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CR-39 is a solid state nuclear track detector, chemically known as poly-allyl-diglycol-carbon-
ate, widely used for personnel neutron monitoring because of its sensitivity to neutrons, ex-
cellent optical properties that facilitate the analysis and sufficiently long shelf life. Presently,
this detector is imported and is being used for the personnel neutron monitoring programme
in India. Hence, an effort was made towards the indigenous development of these detectors.
Different chemical processes for the indigenous development of the poly-allyl-diglycol-car-
bonate detector, such as the synthesis of allyl-diglycol-carbonate monomer and isopropyl-
peroxydicarbonate as initiators for the polymerization process, were carried out and are re-
ported in this paper. A method for casting unbroken poly-allyl-diglycol-carbonate sheets
sized 25 cm x 15 cm and of a thickness between 500 um and 800 um was developed. A longer
polymerization process also helps to increase neutron sensitivity, reduce the minimum detec-
tion limit and increase the signal-to-noise ratio of the detector. The study suggests that it is
possible to develop indigenous poly-allyl-diglycol-carbonate detectors with a minimum de-

tection limit of 0.1 mSv and signal-to-noise ratio of 8.0.
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INTRODUCTION

There are many techniques for neutron dosime-
try based on classical concepts like elastic scattering,
neutron activation and absorptive reactions [1-3]. For
personnel neutron monitoring, bubble detectors,
albedo dosimeters based on thermoluminescent do-
simeters such as TLD 600 and TLD 700, electronic
pocket dosimeters and CR-39 based neutron dosime-
ters are used. These neutron dosimeters have different
detection mechanisms with their merits and demerits.
Most of them are passive and require post-irradiation
processing to evaluate the dose. For more than four de-
cades, solid state nuclear track detectors (SSNTD) are
in use for neutron dosimetry [4]. SSNTD are dielectric
materials that include crystals, glasses and plastics, of
which CR-39 (C,,H,30,), was found to be the most
sensitive and useful. In 1978, Cartwright et al., discov-
ered the proton registration properties of CR-39 [5].

* Corresponding author; e-mails: rupalir@barc.gov.in

Damage caused by secondary charged particles due to
the interaction of neutrons with the detector mate-
rial/radiator can be seen as tracks. As the detectors and
radiators used are organic polymers, the elastic recoils
of elements such as H, C, O, and N give rise to tracks
in detector materials, along with the tracks due to
non-elastic (n, p) and (n, &) processes.
Poly-allyl-diglycol-carbonate (PADC), popu-
larly called CR-39, is the material of choice in person-
nel neutron monitoring [6-8] as it is the most sensitive
track detector discovered so far and responds to a wide
range of neutron energies using the recoil proton
mechanism. CR-39 satisfies most of the requirements
of an ideal track detector and is found to show proton
sensitivity over a wide range of energies. It is preferred
for personnel neutron monitoring owing to its larger
cross-section for (n, p) scattering, greater ranges of re-
coil protons and a greater possibility of neutron energy
transfer to protons. It is almost insensitive to beta and
gamma radiation doses. The post-irradiation fading of
damaged tracks due to environmental conditions in
CR-39 is insignificant. All these favourable properties
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of CR-39 make it a versatile neutron detector as neu-
trons are always accompanied by gamma radiation. Its
lower energy threshold at 100 keV for neutrons makes
it suitable for reactor personnel neutron monitoring,
fuel reprocessing facilities and accelerator environ-
ments [9, 10]. The limiting factors of CR-39 are its
background tracks which increase with time. These
background tracks are due to manufacturing defects
and the nonuniformity of the surface. Background
tracks are important parameters in the manufacture of
dosimetric grade CR-39.

In India, CR-39 based neutron dosimeters have
been in use in personnel monitoring since 1995. At
present, CR-39 is imported from overseas manufac-
turers. To cater to the needs of a fast growing person-
nel neutron monitoring programme in the country,
around 10000-12000 neutron badges are required an-
nually, equivalent to 120 CR-39 sheets per year, mea-
suring 30 cm x 48 cm. Hence, there is an urgent need
for manufacture of PADC sheets within the country, to
be used in various applications, including the neutron
monitoring programme. In the present paper, the char-
acteristic of the PADC detector, including its prepara-
tion process, are discussed in detail.

MATERIALS AND METHODS

The casting of PADC sheets in the present study
involves following processes:

— synthesis of allyl diglycol carbonate (ADC)
monomer & isopropyl peroxydicarbonate (IPP)
initiator,

— assembling of the mould, and,

—  polymerization of ADC.

The polymerized PADC sheets were character-
ised for neutron dosimetry using the following
method:

— preparation of neutron dosimeters and irradiation,

— processing of dosimeters, and

— counting of tracks produced on irradiated
dosimeters

Synthesis of ADC monomer

The synthesis of an ADC monomer can be car-
ried out via two different routes; (a) in a
transesterification-based mode [11] or (b) a phosgene-
based one [ 12]. Both routes have been used in the pres-
ent work. The process of synthesis of an ADC mono-
mer is briefly described below.

ADC via transesterification: A carbonate ester
was converted into another carbonate ester. i. e.,
diallyl carbonate through ester interchange, and was
further transesterified with diethylene glycol to give
ADC [13]. The product was finally distilled under re-
duced pressure of 1.0-102 mbar at 39 °C to get pure

diallyl carbonate in a 80 % yield with respect to
dimethyl carbonate. Diallyl carbonate and diethylene
glycol were mixed and stirred under a continuous and
constant nitrogen flow. The KOH in the catalytic
amount was then added to the reaction mixture and the
mixture constantly stirred to thereby remove the allyl
alcohol. It was then extracted in diethyl ether and
crude ADC was vacuum distilled at a 2.0-102 mbar
pressure at 160 °C to yield pure ADC. The product ob-
tained was colorless and the yield obtained was 90 %
based on the glycol feed. Unsaturation analysis was
carried out to confirm the purity of the monomer. The
process was scaled up to obtain up to 100 gm of ADC
at a time.

ADC via phosgene/condensation method: For
synthesizing larger quantities of ADC simultaneously
in order to cast many large- sized PADC sheets, one
generally requires to follow the phosgene route. In this
method, allyl chloroformate (either commercially
available or prepared by reacting allyl alcohol and
phosgene or triphosgene) was condensed to form an
ADC monomer. In this process, diethylene glycol
(DEG) was dissolved in acetone followed by the addi-
tion of pyridine. The temperature of the bath was
maintained between 0-5 °C. To this mixture, allyl
chloroformate was added slowly and, after complete
addition, it was stirred for an hour. After the comple-
tion of the reaction monitored by TLC, the acetone
was removed and the product was extracted in diethyl
ether. To purify the product, three to four times water
washings were given to it and an organic layer was
passed over the anhydrous sodium sulfate to obtain
crude ADC. Finally, it was vacuum distilled to yield
the pure ADC product.

Apurified ADC prepared by both of the methods
was confirmed with Fourier transform infrared spec-
troscopy (FTIR) and 'H nuclear magnetic resonance
spectra ("H NMR), as shown in figs. 1 and 2. FTIR
spectroscopy helps in identifying the presence of par-
ticular functional groups, whereas, "H NMR spectros-
copy indicates the presence of protons in various
chemical environments in the compound. The FTIR
spectrum of the purified ADC monomer in fig. 1
shows peak characteristics of functional groups:
=C-H stretching (3086.11cm™!), C=O stretching
(1747.51cm™), and C=C stretching (1649.14 cm™).
For recording the '"H NMR spectrum, a purified ADC
monomer (not soluble in water) was dissolved in
CDCl, solvent. "H NMR spectral data of this sample,
as shown in fig. 2, have peaks at
6 (peak shift)=Ha=6.00—5.90 ppm (=CH-, 2H, m)

=Hb & Hec =5.34 ppm (H,C=, 4H, dd)
= Hd = 4.65 ppm (=CH-CH,, 4H, d)

= He =4.32 ppm, (-OCO,-CH,- 4H, t)
= Hf =3.75 ppm (-O-CH,-, 4H, t)

Proton positions from Ha to Hf have been shown
in the structure of ADC, fig. 2.
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Figure 1. FTIR spectrum of purified ADC monomer
Note: The carbonyl stretching peak of the carbonate at 1747.51 cm™, =C-H stretching peak at 3086.11 cm™,
C = C stretching at 1649.14 cm™
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Figure 2. "H NMR spectra of purified ADC monomer in CDCI; solvent at 400 MHz and 22 °C
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Note: The y-axis is showing intensity of absorption (arbitrary units) against the chemical peak shift position d (in ppm) of various
protons in ADC with an internal reference signal position taken at O ppm with respect to tetramethyl silane (TMS) which is used as

the internal standard. The peak shifts due to respective proton positions (Ha-Hf) have been denoted in the ADC chemical

structure
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Preparation of initiator isopropyl peroxy-
dicarbonate (IPP): The initiator IPP used during the
polymerization of ADC is a highly unstable com-
pound above 0 °C and, hence, its commercial supply is
not possible. Further, in larger quantities, its transpor-
tation could result in explosions. IPP was synthesized
from an intermediate Isopropyl chloroformate (IPCL),
which is synthesized from isopropyl alcohol and phos-
gene/triphosgene. Triphosgene is a relatively stable
compound that can be transported. The triphosgene
was dissolved in dichloromethane and cooled to 0 °C.
Isopropyl alcohol and pyridine were injected through
the rubber septum in the reaction flask at such a rate
that pyridine always remain in excess in the reaction
mixture. Dichloromethane was slowly removed by
fractional distillation. This crude product was vacuum
distilled at 40 °C with very low vacuum to afford pure
intermediate IPCL in a 70 % yield. The final product,
IPP, was prepared by the condensation of IPCL with
sodium peroxide [14, 15]. Its purity was analyzed by
volumetric titration. The process to synthesize about
5-7 gm of IPP at a time has been standardized.

Assembling the mould for PADC
polymerization

It is well known that during polymerization
ADC undergoes a volume shrinkage of about 14 %.
This causes the PADC sheet to bend inside the mould
and eventually leads to a broken sheet or even pulveri-
zation. This is avoided by pressurizing the mould
gradually, so that the mould plates are brought closer
to each other, thereby stopping the bending of the
sheet. Excess of pressure can result in the breakage of
glass plates of the moulds. In the cast polymerization
method, the mould is assembled and kept in the poly-
mer press for uniform curing and pressure.

Mould design

Optical glass plates were used to assemble the
mould. The assembling of the mould for casting small
sized (9 cm x 9 cm) PADC sheets has been reported ear-
lier [16-20]. In order to cast large (25 cm x 15 cm)
sheets, few modifications were required to make the
mould sturdy. It was observed that a float glass 6 mm
thick developed cracks in larger moulds. Hence, com-
mercially available 6 mm thick, toughened glass (Pyran
S, Schott, Germany) sheets sized 30 cm x 20 cm, were
optimised for the mould. It was assembled using a tef-
lon gasket with an inner window of 25 cm x 15 cm
sandwiched between the two glass plates, as shown in
fig. 3. The plates were cleaned with solvents and then
wiped with an anti-dust cloth to assure that they were
clean and dust free. A commercial teflon sheet (500 um
or 700 um thick as per requirement) was heated under
pressure to remove the wrinkles on its surface. It was

Opening to fill the mould

/;/

\

Teflon gaskelt Monomer + Initiator mixture
[ 1 ]
| |

Figure 3. Design of the gasket and mould

then cut in a square shaped gasket 2.5 cm wide and a
small opening. The mould was initially kept under a
polymer press overnight to avoid leakage during the
filling of the monomer. It was found that during filling
monomer bubbles get trapped at the opening of the
mould which could result in the cracking, as well as the
coloring of the sheets. Therefore, the design of the tef-
lon gasket was modified by introducing tapering at the
opening to avoid leakage. This resulted in a smooth fill-
ing of the mould. The monomer containing the IPP initi-
ator (~45 ml) was introduced into the mould using a sy-
ringe pump.

Filling the mould

The purified monomer was first filtered through
ateflon filter of 500 pm, followed by a 200 um filter to
remove the suspended particles/solids, if any. The
monomer was then subjected to a vacuum for about 5
minutes after which dry nitrogen was flushed for fur-
ther 20 minutes or so. The process was repeated twice,
so as to completely remove the dissolved oxygen from
the monomer. The initiator and the plasticizer were
added to the flask and the contents homogenized by
mixing. The polymerization mixture was carefully in-
jected into the mould through the opening in the teflon
gasket, avoiding the formation of air bubbles, and the
opening sealed.

Polymerization of the ADC
using Polymer press

A polymer press was fabricated using two sur-
face ground mild steel plates (platens) sized 30 cm x
30 cm, 6 mm thick. The plate at the bottom was fitted
over a fixed stand and a screw placed at the top plate
so that the distance between the plates could be ad-
justed using screw movement. Heating blocks were
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fabricated using 12 mm thick aluminum plates
equipped with hot water lines to circulate the hot wa-
ter for heating purposes. A polymerization mould can
be placed between the two plates and a slight pressure
applied by tightening the screw. We have used three
blocks so as to be able to place two of the moulds at
the time of heating. It was noticed that a perfect paral-
lel alignment of platens and heating blocks was re-
quired to avoid the cracking of the polymer films. The
heating of aluminum blocks and, in turn, that of the
polymer mould, was done by circulating hot water
through a programmable circulating water bath
model, Julabo F25. A tiny hole (6 mm in diameter and
8 cm in length) was drilled in the heating block to
place the sensor for monitoring the temperature. Us-
ing this press and the appropriate mould, PADC films
of size up to 25 cm x 15 cm could be fabricated.

Heating the mould: The mould was placed in a
polymer press for heating and the heating was done us-
ing a programmable circulating water bath. Two
moulds could be kept in the space between the heating
blocks. A sensor was inserted into the middle block to
measure the temperature of the blocks. For general
heating purposes, water was circulated through the
blocks to maintain a uniform temperature between the
two blocks where the filled mould was placed for
polymerisation. The moulds were slightly pressur-
ized during polymerization. Upon the completion of
50 %-55 % polymerization, the pressure on the mould
was increased slightly and the polymerization cycle
continued till the completion of 12 h. The mould was
opened after being naturally cooled at room tempera-
ture (natural cooling took about 12 h) and subse-
quently placed in warm water for 2-3 h to obtain an un-
broken sheet of PADC with a fine surface.

Since the allylic or vinyl polymerization process
is highly exothermic, the autoacceleration of polymer-
ization is possible over the course of ADC polymeriza-
tion. The gradual formation of polymer (gel) state is a
poor conductor of heat and, hence, if too much heat
evolves suddenly, a crack may be observed, as shown

Figure 4. Photograph indicating cracked PADC sheets
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Figure 5. Graph showing optimized 12 h and 24 h curing
cycle for indigenous PADC

in fig. 4. In order to avoid such problems, a process of
constant rate polymerization was suggested by Dial et
al [21]. They studied the kinetics of ADC polymeriza-
tion and proposed an equation for calculating the tem-
perature of the polymerization bath to be maintained at
a given time under constant rate conditions. This pre-
vents excess heating of the mould at any given time
and a smooth evolution of heat during polymerization.
Based on our dosimetric test results, a heating profile
for 12 hand 24 h curing was optimized. The curing cy-
cle of 12 and 24 h is shown in fig. 5. There are reports
available indicating that heating the sheets at around
80-90 °C for a longer time removes residual unsatu-
rated ADC and produces a polymerized sheet (PADC)
which is very smooth, inspite prolonged etching.
Hence, upon the ending of a normal 12 h profile, it was
decided to keep the moulds at a constant temperature
of 80 °C for about 8 hours, followed by a slow rise in
temperature of up to 95 °C for the remaining period,
until the 24 h heating cycle is over.

We have also noted that the thickness of the
PADC sheets depends on the variations in the thick-
ness of glass plates used ( from one to the other end
(near their edges), as well as on the variation in the
thickness of the teflon gasket. As both of these materi-
als are imported, control over their thickness was not
possible. The variations amounted up to 50-70 pm.
Nevertheless, inspite of the arrangements cited, we
managed to produce polymerized sheets with uniform
surfaces and without any cracks.

Preparation of neutron dosimeters
from PADC sheets

Preparation of dosimeters: The PADC sheets
developed with different curing cycles had thick-
nesses ranging from 500 to up to 800 um. Initially, a
few sample detectors from these sheets were examined
under a microscope. The PADC sheets were then man-
ually cutinto dimensions of 3 cm x 3 cm, so as to avoid
any breakage to the sheets. A PADC detector with a 1
mm polyethylene radiator of similar dimensions was
loaded in an airtight, triple- laminated aluminized



R. Pal, et al.: Development and Dosimetric Characterization of Indigenous ...
180 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 3, pp. 175-187

pouch. The top and bottom sides of the sheets were
marked and the control (unexposed) pieces of both
samples utilized in a background study envisioned to
check and ascertain the surface while utilizing a lower
background. The thicknesses of these pieces were
measured at all four edges. The polyethylene radiator
provides enhanced sensitivity for track detection due
to recoil protons produced by the interaction of neu-
trons with the radiator. The aluminized pouch protects
the detector from ambient conditions, renders it dust-
free during handling and prevents entry of atmo-
spheric radon/alpha particles which may result in
tracks. For comparison of neutron sensitivity, the
CR-39 sheets procured by M/s Pershore Moulding, U.
K,. were used as a reference.

Detector irradiations: The irradiations of the de-
tectors were performed in air, in a low-scattering irra-
diation laboratory. To study the neutron sensitivity, a
set of 5 PADC and CR-39 detectors, were irradiated to
a 1 mSv neutron dose equivalent from a *' Am-Be
neutron source in air, at a distance of 50 cm, with the
radiator side facing the source for sensitivity of PADC
detectors. For dose linearity studies, a set of 5 dosime-
ters were irradiated in air to dose equivalents of 0.5, 1,
2, and 3 mSv in 2*! Am-Be neutron source.

Processing of neutron dosimeters

Etching techniques: There are several etching
techniques such as chemical etching (CE), electro-
chemical etching (ECE) and a combination of both
chemical and electrochemical techniques. These tech-
niques can be used for enhancing the damaged tracks
and counted with an appropriate imaging system. At
Bhabha Atomic Research Centre (BARC), the
two-step elevated temperature electrochemical etch-
ing (ECE) developed by Tommasino et al., is followed
by an additional chemical pre-etch step. It was ob-
served that chemical pre-etching (CPE) followed by
the ECE technique lowers background tracks [22].
This technique is known as the combined etching tech-
nique (CPE+ECE). It removes the superficial shallow
defects which may produce background tracks and is
standardized [23].

Chemical pretching followed by electrochemical
etching(CPE+ECE): Tracks of varying depths are
produced depending upon the proton recoil energy.
The application of the electric field to chemical etch-
ing enlarges tracks even at small depths and makes
them visible for counting at low magnification. The
combined etching technique significantly improves
the energy response of PADC detectors and brings the
energy threshold down to 100 keV. PADC detectors
are processed by mounting them in a custom-built
electrochemical etching cell which can hold 25 detec-
tors at a time, with 7N KOH as the etchant solution

[24].The combined etching technique comprises the
following steps:

Step- 1: the pre-etch step where the etching cell is
placed in the incubator at 60 °C for 90 min, without ap-
plying voltage.

Step-2: The etching cell is connected to the power
supply for electrochemical etching. Etching at low fre-
quency is carried out for 3 h, where the power supply
operates at a low frequency of 100 Hz at 1250 V con-
stant potential (appropriate voltage depending on the
thickness of the sheet).

Step-3: Etching at a high frequency of 3.5 kHz
for 40 min.

The combined etching technique has been used
for the dosimetric characterization of PADC. The typi-
cal field strength used for the etching of the PADC de-
tector was 20-25 kVem!. The voltage applied was
varied, based on the thickness of the sheet.

Track counting using image
analysis system

The manual method of counting has-limited ca-
pability when measurements with higher accuracy and
reproducibility are required. PC-based image analyz-
ers can overcome these shortcomings. Since thereis a
strong correlation between measurable track parame-
ters (area, diameter, eccentricity, etc.) and the property
of the particle inducing the track, it is important to use
image analyzers that are capable of measuring the nec-
essary parameter in a reproducible manner.

A PC- based automatic image analysis system
developed indigenously at BARC has been used for
the counting of tracks of the PADC detector. A photo-
graph of an image taken by the imaging system for ex-
posed tracks is shown in fig. 6. The details of the image
analyzer are available in literature [25]. Images and

Figure 6. Image of track on the PADC detector exposed
to 2 mSv after ECE processing, as seen through the image
analysis system
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data can be stored against the detector number as a file
in the existing system. The basic parameters computed
for the tracks in the binary image are: area, perimeter
and the roundness factor. The tracks that are produced
due to irradiation should ideally be round in shape and
have a roundness factor close to that of a circle. The
software parameters are set so that, only the tracks that
fall within the set area range and roundness factor are
counted. This method of shape-based filtering is em-
ployed to filter out the tracks that are elongated. These
elongated tracks may be present due to scratches and
other damages that occur on the PADC detector dur-
ing the etching process and are not considered for
counting. The lower and upper limits of the diameter
and roundness factors of acceptable tracks are 60 um
to 250 um and 0.7 to 2.0, respectively.

RESULTS AND DISCUSSION

Parameters for dosimetric
characterization of indigenous
PADC sheets

Minimum detection limit (MDL): The minimum
detectable limit for a dosimetric system is defined as
the dose equivalent at which the signal is significantly
greater than the background. It is given by the follow-
ing equation [26]

MDL [mSv]=Ngz3 o
where Nj is the calibration factor (mSv/tracks cm )
for a PADC detector and o is the standard deviation of
the background signal (number of tracks cm” of
unirradiated detectors) obtained from the average of
the 20 unirradiated and processed detectors.

Sensitivity of a PADC detector: Sensitivity is de-
fined as the number of tracks per unit area per unit
dose.

Dose linearity: The linear relation between the
response of a PADC detector with an increase in dose
equivalent is expressed through dose linearity.

Testing and characterization of
indigenous PADC sheets

PADC sheets developed in different phases were
tested for the dosimetric parameters such as MDL,

sensitivity and the signal-to-noise ratio. A satisfactory
performance of the PADC sheets developed in this
study was chosen based on the following parameters
of the reference CR-39 sheet: (a) background track
density (20-70 tracks cm™), (b) net track density
(>100 tracks cm> mSv™!), and (c) signal-to-noise ra-
tio (>3.0). Based on these parameters, improvements
in the polymerization process have been evolved to de-
velop a dosimetric grade PADC sheet.

Phase |

In the initial testing, two sheets (labeled as A &
B) of thicknesses 530 um and 600 um were polymer-
ized. The sheets were very brittle and would break dur-
ing removal from glass plates. Nine and fifteen pieces
sized 3 cm x 3 cm could be cut for studies on their neu-
tron sensitivity. The results are shown in tab. 1. It was
observed that, in sheet A, the background tracks were
very high. Although the background of sheet B was
comparable to reference CR-39, its sensitivity to neu-
trons was poor, with a signal- to- noise ratio of 1.6, as
compared to 7.5 of reference CR-39.

During the preparation of PADC sheets in phase I,
nonuniformity of pressure in the hydraulic press led to
the cracking of sheets. The cause of higher background
tracks and low sensitivity could also be due to the im-
proper polymerization process and impurity in the start-
ing chemicals. In order to improve the quality of the
sheets, following precautions were taken, namely (a) use
of highly pure monomer samples, (b) improving surface
uniformity by application of uniform pressure and tem-
perature, (¢c) maintaining clean environment during poly-
merization of the sheet, and (d) careful washing of the
glass plates.

Phase II

In phase-II, the PADC sheets were prepared after
the rectification of the polymer press carried out to
maintain uniform pressure and temperature. Also, the
environment of the laboratory was made clean. Two
sheets (labeled C and D) were prepared in this phase.
Sheet C and D were 800 um thick. Only nine pieces of
3 cmx 3 cm could be obtained from each sheet. The re-
sults on the track density of the control (unirradiated)
and exposed detectors are shown in tab. 2. The signal-
to-noise ratio of sheet C was found to be comparable to

Table 1. Preliminary testing of indigenous PADC with reference CR-39 in phase 1

Sheet label Thickness [um] *A:iigge;%tﬁ; ]?é(n% jzr]ack *Total a\/[iiiilgzcilirsa\?}?]density *NE:(E ggﬂ:gd;n]sity Signéila;?onoise
Reference CR-39 635+ 30 27+6 229+ 12 202 +3.1 7.48
Sheet A 53045 1006 £ 54 850 £ 462 - -
Sheet B 600 + 62 24+3 64+ 16 40+4 1.66

Note: "counts are average of three detectors. Bkg stands for background
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Table 2. Results of the neutron sensitivity and background track density of sheets in phase 11

Sheet label Thickness [pum] *Aé/z;z%g,]?;%—t{]a(:k *Total av[ecrre;gg:ntlrg\c}ﬁ ]d ensity *Nférgiaz%ll(sd\??]s ity Signal to noise ratio
Sheet C 800 + 25 24 +12 202+7 74 £ 14 3.08
Sheet D 800 + 30 20+ 7 109 + 8 37+20 1.85
Sheet E 600 + 34 607 £ 67 798 £27 95+ 72 0.15
Sheet F 500 + 46 97 + 36 487 £ 10 195 + 37 2.01
Sheet G 600 + 30 93 +£46 118 +£38 10.4 £ 59 0.11
Reference CR-39 625+ 34 54+9 250+ 8 196 £+ 12 3.63

Note: “counts are average of three detectors. Bkg stands for background

that of the reference sheet whereas, for sheet D, the
signal-to-noise ratio was 1.85 (tab. 2). Based on the
above results, it was decided to prepare more sheets of
a thickness in the range of 600 um (thickness of PADC
sheet comparable to reference CR-39 sheet) to gener-
ate good statistical data on neutron sensitivity and
MDL.

In the second lot of phase II, three sheets (la-
belled E to G, as shown in tab. 2) were prepared.. The
results are shown in the tab. 2. It was found that the sig-
nal-to-noise ratio of sheet F was close to reference
CR-39, but other sheets were not of dosimetric grade
in terms of sensitivity. The achievement in this phase
was that the sheets could be prepared without any
cracks and with an uniform surface, but their sensitiv-
ity was not comparable to that of reference CR-39
sheet. Further, in order to have PADC sheets with
higher neutron sensitivity, it was decided to use 0.1 %
DOP instead of 1 % DOP used in the sheets prepared
and tested previously.

Phase 111

Two batches were prepared in the final phase
of testing comprised of eight and six intact sheets of
25 ¢m x 15 cm. A photograph of the intact sheets is
shown in fig. 7. These sheets were physically clear,
transparent and strong. They were cut into 3 cm x 3 cm

Figure 7. A typical photograph of the intact sheets

pieces and their thicknesses measured at all four
edges. The sheets showed varying thicknesses, as
shown in tab. 3. They were divided into two groups
based on the thicknesses, so that an appropriate volt-
age for etching could be applied. In the first batch,
eight sheets labeled from H to M and were placed in
one group having a thickness of 520 pum + 31 pm,
whereas sheets N and O were placed in the second
group with a thickness of 730 = 28 um. The etching

Table 3. Results on track density and signal to noise ration of eight PADC sheets in phase 111

. No. of detectors | No. of detectors
Sheet label Thickness Egﬁgng *&\égz%igkg *Ij;tlg?ck Signal to | with acceptable | acceptable based | Performance of
[pwm] [V]g [cm 2] ty [Cm—zms}\ll—l] noise ratio | control (30-100 |on signal to noise the sheet
tracks cm ] ratio (>3.0)
H 505 +48 1150 270 £ 156 156.3 + 40 0.58 0 0 Unsatisfactory
Not dosimetric
I 494 £ 25 1150 98 +47 119.3 £ 30 1.22 3 0 erade
J 550 £ 50 1150 37+26 143.2 +£20 3.86 3 3 Dosimetric grade
K | 482455 | 1150 | 154£102 | 1949460 | 126 1 0 Not dosimetric
grade
Not dosimetric
L 560 + 38 1150 85.6+16.8 136 + 18 1.6 5 6 erade
M 530+ 56 1150 45.8+11.9 39+£13.0 0.7 3 10 Unsatisfactory
N 750 + 37 1600 33+5 136.5+8 4.09 4 3 Dosimetric grade
O 710+ 58 1600 273 £44 18.6 +40 0.07 0 0 Unsatisfactory

Note: “counts are average of three experiments with five detectors. Bkg stands for background. All the sheets were polymerized with 12 h
curing cycle
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voltages used were 1150 V (for 520 pm) and 1600 V
(for 730 um), respectively, based on the average thick-
ness keeping the electric field strength at 22 kVem™. A
total of 108 detectors were used for the testing. Outofa
total of 108, 53 detectors were kept as control, while
55 were exposed to a 2 mSv neutron dose equivalent.
The etching of these detectors was carried out in
groups of equal number of control and concurrently
exposed (3 detectors each) in order to observe the con-
sistency of their neutron sensitivity/response.

The results on neutron sensitivity and back-
ground tracks of these detectors are shown in tab. 3.
Out of the eight sheets only J and N have acceptable
control, net track density and good signal-to-noise ra-
tio (>3). Sheets H and M have a high background
(>100 tracks cm™2) and a lesser signal to noise ratio.
Sheet O was unsatisfactory, due to negligible sensitiv-
ity. As for sheets [, K, and L, although the signal was
good, their signal- to-noise ratio was poor (around 1.5)
and they were, hence, not considered to be of
dosimetric grade. Only in sheets J and N, the average
signal-to-noise ratio was around 3.0, near to the refer-
ence CR-39 detector used in neutron monitoring. With
regard to sheets J and N, two trials of processing pro-
duced consistent results. All sheets tested in this lot
were polymerized within a 12 h curing cycle. In order
to further improve their performance, it was decided to
increase the duration of the sheet curing cycle to 24 h.

In the second batch of Phase III, six sheets la-
beled from P to U were tested. In order to investigate
the variation in the background with respect to the two
surfaces of individual sheets, the top and bottom sides
of each sheet were marked as S1 and S2. The sheets
were cut into 3 cm x 3 cm and the thickness measured
at all the four edges. They were divided into three
groups, based on their thicknesses. Sheets P and T
were placed in one group, sheets Q and R in the second
and sheets S and U were allotted to the third group, as
shown in tab. 4, along with their etching voltages.
Sheets T and U were polymerized within a 24 h curing

Table 4. Results of second lot of six PADC sheets in phase III

cycle, while the rest were prepared withina 12 h curing
cycle. Three PADC detectors were packed and irradi-
ated on the S1 side and three on the S2 side and etched
along the control (taken from both sides) for back-
ground and sensitivity. The surface of each sheet with
a lower background was identified and that particular
surface was then used for further studies on the
reproducibility of results and dose linearity. Out of the
142 detectors, 54 were kept as control, while 88 were
exposed to different doses.

Table 4 provides the details of the performance
of the detector in terms of track density, background
track density and the signal-to-noise ratio, efc., for
each sheet with respect to its side. It shows the average
results of the three etchings carried out to verify the
consistency regarding the sensitivity of the sheets. In
sheets P and Q, the S2 side showed a lower back-
ground. However, their MDL was around 0.4 and
0.3 mSv, respectively. The signal-to-noise ratio
amounted to around 4.7. Although, the background
and signal- to-noise-ratio was acceptable, the MDL
was high due to, which the sheets could not be used for
lo -dose measurements, as required in personnel moni-
toring. The said sheets can be used in high-dose exper-
imental measurements. Their performance was con-
sidered satisfactory. Sheet R showed dosimetric
quality on the S2 side. Side S1 was satisfactory. All the
other sheets from S to U were tested and found to be of
dosimetric grade (criteria for dosimetric quality is that
the signal- to-noise-ratio should be greater than 3
and MDL <0.2 mSv). Both sides of sheets from S-U
were acceptable, as they exhibited lower background
track density and a high signal-to-noise ratio. Figure 8
presents the total number of control detectors used in
the study. It can be seen that all control detectors of
sheets from R-U have acceptable background tracks.
Figure 9 presents the total number of detectors ex-
posed, along with the ones with an acceptable sensitiv-
ity (sheets P-U). Itis obvious that sheets R-U have an
acceptable net-track density (signal-to-noise ratio

Sheet | Thickness Curing Etching | Sheet side | *Average Bkg| *Net track Signal to | MDL | Performance of the
label [um] details [h] voltage | with less - track depsity dezn SIY - | noise ratio [mSv] sheet
i V] [Bkg] [cm™] [em™mSv™']
P 470 £48.2 12 1050 S2 58 £40 2759+ 63 4.7 0.4 Satisfactory
Q 540 £ 57.9 12 1200 S2 53+27 2554 +£29 4.8 0.3 Satisfactory
S1 54 £26 233.8+5 4.4 0.3 Good dosimetric
R + 12 1200 . -
405£22 $2 46+19 | 260444 | 57 | 02 | quality onS2side
S1 64 £ 14 217.7+8 32 0.2 Good dosimetric
S 560 + 53.4 12 1250 .
S2 52+ 16 276.9 £ 28 5.3 0.2 quality
S1 29+ 256.7+ 1 9.0 0.08 i i
T | 480+946 | 24 | 1050 . 207210 Good dosimetric
S2 46 £ 17 239.6£19 5.2 0.2 quality
S1 60+£3 215.0 £29 3.6 0.04 imetri
U | s70+461 | 24 1250 Good dosimetric
S2 32+8 264.7 £33 8.3 0.09 quality

Note: "counts are average of three experiments with five detectors. Bkg stands for background. Sheets labeled P, Q, R, S were polymerized
with 12 h curing cycle where as sheets labeled T and U were polymerized with 24 h curing cycle
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Figure 9. Total number of detectors exposed in the study
along with numbers of detectors with acceptable net
track density of the sheets developed in phase II1

>3.0). It can also be observed from paragraphs given
in figs. 8 and 9 that all the control and exposed detec-
tors of sheets R-U used in this study produce an ac-
ceptable background and net-track density . The MDL
was also up to 0.2 mSyv, as required for personnel mon-
itoring. These sheets were promising, as they meet the
acceptance criteria and, hence, the dose linearity stud-
ies carried out on them, as shown in fig. 10. The dose
linearity for sheets R through to U has been established
as being £30 %.

As for sheets R and S, a 12 h curing cycle was
carried out, whereas T and U were polymerized with a
24 h curing cycle. The sheets exhibited good
dosimetric characteristics, comparable to the refer-
ence CR-39 detector. The quality of the PADC sheet
depends on the purity of the monomer, the most impor-

tant ingredient of every PADC and. hence, it it is
essential to have stringent checks on the purity of the
monomer. As can be observed fromtab. 3, in case of 12
h curing, out of eight sheets, only two were of
dosimetric quality and as observed from tab. 4, out of
six sheets, two were satisfactory and four were of
dosimetric grade. In case of 24 h curing, only two
sheets were prepared, both of dosimetric quality.
Therefore, it can be predicted that 24 h curing has a
better chance of providing dosimetric grade sheets,
due to a prolonged and slow polymerization which
leads to sheets with an uniform surface. The sheets
prepared with a 24 h curing cycle are promising for
personnel neutron monitoring.

This continuous improvement of the curing cy-
cle over aperiod of three years has finally succeeded in
producing dosimetric grade PADC which can be used
for neutron monitoring. Sheets of larger size utilizing a
large polymer press can now be polymerized without
cracking. PADC sheets with an uniform surface can
also be made.

CONCLUSIONS

Intact PADC sheets of dosimetric grade sized
25 cmx 15 cm were produced in the present study and
acuring cycle of 12 h and 24 h standardized. The entire
process of evaluating indigenous PADC sheets, start-
ing from detector preparation, irradiation, etching, and
counting, was standardized in BARC. It was observed
that polymerization over a longer period, i. e., 24 h, re-
sults in better quality dosimetric grade detector sheets.
A curing cycle of 24 h could produce PADC sheets
witha MDL of 0.1 mSv and a signal-to-noise ratio of §,
similar to reference CR-39.
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Pynanu ITAJI, Bumny C. HAIKAPHU, Muntemt HAUK, Mynut BEK, Amok K. BAKIIH,
Moxan I1. 9YTAOHKAP, l'anmjam YYPACHUIA, Jeauna C. MAJA, ey A. P. BABY

PA3BOJ 1 TOBUMETPUICKA KAPAKTEPU3AILIMJA NTOMAREI
PADC JO3UMETPA 3A JINYHY HEYTPOHCKY JO3UMETPUJY

CR-39 je HykieapHu Tpar [AETEKTOp, MO3HAT IOl XEMHUjCKUM HA3MBOM MOJIH-AJIUII-
-IUTIIAKOJI-KapOoHaT, ca IIHIPOKOM NPUMEHOM y JMYHOM MOHUTOPUHTY 300T CBOje OCETIHHBOCTH Ha
HEYTPOHE W OJIMYHUX ONTHYKUX CBOjCTaBa KOja OJIAKIAaBajy aHANW3e W AYT pajHu Bek. [laHac ce oBU
IETEKTOPH YBO3€E M KOPHUCTE 32 MPOrpaM JINIHOT MOHUTOpUHTa y UHIUjH, T€ je cTOora YIOKEH TPY/ Y ’bUXOB
nomahu pas3Boj. CrpoBefieHH Cy pa3iIMYUTH XEMHjCKU MPOLECH Kao IITO Cy CHUHTEe3a aJlUi-TUTIUKOI-
-KapOoHAT MOHOMEpA ¥ U30MPONMII-NIEPOKCH]] KapOOoHaTa Kao MHUIMjaTopa Mpoleca nojuMepusanmje u
pe3ynTaTi OBOT MOCTYIIKA MPUKAa3aHM Cy Y OBOM pany. Pa3BujeH je MeTox 3a mpaBibemhe HeNCITPEKUTAHIX
104 MOJN-aluI-AUIIMKOJ-KapOoHaTa fuMen3uja 25 cm x 15 cm u ge6bune 500-800 pm. ysku npouec
oJTMMepu3alyje JonpuHocu Behoj 0CeTIbUBOCTH Ha HEYTPOHE, CHUXKAaBa FPAaHUIy MUHUMAJTHE e TeKIHje 1
no0oJsplllaBa OfHOC CUTHaN-IIyM. Pesynrtatu mokasyjy ma je moryhe passutu PADC perekTop ca
MuHIMAITHOM fieTekumjoM off 0.1 mSv n ogHOCOM cuHTan-1ryM of 8.0.

Kmyune peuu: ioau-aiun-0uzauKkoa-KapOoHaill, eAeKitipoXemMujcko Hazpusarse, HeyilpoHcKa
do3umettipuja




