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Abstract — Since provisions on the technical criteria for personnel dosimetry was amended
three years ago, several improvements in the technique of monitoring personnel doses by
TLD have taken place, but for the photograpfic film as a personnel monitor, additional inves-
tigations should be carried out for its accuracy of dose estimates because of its wide use in
the radiation involved industries. So, this paper describes the methods to develope dose eva-
luation algorithm for photographic film using ISO reference radiations by i) empirical formula,
ii) degree-of-fit method, and iii) matrix approximation. These methods show a good agree-
ment between irradiated and calculated dose within tolerance level represented in ANSI N13.
11, and can be used for the dose evaluation of X, y and/or mixed radiation fields.
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INTRODUCTION part of any radiological protection programme
and serves as such the overall function of
Individial monitoring constitutes an integral  achiving and/or maintaining acceptably safe
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and satisfactory radiation condition in the
workplace.

The requirements for personnel dosimeters
are based on the above objectives of indivi-
dual monitoring, and to provide a reliable
measurement of the appropriate quantities, i.
e. Hp(10) and Hp(0.07) for almost all prac-
tical conditions, independent of type and
energy of radiation with a prescribed overall
accuracy. The general guidance on the basic
requirements for personnel dosimeters, in
relation to the dose quantities that should be
measured, the overall accuracy that should
be obtained, and the degree of monitoring
that should be exercised, is given by ICRP
in publications 26, 35 and 60[1, 2, 3], by
ICRU in reports 39, 43 and 47(4, 5, 6], by
IAEA in safety series No. 84[7].

Under such an environment of the increa-
sing emphasis on personnel dosimetry perfo-
rmance, the Ministry of Science and Techno-
logy(MOST) issued guidelines[10] on the
technical criteria for personnel dosimetry,
which is very similar to the ANSI N13.11[8,
9], to encourage dosimeter processors to
evaluate personnel radiation dose more accu-
rately.

Since the guidelines was issued 3 years
ago, the technique of monitoring personnel
doses particularly using TLD has been asses-
sed[11, 12], but as regards the photographic
film as a personnel monitor, additional inves-
tigations should be carried out for its accu-
racy of dose estimates by end users.

Because of the energy dependence of pho-
tographic film, it is necessary, for proper
dose evaluation, to separate the radiation into
some energy groups. This separation is espe-
cially important for energies around 50 keV
where the relative response of the bare film
may be 30 to 50 times greater than that for
energies of 200 keV and higher. Energy se-
paration can be accomplished by the use of
filters which selectively attenuate radiations
in the desired range.

In the measurement of personnel dose
equivalent due to photon radiation, a correc-

tion must be made for the response of the
photographic film relative to the actual dose
equivalent in tissue. For photon energies ex-
ceeding 200 keV, this correction is essentially
unity, while for low energy photons, the ne-
cessary factor, expressed as a multiplier, may
range as low as 0.1. In practice, it is straigh-
tforward to generate a family of energy de-
pendent correction factor and choose the
most appropriate factor for each readout of
the film. Using the response of several diffe-
rent filter materials that are significantly dif-
ferent with respect to the photon field, the
correction factor to convert the element res-
ponse to the dose to tissue can be calculated.
This is done by using empirical data for the
relative element responses as a function of
photon energy.

Therefore, the purpose of this paper is to
develope the algorithm for evaluating the pe- -
rsonnel dose equivalent by photographic film
using reference radiation fields.

EXPERIMENT

Film Badge

Film badge case PS1[13] used in the Cen-
ter of Atomic Energy in France was selected
for the development of the algorithm. The
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Fig. 1. PS1 film badge case.
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configuration of PS1 badge case is shown in
Fig. 1. It has six filter areas and an open wi-
ndow areas. The filter materials and thickne-
sses are as follows:
—Filter B : plastic, 300 mg/cm? equivalent
—Filter C: 1.5 mmAl, 400 mg/cm? equiva-
lent
—Filter D02 mmCu + 1.3 mmAl
mg/cm’® equivalent
—Filter E . 0.6 mmCu, 530 mg/cm® equi-
valent
—Filter F 034 mmCd + 0.6 mmSn + 04
mmPb, 1091 mg/cm? equiva-

528

lent
—Filter G:1 mmSn + 04 mmPb, 1027
mg/cm’® equivalent

Agfa film Model 301 was used to set up
the algorithm. Packing thickness of the film
is equivalent to 20mg/cm® In each film,
there are 2 emulsions: the 1st emulsion is
for low dose(under 10 mGy), the 2nd emul-
sion for high dose(over 10 mGy).

Radiation Sources
X-radiations were obtained by Pentak 420
kV X-ray generator. The specifications of this
generator are:
—output power . 4.2 kW maximum
—output voltage : 420 kV maximum
—current . 0.1 — 30 mA

Table 1. Energies used in this experiment.

— stability - < 0.05 %

—focus : 35 X 35 mm

—beam angle © 40°

—inherent filtration : 7 mmBe

Energies used were the ISO narrow series
and fluorescent radiations([14] which are lis-
ted in Table 1.

The air kerma rates were calibrated by a
Free Air Ion Chamber for the ISO narrow
series and MESH type ion chamber for fluo-
rescent radiations. Detailed method for using
these detectors is described in reference[15].

Co-60 y sources of 0.2 TBg and 1.1 TBq
were used to obtain calibration curve of pho-
tographic film.

Irradiation Conditions

For the purpose of individual monitoring,
ICRU 39[4] recommended two quantities,
the individual dose equivalent, penetrating,
Hp(d) and the individual dose equivalent,
superficial, Hs(d). Both quantities should be
measured with dosimeters on the surface of
an appropriate phantom under a well known
set of standard conditions. When dosimeters
are calibrated on the ICRU sphere, the con-
version factors for Hp(d) and Hs(d) can be
used. Although a new name, personnel dose
equivalent, is used in ICRU 47(6], the quan-
tity itself is the same. Hence the conversion

EMea“ Tube Additional | 1st HVL _ 4 2nd Filter
nergy Potential Filter(mm) Radiator 5
(mm Cu) (g/cm®)
(keV) (kV) Pb Sn Cu
16 100 Zr Sr 0.02
23 150 Cd Ag 0.05
33 40 0.21 0.084
48 60 0.6 0.23
65 80 2.0 0.58
83 100 5.0 1.11
100 120 1.0 5.0 1.71
208 250 3.0 2.0 5.19
1250 Co-60

1) The total filtration consists, in each case, of the additional filtration plus the inherent filt-

ration adjusted to 4mm of AL
2) Fluorescent radiation
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coefficients for ICRU sphere by Grosswendt
[16] were used in this paper. Test dosime-
ters were irradiated with a tissue equivalent
phantom constructed of polymetacrylate
(PMMA) having a dimension of 30 X 30 X
15 cm according to the suggestion of ANSI
N13.11[81.

Four dosimeters were attached to the pha-
ntom surface at each irradiation. The test
dosimeters facing the source were mounted
with their back planes parallel to the surface
of the phantom, and the distances between
center of the source and the phantom sur-
face varied 1m to 1.5m with the exposure
rates.

RESULTS AND DISCUSSIONS

Response characteristics

To transform the reading values of optical
density of the film to dose quantity, the do-
simeters should be irradiated to the refere-
nce radiation for which the dose rate is
known. Reference radiation used was a Co-60
calibrated in BNB(National Calibration Bu-
reau), France.

Fig. 2 shows the calibration curves for
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Fig. 2. Calibration curve of Co-60 for Agfa film
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Fig. 4. Relative response to Co-60(2nd emulsion)

Agfa film. From these calibration curves, it is
possible to transform the density of the other
X-ray energies to relative dose of Co-60 cal-
led ‘apparent dose’. The relative responses
to Co-60 are shown in Fig. 3 and 4. If the
photon energy is similar to that of Co-60
(above~200 keV), the dose equivalent is
close to the calibration curve of the Co-60.
If the energy is very different from the Co-
60, the response of the dosimeters to the
energy under consideration must be determi-
ned. As shown in figures 3 and 4, the respo-
nse of the film at 50 keV is 30~50 times
greater than that of the energies of 200 keV
and higher. This difference is due to the
photoelectric effect which causes the follo-
wing corrections:

Zmu[sion 4
Z bissue :| ( 1)

Demulsion — [

Diissue

where D is the apparent dose and Z is the
effective atomic number.

Dose Algorithm

1) Empirical formula

In Fig. 3 and 4, the first three filter
groups can be used for calculating the low
energy region and the 4th and Sth filter
areas for medium energy, the 6th and 7th fi-
lter areas for strong energy.

So the following empirical equation is effe-
ctive to calculate the dose.

D = A(Dp; — Day) + B*Dygen
+ C*Dg,-pp @

where D = dose in tissue and
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Table 2. Coefficients A, B and C to calculate dose
according to the equation 2.

Coefficient Ist emulsion 2nd emulsion
A 0.13 0.18
B 0.03 0.01
C 0.90 0.90

Dey, Dai, Dogew Dsp—po = apparent doses
on the filter of P2, AZ, 0.6Cu and Sn—Pb
respectively.

The coefficients which were determined
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experimentally are shown in Table 2. Calcu-
lation results using these coefficients for va-
rious radiation doses are in Table 3. From
this table, the differences between irradiated
and calculated values are within +25 %. It
means that these coefficients can be used for
algorithm in case of monoenergetic radiation.

Degree-of-fit method

The situation of mixed radiation field(X-
ray and gamma-ray) is complicated and it is
not possible to evaluate doses by simple em-

Table 3. Performance index* of the irradiated and calculated dose for AGFA film by
empirical equation.

Energy Irrad. Dose(mGy)
(keV) 15 2 3 10 20 30
16 —-13 —011 0.12 —0.11 —0.14 —0.13
23 —0.01 0.11 0.22 0.22 0.11 0.03
33 0.16 0.10 0.25 0.21 0.01 0.13
43 —-0.17 0.13 —0.12 —0.02 0.05 —0.15
65 —0.15 —0.12 —0.12 0.05 0.12 0.11
83 0.17 0.15 0.15 0.19 0.21 0.24
100 —0.05 —0.01 0.05 0.23 0.16 0.22
208 —0.09 0.19 —0.23 —-0.13 —0.10 —0.03
1250 —0.01 —0.02 0.03 —0.11 —0.05 —001
*Bias B + performance quotient P
P = [H'—HI/H, H =Irradiated dose and H=Reported dose
B=P
Table 4. Table of ratios for film badge algorithm(2mGy, 1st emulsion of AGFA film).
E  Percent mGy Co Equi”  Deliv.(mSv) — Ratiu B
kev. X Co Al A2 A3 A4 mGyDeep Sha. R10 R11 R12 R13 R14 R15 R16 CF1 CF2
16 100 0 194 098 003 0.03 200 060 1.96 32.7 19.8 1070 32.7 100 2.1E4 8.3E6 163 3.27
100 33 201 168 0.73 0.73 267 136 271 230 12.0 530 230 100 6.3E1 9.1E3 1.23 1.99
100 50 205 204 109 1.02 3.00 174 3.08 200 100 3.74 187 1.07 4.0E1 3.8E3 117 177
100 100 215 3.09 214 216 400 288 420 143 696 207 144 099 14E1 7.0E2 107 146
50 100 118 2.60 213 215 300 258 322 121 455 148 122 099 6.7E0 14E2 1.01 1.25
33 100 858 244 212 214 267 248 290 114 352 131 115 1.00 4.6E0 5.7E1 0.98 117
0 100 211 211 211 213 200 228 224 100 1.00 1.00 1.00 1.00 1.0E0 1.0EO 0.93 0.98

1) Al: Open Window,

A2 ! Cu 02mm+Al 1.3mm
A3 Cd 0.34mm+Sn 0.6mm+Pb 0.4mm, A4 : Sn 1.0mm+Pb 0.4mm

2) R10: A2/A4, R11: A1/A2, R12: (A2%A2) / (A3* A3), R13: A2/A3
R14: A3/A4, R15: (A1%A2) / (A4*A4), R16: (A1*Al1*AD) / (A2*% A3* A4)

3) CF=Conversion Factors
CF1: A2/DEEP, CF2: SHALLOW/DEEP
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pirical formula. There is a significant techni-
que to solve this problem. If the photogra-
phic film is exposed to a low energy photon
field, the response of the areas under thick
filters will be a smaller portion of the respo-
nse of the areas under thin filters than that
if exposed to a higher energy photon field.
Therefore, various ratios of the reading va-
lues for different filters and energies can re-
present the characteristics of X-ray, gamma-
ray or mixed fields.

In this paper, four filter areas were selec-
ted to make the ‘Table-of-Ratio’ for refere-
nce. An example of Table-of-Ratio consisted
of R10 to R16 and conversion coefficients CF
1 and CF2 for reference is shown in Table
4 for the case of monoenergetic energy and
calculated mixed field for 16 keV X-ray, and
reference ‘Table of Ratio’ for other energies
can be generated by same method as 16 keV
seperately.

When personnel optical densities of the
four filter areas are read, these optical den-
sity are transformed to relative Co-60 dose
by calibration curve, then calculate conver-

Table 5. Performance index" of the irradiated
and calculated dose for AGFA film by degree of
fit method: Hp(10).

Energy Irrad. Dose(mGy) for Hp(10)

(keV) 152 3 0 20 30
16 001 —-001 -007 000 -—0.05
23 005 —0.32 001 000 —006
33 0.13 0.11 001 000 —008
48 —0.11 0.05 009 000 —0.06
65 —0.07 0.12 006 000 —005

83 0.05 0.15 0.07 0.00 0.11
100 —0.05 010 —005 000 —0.08
208 0.01 006 —003 0.00 0.04

1250 —0.01 004 —006 0.00 0.03

1) Basis B+performance quotient P
P=[H'—HI/H, H =Irradiated dose and
H=Reported dose
B=P
2) Irradiated dose(mGy) was converted to mSv for
calculating Hp(10).

3 H20% BI15E 19955

sion coefficients CF1 and CF2. To determine
CF1 and CF2, it is used the measured ratios
R10 to R16 and compared to the ratios R10
to R16 in the reference ‘Table-of-Ratio’ to
obtain the best fit. The following formula is
used to calculate the degree-of-fit.

DOF = ':216 k; nzt_Ri meas (3)
=10 Ri, ref

where R;.; is the ratio R10 to R16 in the
reference ‘Table-of-Ratio” and Rjnes is the
ratio calculated from the readings of dosime-
ters to be evaluated.

The calculation results using this method
for various radiation doses are in Table 5.
From this Table, the differences between ir-
radiated and calculated doses show a good
agreement within + 30 %.

Matrix Approaximation

If we need more accurate informations for
irradiated radiation energies, we can use ma-
trix approximation. Here the brief descrip-
tions of this method is demonstrated.

The apparent dose D; under the filter j
can be represented as the sum of the doses
due to the individual radiation energy E;

D, = kyd, + kojdp + oo

ki,jdi ...... + kn,jdn (4‘)

where d;, dy, **** d;, o d, are doses from
radiation of energy E,, Ej - E, E,

and k;; is (apparent dose /real dose) for fil-
ter j and energy E;

To obtain the coefficient k;;, the curves of
Fig. 3 and 4 are divided into 40 bands of

energy(E; to E,)) between 10 keV to 1 MeV.
The size of the energy interval can be varied
with the shape of curve.

From the above divided energy groups, we
have 6 equations with 40 unknowns of d; va-
lues. So we can rewrite Eq. 4 with the error
function d’; to find maximum or minimum
total dose D;.
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Table 6. Result for AGFA film by matrix approximation(33 keV X-ray 3 mGy).

Apparent Dose to Cobalt-60

281.900 273.700 213.000 61.050 7.750 1.000
Interpretation of Lectures
Exposure total Minimum Calcule = 2?87 mGy
Exposure total Minimum Calcule = 3.392 mGy
Radiations Min. AD-E Max. AD-E Min. AD+E Max. AD+E
7 18 KEV 1.813 000 000 0.000
14 35 KEV 401 2.569 2.887 2.887
16 45 KEV 730 603 000 000
Total 2.944 3.392 2.887 2.887
Dose Equivalent Hp(S) MIN. = 3.551 MAX. = 4172
(mSv) Hp(D) MIN. = 3.309 MAX. = 3901

Table 7. Performance index* of the irradiated and
calculated dose for AGFA film by matrix approxi-
mation.

negative. To optimize the algorithm of Egs.
5 and 6, the computer program ‘Simplex
(131" was used and its sample results for 33

Energy Irradi. Dose Performance Index keV 2 mGy show in Table 6.
(keV) Hp(10) Hp(007) Hp(10) Hp(007) The calculation results for various radia-
: . tion energies are in Table 7.
16 0.6 1.96 0.08 0.12
23 1.64 2.14 0.186 0.14
33 2.29 246 0.05 0.05 CONCLUSIONS
22 ggg 351}62; ﬁggge‘, ﬁg(l); Prior to the conclusion, it should be stres-

83 343 3.16 0.25 0.21

sed that good QA/QC programme can assure
good results. It means that sensitivity and

100 3.30 3.09 0.137 0.09 . .
208 274 266 0033 —003 con‘trast'of a photographic emulsion are ma-
1250 298 294 —0.04 —001 terially influenced by the type of developing

* Bias B+performance quotient P
P=[H'—HI/H, W =Irradiated dose and
H=Reported dose

agents, their age and temperature, as well as
by the developing time, the type of film de-
veloping rack, and the mode of agitation du-

B=P ring the developing process. Processing con-
dition should therefore be kept as nearly co-
nstant as possible and calibration films

D, = ?i‘_,l kj & + d) (5)  should be processed along with the monito-

To minimize errors in Eq 5 we can use
the objective function C

C= ili:l (Iid'l + zfni-:l Bid,j (6)

For the total minimum dose, the coefficie-
nts a and B are always positive, and for the
total maximum dose, these values are always

ring film to adjust the calibration curve in
such a ways as to compensate for any cha-
nge in processing conditions.

Bear in mind the above conditions, we
must always make use of an energy depen-
dent correction to overcome the problem of
the strongly energy dependent film sensiti-
vity in the dose evaluation from film badge
readings, and the experimental results con-
tained in this paper enable the following co-
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nclusions to be drawn.

(1) The PS1 film badge dosimeter is sui-
table for the measurement of both Hp(10)
and Hp(0.07) within the accuracy of +30 %
over the photon energy 16 keV~1,250keV.

(2) The performance in (1) above was
obtained using empirical equation 2 for un-
mixed X-or y-ray fields.

(3) To obtain more accurate results in mi-
xed radiation fields, degree-of-fit method and
matrix approximation could be used within
the performance level of (1) above.
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