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Dosimetrical properties of polycarbonate film for high-level dosimetry
of electrons and 90Co gamma-rays have been examined. Polycarbonate film
of 0.1 mm in thickness was chosen as the most suitable film for this
purpose. It can cover the dose range 1.0 - 300 Mrad. The amount of.
scatter in measured value is within 3.57%.

The radiation induced optical density at 330 nm shows rapid fading of
7 — 13% for the initial one day after irradiation at room temperature and
subsequent fading rate is very small, about C.4% per day. The fading
depends on the absorbed dose, storage temperature, film thickness and
wavelength. The effects of the storage time and temperature after
irradiation and the irradiation temperature in this film are presented.

For practical dosimetry, it is necessary to stabilize the induced
optical density by storing the irradiated film for a day or by heat treat-
ment at 100°C for an hour.

The usefulness of polycarbonate film in high-level dosimetry is
discussed compared with poly(ethylene terephthalate) film dosimeter and

cellulose triacetate film dosimeter.

% TAEA fellow from Korea Atomic Energy Research Institute, Seoul, Korea
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1. Introduction

Many transparent plastics have been developed for. the radiation dose
measurement in the megarad range: they are poly{vinyl chloride),l_z)
poly(methyl methacrylate) (PMMA),s)’“) cellulose triacetate (CTA),S)
poly(ethylene terephthalate)(PET),G)s7) etc. Some of them are actually
used as reliable dosimeters in the fields of radiosterilization and
radiation chemistry. 1In these fields a practical dosimeter was reguired
for the measurement in the range of 1 — 100 Mrad related to the increase
in large radiation sources.

Recently, polycarbonate film has been examined for the use in the field
of high dose measurement. A simple dosimeter using polycarbonate film has
been designed by DOuglase) et al. for the measurement of dose from 0.1 to
100 Mrad of ®9%o gamma-rays and also Endo?) reported the ﬁse of thin poly-
carbonate film as a dosimeter covering a range from 1 Mrad up to 100 Mrad
for electrons. Unirradiated polycarbonate film is transparent to visible
light. After irradiation it shows an absorption in the ultraviolet range;
the optical density is related to the amount of absorbed dose in the appro—
priate range. This paper outlines in detajil the dosimetric characteristics
of polycarbonate considering the need for a cheap, accurate, simple, and
reliablg secondary dosimeter in the megarad range. The experiments have been
performed with electron beam and %Co gamma-rays. The effects of the dose

and the storage time and temperature after irradiation have been investigated.

2. Experimental

2.1 Material

Polycarbonate film used is Teijin Pan Light Film; the film thickness is
0.05 ﬁm, 0.1 mm and 0.2 mm and the density is 1,2 g/cm3. The uniformity of
the film thickness used in the present work is approximately *1.5 %. All
samples were cut to a standard size 4.5 em x 1.2 cm for convenience in the
spectrophotometric measurements. The films were washed in ethanol detergent
solﬁtion and wiped with soft tissue paper and sealed in a black plastic

envelope to protect it from scratches and light before and after use.

2.2 Irradiation
Irradiation of the polycarbonate film was performed with an electron
accelerator and a %9Co irradiation facility. The electron irradiation was

carried out using a Cockcroft-Walton type electron accelerator at a -
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conveyor speed of 3.1 m/min, the energy was 1.5 MeV, and the beam current
3 mA. Under these conditions the absorbed dose was 1.67 Mrad per pass and
the average dose rate in the center of the scanmer was 5,17 x 10° rad/sec.
All irradiations were performed at the center of the scanned beam. The
absorbed dose was determined by a graphite calorimeter.;O)’ll)

The gamma-ray irradiation of dosimeter was carried out by means of a
5 x 10% Ci ©9Co slab source. Irradiations were performed at the exposure
rate of 2 x 108, 1 x 10% and 4 x 10® R/h at room temperature., Dosimeter
films were sandwiched between Perspex sheets 3 mm thick to obtain electronic
equilibrium and held up by the alumiﬁum supporter for irradiation. The
exposure rate was determined by a parallel-plate iqnization chamberlz)

calibrated with a standard ionization chamber in low dose-rate region.

2.3 Optical density measurement

The ultraviolet absorption was measured with Japan Spectroscopic
Model UVIDEC-2 digital spectrophotometer at a wavelength range from 285 nm
to 500 nm. In most cases complete spectra were plotted for each film and
some of them were detected at some selected wavelengths. Since the trans-
parent polycarbonate film absorbs ultraviolet light before irradiatiom, the
pre-irradiation optical density of each film must be subtracted from the
optical density after irradiation. Since the values of initial optical
density are scattered, the initial optical density of each sample should be
measured in each run. And the samples which have too large initial optical

density were rejected from the specimens.

3. Results and Discussion

3.1 Absgorption spectrum

Typical absorption spectra for irradiated and unirradiated polycharbonate
samples 0.1 mm thick are shown in Fig. 1. The curve C is radiation-induced
sépectrum obtained by subtracting A (unirradiated) from B (irradiated). The
opitcal density of unirradiated sample rapidly decreases with increasing
wavelength until 350 nm, and above this wavelength it decreases slowly. On
the other hand, the absorption spectrum of irradiated sample has two shoulder
peaks around about 300 nm and 400 nm.

In order to select a suitable wavelength and film thickness for the
dosimeter, the effects of dose and film thickness on the radiation-induced

absorption curves were examined. Figure 2 shows typical absorption spectra
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for the samples of different film thickness. The plateau around 300 nm or
400 nm is more clearly observed for thicker samples.

The absorption spectra of the sample 0.1 mm thick are shown in Fig. 3
for three different doses. All samples substantially exhibit the similar
spectral changes, but the plateau around 400 nm is most clearly observed at
the lowest dose., Samples irradiated with 50Co gamma-rays showed similar
spectra in this wavelength region. It may be said that radiation-induced

spectra do not depend on dose rate.

3.2 Fading of the induced absorption

The optical density of plycarbonate film induced by irradiation is
unstable like many other plastics dosimeters and it fades with time after
irradiation. Effects of absorbed dose, film thickness, wavelength, and
storage conditions on the fading were investigated. The changes of the
spectra were observed after various intervals. The irradiatéd films were
stored in dark at room temperature for a period of two months or more.

As shown in Fig. 4 the shoulder around 400 nm rapidly vanished with
the elapsed time after irradiation. This corresponds to Barker's resule!?d)
that there is an active center near 400 nm which vanishes with diffusion of
oxygen into the sample. A minimum change was observed around 330 - 340 nm.
Since the spectrum after 7 days storage did not almost further change, this
curve seems to be a final shape for radiation induced spectra.

Relative changes of optical demsity with time after irradiation for
films 0.1 mm thick are shown in Fig. 5 for the selected wavelengths.
Radiation induced optical density decreases rapidly during the first one
day after irradiation for samples kept at room temperature, and subsequent
changes are very slow say less than 0.5 % per day at 330 nm. The decrease
during the first one day at 330 nm is about 10-16 % of the initial optical
density, Therefore, a storage of the sample after irradiation is necessary
to reduce dosimetric error due to fading. The dependence of the fading on
the absorbed dose was also observed. The fading at the lower dose is greater
than that at the higher one. Fading observed at 330 nm is the smallest of
all selected wavelengths.

Figure 6 shows fading characteristics over a period of 7 h at room tem-
perature for films 0.2, 0.1 and 0.05 mm thick irradiated to 30 Mrad. The
film 0.2 mm thick shows a significant fading at longer.wavelength, while 0.1
and 0.05 mm samples show small decrease compared with the film 0.2 mm thick.

The largest drop in the optical density is shown in the film 0.2 mm thick at

__3_



JAER1-M 7000

the wavelength of 350 nm, amounting to about 17 % after 7 h storage. Fading
rate for the film 0.1 mm thick irradiated with gamma-rays is about 7 % at

330 nm after 6 days storage at room temperature, and the corresponding
decrease for electron irradiation is about 12 %. This difference is probably
due to dose rate or irradiation time. _

The long-term fading over a period of three months for the 0.1 mm thick
film at room temperature are shown in Fig. 7. The fading occurs within the
first one week after irradiation, and thereafter the optical density becomes
nearly constant.

If all measurements are made at 330 nm, very little fading takes place
even up to 3 months after irradiation. In this point the choice of 330 nm
as the measurement wavelength is advantageous.

The effect of keeping the irradiated samples in vacuum, 0.01 mmHg, at
room temperature is also shown in Fig. 7. It is found that fading is not
critically affected by oxygen contents of surrounding atmospehre. This is
advantageous in dosimetry in the case of long time irradiation in which

generally oxygen effect is a serious problem.

3.3 Effects of storage temperatures and irradiation temperatures

“he fading of optical density in irradiated polycarbonate film depends
on the storage temperature. Figure 8 shows the effect of storage temperature
on the fading in the film 0.1 mm thick; the samples were kept at 5, 50, 75
and 100°C after electron irradiation to 30 Mrad. It is evident that the
fading rate is higher at higher temperatures. At 100°C the optical density
decreases within an hour and reaches almost a stable value. The decrease of
optical density after six days storage at 100°C is 10 - 22 % of its initial
value depending on the wavelength, while the decrease at 5°C is only 6 - 8 Z.

Figure 9 shows the long-time fading measured at the wavelength of 330 nm
in the various conditicns. The absorption spectrum obtained after long-term
Storage at room temperature is similar to that obtained after storing the
sample for a short time at 100°C. The result suggests that the absorption
spectrum of irradiated polycarbonate consists of two components, namely
unstable and stable components. By warming the sample up to 100°C the unstable
component is almost eliﬁinated, while the stable component still remains.

Temperature dependence of the stability of the optical density during
storage is shown in Fig. 10. Obviously the optical density decreases with
increasing storage temperature. In this experiment the optical density

measurements were made after storing the sample at given temperatures for
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one hour. The results of the temperature effects indicate that heat treat-
ment of the irradiated sample is effective for stabilizing the radiation-
induced absorption. In order to determine the optimum condition of heat
treatment, variation of the optical density with heating period was
investigated. As shown in Fig. 11 the optical density is independent of
the heating period at 100°C, while it slowly decreases with heating period
at 80°C. Consequently, the heating at 100°C for 30 min or more, say 1 h, is
the optimum condition for stabilizing the induced absorption.

The effect of irradiation temperature on the response for gamma-rays
was also observed as shown in Fig. 12. 1In this experiment, dose rate was
2 Mrad/h and irradiation time was 3 h. 1In the shorter wavelength the response
becomes seriously sensitive to the temperature and increases with increase
of temperature in contrast to the less effect at the longer waveléngth. In
case of electron irradiation the influence of temperature rise may be negli-
gible, since the irradiation time is very short compared with gamma-ray
irradiation. However, temperature rise during irradiation also should be

taken into account for high-intensity electron irradiation.

3.4 Calibration of polycarbonate film dosimeter

The absorbed dose calibration of polycarbonate dosimeter for the electron
beam was carried out by normalizing the integrated value of a relative depth-
dose curve by the energy fluence determined with graphite calorimeter. A
polyethylene block with a rectangular depression of 4.5 cm long, 1.3 cm wide,
and about 0.7 cm deep was used as a sample holder. A stack 0.7 cm thick of
polycarbonate films, each 0.1 mm thick, was set in the depression. An equi-
librium condition on electron scattering at the side of polycarbonate film
stack is approximately established by this arrangement. The sample was
irradicted with beam condition of 1.5 MeV and 1 mA at a distance of 30 cm
from the center of beam window. Irradiation time was controlled by beam
shutter which operates with high speed. The optical density change at 330 nm
in each film was converted into relative absorbed dose, which was read from
the relation between optical density change and irradiation time. The energy
fluence of incident electron beam was measured by setting the calorimeter at
the same Position of the polycarbonate stack. The energy fluence was deter-
mined from the initial increasing rate of graphite temperature immediately
after opening the shutter.

The optical density obtained with each film was covered to relative

absorbed dose per unit fluence by means of the following formula: 1)

_5_
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pet- iy
De - = ———i— 108 (1)
F
where De : relative dose per unit dose (Mrad~!)

o ¢ density of polycarbonate (1.2 g/cm3)

t : film thickness (0.1 mm)

Ji : relative absorbed dose in i th film

F : incidence energy fluence (0.75 x 107 erg/cm?).
By using Dg the absorbed dose in Figs. 13 and 15 are scaled as absclute
value as shown in the next paragraph.

The absorbed dose for y-ray irradiation was determined as follows.

The exposure rate was determined by a thin parallel-plate ionization chamber!2)
which was designed as a reference dosimeter at high dose-rate and calibrated
with the standard fonization chamber at low dose-rate (103 - 10% R/h). The

absorbed dose rate, Dg, in polycarbonate dosimeter was determined by using

the relation
Dg = X-0.869° . uen/aven (rad/h), (2)

where X is the exposure rate in R/h, and pcHen and aVben the mass energy

abgorption coefficients of polycarbonate and air, respectively. The value

of peke
polycarbonate (CigH,,03) is 0.0281 em?/g for 60Co gamma-rays.

n calculated by Bragg's rule of additivitqu) for each element of

3.5 Absorbed dose measurement

For the determination of absorbed dose by using polycarbonate film the
film 0.1 mm thick was selected as a standard sample. Calibration curves
for electron dosimetry after storage for one day at room temperature are
presented in Fig. 13 and those after heat treatment for 1 h at 100°C are
shown in Fig. 14. It is noticed with the 300 nm curve that a linear range
is shorter than other curves and there is a large fluctuatioﬁ for measured
opitcal density. The result in Fig. 13 discloses that slopes obtained with
gamma-ray irradiation is larger than those with electron irradiation and
their differerices are about 10 - 20 % irrespective of wavelength. These
results suggest that the response is dependent on dose rate as reported by
Richold15). As can be seen in Fig. 13 the calibration curve in log-log plot
for electrons is linear in the ranges of 1 Mrad to 50 Mrad at 330 nm, and 2

Mrad to 100 Mrad at 350 nm. The empirical formula was obtained by least

_6_
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square method fitted on the linear regions:

IA
o
(2N

4.39-10 - (0p)1.97 (1 =
1.41-102 « (0D)1.065 (2 <

!

50) (3}
100) , (4)

D3ap

A
fin

D3sgg

where OD is optical density increase and D the absorbed dose in Mrad.
After heat treatment at 100°C linear regions are extended to 100 Mrad at

330 nm, and to 300 Mrad at 350 nm (see Fig. 14). The dose is given by

D330 = 5.52°10 + (0D)1-127 (1 <
D3gg = 1.52:102 - (0D)1.10% (2

A
lkA

100) (5)
300) . (6)

WA
A

Practically dose measurements can be made up to 300 Mrad by'using the
calibration curves measured at 350 nm after heat treatment. When 400 nm is
used for dosimetry, measurable upper limit can be extended to 500 Mrad as
shown in Fig. 13. However, 500 Mrad irradiation makes the film too fragile
for routine use. Each of all calibration points in Figs. 13 and 14 is
obtained by means of the readings for three dosimeters irradiated
simultaneously. The standard deviation for the range of measuring dose is
within 0.1 - 3.5 %Z. Decrease of the optical density for 6 days.after an
initial storage period of 24 hr at room temperature is about 2.3 %. The
dust and finger prints on the film bring about a little increase in optical

density, and this can be eliminated by brushing and washing the samples.

4. Comparison with Other Dosimeters

4.1 Dosimeters for high dose above 10 Mrad

In high dose measurement, almost all of dosimeters which can be practi-
cally and reliably used, such as pbly(methyl methacrylate), cellulose
triacetate film and cobalt glass dosimeters, are mainly intended for the
measurement at relatively lower dose region (<10 Mrad). Though many
dosimetric methods for high dose region (>10 Mrad) have been reported, most
of them are not practical, or the detailed properties have not been clarified.

Main methods used for the measurement of high dose above 10 Mrad are
listed in Table 1. Aqueous chemical dosimeters are not generally useful
because of the convenience. The semiconductor dosimeter and the glass
dosimeters listed are free from oxygen effect which usgally causes dis-—

advantages in plastic film dosimeters, but their reliabilities are unknown
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square method fitted on the linear regions:

I
(=
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0

50) (3)
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D33y = 4.39°10 - (0D)1.07 (1 <
D3g5p = 1.41-102 - (0D)1-965 (2 <

A
A

where OD is optical density increase and D the absorbed dose in Mrad.
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- 7 —



JAERI-M 7000

and they are not commercially available. Hydrogen pressure dosimeter may
be most reliable methods in Mrad to Grad dosimetry at present; it is
independent of dose rate and free from some defects inherent in solid-state
and chemical dosimeters. FYor the routine measurement, however, it is not
80 convenient compared with plastic film dosimeters using optical density
measurement.

Plastic film dosimeters are considered to be the wmost practical of all
dosimeters even for high level dosimetry (>10 Mrad) as long as the influence

of fading, temperature, oxygen and cther chemicals are small.

4.2 Comparison with poly(ethylene terephthalate) (PET) film dosimeter and
cellulose triacetate (CTA) film dosimeter
As shown in Table 1, there are several types of plastic film dosimeters
for the measurement of high dose above 10 Mrad. We compared the properties of
polycarbonate film dosimeter with those of other plastic film dosimeters,
PET and CTA which have been already used in several irradiation facilities.
The thickness of the PET film and the polycarbonate film used for this com-
parison is about 0.05 and 0.1 mm, respectively.
General tendencies of fading after short time irradiation at room tem—
perature in air are shown in Fig. 15. The fading rate of polycarbonate
film dosimeter is very slow compared with PET film dosimeter and the absolute
quantity of the optical density change is almost the same as that of CTA film
dosimeter.
The relation between optical density change of PET film dosimeter and
fhe absorbed dose for electron and gamma radiation is shown in Fig. 16,
where the optical density was measured after the post-irradiation storage
of about one day. It is a linear function of dose in higher dose region
above 100 Mrad. The maximum measurable dose is about 1000 Mrad for electron
irradiation, though the irradiation above 500 Mrad makes the film fragile.
In the case of CTA film, the optical density change at 280 nm increases
linearly with dose until about 20 Mrad and the upper limit of the measurable
dose is about 30 Mrad. The measurement of still higher dose may be possible
by using large wavelength {300 nm). Practically, however, CTA dosimeter is
not suitable for the higﬁer dose measurement than 30 Mrad because of radia-
tion induced fragility. Thus, PET dosimeter is the most resistant for radiation.
A comparison of three films on dosimeter responses for.gamma rays
{1 Mrad/h) and electron beam (1000 Mrad/h) is shown in Fig. 17. The measure-

ment wavelength of polycarbonate and PET film dosimeter is 330 nm. The
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difference in sensitivity between gamma rays and electron beam is ascribed

to dose rate dependence. It is the smallest in polycarbonate film dosi-
meter, and the largest in PET film dosimeter. In the latter, the sensitivity
for 1 Mrad/h is about twice as much as that for 1000 Mrad/h.

Table 2 lists some properties of the three dosimeters: the thickness
which is suitable for usual dosimetry, the suggested wavelength for spectro-
photometry, the approximate measurable dose range, the approximate ratio of
the sensitivity at 1 Mrad/h to that at 1000 Mrad/h (dose rate dependence),
the linearity in dosimeter response, the fading for a day storage (in the
case of initial optical density change = 0.3, electron irradiation), and
the irradiation temperature dependence for gamma-ray around room temperature.
It is found from this table that polycarbonate film dosimeter is the most

useful for the dose&range from 10 Mrad to 300 Mrad.

5. Summary

A polycarbonate film 0.1 mm thick was found to be useful dosimeter as
a simple method 6f high-level dosimetry. Optical density change in the
wavelength of 330 nm and 350 nm were chosen for dosimetry by considering
dose range and fading. The measurable dose range is 1 - 100 Mrad at 330 nm
and 2 - 300 Mrad at 350 nm. The standard deviation derived from three samples
is less than 3.5 %.

The radiation-induced optical density rapidly decreases during the first
1 day after irradiation and thereafter the subsequent fading is small amount-
ing to about 0.4 %Z per day at 330 nm at room temperature. To reduce the
error in measurements of optical density a storage time must be allowed at
least 1 day after irradiation.

The decrease of optical density is sensitive to storage temperature.
The fading rate is larger at higher temperature than lower temperature and
aiso it depends on the wavelength and is the smallest at 330 nm. Therefore,
if all the measurements are made at 330 nm, very little fading will be
observed even up to several days after irradiation. Since fading is a
complex function of dose, film thickness, initial optical density, and
measurement wavelength, it is very difficult to give a simple formula on the
decrease of the optical demsity., Optical density can be stabilized by a

post—exposure heat treatment. For practical dosimetry a heat-treatment for

L h at 100°C was found to be the most convenient.
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difference in sensitivity between gamma rays and electron beam is ascribed

to dose rate dependence. It is the smallest in pelycarbonate film dosi-
meter, and the largest in PET film dosimeter. In the latter, the sensitivity
for 1 Mrad/h is about twice as much as that for 1000 Mrad/h.

Table 2 lists some properties of the three dosimeters: the thickness
which is suitable for usual dosimetry, the suggested wavelength for spectro-
photometry, the approximate measurable dose range, the approximate ratio of
the sensitivity at 1 Mrad/h to that at 1000 Mrad/h (dose rate dependence),
the linearity in dosimeter response, the fading for a day storage (in the
case of initial optical density change = 0.3, electron irradiation), and
the irradiation temperature dependence for gamma-ray around room temperature.
It is found from this table that polycarbonate film dosimeter is the most

useful for the dose‘range from 10 Mrad to 300 Mrad.

5. Summary

A polycarbonate film 0.1 mm thick was found to be useful dosimeter as
a simple method ¢f high-level dosimetry. Optical density change in the
wavelength of 330 pm and 350 nm were chosen for dosimetry by considering
dose range and fading. The measurable dose range is 1 - 100 Mrad at 330 nm
and 2 - 300 Mrad at 350 nm. The standard deviation derived from three samples
is less than 3.5 %.

The radiation-induced optical density rapidly decreases during the first
1 day after irradiation and thereafter the subsequent fading is small amount-
ing to about 0.4 % per day at 330 nm at room temperature. To reduce the
error in measurements of optical density a storage time must be allowed at
least 1 day after irradiation.

The decrease of optical demnsity is sensitive to storage temperature.
The fading rate is larger at higher temperature than lower temperature and
aiso it depends on the wavelength and is the smallest at 330 nm. Therefore,
if all the measurements are made at 330 nm, very little fading will be
observed even up to several days after irradiation. Since fading is a
complex function of dose, film thickness, initial optical density, and
measurement wavelength, it is very difficult to give a simple formula on the
decrease of the optical density. ‘Optical density can be stabilized by a

post-exposure heat treatment. For practical dosimetry a heat-treatment for

1 h at 100°C was found to be the most convenient.
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The effect of irradiation temperature was negligible around room tem-

perature, though it has not been proved at various irradiation conditions.

Oxygen effect on optical density change also seems to be negligible with

preliminary experiment. In addition to this problem, the coloration

mechanism in near ultra-violet region must be investigated by future study.

Polycarbonate film dosimeter was compared with other similar film

dosimeters in some dosimetric properties, and it has proved to be more

useful for high dose range from 10 Mrad to 300 Mrad than PET film dosimeter

and CTA film dosimeter.
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perature, though it has not been proved at various irradiation conditions.
Oxygen effect on optical denmsity change also seems to be negligible with
preliminary experiment. In addition to this problem, the coloration
mechanism in near ultra-violet region must be investigated by future study.

Polycarbonate film dosimeter was compared with other similar film
dosimeters in some dosimetric properties, and it has proved to be more
useful for high dose range from 10 Mrad to 300 Mrad than PET film dosimeter

and CTA film dosimeter.
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Polycarbonate film dosimeter was compared with other similar film
dosimeters in some dosimetric properties, and it has proved to be more
useful for high dose range from 10 Mrad to 300 Mrad than PET film dosimeter
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