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Abstract

Characterization and evaluation studies were carried out on some JAERI dosimetry systems,
mainly alanine-ESR, in terms of the influence on the dose response of parameters such as orientation
at ESR analysis, and the temperature during irradiation and analysis. Feasibility study for application
of these dosimetry systems to electrons with energies lower than 4 MeV and bremsstrahlung (X rays)
was also performed parallel to their reliability check through international dose intercomparison.

1. INTRODUCTION

JAERI has developed high-dose dosimetry technique for absorbed doses of 102-106 Gy
for Co gamma rays and electrons with energies of 0.15-3 MeV on the basis of physical and
chemical dosimetry systems. The parallel-plate ionization chamber has been developed as
reference dosimetry system for high-dose rate gamma fields, which is periodically checked at
Electrotechnical Laboratory, the PSDL of Japan. Alanine dosimetry system employing rod-
shape and thin film dosimeters was also developed as a transfer system for gamma rays and
electrons, respectively. Rod-shape alanine dosimeters moulded by injection were also
developed as routine dosimeters for both radiations.

Several studies mainly on these alanine dosimeters were carried out over these years,
aiming to understand and improve their characteristics as reference/transfer dosimeters or
routine dosimeters for 60Co gamma rays, electrons and bremsstrahlung. Reliability check of
these dosimetry system was also performed through dose intercomparison with other
dosimetry standard laboratories.

2. RESULTS AND DISCUSSION

2.1. Orientation effect of alanine dosimeters during electron spin resonance (ESR)
analysis

Different orientations of an alanine dosimeter in the cavity during ESR analysis may
affect the dosimeter response. This effect was studied for five different types of alanine
dosimeters, as shown in Table I, with different shapes (rods with different lengths and thin
film) and for different moulding procedures (press, extrusion, and injection)[l, 2]. The
variation in ESR signal amplitude was measured by rotating a dosimeter around the vertical
mid-axis and at right angle to the magnetic field in the ESR cavity, at a temperature of 22°C.
The orientation effect for a rod dosimeter with both moulding procedures (press and
extrusion), even with different lengths, was negligible; although injection-moulded dosimeters
show signal amplitude variation of about ±9% (see Fig.l). However, the influence of this
effect on the injection-moulded rod-shape dosimeters can be reduced to ±3% or <0.2% by
averaging of the dose response measured for either two different orientations (0,90°) or three
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TABLE I. MAIN PROPERTIES OF FIVE DIFFERENT TYPES OF ALANINE
DOSIMETERS

Dosimeter

Rod(A)a

Rod(B)

Rod(C)

Film(A)

Film(B)

a —Rod(A) =

Moulding method

Extrusion + press

Extrusion

Injection

Press

Extrusion

Aminogray

Dimension
(mm)
(j) 2.988+0.02
length 20

<j)3.064±0.18
length 20

4 2.976+0.01
length 20

30x8
0.150+0.020

30x8
0.233+0.015

Density
(g/cm3)
1.300

1.147

1.210

1.220

0.812

Composition
(weight %)

DL-cc-alanine 70
Polystyrene 30

DL-a-alanine 50
Polystyrene 50

DL-a-alanine 50
Polystyrene 50

DL-a-alanine 60
Polyethylene 40

DL-a-alanine 60
Polyethylene 40
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?. 1. Orientation angular dependence of ESR signal amplitude (peak-to-peak) for film

dosimeters moulded by press or extrusion, and for rod dosimeters moulded by injection [1,2].
o —press-moulding (film), • — extrusion (film), • — injection (rod).

92



(0, 60, 120°) in the cavity, respectively[2]. Thin-film dosimeters moulded by extrusion also
show a pronounced orientation effect compared with press-moulded ones as also shown in
Fig.l, when samples are cut into disks and positioned horizontally (parallel to the magnetic
field) in the ESR cavity for readout. This effect also can be eliminated when they are
positioned vertically and parallel to the mid-axis of the ESR cavity, or positioned vertically in
the case of extruded dosimeter, with the custom-made holder consisting of two parallel quartz
plates[l].

2.2. Irradiation and ESR analysis temperature dependence of alanine dosimeter
response

Response characteristics of the alanine-polystyrene (PS) dosimeters, Aminogray, were
studied at an absorbed dose of 5 kGy over the low irradiation temperature range -196 to 30°C,
and the ESR analysis temperatures in the range of 0 to 50°C over the dose range 0.1-10
kGy[3]. The irradiation temperature coefficient of +0.24% of the response/°C previously
estimated for 0-70°C was verified down to -78°C, although the value at -196°C was much
different as shown in Fig. 2. This value, however, is in good agreement with the collaborative
results obtained at CERN for -196 and -269°C (4K) at a dose of 1 kGy [4].
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FIG. 2. ESR signal amplitude of alanine-PS dosimeters (Aminogray) irradiated to 5 kGy at
different irradiation temperatures. Solid line is on the basis of an irradiation temperature
coefficient of'+0.24% of the response/°C[1].
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The ESR intensity decreases with temperature during ESR analysis following the
reciprocal of the absolute temperature based on Boltzman's constant. The average value of the
ESR-analysis temperature coefficient for alanine-polystyrene dosimeter is -0.25% of the
response/°C in the temperature range 0-5 0°C. This can be eliminated practically by frequent
measurements of a reference ESR standard.

2.3. Irradiation temperature dependence of PMMA and silver-dichromate dosimeter
responses

Characteristics of undyed/dyed polymethylmethacrylate (PMMA) dosimeters and silver-
dichromate dosimeters were studied under collaborative works with OAEP (Thailand) and
VAEC (Vietnam) for the improvement of the performance of the existing dosimetry systems
[5, 6].

Effects of low irradiation temperature on the gamma ray response were studied for dyed
and undyed PMMA dosimeters, Radix RN-15(Batch 4), Red 4034(Batch-D), Amber
3042(Batch-D) and Gammachrome YR(Batch 3) at three different gamma dose rates of 1.0,
4.9 and 6.5 kGy/h for irradiation temperatures from -196 to +45°C and the doses of 2 and 25
kGy. Radix RN15 has nearly linear dependence at 25 kGy with a temperature coefficient of
+0.15% of the response/°C and +0.25%/°C for temperatures below and above -15°C,
respectively. Red 4034 and Amber 3042 have smaller dependence in this temperature range at
25 kGy, while both show different tendency at -78 and —196°C. Dose response of the Amber
dosimeter increases with temperature with a coefficient of+0.5% of the response/°C above -
78°C at 2 kGy. The Gammachrome YR response below -78°C is almost 30% higher than that
at 20°C and decreases with increasing temperature above -78°C with a coefficient of-0.3%
of the response/°C.

Effects of temperature during 60Co gamma ray irradiation and spectrophotometry
analysis on the dose response were studied in the irradiation temperature range 5-60°C for
low-dose and high-dose silver-dichromate dosimeters for the dose ranges 2-10 kGy and 10-
50 kGy, respectively. The temperature coefficient in the range 25-60°C was estimated to be -
0.20% and -0.26% of the response/°C at doses of 2-10 kGy and 10-50 kGy, respectively;
although there is a slight tendency of dose dependence. The effect of temperature during
spectrophotometry analysis on molar extinction coefficients was not appreciable in the range 5
to 50°C.

2.4. Alanine-PS routine dosimeters moulded by injection and its application to electron
irradiation

Preparation procedure of rod-shaped alanine-PS dosimeters was simplified using
injection moulding to facilitate their commercialization for large-scale use in industrial
facilities as an inexpensive routine dosimeter [2]. This dosimeters (50wt% DL-a-alanine and
50wt% PS) is 3 mm in diameter, 20 mm in length and has mass of 0.169 ± 0.0007g. The
precision of dose-response over the dose range of 0.1-100 kGy is estimated to be within ±2%
(2a), without correction for sample-to-sample mass scattering, when taking average of the
three measurements with different dosimeter orientation in the ESR cavity as described in
Section 2.1. The irradiation temperature coefficient at a dose of 1 kGy is 0.25% of the
response/°C in the temperature range 5^5°C. The fading of the radiation-induced ESR signal
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at doses of 0.1—100 kGy is less than 1% for at least 2 months after irradiation when stored at
25°C and relative humidity of 40%.

Thin film dosimeters with the thickness less than a few hundreds jam are commonly
used for routine dosimetry of electrons with energies lower than 4 MeV without consideration
of the depth dose distribution within the dosimeter. In one-sided irradiation processes,
however, the rod-shaped alanine dosimeter has a potential to be used as a dose monitor at a
specific position in the product, when ratio between the 'surface dose' given by the thin film
dosimeter and the 'average dose' given by the rod-shaped dosimeter is known. A polyethylene
block (40 x 50 x 10 mm) with horizontally long holes was used to adjust the centre axis of
rod-shaped alanine dosimeters (3 mm in dia.) at 2 mm depth. Alanine dosimeters were
irradiated using 1-3 MeV electrons (scan width is 60 cm) together with the 3 mm-thick stack
of cellulose-triacetate (CTA) films covering the same range of 0.5-3.5 mm in depth in the
block. The ratios of the 'surface dose' estimated using the shallowest CTA film and the
'average dose' measured by the alanine dosimeter were 0.83(± 4%) for energies above 1.2
MeV, while the ratios of 'average dose' in the entire CTA stack and that measured by the
alanine dosimeters agreed within +2%. Once the ratios are given under actual radiation
processing condition, rod-shaped alanine dosimeters can be used for routine dose monitoring
for electrons of energies higher than 1.2 MeV.

2.5. Establishment of 60Co gamma ray dose calibration laboratory and reliability check
of dosimetry through inter-laboratory comparison

A 60Co gamma ray dose calibration facility has been developed at JAERI to establish
suitable irradiation geometry employing two different plaque sources to provide wide uniform
dose-rate irradiation fields covering dose rate range of 5-200 Gy/h and 400-20,000 Gy/h, and
an air-conditioning vessel controlling the irradiation temperature in the range 5-90°C (+0.3°
C) and relative humidity in the range 30-90% (±2%) [7].

The dosimetry procedure was thoroughly reviewed, and the overall uncertainty in the
dose value measured at JAERI was estimated in terms of a combination of random and other
uncertainties, to demonstrate the quality of metrological performance [8]. The overall
uncertainty in gamma ray dose employing an ion chamber as a reference dosimeter and
alanine dosimeters as transfer dosimeters is estimated to be 2.2 and 3.4% at a 95% confidence
level, respectively.

Dose intercomparison studies in the dose range 1—50 kGy were carried out two times
with National Physical Laboratory (NPL, UK) to confirm our overall uncertainty value,
employing NPL and JAERI alanine dosimeters as well as NPL dichromate dosimeters. There
is significant difference in irradiation geometry due to different source arrays: a plaque source
at JAERI and a cylindrical source at NPL. A PMMA phantom designed for dosimeter
accommodation was used for the JAERI irradiation field to establish electron equilibrium and
to eliminate electron contamination from surrounding materials. All the results using alanine
and dichromate dosimeters show good agreement, within about 2% as shown in Fig. 3, which
is consistent with combined value of each overall uncertainties in doses given by NPL and
JAERI.
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FIG. 3. The results of dose inter comparison study performed between NPL and JAERI,
employing NPL-alanine, NPL-dichrornate and JAERI-alanine dosimeters (Aminogray) as
transfer dosimeters [8].

Another dose intercomparison study has started for electron doses involving alanine film
dosimeters and CTA film dosimeters. Comparison between gamma ray dose and electron dose
is also in progress through this study.

2.6. Application of existing dosimetry systems for bremsstrahlung (X rays)

Dose rate dependence characteristics of undyed PMMA (Radix RN-15) and alanine-PS
rod dosimeters (Aminogray) were studied covering wider dose rate range for their application
to dosimetry for X rays obtained from 3 MeV electrons(current: 20 mA) [9]. The dependence
was negligible in the dose rate range 5 to 400 kGy/h (see Fig. 4). These dosimeters were
irradiated to 10 kGy, where temperature rise during irradiation was negligible. The ratios of
the effective mass energy-absorption coefficients of dosimeter materials, alanine or PMMA to
those of water were calculated for X rays obtained by 3, 5 and 7 MeV electrons, by weighing
the entire energy spectrum given by the DEX-code. Estimated coefficient ratios of (ien/p for
alanine or PMMA to \itnlp for water are in the range 0.970-0.972 for three different X ray
spectra, which were in good agreement with those for 60Co gamma rays (1.25 MeV as
average), as shown in Table II. This result demonstrates feasibility of application of these
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60,dosimeters to X ray, when they are calibrated using Co gamma rays, even though X rays
have a broad photon energy spectrum.

TABLE II. EFFECTIVE MASS ENERGY-ABSORPTION COEFFICIENTS (cmY') FOR X
RAYS

Material 1.25 MeV(Co-60) 3 MV X rays 5 MV X rays 7 MV X rays
Water
Alanine
PMMA

0.0297(1.000)*
0.0288 (0.970)
0.0288 (0.970)

0.0302(1.000)
0.0293 (0.970)
0.0293 (0.970)

0.0282(1.000)
0.0274 (0.972)
0.0274 (0.972)

0.0271 (1.000)
0.0263 (0.970)
0.0263 (0.970)

* Values in parentheses are ratios of coefficient of alanine and PMMA to those of water
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FIG.4. Dose rate dependence of PMMA and alanine-PS dosimeters for X rays obtained from 3 MeV
electrons, o — alanine-PS (Aminogray), • — PMMA (Radix RN-15).

3. SUMMARY

Characterization and evaluation studies on some of the JAERI dosimetry systems were
performed according to the IAEA co-ordination research project (Research Contract No.
9377). They should contribute to both IAEA and JAERI for establishment/improvement of the
new/ existing dosimetry systems for gamma rays, electrons and X rays in high-dose dosimetry
for radiation processing. The initiation of the studies on X ray dosimetry is also a key to open
a new aspect of radiation processing using high-energy X rays.
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