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Abstract: 

Positron Annihilation Lifetime (PAL) technique has been employed to investigate the effect 

of low doses of -irradiation (in air and vacuum) on the type of polymers namely: polystyrene 

(PS). A conventional fast-slow coincidence system was used for measuring the positron 

lifetime spectra. The time resolution of the system was 422±20 ps (the full width at half 

maximum (FWHM)) at 
22

Na energy window. The lifetime spectra were resolved into three 

components by using PFPOSFIT program. The irradiation performed in air (in the presence of 

oxygen) and under vacuum with β
-
-rays by using (

90
Sr/

90
Y) source at room temperature for 

ten different total dose, ranging from (0.3-12.3) Gy . The o-Ps lifetime parameters were used 

to determine the microstructure properties, namely: free volume hole size (Vh) and free 

volume hole fraction (Fh). The parameters were measured as a function of -irradiation dose. 

The results of -irradiation show that, the influence of -irradiation on o-Ps lifetime, hence 

the Vh and Fh values for samples irradiated in air are less than their values for samples 

irradiated under vacuum, due to the effect of peroxy and hydroperoxide radicals formed in the 

presence of oxygen. The results show that cross-linking process is the predominant process as 

a result of -irradiation PS.                                                                                                            

تأثير الاوكسجيه على الحجم الحر الجسئي مع تشعيع بيتا للبولي ستايريه بواسطة زمه عمر 

 البوزترون

 الخلاصة

(  نذساعت حأثٛشاث خشع ٔاطئت يٍ دقبئق بٛخب PALSاعخخذيج حقُٛت يطٛبفٛت صيٍ ػًش فُبء انبٕصحشٌٔ )

عشٚؼت بًٛض صيُٙ أيثم -(. حٛث اعخخذيج يُظٕيت حطببق بطٛئت PSانفشاؽ ( انبٕنٙ عخبٚشٍٚ )انغبنبت )فٙ انٕٓاء ٔ 

. ٔقذ  شؼؼج يدًٕػخبٌ يٍ انًُبرج انبٕنًٛشٚت )ٔبُفظ انًقبدٚش 22-( بٛكٕ ثبَّٛ ػُذ َبفزة انصٕدٕٚو22 422يقذاسِ )

) 00-انٕصَٛت( انًغخخذيت نهذساعت, بًصذس انغخشَٔخٕٛو
90

Sr/
90

Y ٙانببػث ندغًٛبث بٛخب. شؼؼج انًدًٕػت الأٔنٗ ف )

 1223كشا٘ إنٗ  0.3انٕٓاء  ػُذ دسخت حشاسة انغشفت بًُٛب شؼؼج انًدًٕػت انثبَٛت ببنفشاؽ ٔنًذٖ يٍ اندشع يقذاسِ  

. حذدث انخصبئص PFPOSFITكشا٘/ عبػت, حههج انُخبئح إنٗ يشكببث صيُٛت بٕعبطت بشَبيح  3.3كشا٘ ٔبًؼذل 

( يٍ خلال قٛبط صيٍ ػًش فُبء  (Fh( ٔانحدى انحش اندضئٙ  Vhت انذقٛقت نهبٕنًٛشاث انًخًثهت ببنحدى انحش)انبُٕٛٚ

ٔٔخذث انؼلاقت بًُٛٓب ٔبٍٛ اندشع الإشؼبػٛت انًغخخذيت.  بُٛج انُخبئح انخٙ حصم ػهٛٓب, ٔبؼذ  (3)الأسثٕبٕصحشَٕٔٛو 

( ٔكزنك ببنُغبت نهحدى انحش ٔانحدى (3(, إٌ قٛى صيٍ انًشكبت انثبنثت  إخشاء يقبسَّ بٍٛ انحبنخٍٛ )فٙ انٕٓاء ٔفٙ انفشاؽ

انحش اندضئٙ نهًُبرج انًشؼؼت فٙ انٕٓاء ْٙ اقم يٍ حهك انًشؼؼت فٙ انفشاؽ, ٔٚؼٕد رنك إنٗ حأثٛش خزٔس انبٛشٔكغٙ 

يغ الأٔكغدٍٛ. انخٙ حؤد٘ إنٗ  ٔانٓبٚذسٔبٛشٔكغٙ انًخكَٕت َخٛدت نخفبػم اندزٔس انحشة انًخٕنذة بغبب حأثٛش دقبئق بٛخب

(. أٔضحج انُخبئح أٌ ػًهٛبث 3اخخضال انحدى انحش ٔانحدى انحش اندضئٙ َخٛدت نضٚبدة انًُبطق انبهٕسٚت, ببنخبنٙ حُبقص )

انخشببك  فٙ الأٔاصش انبٕنًٛشٚت  نؼُٛت انبٕنٙ عخبٚشٍٚ ْٙ انؼًهٛبث انغبئذة. أكذث ْزِ انذساعت أٌ حقُٛت صيٍ ػًش فُبء 

بٕصحشٌٔ حؼذ حقُٛت راث كفبءة ػبنٛت نذساعت خصبئص انحدى انحش ٔنذساعت خصبئص انخشكٛب انًدٓش٘ انذقٛق نًخؼذداث ان

pm)بٛكٕيخشيكؼب 7حٕانٙ   اندضٚئبث بقٛبط انُبَٕيخش ٔدٌٔ انُبَٕيخش ٔبذقت قٛبط
3
)  .  
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1- Introduction: 

Positron Annihilation Spectroscopy 

(PAS) is a useful tool to investigate the 

structure of the influence of radiation 

damage to the structure of polymeric 

materials. In this technique, the 

lifetime of  positron and positronium 

are considered as non-destructive 

probe to study the characteristics 

parameters of these materials. Because 

of the relatively small size of the Ps 

probe (1.06A
o
) compared to other 

probes, PAS is particularly sensitive to 

small hole and a free volume of 

angstroms in size and at a time of 

molecular motion from 10
-10

 s and 

longer [1]. Positron annihilation 

lifetimes are usually determined by 

detecting the prompt -ray (1.28MeV) 

from the nuclear decay that 

accompanies the emission of a positron 

from 
22

Na radioisotope and the 

annihilation -rays (0.511MeV). The 

application of this technique is to study 

the microscopic properties of the 

matter, e.g., the effect of irradiation. 

The PAL spectra of most polymers 

have a long-lived component, which is 

attributed to pick-off annihilation of 

ortho-positronium (o-Ps) formed in 

amorphous region, the lifetime of the 

long-lived component (3) is a measure 

of the size of interstitial space among 

polymer chain, which as referred to as 

“free space hole”. The intensities of 

this component (I3) is considered to 

contain information about the 

concentration of the free space hole. In 

conventional positron annihilation 

experiment, the positrons are injected 

into a solid with a mean energy of 200 

keV [2]. They slow down to thermal 

energies within (1-10 ps) [2] by 

ionization and excitation reaction in 

the solid. During this time they 

penetrate a distance of (10 –1000) m 

depending on the density of the solid 

(the penetration depth is roughly 

inversely proportional to the density). 

To understand the mechanism of 

positrons and positronium interactions 

with materials and also of positronium 

formation one has to deal with the 

models so far suggested for that: such 

as the “Ore gap” model, the “Spur” 

model, the “Free volume” model… 

etc. In this work the free volume model 

is mainly to be used.  Oxygen during 

irradiation combine with active sites on 

the polymer chain to form peroxide 

links to reduce the net scission rate [3]. 

In PE and PS, cross-linking is the most 

important result of ionizing radiation, 

and the free radicals are the 

intermediate processes. If oxygen 

admitted to an irradiated polymer, the 

radicals are converted to peroxy 

radicals. The peroxy radicals are 

unstable so they form carbonyl (CO) 

and hydroxyl (OH) groups, where, the 

oxygen destroyed the primary free 

radicals and peroxy intermediate is 

formed [4]. PE and PS, show oxygen 

effects that are dependent on sample 

thickness, dose rate and also the 

chemical structure, which is an 

important factor in oxidative scission  

[4]. In both polymers (PE and PS) 

irradiation with oxygen gives a much 

large scission to cross-linking ratio, 

although cross-linking predominates in 

vacuum irradiation in PE and PS. [3].    

     Al-Bayati [5] employed PALS to 

investigate -irradiation effect on 

polystyrene (PS) and 
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polymethylmethacrylate (PMMA) in 

air at room temperature with dose up to 

1340 kGy. It was found that the initial 

irradiation dose induced percentage 

increases in free volume and free 

volume fraction.  These low doses 

induce degradation in the polymer 

chain except for PS, in which an 

opposite effects, the cross-linking, are 

dominant. Suzuki et.al., [6] studied the 

radiation effect on positronium 

formation in low temperature PE. In 

the case of non irradiated PE samples, 

they found at low temperature below 

the glass-transition temperature, the 

intensity of the long-lived component 

of positronium, I3, increased due to an 

increase in the concentration of trapped 

electron. However, the increase in I3 

obtained in a few MGy -irradiated 

samples became very small due to the 

effect of induced radicals. Also, they 

have observed that the trapped 

electrons were affected by the intensity 

of the positron source used for a PALS 

experiment. Several other works of 

polymers have been studied by using 

PALS technique to study the 

irradiation effects such as: u.v-

irradiation of acrylonitrile-butadiene-

styrene (ABS) and polycarbnate (PC) 

[7], -irradiated of (PP) and (ABS) [5], 

-irradiated of Teflon [8], -irradiated 

of epoxy [5,9] and -irradiated tissue 

[10]. As explained in the literature 

review, it is noticed that the effects of 

the low -dose rang (0.3-12.3)Gy have 

not been studied for polymers by 

means of  PALS teqnique and most 

works published used high -doses  

(Mrad), in spite of the fact that -rays 

is ionizing particles and have mass, 

therefore, the low doses effects are also 

important. In the present study the 

polymer; namely PS are studied in the 

presence of air and in vacuum to 

explain the oxygen effect during -

irradiation on the o-Ps lifetime. To the 

best of our knowledge -irradiation 

effect under vacuum for the 

investigated samples in this work are 

not studied before.                                  

2- Theory 

2-1  The Free Volume Model 

Brandt [14] proposed this 

model for positronium formation, 

which is an important model to explain 

the increment of the o-Ps lifetime in 

some molecular solids and polymers. 

Molecular solids always 

contain a large fraction of imperfect 

sites, such as defect, voids, impurities, 

etc. These sites serve as free volumes 

for Ps formation. Ps atom is formed 

only if the free volume is equal to the 

volume of Ps atom or larger than a 

certain critical value [15]. It is termed 

as free volume model. 

The de Broglie wavelength of the 

thermelized Ps is two to three order of 

magnitudes larger than the dimension 

of the free volume available in a 

typical molecular lattice. The Ps wave 

function may be considered to be 

deloclized as illustrated in Figure (1). 
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Fig. (1): Schematic plot of positronium 

wave functions according the free 

volume model [14]. 

In a lattice L of electron density 

distribution L(r)
2
 composed of 

neutral atoms or molecules with closed 

shells, i.e., in the absence of 

paramagnetic impurities, the electron 

pick up rate, p of o-Ps in the lattice L 

is: [14] 

3
L

**
L

2
op dr)r()r()r(

L
cr   

 

(1)--------------------------------------- 

where + is the wave function of the 

positron in the field of the electron to 

which it is bound as o-Ps and the field 

of the lattice, ro  is the classical electron 

radius and c is the velocity of light. 

Brandt et al., [14] solved equation (2) 

by using the following assumptions: 

1- The mutual Ps and the lattice 

polarization is neglected. 

2- The lattice could be described 

as a square well potential of a 

height Uo and a radius Ro with 

an electron density o, or 

correspondingly by an 

"exclude volume" Vo, each 

centered in a cell volume Vt 

of radius Rt. In the region 

Ro<R<Rt, Ut=0 and t=0 

representing a "free volume of 

the cell" Vh=Vt-Vo, and 

V
*
=Vt / Vo the "reduced cell 

volume", as represented in 

Figure (1). 

3- The Ps atom is assumed to be 

thermalized. 

By neglecting the internal structure of 

Ps and approximating the lattice 

interaction by a square well potential 

and considering the electron density 

(o) as a constant between the walls, 

equation (1) becomes [14]: 

p =  ov drrrcr
PsPsoo

3*2 )()( 

........................................................... 

(2) 

By using Wigner-seitz approximating 

[14] to evaluate Eq (2) for plane, 

spherical and cylindrical geometry, the 

solution is given as: 

)R,R,U(F1

cr

h

2

o
P








………..(3) 

where F(U,R,Rh) is a function that 

depends upon the lattice geometry as a 

function of the scattering parameter. 

Tao [16] and Eldrup et al. [17] suggest 

a relation between the annihilation rate 

P   and the hole size by using a 

spherical potential well of radius Ro 

with an a virtual electron layer with 

thickness R. The pick-off annihilation 

rate in the unit ns
-1

 is given by [18]: 
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Where Ro=Rh+∆R and ∆R = 0.166 nm 

is in excellent agreement with 

observation in solid and liquids [19].  

Equation  (4) can be written as [19]: 

1

3

2
sin

2

1
1

2

11
)(
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h

o

h

p
R

R

R

R
ns






…………………….(5) 

and the free volume is given in the 

spherical geometry approximation as: 

3
h

R
3

4
h

V                                     

         …………………………… (6) 

In general, the simplest expression of 

free-volume (Vh) can be defined as the 

difference between the total volume 

and the occupied volume (Vh =Vt  –

Vo), where the free volume [20,21] is 

an open space that is freely moving in 

media 

Kobayshi et.al., [22] proposed a 

semiemperical relation which may be 

used to evaluate the fractional free 

volume Fh given by: 

Fh=AI3Vh………………(7)           

Where A is normalization constant, its 

value is (1-2) nm
3
 for polymers [23], I3 

is the intensity of 3, given in a 

percentage form and Vh is given in 

nm
3
. 

 

 

3-Experimental  Details 

 

        The timing measurement refers to 

the determination of the time interval 

for the arrival of two pulses. Timing 

methods are characterized as “slow“ or 

“fast” depending on the way the 

signals are derived. Slow timing 

signals are generated by an integral 

discriminator, whereas fast timing 

signals are based on the unshaped 

pulse at the output of the detector or a 

signal shaped specifically for timing. 

In either cases, timing is obtained by 

using a shaped signal at the output of 

the detector or a signal shaped at the 

output of the amplifier. A schematic 

diagram of the typical fast-slow 

coincidence circuit is illustrated in 

figure (2) which is used in the present 

work to measure the positron lifetime. 

The positron annihilation lifetime 

spectroscopy (PALS) is a microprobe 

technique, which is used to study the 

microstructure properties of matter. 

The system, which is used with (PAL), 

must have both a high pulsing 

efficiency and a good timing 

resolution.  The full width at half 

maximum (FWHM) of the time 

distribution is often used as a measure 

of the overall timing uncertainty in the 

measurement system, represents the 

timing resolution, which should be 

narrow in order to distinguish between 

two closely spaced events.  

        The vacuum chamber used in this 

research, is an Ortec 807 [26] |a{ti

tww|a|nitrinw|y|vta|ni anmxoynoi a{x

oxeh|oxixianya{x ahw f {xv{tiuxo

|   itwxyoni  at|irx    axxr tiw
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inhiaxw ni tvarnished wood base, 

provided with moving cover which 

contains a  tvhhi zthzx aitm|ihi

 vtrx|  si
-1

 torr).  This chamber 

coupled to mechanical vacuum mhim

u  mxv|tr tr x a{x tvhhimhimtiw

 xiayhiva|ni toxvniu|ixw|it |izrx

 trhxf  {x |i x a|gated polymers 

{high-density polyethylene (HDPE) 

and polystyrene (PS)} samples are 

prepared in the laboratory, the sample 

preparation system is described in 

reference [2]. The samples are 

manufactured by keeping 1.5 gm of 

polymer grains in the sample 

preparation system under a pressure of 

200 bar during a period of 3 minutes at 

a temperature (Tm +25 C
o
), where Tm is 

the melting temperature. The diameter 

of the samples is 32 mm with a 

thickness of 2 mm. The studied 

samples are irradiated in air and in 

vacuum with beta rays by using 
90

Sr/ 
90

Y beta source with activity of 3 mCi. 

The -irradiation dose rate was 3.6 

Gy/hr. The samples are irradiated up to 

a total dose of 12.3 Gy.  The 
22

Na 

positron source used in this work 

because of its convenient half-life, 

high positron fraction yield, there in 

wide separation in energy of emitted 

gamma (1.27 MeV) and the 

annihilation gamma (0.511 MeV) 

which provides easy discrimination 

between them [24], and low cost. The 

decay scheme of 
22

Na is shown in 

Figure (3), which decays under 

emission of a positron to the excited 

state of 
22

Ne [25], where 
22

Na emits 

about 90% positron with maximum 

energy of 0.545 MeV.  

 

 

 

Figure (2) :A schematic diagram of the 

typical fast-slow coincidence circuit. 
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1- Results and discussion 

Polystyrene (PS) 

       In this work, the analyses are 

carried out with three discrete lifetime 

component by using PFPOSFIT 

program attributed to various states of 

positron annihilation. The shortest 

lifetime component 1 ~ (100-200) ps, 

is attributed to free annihilation of the 

positrons with a contribution from the 

decay of p-Ps. The second lifetime 

component 2 ~ (300-400) ps is 

considered to be due to the 

annihilation of free positron and the 

annihilation of positrons trapped at the 

defects present in the crystalline 

region (with out forming Ps). The 

longest lifetime component 3 ~ 

(1000-3000) ps is attributed to the 

pick-off annihilation of the o-Ps in the 

free volume sites present mainly in the 

amorphous regions of the polymer 

matrix [20]. It is this third component 

which is important in understanding 

the polymer properties through the 

free volume model.  

     The lifetime spectra were analyzed 

with 1 fixed at the theoretical value, 

125 ps. The free volume holes radius, 

Rh and the free volume hole size, Vh 

are calculated by using formula (5) and 

(6), respectively; and the free volume 

hole fraction  Fh is calculated by using 

formula (7).    

     It is clear from the results plotted in 

Figures (5), (6) and (7), that the o-Ps 

lifetime, thereby Vh, and Fh values for 

samples irradiated in vacuum are 

higher than their values for samples 

irradiated in air. This is due to the 

effect of peroxy radical formed as a 

result of the reaction between the 

effective free radicals and the 

atmospheric oxygen. The difference 

between 3 values, hence Vh values for 

samples irradiated in air and those 

values for samples irradiated in 

vacuum indicated that the cross-linking 

rate in the presence of atmospheric 

oxygen is less than the cross-linking 

rate in the absence of oxygen. That 

means the presence of oxygen during 

-irradiation causes the increasing of 

the crystillanity in the amorphous 

region, and the cross-linking rate is 

higher than the degradation rate. 

Oxygen diffusion in the sample during 

irradiation is retarding the cross-

linking rate. The fitted curves as shown 

in Figures (5 ), (6), and (7) represent a 

polynomial fitting of degree three of 

the points corresponding to various 

doses, which is given by: 

 

                               P = ao +a1 D + a2 D
2 

+ a3 D
3
                               (8) 

 

    Where D is the various doses of -

irradiation and (ao, a1, a2 and a3) are 

coefficients to be determined.  

 

 

 

 

 

 

 

 

 

Fig (5). Beta-ray irradiation effect on 3 in PS (In Air & vacuum) 
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Fig (5). Beta-ray irradiation effect on 3 in PS (In Air & vacuum) 

 

 

Fig. (6). Beta-ray irradiation effect on Vh in PS (in air & vacuum) 
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5   Conclusions                                           

         The main conclusions of this 

work can be summarized as follows: 

1-  Irradiation samples of polymer 

with and without the presence of 

atmospheric oxygen causes different 

structural changes depending on the 

chemical structure of the 

investigated polymer and the type of 

radicals formed.  

2-  The o-Ps lifetime parameter 

values for samples irradiated in 

vacuum are higher than those 

values for samples irradiated in 

air due to the effective radicals 

formed in the presence of 

oxygen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3-  The initial -irradiation dose 

induces significant structural 

changes in PS, although it is known 

as radiation resistant.  

4-  The initial -irradiation dose 

induces significant structural 

changes in PS, although it is known 

as radiation resistant.  

 

 

 

 

 

 

                                                         

Fig. (7). Beta-ray irradiation effect on Fh in PS (in air & vacuum) 
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