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Abstract

The effect of gamma-ray irradiation doses (4, 6, 8, and 10 Mrad) on the structural and optical properties of the Cr-39 solid-

sate nuclear track detector was studied before and after irradiation. The main characteristic amorphous X-ray peaks were ob-

served with very slight changes in their intensity, confirming the structural stability of the Cr-39 solid-state nuclear track de-

tector. The optical transmittance and absorbance of the irradiated sample were lower than those of the unirradiated sample

in the UV region. The optical transmittance increased rapidly in the ultraviolet range (337-546 nm) until it reached an al-

most constant value in the visible range. Moreover, a red shift in cutoff wavelength (λcutoff) was seen after irradiation, indicat-

ing that the fundamental absorption edge of the examined samples has decreased. Changes occurred in the optical band-gap

values of all samples, with new groups of localized states generated near the valence and conduction band edges. The refrac-

tive index (n) values were observed to be increases after irradiation. The extinction coefficient increases with increasing

wavelength as irradiated doses increase which was caused by surface plasmon absorption in irradiated samples.
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Introduction

Increasing  scientific  and  technological  applica-

tions of the solid-state nuclear track, detectors have simulat-

ed efforts to develop better track-recording solids with vary-

ing  relative  radiosensitivity.  Plastic  nuclear  track  detectors

are the best; they consist of long-chain molecules with differ-

ent thresholds for detecting charged particles [1,2].

The Cr-39 polymer (Columbia resin #39) is a plas-

tic detector type used in many scientific and industrial fields

[2-5].  Radiation-induced  ionizing  and  non-ionizing

changes in Cr-39 polymer are of increasing research interest

due  to  their  potential  scientific  and  technological  applica-

tions  [6-9].  Increasing  scientific  and  technological  uses  of

solid-state nuclear track detectors have stimulated efforts to

develop more effective track-recording materials with vari-

able  relative  radiation  sensitivity  [2,7,10].  Plastic  nuclear

route detectors are preferable because they consist of long-

chain  polymers  with  varying  thresholds  for  detecting

charged  particles.

The  non-ionizing  radiation  is  capable  of  causing

thermal ionization if enough heat is deposited to raise tem-

peratures to ionization energy levels. Bulk etch rates can be

used  to  study  the  properties  of  plastic  track  detectors  be-

cause  they  show  how  irradiation  changes  the  structure  of

the plastic  [1],  [11-13].  But  studies  based on the change in

optical  density  at  certain  wavelengths  also  show  that  the

dose-response of  the  dosimeter  has  a  small  effect.  It's  hard

to tell  how much ionizing radiation someone has  been ex-

posed to. Plastic and Cr-39 are the most sensitive detectors

because  they  have  a  discrimination  threshold  that  is  ten

times  lower  than  the  others.

Polymers  have  become  more  important  over  the

past few decades because they are light, cheap, flexible, cor-

rosion-resistant,  and  easy  to  make  in  thick  and  thin  sam-

ples. Cr-39 has become one of the most common polymers

because of  these qualities  [14-16].  It  can absorb visible,  in-

frared, and nuclear radiation [17]. This makes it more use-

ful for many things, like glasses, optical absorption, infrared

absorption  spectra,  and  viscosity.  Since  Cr-39  is  a  well--

known plastic in the family of solid-state nuclear path detec-

tors, it is also used to study how ionizing radiation affects a

solid-state nuclear path detector [1,18-20].  It  can keep bet-

ter track of charged particles.

This work aims to study Cr-39 before and after ex-

posure to 4, 6, 8, and 10 Mrad of gamma radiation. The sam-

ples are then analysed by ultraviolet-visible spectroscopy, in-

frared  spectroscopy  (FT-IR),  and  X-ray  diffraction  for

Cr-39  before  and  after  irradiation.

Experimental work

Materials

Small strips with dimensions 1 cm x 3 cm and 700

µm thickness of the Cr-39 plastic were obtained from Amer-

ican technical plastics Inc. The Cr-39 has the chemical for-

mula C12H18O7 and a density of 1.32 g/cm3. The material of

the Cr-39 detector is  transparent in the visible spectrum

and almost opaque in the ultraviolet range. Gamma 1 (type

J-3600, Canada, Ltd.) was used for atomic energy at the Na-

tional  Centre  for  Radiation  Research  and  Technology

(Cairo, Egypt). A 60Co gamma cell (2000Ci) was used as a

gamma ray source with a dose rate of 1.5 Gy (150 rad/s).

Each sample was subjected to a total dose of 4×104 Gy (4

Mrad), 4×104 Gy (4 Mrad), 8×104 Gy (8 Mrad), and 10×104

Gy (10 Mrad) at room temperature.

The ATR-FTIR measurements were taken using a

Bruker  VERTEX  80  (Germany)  combined  platinum-dia-

mond ATR with a diamond disc as  an internal  reflector in

the range 4000-400 cm-1 with a resolution of 4 cm-1 and 50

scans. Absorption, reflectance, and transmittance spectra in

the ultraviolet-visible spectrum were examined using a Jas-

co  V-630  UV-VIS  (Japan)  spectrophotometer  from

190-1100 nm. A PANalytical X'Pert Pro at 45 KV was used

to  study X-ray  diffraction with  a  Cu-Kα target  with  se-

condary monochromator Holland radiation at 0.1540 nm

with 2θ=5-70°.

The  chemical  structure  of  the  Cr-39  is  shown  in

scheme (1) [14,21].
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Scheme 1: The chemical structure of the Cr-39

Results and Discussion

X-ray diffraction

The  X-ray  diffraction  spectra  of  pure  Cr-39  and

Cr-39 irradiated with 4, 6, 8, and 10 MRad are shown in Fig-

ure 1. It has been observed that the Cr-39 polymer contains

a  semicrystalline  structure  (crystalline  and  amorphous  re-

gions).  It  is  found  that  the  main  characteristics  crystalline

peak at 2θ = 21.46°.  The amorphous region showed a dist-

inct  diffraction halo  from 2θ  =36.92°-52.36°.  After  irradia-

tion, it was found that there was a very slight change in the

intensity  of  the  X-yay  spectra  due  to  the  different  doses  of

gamma  rays,  which  destroyed  the  original  structure  of

Cr-39. The observed variations in the X-ray diffraction spec-

tra are believed to result from the disordering of the initial

structure of the Cr-39 polymer [22].

Moreover, a rise in peak intensity and an increase

in  the  full  width  at  half  maximum  (FWHM)  are  detected

from  the  diffraction  of  irradiated  Cr-39  polymer,  which  is

often correlated with an increase in the degree of crystallini-

ty of the polymer.

The  degree  of  crystallinity  (χc)  is  estimated  from

the area under the peak between the crystalline amorphous

phases on the diffraction pattern from the relation:

where Ac is  the area under the crystalline peak at

(2θ  =  21.46°)  and  Aa  the  area  under  the  semicrystalline

peak centered at (2θ = 43.91°). The degree of crystallinity of

0, 4, 6, 8, and 10 Mrad are 68.2, 69.01, 70.33%, 70.82%, and

71.43%),  respectively.  Increasing  irradiation  doses  show

slight  and significant  gradient  change in  the  Cr-39 diffrac-

tion  pattern.  This  confirms  the  structural  stability  of  the

samples.

FT-IR spectroscopy

FT-IR  spectroscopy  is  a  helpful  technique  for

studying the physical and chemical properties of polymeric

materials  after  irradiation.  The  variations  were  calculated

based on the relative rise or decrease in the intensity of the

characteristic  bands  associated  with  the  functional  groups

contained in the polymers. The FT-IR transmittance spectra

(in AT-IR mode) of the unirradiated Cr-39 and Cr-39 irradi-

ated  with  4,  6,  8,  and  10  Mrad  in  the  wavenumber  range

4000-400 cm-1 at room temperature shown in Figure (1).

The  spectra  show  the  presence  of  two  bands  at

2919 and 2848 cm-1 are assigned to C-H stretching vibra-

tions mode of the CO2 gas, the band at 1463 cm-1 is attribut-

ed to the CH2 bending vibrations, and the band at 718 cm-1

is due to ether groups. These bands have a linear decrease,

with the doses increasing for all irradiated samples. These

observations confirm a linear dependence of chain degrada-

tion with the doses [8,13,15,16]. This is due to the trapping

of the spectral groups inside the Cr-39 leading to the de-

crease observed in the samples irradiated with high doses.

The intensity of the characteristic FT-IR bands of Cr-39 ris-

es after irradiation, indicating an increase in the polymer's

unsaturated behavior.
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Figure 1: The X-ray diffraction spectra of pure Cr-39 and Cr-39 irradiated with 4, 6, 8, and 10 MRad

FT-IR spectroscopy

FT-IR  spectroscopy  is  a  helpful  technique  for

studying the physical and chemical properties of polymeric

materials  after  irradiation.  The  variations  were  calculated

based on the relative rise or decrease in the intensity of the

characteristic  bands  associated  with  the  functional  groups

contained in the polymers. The FT-IR transmittance spectra

(in AT-IR mode) of the unirradiated Cr-39 and Cr-39 irradi-

ated  with  4,  6,  8,  and  10  Mrad  in  the  wavenumber  range

4000-400 cm-1 at room temperature shown in Figure (1).

The  spectra  show  the  presence  of  two  bands  at

2919 and 2848 cm-1 are assigned to C-H stretching vibra-

tions mode of the CO2 gas, the band at 1463 cm-1 is attribut-

ed to the CH2 bending vibrations, and the band at 718 cm-1

is due to ether groups. These bands have a linear decrease,

with the doses increasing for all irradiated samples. These

observations confirm a linear dependence of chain degrada-

tion with the doses [8,13,15,16]. This is due to the trapping

of the spectral groups inside the Cr-39 leading to the de-

crease observed in the samples irradiated with high doses.

The intensity of the characteristic FT-IR bands of Cr-39 ris-

es after irradiation, indicating an increase in the polymer's

unsaturated behavior.

Optical properties

Figures (2 and 3) show the absorbance and trans-

mission spectra of the unirradiated Cr-39 and Cr-39 irradi-

ated  with  4,  6,  8,  and  10  Mrad  in  the  wavelength  range

190-2500 Hz at room temperature, which studies the optical

properties of samples before and after irradiation.

Figure  (2)  shows  the  optical  absorbance  curves

over the wavelength region ranging from 2500 to 1900 nm

for  the  unirradiated  Cr-39  and  Cr-39  gamma-irradiated

with  4,  6,  8,  and  10  Mrad.

The optical absorbance of the irradiated sample is

lower than that of the unirradiated Cr-39 pure sample, with

a much greater decrease observed in the UV region. The de-

crease  in  optical  absorbance  may  be  increased  by  the  in-

crease  in  optical  absorption  and  scattering  by  the  new

molecular species and gases produced by the doses [23,24].

In conclusion, AT-IR and UV-Vis spectral studies on irradi-

ated  Cr-39  plastics  can  provide  further  understanding  and

information  on  the  radiation-induced  degradation  and,

consequently, the track registration properties of this Cr-39

polymer.
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Figure 2: The FT-IR spectra of CR-39 before and after being irradiated with different gamma-ray doses

Figure 3: UV/Vis. absorbance spectra of the studied CR-39 before and after being irradiated with different gamma-ray doses

The transmission spectra in the wavelength range

190–1200  nm  of  the  samples,  as  seen  in  Figure  (3).  The

transmittance of  the non-irradiated (pure Cr-39) sample is

91%  higher  than  that  of  the  irradiated  ones.  Additionally,

the transmissivity region varies from 510 to 1100 nm and is

unaffected by irradiation doses.  Furthermore,  after irradia-
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tion, the transmission magnitude reduces from 91% to 71%.

It was found that the optical transmittance increases rapidly

in the ultraviolet range (337-546 nm) until it reaches an al-

most  constant  value  in  the  visible  range  of  460-1110  nm.

Meanwhile, the optical transmittance increases with increas-

ing  wavelength  and  gradually  increasing  radiation  doses.

Moreover, a red shift in cutoff wavelength (λcutoff) is seen fol-

lowing irradiation, indicating that the fundamental absorp-

tion edge of the examined samples has decreased.

Figure 4: UV/Vis. transmittance spectra of the studied CR-39 before and after being irradiated with different gamma-ray doses

Optical parameters are used to examine and gain a

deeper  understanding  of  the  electronic  properties  of  pre-

pared samples [25].

The absorption coefficient (α) of prepared samples

is given by:

where t is the thickness of the sample, R is the ab-

sorbance, and T is the transmission. Figure (4) shows the ab-

sorption coefficient (α) of prepared samples. Strong absorp-

tion is observed for all  samples with the increase in energy

through  the  UV-Vis  region,  attributing  to  the  electronic

transitions  in  this  spectral  region.  The  spectrum  of  pure

Cr-39 polymer depicts its presence of a π-π* transition that

appears at 199 nm (3.71 eV). In addition, the activation en-

ergy of the irradiated samples decreased with increasing irra-

diation doses at 221 nm to 3.71 eV.
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Figure 5: Absorption coefficient versus photon energy of the studied CR-39 before and after being irradiated with different gamma-ray doses

With a  deeper  look to  study the  absorption spec-

trum of the samples, three regions can be seen in this spec-

trum: a linear absorption region, which is the Tauc region,

then an exponential region, which is the Urbach region, and

then a weak absorption tail. The Tauc region indicates inter-

band transitions between the extended states of both the va-

lence and conduction bands. Thus, it provides an evaluation

of the optical band gap.

The optical energy gap (Eg) according to the Tauc

relation can be calculated as [4,25,26]:

where A is a constant, Eph is the energy of incident

photons, and n is a power factor that refers to the method of

electronic  transition  between  domains.  A  direct  allowed

transition is studied at n = 0.5, and n= 1/2 for an indirect al-

lowed and direct forbidden, respectively [21].

After the irradiation process,  changes occurred in

the optical band-gap values of all samples. New groups of lo-

calized states,  generated by the induced chaos,  diffuse near

the valence and conduction band edges and act as trapping

and recombination centers.  Figures  5  and 6 show the rela-

tions between (αEph)
2 and (αEph)

1/2 as a function of Eph. The

estimated values of the optical band gap (Eg) can be derived

from the intersection of the linear part in the high absorp-

tion region with the x-axis in the figures, respectively. The

values of Eg are recorded in Table 1.
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Figure 6: The relations between (αEph)
1/2 as a function of Eph

Figure 7: The relations between (αEph)
2 as a function of Eph

Table 1: The optical band gap (Eg) values of pure and irradiated Cr-39

The sample A direct optical band gap (E
g
), eV Indirect optical band gap (E

g
), eV

Pure Cr-39 3.91 3.56
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4 MRad 4.09 3.51

6 MRad 3.68 3.44

8 MRad 3.46 3.41

10 MRad 3.34 3.38

In  connection  with  the  fact  that  adhesives  of  the

optical components,  optical waveguides, and anti-reflective

use materials with high refractive indices, the refractive in-

dex (R) of the samples is calculated from the relation [27]:

The values of n are recorded in Table 1. These val-

ues  of  n  are  increased slightly  after  irradiation of  the  sam-

ples,  as  the  refractive  index  causes  the  packing  density  of

the samples to increase.

The extinction coefficient (k) demonstrates the dif-

ferences in absorption when a wavelength travels through a

material  wavelength  and  describes  the  absorption  differ-

ences  as  the  electromagnetic  wave  propagates  through  the

material. The following equation denotes the extinction co-

efficient (k) [28]:

where λ is the wavelength.

The  plot  between  the  extinction  coefficients  (k)

versus  wavelength  (λ)  of  the  present  samples  is  shown  in

Figure (7). The extinction coefficient of the sample peak at

λ= 199 nm increases with increasing wavelength up to 221

nm as  irradiated doses  increase  which is  caused by surface

plasmon absorption in irradiated samples.
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Figure 8: The plot between the extinction coefficients (k) versus wavelength (λ) of the samples
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Conclusion

In  the  present  work,  the  Cr-39  polymer  detector

was  studied  before  and  after  irradiation  by  different  doses

of  gamma radiation (4,  6,  8,  and 10 Mrad).  The crystalline

X-ray peak was observed at 2θ = 21.46°, and the amorphous

region  halo  was  recorded  in  the  range  from  2θ

=36.92°-52.36°.  A very slight  change in the intensity of  the

X-ray spectra due to the different doses of gamma rays con-

firms the structural stability of the Cr-39. With the doses in-

creasing, a linear decrease in IR bands occurred for all irradi-

ated samples due to the trapping of the spectral groups in-

side the Cr-39 leading to the decrease observed in the sam-

ples irradiated with high doses. The optical absorbance and

transmittance of the irradiated sample were lower than that

of the unirradiated sample. The transmittance of the non-ir-

radiated  (pure  Cr-39)  sample  was  91% higher  than  that  of

the irradiated ones. Furthermore, after irradiation, the trans-

mission magnitude reduces from 91% to 71%. After the irra-

diation  process,  changes  occurred  in  the  optical  band-gap

values of all samples with groups of localized states generat-

ed by the induced chaos, diffusing near the valence and con-

duction band edges. These values of the refractive index (n)

and the extinction coefficient (k) were increased slightly af-

ter irradiation.
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