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Table 1.1 Reference dosimeters for high-dose range

Table 1.3 Properties of transfer dosimeter

Wide useful dose range
Energy independence

insensitivity to environmental extremes
long-term stability of dose response after irradiation

easily calibrated

Correctable systematic errors

Stability
Ruggedness
Portability

Mailability
Mass produced in reproducible lots
Relatively inexpensive

Simple and reproducible readout system

Dosimeter Readout Useful Remarks
system dose range
ionization ammeter 10-3x10° parallel-plate
chamber (Gy/h) type,
thimble type
solar-cell ammeter 10-10° thimble type
dose-rate meter (Gy/h)
ferrous sulfate UV spectro- 40-2x10° oxygenated
photometer (Gy) solution,
ampoule
ceric-cerous UV spectro- 10°-10° aerated
sulphate photometer, (Gy) solution,
potentiometer ampoule
potassium UV-visible 5x10°-4x10" | aerated
dichromate spectro- (Gy) solution,
photometer ampoule
calorimeter thermometer lOE—los(Gy) mainly for EB
electron current ammeter 0.01—}0 EB
densitometer (A/cm’ )
EB:electron beam
Table 1.2 Routine dosimeters for high-dose range
Dosimeter Readout Useful dose | Remarks
system range (Gy)
dyed UV-visible 5x10°-5x10' | Red Perspex
polymethyl- spectro- 5 § 4034
methacrylate photometer 10 -§x10 5 Amber 3042
1x10°-3x10 Gammachrome YR
undyed UV spectro- 5x10°-5x10" Radix RN-15
polymethyl- photometer
methacrylate
ceric-cerous UV spectro- 10°-10° aerated
sulfate photometer, solution,
potentiometer ampoule
cellulose UV spectro- 10*-3x10° FTR-125
triacetate photometer
radiochromic UV-visible 10°-10° FWT-60
dye film spectro-

photometer
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DOSE LEVEL APPLICATIONS OF IONIZING
RADIATION
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Fig. 1.2 A schematic diagram of traceability system
for radiation processing dose level.

(1)Transfer dosimeters calibrated at standard
lab are delivered to the plants for
calibration of irradiation field in plants,
or of working routine dosimeters.

(Il )Transfer dosimeters (or stable routine
dosimeters) are sent to standard lab by the
plant for calibration of routine dosimeters.

(ll)pirect calibration of radiation processing by

transfer dosimeters.

(IV)International dose assurance service by IAEA
for the country in which there is no national
standard lab(solid lines) and dose inter-
comparison between IAEA and standard labs

(dotted lines).
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Table 2.1 Comparison of properties of alanine dosimeters using
different binders
binders paraffin polymers
molding method batch type continuous type

production scale

laboratory scale

mass production scale

shape variation

rod, pellet,

rod, pellet, disk,

and Bartolotta,

disk sheet, thin film
physical chip-off rigidity, high
characteristics distortion temperature

P.:dppl.Radiat. /sot.,

S.:Radiat.Phys.Chen.,




Table 2.3 Qualitative evaluation of mixing, molding and dosimetric
characteristics of different polymers as binders.
EPR EBT EVA PE EEA PS
Bliisl & v " 02p X-75 | EVA170 | 2z-265 [ A170 [ stylon
b o o n 3 o & B
[ = & 6 & roll-mixing x X ¥* X X X
ﬁ o extrusion e i Far A X A = 0
o 5 press-molding x X X X A X A
2o
= 0 = ) e~
B o de R0 pre doge A o o A A X A
o 2 g o ) 0 8 = 4; o 8 base-line X A A a a (]
g 51 =] : < . I () o dose response o o o o o A
- L - [ R L B B e precision -— — -— A o o
< H Ll = % spectral shape odd odd odd odd odd normal
10}
© g
0 ~ ; 8 © good, a good enough, x need to be improved
o =l 8E 12 |2 2 1o B E --- no experimental result
- v (=} X
o (2] ST 0 n = -0
g | °| o — < — © - E =z
@ o < Z ~ 0
0 L) > Saedc
o | aL0
H o P
il 20 : R&ud
E ol ®lwe |o ol poin o 0n
inc <| o o o o o E SRR [}
o = . . n o 2 (= I =
fo% Wl ”¥| © — . o [N a- &
E — §Q s+ A0 fEHOR
i BRgoanae Table 2.4 Qualitative evaluation of mixing and molding
H ) HIERD B S g characteristics of DL-a-alanine(50wt3%)/polyethylene(PE)
£ o0 BB
e o = o in o = it S R (50wt%¥) mixtures.
| B Bl g| o s} . o s} —~ 0 00+ + s ™A
’ H 8 3c |w |8 Sl LB SO R B aD
3 Sl H sdH HZO MI & m.p. | roll- extrusion sheet-
/ E 8,9" 5 s ofﬁ g,—:q (g/10min) (g/cm ) (°C) mixing A B pressing
A d QoL ~300
1 gee] 295882 E"> MDPE 1.0 0.935 129 0 x A a
~ g = %4 >™NO 0 &
| o FPaleells 18 FSsl S lowl 2Bl a5 82t
i 5 af of - o . NEl AR uwdHEO LDPE 1.2 0.920 119 o x A a
o ml ) © Lo o = el P00 0Lgm0a O
~ POl 90HHOOQ « -
a mofl cH3HOH0Q LLDPE-1 18 0.942 127 (¢} X a (¢}
© BPOLHENE N
= | ¢ g R85 80HE o
i 5—“1 % E 2 9' & H%ED‘U NSE LLDPE-2 250 0.935 126 (o] x o A
1 = ~| o st T P "
8| P 55| =4 3m5 b | B ERaeadvg VLDPE 0.5 0.900 121 ) = o o
gl Agl | @of H& o~ 0 QP 20.LO0 3
Bl o] vo| 0| wdx| G| £ OAd3QH00 1 W
‘; 5; e g 5 U] Lo 8 nEAabz<z B MDPE:Medium Density PE, LDPE:Low Density PE,
0wl O—| E~|] Z | PO 0 3] dananon LLDPE:Linear Low Density PE, VLDPE:Very Low Density PE,

MI:Melt Index, o:density, m.p.:melting point
A:grain size of alanine crystals: <-300pm
B:grain size of alanine crystals: <~100pm

O good, a good enough, x need to be improved




Table 2.5 Properties of film alanine-PE dosimeters

molding method press-molding extrusion
DL-a-alanine recrystallized ground
LLDPE LLDPE-1 LLDPE-2
MI(g/lO?in) 18 2

p (g/cm’) 0.942 0.935
dimension 100 mm x 100 mm 8 mm width
thickness 150+£20 pm 223+15 pm
shape sheet tape
density(g/cm’) 422 0.812

Table 2.6 Interbatch random uncertainties(lc) of
dose response of film alanine dosimeters
molded by press or extrusion.

Table 2.7 ESR signals(peak-to-peak height, mm)

measured with different angle in the
ESR cavity using rod dosimeters of
different length molded extrusion
and subsequent press-molding.

length angle( )

(mm ) 0 45 90 135 180
30 118 119 117 117 118
25 L7 117 117 117 g 5 7
20 116 L5 116 116 116
15 111 11t 111 111 111
10 96 96 96 96 96

5 58 58 58 58 58

Dose (kGy) press-molding extrusion
0.1 b.9 3.0
1 4.4 0.9
10 247 0.8
100 5.4 0.9

dosimeter sample: 1 kGy, amplitude:20

Table 2.8 ESR signals(peak-to-peak height, mm)

measured with different angle in the
ESR cavity using rod dosimeters of
different length molded extrusion.

length angle(-)

(mm ) 0 0 135 180
20 93 93 93 93 93
15 88 88 88 89 88
10 75 75 74 74 74

5 39.5 39.5 39.5 39.5 39.5

dosimeter sample: 1 kGy, amplitude:20




Table 2.9 Properties of alanine-PS and alanine-PE dosimeters.
type alanine-PS alanine-PE alanine-PS
long-rod thin film short-rod
application Y-, X-rays electrons, Y-, X-rays
ion beams
reference and reference and routine
transfer transfer
2 peak-to-peak height 1mT
composition DL-a-alanine ground DL-a- DL-a-alanine Sl
(wt%) 70 alanine 60 50 =
PS 30 PE 40 PS 50
dimension $2.988+0.02 0.223:0.015 $3.064+0.18 )
(mm) length 30 length 30 length 20 Fig. 2.1 Typical first derivative ESR spectrum of
DL-a-alanine.
lubricant StBa lwt% St 1lwt% St lwt%® dose:1 kGy, microwave power:4 mW,
anti-oxidant BHT 0.lwt% BHT 0.1lwt% BHT 0.1lwt% magnetic field modulation amplitude:1l mT
molding extrusion extrusion extrusion
+press
density(g/cm’) | 1.30 0.81 1.15
pre-dose(Gy) 2-_ 3 30 10 ip?
useful dose 2-10° 10°-10° 10%-10° = E
range(Gy) <
precision(lo) | < 1 % +1 % +2% IE’ i
[
PS:polystyrene, PE:polyethylene .
St:stearin acid, StBa:Barium stearate o -
BHT:2,6-di-t-4 methylphenol £ 10
iy
7
]
“
) L
7]
] L
i ® D-alanine
Q
3 10tk O L-alanine
P
2 A DL-alanine
A L
4
oy g n PR W APy ity m L
10* 10° 10° 10*
Dose(Gy)
Fig. 2.2 Dose response relations for a-alanine with
different optical rotation properties(Wako
Pure chemicals Co., Ltd.)
- 46— -4~




(a) (b)

Fig. 2.3 Photos of DL-a-alanine crystalline shape by
electron microscopy.
(a)mechanical ground crystals
(b)crystals recrystallized at 0°C.
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Fig.

2.5 Various alanine dosimeters in different
shapes:rods(a, b) for y- and X-rays,
thin films(c) and chip(d) for electron
and ion beams, and sheet(e) and cord(f)
for dose profile measurement.
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Fig.2.6 ESR spectra of unirradiated polymer samples.
magnetic field: 335+10 mT
modulation amplitude: 1 mT
microwave power: 4 mW
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Fig. 2.7 ESR spectra of polymer samples irradiated to
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shape of EEA before and after irradiation is
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Fig. 2.8 ESR spectra of unirradiated alanine-polymer
samples.
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irradiated to 1 kGy at a dose rate of
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microwave power: 4mW
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Fig. 2.15 Orientation difference of ESR signal
amplitude for film dosimeters molded press-
molding or extrusion.
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Fig. 2.14 Example of variation of measured thickness
for alanine sheet molded by press.
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Table 3.1 Optimized specification of ESR part of the ESR
dosimetry system and that of the alanine dose-reader

type ESR dosimetry alanine dose-
system reader
application reference and routine
transfer
microwave control
microwave power(mW) 3, 10 4
frequency(GHz) 9.3 10.5

magnetic field control
permanent magnet
sweep width(mT)

resolution(pT)

samarium-cobalt
+1.25
(center:330 mT)
50

samarium-cobalt
*10
(center:370 mT)
10

modulation amplitude 0.1, 0.8 0.9

(mT) (100 kHz)
resonator TM110 TE104
sensitivity(spins/mT) ~1 x 10" ~1 x 10"

size and weight
control unit

magnet and
resonator unit

100 x 60 x 75 cm
70 kg

40 x 43 x 21 cm
16 kg

30 x 12 x 20 cm
8 kg
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alanine dosimeter.

(A)Dose

Fig. 3.1 Magnetic field modulation broadening and
(B)Dose
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Fig. 3.2 The whole system of the "ESR dosimetry

system". The remodeled ESR spectrometer is on

right, and the personal computer and . & A : 2

auxiliary equipment eve on the left. Fig. 3.4 Time delay of signal acquisition with high
sweep rate of frequency.

Modified
ESR spectrometer r
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Fig. 3.3 The functional diagram of the "ESR dosinetry

system"
DVM:digital volt meter, Fi
SW:switching controller, g. 3.5 Offset method of time delay of signal

FDD:file disk drive acquleltion:
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Fig. 3.6 The first derivative ESR spectra measured 107 10° 10 10? 10° 10* 10°
with different magnetic field modulation
amplitude:
(A)*1.25 mT, (B)*2.5 mT, (C)%5.0 mT, Dose(Gy)
(D)%£7.5 mT
Dosimeter sample: 0.1kGy Fig. 3.7 Relation of dose response measured with
different gain mode and their precision
level.

magnetic field modulation amplitude:0.8 mT
microwave power:3 mW
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Fig. 3.9 Precision measured by three different
procedures;

(A)Measurement of one same dosimeter sample
without removing it from the ESR cavity
and re-tuning measuring parameters.

(B)Measurement of one same dosimeter sample
by removing it from the cavity and
reinsert it to the ESR cavity with re-
tuning measuring parameters.

(C)Measurement of 20 replicate dosimeters
irradiated to 1kGy by changing samples and
re-tuning measuring parameters.
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Fig. 3.10 Flow chart of measurement procedure
comparing automatic operation with manual
operation(inside of the dotted-line frame).
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Fig. 3.11 Data output example
personal computer.
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(A)The whole view

(B)Turning table and sample detector parts

Fig. 3.12 The schematic diagram of the auto-sample
changer system.

1l:sample mover, 2:quartz tube, 3:holder,

4:air compressor, 5:base of the table,

6:turn table, 7:sample hole, B8:ESR spectrometer,
9:holder guard, 10:dosimeter, 11:top-stopper,
12:motor, 13:external controller, 14:ESR cavity,
15, 16, 17:photo-sensor

86—

Fig.

3.13

An alanine dose-reader for routine use in
radiation processing. The dose-reader
has two parts:
(1) ESR part:
(a)microwave/magnetic field control unit
(b)magnet/resonator unit(b)
(@ external controller part:
(c)interface box
(d)personal computer.
The dose-reader can be operated by external
controller part, not using most of
parameter controls on the panel.
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Table 4.4 Random uncertainty(lo) of dose responses among 20
alanine-PS short-rod dosimeters irradiated
simultaneously by Co-y rays and measured using the

Table 4.1 Component of pre-dose of alanine-PS long-rod dosimeter

alanine radicals in crystalline reagent about 1 Gy ESR dosimetry system.
1)mechanical friction during mixing
2)decomposition of polymer at high temp. >2 Gy Dose (kGy) without weight with weight
3)impurities of paramagnetic metals correction (%) correction (%)
noise contribution to the ESR response 0.2-0.3 Gy et 2.2 1.4
1.2 1.2
10 1.7 1.0
100 2.0 1.0

Table 4.2 Random uncertainty(lc) of dose responses among 20
alanine-PS 1ong—rog dosimeters irradiated
simultaneously by Co-y rays.

Dose (kGy) ESR spectrometer ESR dosimetry system Table 4.5 Fadin =
208 . g of an alanine-PS long-rod dosimeter when stored
(JEOL, FE-3X) (modified JES-3000S) at 40°C, measured 160 days after irradiation to three
0.1 0.9 % 0.5 3 different doses at various temperatures. The readings
are relative to those made immediately after
1 0.8 0.4 irradiation.
10 s 0.7
Irradiation temperature Dose (kGy)
100 0.7 0.5 (=C) T ¢ 14 100
10 0.97 0.94 0.83
25 0.98 0.94 0.87
70 0.97 0.95 0.91

Table 4.3 Random uncertainty(lo) of dose responses among 20
ala?ine—PE film dosimeters irradiated simultaneously
by Co-y rays and measured using the ESR dosimetry

system.
Dose (kGy) without weight with weight
correction (%) correction (%)
0.1 6.0 3.0
.1 0.9
10 8.5 0.8
100 9.2 0.9
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Fig.

Fig.

4.1 View of the ESR quartz holder with teflon
supports designed for thin-film alanine-PE

Fig. 4.3 Example of measured ESR spectra of
unirradiated alanine-PS dosimeters.
magnetic field sweep width: 335+10 mT
magnetic field modulation amplitude: 1 mT
microwave power: 4mW

dosimeters.
- ]
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4.2 Angular dependence of ESR signal amplitude
when a film dosimeter is insert into the ESR
cavity horizontally. 90° and 270° are when
the film position is parallel to the magnetic
field.
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Fig. 4.4 Scattering of pre-dose values in terms of
peak-to-peak height measured with amplitude
of 1,000.
magnetic field modulation amplitude: 1 mT
microwave power:4 mW
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— 1

i | (D) 10 kGy

Fig. 4.5 Reproducibility of measured ESR spectra of
alanine-PS dosimeter irradiated to 0.1, 1,
10, 30, and 100 kGy.
mégnetic field modulation amplitude: 1 mT
microwave power:4 mW

(A) Mod.1 mT, Amp.200

(B) Mod.1 mT, Amp.20

(C) Mod.1 mT, Amp.2

(D) Mod.0.2 mT, Amp.12.5

(E) Mod.0.2 mT, Amp.4

(F) Mod.0.2 mT, Amp.2
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4.6 The relationship between ESR main peak-to-
peak amplitud? and dgse(in water) in the dose
range from 10° to 10" Gy. Dashed line is 45-°
line based on the response at 1 kGy.

irradiation temperature:25¢<C,
relative humidity:60%,

magnetic field modulation:0.2 mT.
microwave power: 4 mW
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Fig. 4.7 The relationship between ESR main peak-to-
peak amplitude and dose(in water) in the dose
range from 0.1 to 100 Gy. Dashed line is
extension of the 45° line based on the
response at 1 KkGy.

irradiation temperature: 25°C,
relative humidity:60%,

magnetic field modulation: 1 mT.
microwave power: 4 mW
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Fig. 4.8 Dose response curves of alanine-PE dosimeter
for gamma-rays and 2.0-MeV electron beam,
measured by the conventional ESR
spectrometer(JEOL, FE-3X) and the ESR
dosimetry system.
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Fig. 4.9 Depth dose profiles measured with stacks of
thin-film alanine-PE dosimeters for 1- and
2-MeV electron beams, comparing those
estimated with EDMULT code calculation.
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Fig. 4.10 The effect of temperature during irradiation
on dose response of alanine-PS dosimeter.
The response is normalized to that at 25°C.
o, 1.4 kGy; a, 14 kGy; 0 100 kGy.
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Fig. 4.14 Fading curves under storage at three
different temperatures after irradiation to
14 kGy at 25°C. The dose response relative
to the initial value measured immediately
after irradiation is plotted as a function
of elapsed time after irradiation.
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Fig. 4.15 Fading curves for storage at 40°C after
irradiation to 14 kGy at different
temperatures.

o, 10°C; a, 25-C; O 40-C.
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Fig. 4.16 Fading curves for storage at 40°‘C after
irradiation to 14 kGy at different
temperatures.

0, 60+C% A, F0:C,

3
©
[y
a
g
o
[
7
o
H
o
>
-
e
©
=
']
[
0.8 L L
0 60 120 180

Storage time(day)

Fig. 4.17 Fading curves for storage at 40°C after
irradiation to three different doses at

10-C.
o, 1.4 kGy:; a, 14 kGy; 0O 100 kGy.
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4.18 Fading curves for storage at 40°C after

irradiation to three different doses at

25+C.

o, 1.4 kGy; a, 14 kGy; 0 100 kGy.
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4.19 Fading curves for storage at 40°C after
irradiation to three different doses at

70-C.

©, 1.4 kGy; A, 14 kGy; O 100 kGy.
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Table 5.1 The result of the first dose-intercomparison experiment

facilities exposure"’ exposure temperature VQ’ Sq' ratio™ reference
rate(kR/h) | time (h) C) (%) (cy™) dosimeter
ETL™ 21.49 2.34 22.0 0.56 0.376 1.000 Ica""
A 9.84 5.08 19.0 1.15 0.375 0.997 ICa
B 8.62 6.17 18.0 1.23 0.376 1.000 ICa
c 31.89 1.60 21.0 0.75 0.435 1.157 Fricke
D 51.80 1.00 11.4 1.4% 0.409 1.087 Fricke
E 329.5 0.157 19.0 1.02 0.365 0.974 Ica
F 22.97 1.26 25.0 0.41 0.391 1.040 Fricke
c 42.00 1233 18.0 1.00 0.391 1.040 Ica
H 25.62 1.952 19.7 0.43 0,877 1.003 Fricke
i 6.43 5.00 5.0 0.53 0.396 1.053 Fricke
3 230.53 0.227 13 0.66 0.372 0.989 Tegc

*1)1 kR=2.58x10"" C/kg

*2)V:the ratio of standard deviation of measured values to averaged value.

*3)S:the relative ESR response per unit dose(water) after correction of temperature effect.
*4)the ratio of S to that of ETL.

*5)Electrotechnical Laboratory, National standard laboratory in Japan.

*6)ICa:Free air ionization chamber, ICs:Solid ionization chamber(Silicon solar cell).

Table 5.2 The result of the second dose-intercomparison experiment

facilities exposure") exposure temperature V8 S'?l ratio™ ratio
rate(kR/h) | time (h) ¢C) (%) (Gy) (1st exp)
ETL) 20.17 2.48 21.6 0.53 0.339 1.000 1.000
A 112.00 0.45 26.5 0.64 0.339 0.999 0.997
B 9.35 6.78 31.0 0.18 0.330 0.972 1.000
c 31.09 167 24.5 0.91 0.377 1.112 1157
D 51.47 1.00 25.8 1.30 0.365 1.077 1.087
E 308.60 0.168 28.0 072 0.327 0.964 0.974
¥ 40.10 1.283 28.0 0.49 0.350 1.034 1.040
G 24.19 2.142 23.0 0.81 0.341 1.006 1.003
H 7.979 6.49 23.0 0.41 0.334 1.088 1.053
: 217.93 0.23 29.0 0.29 0.338 0.969 0.989

*1)1 kR=2.58x10"" C/kg

*2)V:the ratio of standard deviation of measured values to averaged value.

*3)S:the relative ESR response per unit dose(water) after correction of temperature effect.
*4)the ratio of S to that of ETL.

*5)Electrotechnical Laboratory, National standard laboratory in Japan.

*6)ICa:Free air ionization chamber, ICs:Solid ionization chamber(Silicon solar cell).




Table 5.3 Comparison of dosimetric properties of alanine-PS,
alanine-PE dosimeter, and GSF-made alanine-paraffin
dosimeter.
type alanine-PS alanine-PE alanine-
paraffin
composition DL-a-alanine ground DL-a- L-a-alanine
(wt%) 70 alanine 60 80
PS 30 PE 40 | paraffin 20
shape rod thin film pellet
dimension (mm) 3 dia. X 30 8 x 30, 4.8 dia.x10,
thickness:0.2 [ 4.8 dia.xl
density (g/cm’) 1.30 0.812 1.22
3 6.2 6.0 7.2
dose range (Gy) 2= 10° 10°- 10° 0.1-5x10"
precision(lo, %) 0.5 <1.0 <0.5
reading system JEOL, JEOL, Varian, E9
JES-30008 JES-3000S Fig. 5.1 View of dosimeter samples to mail for dose-
intercomparison in the radiation processing
level.

(A)Five alanine-PS dosimeters for
irradiation with dummy vacant sample
tubes(both ends).

(B)Irradiated dosimeters to check of
unexpected harms for stability of
dosimeter samples.

(C)Mailing box with thermolabels.
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