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Temperature dependent positron annihilation lifetime spectroscopy (PALS) measurements in the range of 50–
300 K are carried out to study positronium formation in 40 keV B+-ion implanted polymethylmethacrylate
(B:PMMA) with two ion doses of 3.13·1015 and 3.75·1016 ions/cm2. The investigated samples show the various
temperature trends of ortho-positronium (o-Ps) lifetime τ3 and intensity I3 in PMMA before and after ion im-
plantation. Two transitions in the vicinity of ∼150 and ∼250 K, ascribed to γ and β transitions, respectively, are 
observed in the PMMA and B:PMMA samples in consistent with reference data for pristine sample. The ob-
tained results are compared with room temperature PALS study of PMMA with different molecular weight (Mw) 
which known from literature. It is found that B+-ion implantation leads to decreasing Mw in PMMA at lower ion
dose. At higher ion dose the local destruction of polymeric structure follows to broadening of lifetime distribu-
tion (hole size distribution). 

PACS: 81.05.Lg Polymers and plastics; rubber; synthetic and natural fibers; organometallic and organic 
materials; 
78.70.Bj Positron annihilation; 
61.80.Jh Ion radiation effects; 
36.10.Dr Positronium. 

Keywords: positron annihilation lifetime spectroscopy, positronium, ion implantation, polymethylmethacrylate, 
molecular weight.  

1. Introduction

Ones of the most important materials for new genera-
tion nanoelectronics are polymer and copolymer systems. 
These materials are widely used for creation of polymeric 
nanomaterials (nanoparticles, nanocomposites, nanocry-
stals etc.) [1], polymer-quantum dot materials [2], copoly-
mer-based nanomaterials (so-called “smart” nano-objects 
or ‘smart materials’) [3], nano-structured conducting po-
lymers and polymer nanocomposites [4], photopolymerized 
tips for scanning-probe microscopy, a polymeric micropil-
lar to evaluate mechanical properties [5], polymer electron-
ic memories [6], copolymer systems to control inorganic-
organic interfaces in fiber composites [7], polymer as gas 
sensors, pH sensors, ion-selective sensors, humidity sen-
sors, biosensor devices [8] etc. 

A lot of attempts were made by researches in the field 
of preparation, fabrication and design of polymer and co-
polymer materials, but the understanding structure-
properties relationships and functionality of these materials 
is still required potential investigations. One of the impor-
tant aspects to find such correlation can be resulted in more 
knowledge and better fundamental understanding of ion-
irradiation (implantation) effects in polymers. Indeed, ion 
implantation of polymers is attractive as the effective tech-
nological method to turn dielectric polymers into conduct-
ing semiconductors [9]. A state-of-the-art review in the 
field of ion implantation of polymers has been done in the 
work [10]. 

One of the methods widely used to study structure-
properties relationships in polymeric materials is positron 
annihilation lifetime spectroscopy (PALS) (see, for instance 
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[11–17] and references therein). The various important in-
formation on the positronium (Ps) formation (the electron-
positron bound state) [18,19] in polymers can be extracted 
from PALS analysis. The present work is aimed to experi-
mental study for the first time a positronium formation in 
B+-ion implanted polymethylmethacrylate (B:PMMA) with 
energy of 40 keV and two ion doses of 3.13·1015 and 
3.75·1016 ions/cm2 using temperature dependent PALS 
measurements in the range of 50–300 K. 

2. Experimental 

As substrates for ion implantation, optically transparent 
1.2-mm-thick PMMA plates were used. The B+-ion im-
plantation with energy of 40 keV, doses of 3.13·1015 and 
3.75·1016 ions/cm2 and ion current density < 2 μA/cm2 was 
performed under a pressure of 10−5 Torr at room tempera-
ture on an ILU-3 ion accelerator at the Kazan Physical-
Technical Institute (KPTI, Russia) [20]. 

Temperature dependent PALS measurements for the 
un-implanted PMMA and B:PMMA samples were carried 
out at the Institute of Physics of Slovak Academy of Sci-
ences (IPSAS, Slovakia). The positron annihilation life-
time spectra were taken by the conventional fast-fast coin-
cidence method using plastic scintillators coupled to 
photomultiplier tubes as detectors. The radioactive 22Na 
positron source (1.5 MBq activity) was deposited in an 
envelope of Kapton foils and then sandwiched between 
two samples. This source-sample assembly was placed in a 
vacuum chamber between two detectors to acquire lifetime 
spectra at different temperatures. The time resolution 
(FWHM) of positron lifetime spectrometer was about 320 
ps, measured by defect free Al sample as a standard. Anal-
ysis of lifetime spectra was carried out using the PATFIT-
88/POSITRONFIT software package [21] with proper 
source corrections. Three component fitting procedure for 
PALS data treatment was applied, that gave the best fit, 
and long-lived lifetime component τ3 and its intensity I3, 
ascribing to the ortho-positronium (o-Ps) pick-off annihila-
tion in free-volume spaces in accordance with the conven-
tional interpretation [22], were finally taken into account 
for analysis. 

The implanted PMMA samples were examined in the 
temperature range of 50–298 K using helium cryostat 
(Closed Cycle Refrigerator, Janis Research Company, Inc., 
USA) and vacuum equipment (Pfeiffer Vacuum, HiCUBE, 
Germany). The accuracy for the each selected temperature 
was ± 1 K and vacuum in the system was controlled within 
∼10−6–10−7 mbar. The samples were measured in the cy-
cles of heating and cooling. In the “heating” regime, the 
samples were fast cooled to 50 K and then measured from 
this temperature to 298 K with step of 20 K and elapsed 
time of 4–5 hours per point. In the “cooling” regime, the 
samples were measured from room temperature 298 K to 
50 K with step of 20 K and elapsed time of 4–5 hours per 

point. At the selected temperatures the elapsed time was 
extended for better statistics in the lifetime spectra. For these 
temperatures the continuous lifetime analysis technique 
to obtain the distributions of o-Ps lifetime was employed, 
using MELT (maximum entropy lifetime) program [23]. 

3. Results and discussion 

Figure 1 shows temperature dependence of the o-Ps life-
time τ3 and intensity I3 for the virgin PMMA sample. No 
significant hysteresis in τ3(T) and I3(T) is observed within 
“heating” and “cooling” regimes. The numerical values of 
τ3 ≅ 1.85 ns and intensity I3 ≅ 26% at room temperature are 
agreed well with those reported by Wang et al. [24]. As 
temperature decreases the τ3 and I3 go down showing 
changes in the vicinity of 150 and 250 K. The similar τ3(T) 
and I3(T) trends in the range of 50–300 K with critical tem-
peratures ∼150 and ∼250 K have also been detected for 
PMMA samples with different molecular weight (Mw) [25]. 

Moving from very low temperature to a higher tempera-
ture, the compression of molecules and structural transi-
tions should be considered. The short review has been 
made by PerkinElmer [26] presenting the new Perkin-
Elmer® DMA 8000 which allows accuracy and precision 
measurements of the transitions seen in thermoplastics, 

Fig. 1. The o-Ps lifetime τ3 (a) and intensity I3 (b) versus tem-
perature for PMMA. The dashed lines are drawn as a guide for 
the eye. 
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caused by molecular motions and free volume changes 
defining how a polymer will behave at a certain tempera-
ture. The compression of polymer matrix at low tempera-
ture is limited to inter- and intramolecular motions within 
the scale of a single repeat unit [26] and could be called by 
two mechanisms: (i) the intermolecular compression or 
compression between molecular chains of polymer; and (ii) 
the intramolecular compression or compression between 
molecules of polymer. The inter- and intramolecular com-
pression is ascribed to gamma transition, Tγ, as a starting 
transition at low temperature when localized bond move-
ments (bending and stretching) and side chain movements 
can occur in polymers. As the temperature and free volume 
increases the beta transition, Tβ, is considered to be often 
related to the toughness or material properties in the glassy 
state. This transition is also called as the sub-glass transi-
tion, sub-Tg (or sub-alpha transition, sub-Tα) or the Tg of a 
secondary component in a blend or of a specific block in a 
block copolymer [26]. 

Low temperature positron studies in PMMA [25] are 
found to be sensitive to these structural transitions showing 
that two transitions corresponding to the temperatures of 
∼150 and ∼250 K can be ascribed to γ and β transitions res-
pectively. The temperature 250 K for PMMA has also been 

denoted as the secondary transition temperature Tβ [24]. 
Thus, the threshold temperatures of ∼150 and ∼250 K de-
tected for the un-implanted PMMA in this work (Fig. 1) 
are related to the Tγ and Tβ respectively, as well. 

Figure 2 presents the τ3(T) and I3(T) behavior after 
B+-ion implantation of the PMMA with lower ion dose of 
3.13·1015 ions/cm2. In this case an overlapping the contri-
butions from the bulk PMMA matrix and the thin implant-
ed layer seems to be worked. The thresholds temperatures 
of ∼150 and ∼250 K are ascribed to γ and β transitions re-
spectively as mentioned above. In the range of 150–250 K 
the τ3(T) character is likely to hysteresis curve. At the 
same time, no significant difference in the τ3 magnitude 
(or size of voids of radius R within the well-known 
semiempirical τ3-R equation in a spherical infinitive poten-
tial model [27–29]) is detected for the B:PMMA at ion 
dose of 3.13·1015 ions/cm2 compared to the pristine sample 
as well as the intensity I3 magnitude (proportional to o-Ps 
probability). But, in contrast to the pristine sample, the 
I3(T) shows linear character in the whole temperature 
range studied. 

Figure 3 demonstrates the τ3(T) and I3(T) behavior after 
B+-ion implantation of the PMMA with higher ion dose of 
3.75·1016 ions/cm2. Here the sample should be considered 

Fig. 3. The o-Ps lifetime τ3 (a) and intensity I3 (b) versus tem-
perature for B:PMMA with ion dose of 3.75·1016 ions/cm2. The 
dashed lines are drawn as a guide for the eye. 
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Fig. 2. The o-Ps lifetime τ3 (a) and intensity I3 (b) versus tem-
perature for B:PMMA with ion dose of 3.13·1015 ions/cm2. The 
dashed lines are drawn as a guide for the eye. 
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as the heterostructure of three phases: (i) the implanted 
layer involving the damaged PMMA regions, (ii) the car-
bon clusters forming the carbon layer, and (iii) the PMMA 
matrix as the substrate. The wider hysteresis on the τ3(T) in 
the range of Tγ (∼150 K) and Tβ (∼250 K) is observed in 
this case as ion dose increases; the I3(T) dependence is 
linear. At low temperatures, below 150 K, a slight reduc-
tion of τ3 magnitude (or size of voids) compared to the 
pristine sample is found out, while the intensity I3 decreas-
es more significantly in the whole temperature range of 
50–300 K. The latter could be explained as a signature on 
the different compression of voids in the carbon clusters 
and the pure PMMA matrix. 

It should be noted here that distributions of o-Ps life-
time (or voids) estimated by MELT program testify on the 
changes in the Mw of polymer [30]. Figure 4 shows the o-
Ps lifetime distribution at different temperatures in PMMA 
and B:PMMA with ion dose of 3.13·1015 ions/cm2. The 
agreement between o-Ps lifetime distributions at room 
temperature after cycle of fast cooling and heating is clear-
ly seen indicating the reproducibility of the simulation per-

formed. The o-Ps lifetime data obtained with POSI-
TRONFIT (Figs. 1 and 2) and with MELT (Fig. 4) are also 
agreed well. The o-Ps relative intensity of MELT as a func-
tion of temperature is found to be non-linear for the pris-
tine sample and linear for the irradiated sample in consist-
ence with the o-Ps probability trends exemplified by I3(T). 

Figure 5 illustrates the o-Ps lifetime distributions in the 
B:PMMA at two different ion doses (3.13·1015 and 
3.75·1016 ions/cm2) and temperature ∼300 K. It should be 
noted here that He et al. [30] showed that o-Ps lifetime 
distributions (or the distribution of free volume detected by 
o-Ps) are broadening with the increase of Mw in the 
PMMA. The explanation of this finding has been made on 
the assumption that fast motion is dependent on Mw in high 
molecular weight linear polymer because of the coupling 
between fast motion and segmental mobility. As the au-
thors [30] considered, in a higher molecular weight poly-
mer some fast motions may be inhibited or change to slow 
mode due to stronger intermolecular interactions, resulting 
in the o-Ps localization in a smaller free volume and a larg-
er hole and, consequently, a wider o-Ps lifetime distribu-
tion and more holes are detected by o-Ps. 

According to these observations [30], it is found out 
in our case that B+-ion implantation into PMMA leads 
to decreasing Mw in polymer at lower ion dose 
(3.13·1015 ions/cm2) because of the narrowing the o-Ps 
lifetime distribution. The broadening the o-Ps lifetime dis-
tribution at ∼300 K in polymer at higher ion dose 
(3.75·1016 ions/cm2) is probably connected with local de-
stroying of polymeric structure and with generation of ad-
ditional free volume holes (with different hole sizes) rather 
than with the increasing Mw, as we suggest. 

As above mentioned fast motion has molecular weight 
dependence from coupling model with β-process assum-
ed by the authors [30], the our experimental finding on the 
o-Ps lifetime distribution in B:PMMA at ion dose of 
3.13·1015 ions/cm2 might be understood as the weaker 
intermolecular interactions and the o-Ps localization in a 

Fig. 4. (Color online) The o-Ps lifetime distribution at different 
temperatures in PMMA (a) and B:PMMA with ion dose of 
3.13·1015 ions/cm2 (b). The temperature 298 K (I) stands for 
a start point, while the temperature 298 K (II) is attained after 
cycle of fast cooling and heating. The agreement between o-Ps 
lifetime distributions for 298 K (I) and 298 K (II) is seen. 
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Fig. 5. (Color online) The o-Ps lifetime distributions in B:PMMA 
at different ion doses at temperature ∼300 K. 
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larger free volume and a smaller hole. It should be men-
tioned that the secondary glass transition Tβ occurs at 
∼250 K far below the glass transition Tg = (355 ± 18) K 
of PMMA [24] and, thus, it is rational indeed that o-Ps 
lifetime distribution is considered within the β-process of 
the mode-coupling theory. 

Finally, the origin of the observed hysteresis of τ3(T) 
in the range of 150–250 K after B+-ion implantation of 
the PMMA with lower (< 1016 ions/cm2) and higher 
(> 1016 ions/cm2) ion doses and changes of molecular 
weight is not fully understood yet. The uncontrolled impact 
(if any) of positron irradiation during PALS measurements 
and ion current density during ion implantation on the 
B:PMMA structure should be examined. Such experiments 
will be further performed. 

4. Conclusions 

In the present work temperature dependent PALS meas-
urements in the range of 50–300 K have been carried out to 
study positronium formation in the 40 keV B:PMMA with 
two ion doses of 3.13·1015 and 3.75·1016 ions/cm2. The in-
vestigated samples showed the various temperature trends 
of o-Ps lifetime τ3 and intensity I3 in the PMMA before 
and after ion implantation. Two transitions in the vicinity 
of ∼150 and ∼250 K, ascribed to γ and β transitions, respec-
tively, have been observed in the PMMA and B:PMMA 
samples. The obtained results have been compared with 
room temperature PALS study of PMMA with different 
molecular weight, Mw. It is found that B+-ion implantation 
leads to decreasing Mw in PMMA at lower ion dose. At 
higher ion dose the broadening the lifetime distribution is 
probably caused by local destruction of PMMA matrix and 
generation of additional free volumes. 
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