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ABSTRACT

Medical applications of radiation have been widely spread until now. However, the exposure of medical staff is sometimes overlooked, because treatment of patients
is the first priority. The purpose of this study is to develop a small and light monitor that can measure the energy spectrum and dose of gamma-rays at the same time
in real-time for medical applications. Using the monitor, the medical staff could be guided to be more aware ofthe risk of radiation, and finally the exposure to them
could be substantially suppressed. So far, a CsI scintillator has been chosen as a detection device of gamma-rays and combined with a Multi-Pixel Photon Counter
(MPPC) to develop a prototype monitor. Then we confirmed its basic performance with standard gamma-ray sources. To achieve the real-time measurement, o
method (sequential Bayesian estimation) was adopted and improved to propose a new unfolding process, named k-o method, with which the convergence speed
could really be accelerated to realize real-time measurement. Also, gamma-ray measurements with a mixed source of ***Ba, 1%’Cs and ®°Co were carried out to
confirm the validity of the present monitor. As a result, it was found that gamma-ray energy spectrum could be estimated successfully in several-tens seconds in the
field of around 6 pSv/h. For the dose estimation, the correct values could be estimated just after starting measurement.

1. Introduction

At present, radiation is frequently utilized for medical applications
such as radiotherapy, i.e., particle therapy, and diagnosis like positron
emission tomography (PET). However, the first priority is of course
treatment of patients. Thus, exposure of medical staff working in such
facilities is sometimes not so focused on. In the medical field, after
stopping the radiological equipment such as a particle accelerator, the
staff often enters the equipment area immediately where residual radi-
ations still remain. In this case, they are exposed to gamma-rays emitted
from many produced radioisotopes of various half-lives. It is thus
important to estimate the dose in real-time and provide this information
to the medical staff on the spot. Usually, when a medical staff enters a
controlled area where radiological equipment is installed, they are
supposed to bring a personal dosimeter and/or survey meter. However,
the personal dosimeter cannot show the result in real-time and while the
survey meter has this capability, it only shows the radiation dose. Some
survey meters can show the pulse height spectrum as well. However, if
many kinds of radioisotopes are produced and the emitted gamma-ray
energies are high, the obtained pulse height spectrum can no longer
visualize the real energy spectrum. If the medical staff could see and
recognize the energy spectrum and dose of gamma-rays at the same time
in real-time, it could make them think about their own exposure doses
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more carefully and encourage them to understand the radiation risk in
the medical field and finally lead to reduction of their exposure.

So far, real time measurement of pulse height spectra could be
realized by using a portable gamma-ray spectrometer (Mount Sopris
Instruments, 2018, for instance), which is sometimes used in nuclear
inspections. However, such a survey meter can only show the pulse
height spectrum, not the energy spectrum. It is difficult to measure and
display an energy spectrum in real-time, because it normally requires a
certain mathematical process (solution of inverse problem) and until
now it has been carried out after the measurement.

In this study, we aim at providing information to the medical staff, of
how many energetic gamma-rays exist and how strongly they are
exposed to them. To achieve this, we have been developing a prototype
monitor combined with a CsI scintillator and MPPC (Kobayashi et al.,
2017a, 2017b), that can simultaneously measure the energy spectrum
and dose of gamma-rays in real time. Until now, using standard
gamma-ray sources, we confirmed the basic performance in terms of
intrinsic efficiency and energy resolution, and discussed the possibility
of real-time measurement (Nishimura et al., 2022). The present monitor
requires real-time data deduction, for which we employed the Bayesian
estimation with a method (Iwasaki, 1997). With this method, the
real-time estimation was basically realized so far by the authors’ group,
however, there is a severe problem left, i.e., the convergence speed was
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very slow. In additionwhen the o value was larger, the convergence was
unstable, although a larger o value is necessary to speed up the
convergence. In the present study to solve these problems, a new
Bayesian estimation scheme, k-a, is proposed. With this scheme, the
convergence can be appropriately controlled. In the following chapters,
the theory is detailed and experimental validation with standard
gamma-ray sources is described.

2. Bayesian estimation

Iwasaki introduced Bayes’ theorem to solve the inverse problem in
radiation measurement [(Iwasaki, 1997)]. The Bayesian estimation
consists of two processes named spectrum type and sequential type. The
spectrum type Bayesian estimation is utilized in common radiation
measurements [(Kondo et al., 2011; Takagi and Murata, 2016; Tamaki
et al.,, 2017)]. This estimation is basically a post-process procedure,
meaning that the data deduction is carried out after the measurement. In
the present monitor, the sequential Bayesian estimation was thus
employed, because the present monitor estimates gamma-ray energy
spectrum in real-time, i.e., count by count. At first, a brief description is
given for the Bayesian estimation.

There is a quantitative relationship between energy spectrum ¢; (j =
1~n) and measured pulse height spectrum y; (i = 1~m) using a detector
response function matrix, Ry, which includes information about the
detector dependent detection efficiency for gamma-ray energy. This
relationship can explicitly be expressed by the next equation.

Yi= ZRU¢; )

To estimate the energy spectrum ¢; by solving this equation is
generally called inverse problem, and the process of finding the energy
spectrum is called unfolding in radiation measurement (Bouchet, 1995;
Amade et al., 2020). However, this task is not straightforward, because
in radiation measurement equal relation, “ = “, in Eq. (1) does not hold
in most cases. We thus need to solve the equation not mathematically
but from an engineering point of view.

According to the Bayes’ theorem [(Iwasaki, 1997)], when one radi-
ation is counted by a detector at pulse height channel i, the posterior
probability of the energy spectrum at j, P (j|i), can be derived by the
response function R; of the detector and the energy spectrum ¢; as
shown in the next equation (Kobayashi et al., 2017a).

Ry,

PuD = 2 Ridy @

In the spectrum type Bayesian estimation, unfolding is performed by
multiplying this conditional probability by the count y; and summing up.
This process is conducted repeatedly to estimate ¢; with the following
equation.
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where ¢;k> is k-th estimation of ¢;.

This process is carried out after the whole measurement is
completed. In the spectrum type Bayesian estimation, an obtained pos-
terior probability is used as the prior probability in the next estimation
turn. This iteration calculation is performed until the estimation would
converge. The convergence was precisely discussed by Nauchi and
Iwasaki (2014), who showed that Eq. (3) could be converged in case of
infinite statistics. In the present study, the sequential Bayesian estima-
tion is used instead to continuously perform this unfolding process in
real-time during the measurement. The sequential type is a method of
revising the spectrum by adding the contribution for each new detected
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count at channel i, that can be expressed by Eq. (4).

. Ry
P 1 B 4
¢ =i+ ST Ry, @

where ¢; is the estimated gamma-ray energy spectrum before the last
count, and ¢J’- is the energy spectrum revised by the presently detected
count.

With this equation, measurement in real-time becomes possible in
principle. However, in real applications it is not so straightforward,
because the convergence is known to be very slow. In this research, a
method proposed by Iwasaki (1997) described in Eq. (5) was employed
to accelerate the convergence speed. However, it was also known that it
would be somewhat difficult to set an appropriate a value (0 <a < 1)
suitable for each inverse problem. The value «a is interpreted as an index
which can control how strongly the prior probability affects the poste-
rior probability.

Ry¢;
Z;lleij%

As described earlier, there are very few examples with the sequential
Bayesian estimation, because the convergence is still slow for real ap-
plications, in addition to the difficulty of the a value setting. In the
present study, the sequential Bayesian estimation with o method is
improved to further speed up the convergence.

d=1-a)p;+a 5)

3. Measurement with a method

The authors’ group carried out experimental studies so far with our
own prototype monitor to estimate the gamma-ray energy spectrum
with the a method [Kobayashi et al., 2017a, 2017b]. It was found from
the result that the estimation was successful, however the convergence
was not satisfactory. In the present study, precise experiments with
standard gamma-ray sources were carried out once again to elucidate
the problem we should solve.

3.1. Prototype monitor (Kobayashi et al., 2017a, 2017b)

The present monitor focuses on utilization in medical fields such as in
hospitals. The following four design requirements were thus taken into
account.

3.1.1. Small and light

Medical staffs normally enter an irradiation room after stopping the
radiological equipment such as an accelerator. The staff needs to be able
to enter the room and see the patient as soon as possible while also being
aware of the dose exposure. So having a small and light monitor, that
can be carried with ease, will not disturb their work.

3.1.2. High detection efficiency and good energy resolution

It is necessary to select a detection element which has a good
detection efficiency so that a clear photo peak can be formed in the
response function, and it should possess a good energy resolution to
visually distinguish photo peaks so as to understand the energy spectrum
clearly and correctly.

3.1.3. No hygroscopicity

In order to reduce the size and weight and for the producibility of the
monitor, it is desirable that the detector has no hygroscopicity, since
otherwise an airtight enclosure would be necessary. CsI(T1) crystals are
only very slightly hygroscopic and do not require such enclosure, as they
deteriorate only when in contact with water or extremely high moisture
(Knoll, 2010).
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3.1.4. Upper gamma-ray energy of 3 MeV

The present monitor is designed to be used after stopping the
radiological equipment like an accelerator. This means primary particles
like protons, neutrons and so on do not exist when using the monitor. It
is thus not necessary to take care of capture gamma-rays. Since only
gamma-rays emitted via decay of radioisotopes produced by the primary
particles exist, 3 MeV, which is the maximum energy of such gamma-
rays, is appropriate as the upper energy limit of the monitor.

In addition to the above four conditions, following guidelines for
portable radiation monitors and other commercial dosimeters developed
for similar applications, we consider as a final goal a dose rate range
between 0.05 pSv/h (background) and 10 mSv/h (IEC, 2009), while
thinking of the current goal of background to 1 mSv/h for energies up to
3 MeV as described above.

To meet the above conditions, we chose a CsI scintillator as a
detection device of gamma-rays. This is because the performance is
more-or-less the same as or even better than the commonly used Nal
scintillator and in addition, CsI has almost no hygroscopicity, unlike Nal.
In recent years it has become possible to produce and utilize large CsI
crystals in radiation detection. In this study, a cubic CsI (T1) crystal of
2.6 x 2.6 x 2.6 cm® (Fig. 1) supplied by I.S.C. Lab.(1.S.C. Lab, 2011) was
employed for the prototype monitor. Although this size is not finally
fixed, from the preliminary design study it was confirmed to be
acceptably large to estimate doses even in background circumstances.
Also, in order to reduce the weight, we decided to combine the CsI
crystal with a multi-pixel photon counter (MPPC) (Hamamatsu Pho-
tonics K. K, 2019] shown in Fig. 2 instead of a normally used
photo-multiplier tube (PMT). Fig. 3 shows the light and small prototype
monitor we developed.

3.2. Measurement with standard gamma-ray sources

Measurements were carried out with the prototype monitor
described in Sec. 3.1. The real-time measurements were virtually carried
out by sampling each count from the population, which was obtained by
a long-time measurement. This is important for reproducibility,

Fig. 1. CsI(TD) scintillator (2.6 x 2.6 x 2.6 cm®). [1.S.C. Lab, 2011].
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Fig. 2. Multi-pixel photon counter (MPPC). [Hamamatsu Photonics K.
K, 2019].

Csl scintillator

MPPC module

Fig. 3. Developed prototype monitor [Kobayashi et al., 2017a; 2017b].

meaning that it is valuable for debugging the data deduction system. As
gamma-ray sources, initially standard gamma-ray sources were consid-
ered to be used, however, they are normally mono-energetic. Thus in the
present study, several sources of 133Ba, 137Cs and 60Co, were combined
and an experimental radiation field was formed to simulate real condi-
tions as closely as possible. The details of the sources are summarized in
Table 1. Fig. 4 shows the schematic of the experimental system. The
gamma-ray sources were placed at 18 cm from the prototype monitor,
which was set on a 1 cm thick aluminum plate. The dose rate at the
monitor position is around 6 pSv/h. Fig. 5 shows an example of the
measured pulse height spectrum by the monitor at 600 s. The count rate
and the total number of counts are 1500 counts/sec (cps) and 9.01x 10°
counts, respectively. Fig. 6 shows the estimated gamma-ray energy
spectra for o = 1072, 1073 and 10™* at 30 s. For a = 102, the energy
spectrum shape seems to be reproduced; however, it is really unstable
especially for the absolute values. For example, this is evident from the
fact that the two large peaks of ®°Co do not agree with each other.
However, thistrend is improved with the decrease of a value. For the
case of « = 107, however, the energy spectrum seems to not yet
converge compared to a = 1073, Fig. 7 shows the results of 300 s for a =
1072 and 10~*. The estimated energy spectrum is found to be improved
with an increase in measuring time. The same performance as the case

Table 1
Gamma-ray sources used’!.

Nuclide Half life (year) Gamma-ray energy (keV) Intensity per decay (%)
133Ba 10.5 81 34
276 7
303 18
356 62
384 9
137Cs 30 662 85
60Co 5.3 1173 100
1332 100

# 1 Cited from [Firestone and Shirley, 1996].
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Fig. 4. Schematic of the experimental system.
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Fig. 5. Pulse height spectrum measured by the prototype monitor for 600 s
with '®®Ba, 1¥7Cs and ®°Co.

for 30 s and a = 1073 in Fig. 6 is obtained in the case of 300 s and « =
10~*. Comparing the result of « = 103 and 10~* at 300 s, the conver-
gence of both cases of « = 10~ and 10~* seems acceptable. From the
result, it was confirmed that by adjusting the a value appropriately, an
acceptably converged energy spectrum can be obtained in several tens of
seconds.

Kondo pointed out inhis spectrum type Bayesian estimation study
[Kondo, 2008] that over-revision (a moderately unstable result) is
observed with an increase of the iteration number using Eq. (3), and also
noted that this is probably a feature characteristic of Bayesian estima-
tion. In the sequential Bayesian estimation this phenomenon is equiva-
lent to the situation where the number of counts increases or « is large.

Gamma-ray energy(MeV)

Fig. 6. Estimated gamma-ray energy spectra at 30 s (o« = 1072, 102 and 107%).

In the present results, the unstable result of « = 10~2 may thus be due to
the over-revision. In the case of a = 10’3, over-revision was not
observed from Fig. 7. In summary, in the present measuring circum-
stances, we concluded that this phenomenon was not observed if a <
1073, and we believe it can be ignored in the present monitor, because
the measuring time is normally not so long in medical application spots.

Fig. 8 shows doses derived from the estimated energy spectrum and
the flux-to-dose conversion coefficient [Atomic Energy Society of Japan,
2010] in real-time as a function of measuring time. The horizontal solid
line is the theoretical value, which is calculated with the effective dose
rate constant [Japan Radioisotope Association, 2009]. The presently
measured values are in good agreement with the theoretical value. In
addition, the present results were compared with that of an Nal scin-
tillation survey meter (Hitachi Aloka Medical, 2010) measured at the
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Fig. 7. Estimated gamma-ray energy spectra at 300 s (o« = 10~ and 10™%).
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Fig. 8. Estimated doses (¢ = 1072 and 1079 compared with theoretical and
survey meter values.

same position, which is represented as a dashed line. The error of the
readings of the survey meter was 11%. This discrepancy will be dis-
cussed in Sec. 4.3.

Regarding the convergence performance, for a = 102, the estimated
value converges from the beginning, however, the value is critically
unstable. In order to converge, it requires ~5 s for « = 107 and ~40 s
for a = 10~*. Considering practical applications, the accuracy for o =
1072 s poor. In the case of o« = 107 the accuracy is fairly well, however,
there is more fluctuation observed when compared to that of a = 1074,
for example, at 40 s. For a less than 10~ the accuracy is acceptable,
however, the convergence may be a little slow for practical use.

4. k-o method
4.1. Principle of the method

In a method, revision is performed when a count is detected. If a =
10’2, one percent of the total flux is revised by one count detection,
meaning after 100 counts (=1/a), 100 percent (named one round in this
paper) of a revision is completed. After several rounds of iterations, the
revision proceeds well and finally the convergence is achieved. In the
case of « = 10~%, however, one round requires 10000 counts. It takes
time to reach one round compared to the case of a = 1072, This is the
cause of deterioration of the convergence speed. This suggests setting
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larger o value allows for faster convergence. However, as described in
Chap. 3, if employing a larger o value, the convergence is surely very
fast, however, the result becomes unstable. In practical applications, o
value should be set appropriately, i.e., sometimes it should be set smaller
and sometimes larger so that the revision proceeds properly. This in-
dicates that the convergence speed can change depending on the count
rate. If the count rate is high, a value should be smaller. This means that
there may exist a suitable a value for each measurement condition. As
discussed in Chap. 3, o values less than 1072 seem to be preferable,
however, the convergence speed may be slow in case of & = 10~* In the
present study, for practical applications, the possibility of continuous
change of o value during measurement is examined.

The simplest way to achieve this is by setting a = 1/N, where N is the
number of counts. In this case, for example in the second count, a be-
comes 0.5 and the revision proceeds by 50%, and in the third count, a =
0.33 and the revision is 33%. At N-th count, the revision ratio is 1/N.
Seemingly a = 1/N is acceptable. However, if N becomes very large, the
result is not revised any more, because for example in the case of 1
million counts, « = 10~ and the revision ratio is just 0.001%. It is really
not practical, because the o value is too small.

In this study, therefore, at first @ value decreases as 1/N. And, finally
we control it as it is approaching a certain small value. Practically, a
value is made to change continuously according to the next equation.
LT kN (

N

. 1
a= 1. 1fN<—17k), (6)

where k is the convergence control factor (0 < k < 1). This revision
procedure with Eq. (6) is called k-a method in this paper. This can
accelerate the convergence of revision, suppressing unwanted decrease
of a value. Change of « for the number of counts, N, is shown in Fig. 9. It
is found that o value converges to k with increase of N. The o value
convergence can be found at N > 1/k. Consequently, Eq. (5) is revised as
below.

(1-kN-1,
N Y

1+kN Rij¢j

o @
N Zj:]RU¢j

4 =

4.2. Unfolding with k-a method

To validate the k-a method, unfolding was carried out with Eq. (7)
using the same experimental data as in Sec. 3.2. As a result, for the
energy spectrum, similar to o method, the reproducibility became stable
with decrease of « value. Also, the convergence of the estimated energy
spectrum was improved with measuring time. As an example, Fig. 10
shows the result at 300 s for k = 10~*, which corresponds to a = 10,
because o = k, if N -o0. Both results show an acceptable and similar

ey, — k=103
0] - k=10"*
RN k=10
102
LY <
=)
2 \
> »
S 1073 1 \
N
~
~
~
s ——
10~ —
10~ §
10° 10* 102 10° 10¢ 10° 10° 107

Number of counts(N)

Fig. 9. « Value change for the number of counts, N (k = 10’3, 10~*and 107°).
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Fig. 10. Estimated gamma-ray energy spectra at 300 s (k = 1073, o = 1073).

performance at 300 s. This trend is observed in case of other elapsed
time.

Detailed discussion of the performance of k-o method is carried out
in dose estimation results as below, since the quantitative discussion is
more straightforward compared to the energy spectrum. This is because
dose is an integral value of the energy spectrum. Dose rates were esti-
mated with the obtained energy spectra and the flux-to-dose conversion
coefficient [Atomic Energy Society of Japan, 2010)]. Fig. 11 shows the
results of the cases of k = 103, 10~* and 10~%, respectively. The case of
k = 1072 is not described, because it showed critical instability. For the
other cases, the dose convergence is fast compared to a method as shown
in Fig. 8. For k = 1072 a slightly larger instability can be observed,
leading to the conclusion that k £ 10™* is preferable. More practically,
compared to the « method, when k = 10™*, the approach to the theo-
retical value is faster than in the case of a = 107%. If k is set to a very
small value, the number of counts required for one round (1/k) is too
large to revise the dose appropriately. This trend is the same for the «
method. This is concretely observed in the case of k = 107>, where the
approaching speed to the theoretical value is slower in this time range
compared to the case of k = 10, and as a result the agreement with the
theoretical value is not sufficient. Conversely, this means that longer
measuring time could improve the agreement. From the above discus-
sion it is understood that the setting of k has a significant relation to
count rate, and by extension the dose rate. In other words, we need to set

8.0
- k=103
k=10"*
75F — k=107
--- Theoretical value(=6.0 uSv/h)
--- Survey meter(=5.1 uSv/h)
7.0

Dose(uSv/h)

55F

5.0 1 i 1 i 1

Time(sec)

Fig. 11. Estimated doses (k = 1073, 107* and 107> compared with theoret-
ical value.
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the k value while considering the radiation intensity at the measurement
location.

In conclusion, under the present measuring conditions of around 6
pSv/h, using the k-o method (a = 10’4) a stable and accurate dose value
can be displayed almost from the beginning of measurement, within a
few seconds, and at the same time the energy spectrum can be shown
correctly within several tens of seconds. Finally, using the present
monitor even in a medical application where the spectrum is unknown,
the value of k can be quickly adjusted according to the count rate,
ensuring accurate measurements. Recently, in the author’s laboratory,
measurements in front of a nuclear fuel storage room (~2 pSv/h) and the
weakest radiation field of background, have been carried out in order to
investigate the effectiveness of the monitor in a field with a complex
gamma-ray spectrum(Nishimura et al., 2022).

4.3. Comparison with survey meter values

As described in Secs. 3.2 and 4.2, for both a and k-a methods, the
estimated dose values differ from the survey meter value beyond the
measurement error. The reason for this discrepancy will be discussed in
the present chapter. Table 2 shows a dose comparison, with standard
gamma-ray sources of 1**Ba, 1%7Cs and ®°Co, between the k-o method (k
= 107%), survey meter and theoretical value. The measuring conditions
and procedure are the same as Sec. 3.2. From the table, doses for 1*’Cs
show an equal value among the three measurements as expected.
However, for the other two sources an excellent agreement is seen be-
tween k-o method and the theoretical calculation, but a discrepancy is
found for k-o method (and theoretical values) and the survey meter
values. The reason for this is the fact that the survey meter is calibrated
with a standard radiation source, i.e., 137Cs, wheras in the k-o method
the dose is estimated exactly with the measured gamma-ray energy
spectrum and the flux-to-dose conversion coefficient. More practically,
as listed in Table 2, the conversion coefficient of °°Co is larger than ¥Cs
and that of ®3Ba is smaller than '*’Cs, and the total of the three con-
tributions should be summed to estimate the total dose, if using the three
sources together. In the present case, the ®°Co source is dominant,
indicating that the survey meter values shown are lower.

With this monitor, as described earlier, the dose can be estimated
accurately from the obtained energy spectrum and the flux-to-dose
conversion coefficient. This means that even when the energy distribu-
tion is complicated or the energy is high, dose estimation can be per-
formed successfully and with precision. This is one of the remarkable
and advantageous features of the present monitor.

5. Conclusion

We have been developing a small and light monitor for the medical
staff in medical application spots after switching-off radiological
equipment. The monitor can display the gamma-ray energy spectrum
and dose at the same time in real-time. A prototype monitor was
developed, and measurements were conducted with standard gamma-

Table 2
Comparison of doses for the present method, theoretical and survey meter
values.

133g, 1374 60Go
Strongest three gamma-ray 356 81 303 662 1173 1332
energies (keV)
Intensity per decay (%) 62 34 18 85 100 100
Flux-to-dose conversion 1.78 0.44 152 3.17 5.04 5.54
coefficient’1 (pSv * cm2)
Survey meter 0.27 0.57 4.23
Theoretical value 0.16 0.567 5.3
Bayesian estimation 0.165 0.569  5.28

# 1 Cited from [Atomic Energy Society of Japan, 2010].
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ray sources of 133Ba, 137Cs and ®°Co to test the monitor’s performance.
The sequential Bayesian estimation method was employed and a new
scheme, k-a, was proposed for the real-time measurement by improving
the conventional o method to accelerate the convergence. With this
monitor, the gamma-ray dose can be measured and displayed almost
from the beginning of measurement, at least within several seconds, for
« = 10* in the measurement conditions of around 6 pSv/h. It can also
show the energy spectrum simultaneously within several tens of
seconds.
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