (as shown Fig. 1) produced by Eckert & Ziegler
company on December 1, 2018 was used for experiments.

Polyethylene (PE) and lead absorber materials were used in the
experiment by individually placing them between the detector and
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Fig. 1. (a) Experiment design for radiation measurement system to validate DMRAL
method. (b) Cesium-137 gamma-ray disk source.

the radioactive source. The gamma-ray attenuation measurements
were taken using 0.07620 cm thick PE and 0.08128 cm thick lead as
an absorber to determine the dead-time of the Nal(Tl) detection
system. The reason why the thicknesses of absorber materials are
chosen so small is to be able to neglect the build-up factor.

The gamma-ray measurements were taken for 5 min with *’Cs
radioactive gamma-ray source (at 662 keV energy) for each indi-
vidual case for the scintillation detection system. The three
consecutive measurements were implemented to reduce statistical
errors with and without absorber material. In order to prevent the
detector from being saturated, a 2 cm space is left between the
detector and the material, and 2 cm between the material and the
source. First, the background radiation of the environment was
obtained for 5 min. Second, the measurements (my) were taken for
Nal(Tl) detector with no material between the detector and
radioactive source for 5 min. Then, the measurements (m;) were
taken with the material placed between the detector and the
radioactive source before calculating the dead-time of detection
system for both generalized models. Using the equations provided
above, the results of the *’Cs peak measurements and material
information given in Table 1, the dead-time of the Nal(TI) detection
system were calculated for both generalized models with the
DMRAL method.

Table 1 shows the average values of the measured count rates
and the net count rates with lead and PE absorbers' error rates. The
average net count rate at 662 keV peak with no absorber was
measured as 650.22 cps with an error of +2.09. This value was used
as mp at all times to determine the dead-time of the detection
system for both non-paralyzing and paralyzing models. The average
count rates at 662 keV peak with lead and PE absorber were 593.15
cps with an error of +0.52 and 646.00 cps with an error of +0.82,
respectively. These values were used as mj to determine the
detection system's dead-time for both non-paralyzing and para-
lyzing models.

Fig. 2 shows the experimental counting results without absorber
and 0.08128 cm thick lead absorber at 662 keV energy using >’Cs
source for Nal(Tl) detection system. Based on the DMRAL method
and non-paralyzing and paralyzing model, the Nal(Tl) detection
system's dead-time was calculated. Eq. (14), Eq. (10), the informa-
tion provided in Table 1, and physical properties of the absorbers
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Table 1
Gamma absorption measurements with Nal(Tl) scintillator detector at 662 keV peak using lead (0.08128 cm) and PE (0.07620 cm) absorber.

# of Counts  Background (5 min)  Background (cps) No absorber (5 min) No absorber (cps) mp Lead (5 min) Lead (cps) m;  PE (5 min) PE (cps) m;

1 61 0.20 195387 651.29 178072 593.57 193941 646.47

2 39 0.13 195564 651.88 178097 593.66 194031 646.77

3 45 0.15 194396 647.99 177815 592.72 193569 645.23

Mean 48.33 0.16 195115.67 650.39 177994.67 593.32 193847.00 646.16

Net Error 650.22 + 2.09 593.15 + 0.52 646.00 + 0.82

were used to obtain dead-time for the non-paralyzing model for
lead and PE absorbers. Eq. (20), Eq. (15), the information provided
in Table 1, and physical properties of the absorbers were used to
obtain dead-time for paralyzing model for lead and PE absorbers. It
is important to note that the mass attenuation coefficients of the
absorbers are taken from literature as provided in Table 2 since they
are not provided by the manufacturer.

Table 2 shows the physical properties of the absorber materials
and the calculated dead-time values of the Nal(Tl) detection system
for both non-paralyzing and paralyzing models. The dead-time
value for the non-paralyzing model using the lead absorber was
calculated as 8.39 ps, while the dead-time value for the paralyzing
model using the lead absorber was calculated as 8.35 ps.

In addition, PE absorber material was used to verify the values
found with the lead material. The dead-time value for the non-
paralyzing model using PE absorber was calculated as 19.02 ps,

while the dead-time value for the paralyzing model using lead
absorber was calculated as 18.79 ps. In the dead-time calculations,
the build-up factor has been neglected for both absorber materials
due to the materials' minimal thickness. “No build-up” approxi-
mation is valid for thin shields when the shape symmetry of the
peaks is examined in Fig. 2b at 662 keV peak.

5. Conclusion

This study introduced a new dead-time determination method
for radiation detection systems using gamma attenuation law. The
two-source method is one of the traditional methods to determine
the dead-time of the radiation measurement system using two
similar radioactive sources. On the other hand, the decaying source
dead-time determination method can only be used when there are
radiation sources with sufficiently short half-lives. Since this can
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Fig. 2. (a) Experimental counting results without absorber and 0.08128 cm thick lead absorber at 662 keV energy using '>’Cs source. (b) Peak difference with and without absorber

material.
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Table 2
Absorber information and dead-time results of Nal(Tl) detector using DMRAL method.
Material Density (g/cm?) Mass attenuation coefficient (cm?/g) [18,19] Non-paralyzing dead-time (us) Errors Paralyzing dead-time (us) Errors
Lead 11.35 0.10010 8.39 +0.46 8.35 +0.46
PE 0.950 0.09107 19.02 +1.05 18.79 +1.04
only be done in facilities that can produce radioactive sources, there Sons, New Jersey, 2000. i )
is a limitation of the dead-time determination method. In the [2] T. Akyurek, et al, GM counter dead-time dependence on applied voltage
. ! ) operating, temperature and fatigue, Prog. Nucl. Energy 73 (2015) 26—35.
proposed DMRAL method, it has been observed that the dead-time [3] B. Almutairi, et al., Experimental evaluation of the deadtime phenomenon for
results are reasonable for Nal(Tl) detection system. In the calcula- GM detector: deadtime dependence on operating voltages, Sci. Rep. 10 (2020)
7 _ _ti _ 19955.
qons, non paralyzed d.ead time was 8.39 HS' and paralyzed dead [4] B. Almutairi, et al., Simultaneous experimental evaluation of pulse shape and
time was 8-3.5 HS using 0'0812$ cm thick lead absorbel} The deadtime phenomenon of GM detector, Sci. Rep. 11 (2021) 3320.
Nal(Tl) detection system's dead-time values were expected in the [5] B. Almutairi, T. Akyurek, S. Usman, Voltage dependent pulse shape analysis of
range of 0.5 ps and 10 ps [20,21]. The dead-time of the Nal(TI) Geiger-Miiller counter, Nucl. Eng. Tec. 51 (2019) 1081-1090.
d . f d be 19.02 f vzi del [6] A. Patil, S. Usman, Measurement and application of paralysis factor for
etection system foun t(? e . us _or non-paralyzing _mo € improved detector dead-time characterization, Nucl. Technol. 165 (2009)
and 18.79 ps for paralyzing model using 0.07620 cm thick PE 249-256.
absorber. These values were a little higher than expected dead-time [7] L. Costrell, Accurate determination of the dead-time and recovery character-
for Nal(Tl) detection system but Grozdanov and coworkers have istics of Geiger-Muller counters, J. Res. Natl. Bur. Stand. 42 (3) (1949)
ction sy . 241-249.
been reported similar results [22]. The reason why PE dead-time [8] W. Feller, On probability problems in the theory of counters. R. Courant An-
values are two times higher than those of lead is attributed to the niversary Volume, Studies and Essays, Interscience, New York, 1948,
. . pp. 105—115.
fact that the mass attenuat}on coefficients are taken from the (9] RD. Evans, The Atomic Nucleus, McGraw-Hill, New York, 1955
literature as they are not provided by the manufacturer. The gamma [10] M. Yousaf, T. Akyurek, S. Usman, A comparison of traditional and hybrid ra-
build-up factor was provided in the literature depending on the diation detector dead-time models and detector behavior, Prog. Nucl. Energy
p p p g
: ' : A4 83 (2015) 177—185.
thickness and photon'’s energy for some materials [16]. The build [11] S.H. Lee, R.P. Gardner, A new GM counter dead time model, Appl. Radiat. Isot.

up factor at 0.5 MeV energy is specified as 1 and 1.14 for 0 cm
lead and 0.5 cm lead, respectively [16]. Since the thicknesses used
in this study were 0.07620 cm and 0.08128 cm, the build-up factor's
contribution to the calculations is negligible. Another confirmation
that the build-up factor can be neglected in the dead-time calcu-
lations for the thin shield is shown in Fig. 2b where the shape
symmetry presents between the shielded and unshielded photo-
peak. These dead-time calculations can also be obtained using
linear attenuation coefficient equations instead mass attenuation
coefficients.
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