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=Abstract=

The quasi-exposure rate and the quasi-effective energy of the natural radiation in

the field at 47 monitoring points around nuclear power plants have been studied

with the pair filter thermoluminescence dosimeter system. The results of the six
years observation showed that the relationship between the quasi-exposure rate X,

and quasi-effective energy E, can be represented as a hyperbolic function: X,=A+

C/(E,—B), where the constants A and B correspond to the quasi-exposure rate of

cosmic-rays and the minimum quasi-effective energy of natural radiation, respectiv-

ely. Furthermore, the constant A is in close agreement with the values obtained by

using ionization chambers and scintillation detectors. The constant B is approximat-

ely 0.68 MeV, closely corresponding to the mean energy of the photons emitted from

natural uranium.

1. INTRODUCTION

Thermoluminescence dosimeters(TLD) are
widely used in the nuclear power industry,
environmental science, dating of ancient
pottery, medicine and in many other fields,
and it has already been well established
that these monitors and dosimeters serve
usefully for estimating exposure.

It is to be noted that higly sensitive TLD
CaSO, and Mg,

SiO, generally present a large atomic num-

phosphors such as CaF,,

ber, which causes their thermoluminescence
(TL) response(TL intensity/exposure) to be
strongly influenced by the energy of photon
radiation. Consequently, unless the photon
radiation of energy is known, accurate exp-

osure evaluation can not be obtained with
such TLDs. The expedient currently adopted
to obviate this difficulty is to use a filter
to lower energy-dependence of TL response.
Such filtered TLD monitors are useful for
detecting changes in the radiation exposure,
but if the actual value of radiation energy
could come to be evaluated by the same
means, such a TLD system should find use-
ful applications also in many other fields.

Two alternative methods are available for
evaluating the effective energy of photon
radiation by means of TLD. One is to use
phosphors of different kind or of different
effective atomic numbers(phosphor meth-
od)®, The other method is to wuse two or
more TLD phosphors covered by filters of
different material (filter method)?®,
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The present work covers experiments to
ascertain the possibilities presented by the
filter method for evaluating with TLD the
effective energy of photon radiation and the
relationship between exposure rate and eff-
ective energy of natural radiation by using
the pair filter TLD system.

2. PRINCIPLE

The energy of incident radiation to be
measured is here understood to mean the
effective energy of photon radiation evalua-
ted with the half value layer method.

For filter-covered TLD monitors and dosi-
meters, the observed TL response

TL=f;(E;)-R; exp{—pu(E;t} (1
where R; represents the corresponding exp-
osure from radiations, f;(E;) is the unit TL
responses per exposure from the same source
of radiation, which vary with the effective
radiation energy, E;, as well as with the
kind of the TLD phosphor, x(E;) the atten
uation coefficients of the filter material for
photons of energy, E;, and ¢ is the thickness
of the filter material.

When TLD phosphors covered by two fil-
ters of different materials or thicknesses are
irradiated for the same duration and the
same position, the ratioc of TL response bet-
ween phosphors in given by

TLy/TLy={f1(E) /f>(E}

exp{p (Ej) t—p (EE'} (2)
where the suffixes 1 and 2 respectively rep-
resent the values for lead and lucite filters.
Equation(2) gives the TL response ratio
TL,/TL, as function of the effective energy
of radiation and which is independent of
exposure. This indicates the possibility of
reliably determining the incident effective
energy of photon radiation by choosing a

suitable combination of materials and thick-
nesses for the filter pair.

3., Theory

Natural radiation, which is a mixture of
terrestrial radiation and cosmic-rays consists
of photons, charged and uncharged particles.
Effective energy as well as exposure is int-
roduced as a concept of photon radiation.
The concept of effective energy and exposure
is unsuitable to the mixed radiations like
natural radiation. Therefore, the notation
of quasi-effective energy and quasi-exposure
are introduced for the mixed radiations
except for neutrons.

In this work, the quasi-effective energy
E, of the mixed radiations such as natural
radiation is defined as the effective energy
corresponding to energies of photon radiation
determined using the half-value thickness
method.

The quasi-exposure X, or quasi-exposure
rate X, of such radiations is the value of
TL intensity from TLD in a lucite filter of
the pair filter TLD system. The value is
calibrated with gamma-rays from the Co
source. Terms of these quasi-effective energy
and quasi-exposure rate were used for cos-
mic-rays and natural radiation in this work.

A soft component of the cosmi-ray dose is
defined as a part of dose from cosmic-rays
absorbed with a lead box of 5cm in thickn-
ess. On the other hand, a hard component
ig defined as the part from the cosmic-rays
passed through the box.

Let us consider the relationship between
the effective energy and the exposure rate
of photon radiation from radionuclides at
the position of dosimeter before discussion

of such relationship on natural radiation.
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When the mean effective energy and the
total exposure rate of photon radiation con-
sisting of some radionuclides are presented

as E and X, these values are represented as

follows:
E=Y.X.E/¥X, 3)
X =3 X i (4)

where X, and E, are the exposure rate and
the effective energy of photon radiation
from i-th radionuclide at the position of do-
simeter or detector, respectively.

For simplification, the case of only two
radionuclides with photon radiation is cons-
idered. It is assumed that the exposure rates
due to these radionuclides with the effective
energy of E, and E,, are X, and X, at the
position of dosimeter, respectively. From
Eqs. (3) and (4), the relationship between
the total exposure rate, X, and mean effec-
tive energy, E of radiation due to such ra-
dionuclides will be given by:

E=FE,+ (Xz (Ez”‘El)/(X1+Xz)) or
X=Xz (Ez_El)/(E_E1)- (5)

From Eq.(5), it is clear that the relation-
ship between the total exposure rate and
the mean effective energy of photon radiat-
ion from two radionuclides can be represen-
ted by a hyperbolic function. If it is assumed
that X, is constant and X, approaches posi-
tive infinity or zero, Eq.(5) is presented as

follows
lim X=X, lim E=E, (6)
X1/ Xa—o0 X1/Xz-100
lim X=X,, lim E=E, (7
X /X300 X, /X300

Accordingly, if the exposure rate of one
of two radionuclides is constant and if that
of another radionuclide is varied, as given
in Eq.(5), the relationship between the total
exposure rate and the mean effective energy
of photon radiation due to two radionuclides
showed to represent a hyperbolic function

and, under the conditions of Egs.(6) and
(7), Eq.(5) will be rearranged as follows;

X=A+C/(E-B), ®)
where A and B in Eq.(8) correspond to X,
and F, from Eqs(6) and(7).

The conception of this relationship can be
applied to natural radiation consisting of
both terrestrial gamma-rays and cosmic-
rays. The exposure rate and effective ener-
gy of photon radiation from terrestrial rad-
iation are X, and E, respectively. It is
assumed that the quasi-exposure rate, X, of
cosmic-rays with the quasi-effective energy
of E, is constnat and that a value of E,—
E, is constant at all the monitoring points.

If X,>»X, is considered, for this limit as
given by Eq.(6), E=E, and X=X, Furthe-
rmore, if X,=0, the limit as given by Eq.
(7) then get; E=E, and X=X, According-
ly, the coefficients A and B in Eq.(8) be-
come to be X, and E,.

This result reveals that if both values of
E.—E, and X, will be constant at all the
monitoring points, or if a case of E,>E,
will be considered and X, will be constant,
the relationship between the values of X,
and E, is presented as a hyperbolic function.

According to a result of calculation from
thorium Th
and potassium K to gamma ray dose from

data on ratio of uranium U,

terrestrial radiation at 56 monitoring points
in Fukui®, Kagoshim® and Ehime® Prefec-
tures, a mean energy of gamma-rays was
1.099+0.031MeV and a variation of the co-
efficient on the mean energy was about 3
percent. Therefore, a value of E,—E, was
assumed to be constant at all the monitoring
points in this work, On the other hand, the
value of X, was assumed to be constant as
will be mentioned in the Experiment. The
coefficient A,B and C were obtained in the
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following experiment.

3. EXPERIMENT

The TLD phoshors used for the experime-
nt was CaSO,(Tm) (purchased from Matsus-
hita Electric Industrial Co., Osaka), the com-
pound having been chosen for the large ato-
mic number and the consequent high sensit-
ivity, indispensable for use in the filter me-
thod. The phosphor, received in powdered
from, were encapsulated in small glass tubes
measuring about 12mm by 2mm diameter,
and nominally free of *°K and other radioac-
tive elements that can influence TL emiss-
ion.

Lead and lucite were used as the filter
pair, for the outstandingly high energy dep-
endence shown by the TL,/TL, ratio through
the energy region of 100 keV~1.25 MeV. The
50 mm long cylindrical lead vessel serving
as the filter was varied in wall thickness
from 0.1 to 15mm. The lucite vessel of the
same 50 mm length as the lead filter, had
the same shape and size for all runs, of 10
mm outside diameter, and with its axial
pocket measuring 2. 3mm in diameter, 45
mm deep. In both kinds of vessel were con-
tained three TLD elements of CaSO,(Tm).

In order to determine the dependence of
TL,/TL, ratio on the radiation energy, the
pair filter TLDs were irradiated by means
of an ordinary X-ray generator as well as
7-rays from ¥’Cs and ®°Co sources. The eff-
ective energy of X-rays was determined by
half value layer method.

About five monitoring stations in the field
at each prefectural Institute of Public Heal-
th in nine prefectures in Japan. The altitu-
des and the latitudes of all stations were in
the range from a few to 30 meters, and 31

to 39 degrees, respectively. Two monitors
per monitoring station were left in a wood
or a polyvinyl chroride box in the field at
1. 5 meters above-ground level. About three
months later, both the monitor and backgr-
ound monitor were returned together to the
author's Institute.

The TL response from irradiated TLDs
was measured by integration method using
Kyokko-TLD 1200 reader system.

4. RESULTS AND DISCUSSION

1) Energy Dependence of T'L,/ TL, Ratio

The experimentally determined relation
between the TL response ratio TL,/TL, ob-
served by pair filter TLD and the effective
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Fig. 1. Dependence of the ratio between TL int-
ensities of the CaSO,(Tm)TLDs in Pb and
lucite filters upon a pair monitor on
keV of photon beams. Wall thicknesses
of Pb and lucite filters is 10g/cm? and Q.
45g/cm?, respectively.
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photon radiation energy is presented in Fig.
1. The plots were obtained with CaSO,(Tm)
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Fig. 2. Energy dependence of relative TL respo-
nse obtained with lucite filter.
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Fig. 3. Relationship between the quasi-exposure
rate and the quasi-effective energy of na-
tural radiation in the field by means of
the pair-filter TLD system. The solid
curve gives a hyperbolic function obtai-
ned using the least-square method. The
present quasi-effective energy of natural
radiation in the field excluded the hard
component of cosmic-rays.

phosphor, both covered by filter pairs of 10
g/cm? thick lead and (.45 g/cm? thick lucite.
The plots reveal a sharp rise of the TL,/
TL, ratio in the range of effective energy
above 200 keV, While below this range, TL,/
TL, is practically at zero level, which agr-
ees with theoretical calculation.

For extending the range of measurement
below 200 keV,
quasi-effective energy of natural radiation

to permit monitoring the

in the low energy region, the 10g/cm? lead
filter would require replacement. The pair
filter method was therefore tried with this
lead filter replaced by a commercially mar-
keted UD 200s TLD holder, purchased from
Matsushita Electric Industrial Co.

In the range of low-energy radiation, the
TLD phosphor with lucite filter will play
an important role in estimating the exposure
by pair filter method. For this reason, the
energy-dependence of TL sensitivity was
examined on the CaSO,(Tm)-TLD placed in
0. 45g/cm? thick lucite vessel. The result is
shown in Fig. 2, which indicates a TL res-
ponse ratio somewhat lower than for a cor-
responding TLD without filter, in the energy
range of 30~50KkeV. This lowering of sens-
itivity by the presence of filter, however,
is not to the extent of impairing the evalu-
ation of exposure with the TLD, and multi-
plication of the energy calibration factor
applied to the radiation and TL responses
should permit estimation of exposure to

required accuracy.

2) Application to Natural Radiation

The data on the exposure rate for 100days
and the quasi-effective energy of natural
radiation in the field have been plotted in

Fig. 3.
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The quasi-effective energy and the expos-
ure rate of natural radiation, as shown in
Fig. 3, are distributed in a wide range from
about 0.8 MeV to 2.3MeV and from about
6 to 35mR/100days, respectively. The quasi-
effective energy at a majority of the moni-
toring stations was in the range from 1.0
MeV to 1.5MeV.

As shown in Fig. 3, the relationship bet-
ween the quasi-effective energy and exposure
rate rate of natural radiation can be repre-
sented by a hyperbolic function.

From Eq.(8), it is clear that the relation-
ship between the quasi-exposure rate and
quasi-effective energy of natural radiation
can be represented by a hyperbolic function
under the two conditions, as above mention-
ed. Then, the coefficients of the hyperbolic
function were calculated from the data on
the quasi-effective energy and the quasi-
exposure rate of natural radiation using the
least-squares method. In the calculation, both
the quasi-exposure rate from cosmic-rays
and a farction of natural radioactive nuclides
are assumed to be a constant at all the
X, is the
quasi-exposure rate, (mR/100days) of natural
radiation; then A (mR/100days) is the qua-
si-exposure rate XC due to only the cosmic-

monitoring points. From Eq. (8),

rays which is the function of solar flare
activity, altitude, geographic latitude and
other factors of the monitoring point; B
(MeV) is the minimum quasi-effective ener-
gy of natural radiation, corresponded to the
effective energy of photon from tferrestrial
radiation at the fields; C(mR MeV /1000
days) is a constant; and E,(MeV) is the
quasi-effective energy of natural radiation
at any monitoring point in the field.

Eq.(8) was presented with the following

constants: A=4.60mR/100days, B=0.679

MeV and C=4.27mR MeV/100 days,

a 4.27
X,=4. 60+

—0.679 ©)

In Eq.(9), it is assumed that in case of
E, of 3MeV or more, X, is 4,60 mR/100 days
because natural radiation almost consist of
dose from cosmic-rays under such condition
and second term seem to be zero.

In Fig. 3, the solid curve is a hyperbolic
function with coefficients obtained using the
least-squares method. All observed data falls
within 24% of the value calculated using
Eq.(9).

5. CONCLUSION

The relationship between the quasi-effect-
ive energy and quasi-exposure rate of natu-
ral radiation in the field with both same
cosmic-ray dose and a constant of the energy
difference, E,—E,, has been studied and the
following items are concluded.

1) The relationship between the quasi-
exposure rate and quasi-effective energy of
natural radiation can be represented as a
hyperbolic function.

2} The quasi-exposure rate of cosmic-rays
can be obtained from Eq.(8) and, further,
the value of 2.96 to 3.43 pgR/h in the pres-
ent work is in good agreement with values
obtained using ionization chamber and scin-
tillation detector methods.

3) The minimum quasi-effective energy of
natural radiation is the effective energy of
photon radiation from terrestrial radiation
and is about 0.68 MeV

4) The relationship of a hyperbolic func-
tion between the values X, and E, of natural
radiation can be applied under the above
mentioned conditions in all cases.
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