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Proton Tracks and Formation of Pores

in Poly[Diethylene Glycol Bis-(Allyl Carbonate)]

Modern dosimetry needs effective detectors to register light ions, especially those

having energies down to 10 MeV/a.m.u. That is why in the research in hand we pay at-

tention to development of materials for such a task. In this work the most effective de-

tector CR-39 irradiated with low-energy protons was applied. A full analysis

from opening to final formation of a pore was made with the help of sensitive elec-

trolytic ething and electron scanning microscopy. Successive process of track break-

throughs was observed. The shape of the pore and corresponding parameters of its for-

mation provide simulation of the process. Etching rates and factor of selectivity were

determined. The influence of energy losses on geometry was noted.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-

tions, JINR.
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Òðåêè ïðîòîíîâ è îáðàçîâàíèå ïîð

â ïîëè[äèýòèëåíãëèêîëå áèñ-(àëëèëêàðáîíàòå)]

Ñîâðåìåííàÿ äîçèìåòðèÿ íóæäàåòñÿ â ýôôåêòèâíûõ äåòåêòîðàõ äëÿ ðåãè-

ñòðàöèè ëåãêèõ èîíîâ, îñîáåííî èìåþùèõ ýíåðãèè äî 10 ÌýÂ/íóêëîí. Ïîýòîìó

äàííîå èññëåäîâàíèå ïîñâÿùåíî ðàçâèòèþ ìàòåðèàëîâ äëÿ ýòîé çàäà÷è. Â ðàáîòå

ïðîâîäèëîñü îáëó÷åíèå íàèáîëåå ýôôåêòèâíîãî äåòåêòîðà CR-39 íèçêîýíåðãå-

òè÷åñêèìè ïðîòîíàìè. Ñ ïîìîùüþ ÷óâñòâèòåëüíîãî ýëåêòðîëèòè÷åñêîãî òðàâëå-

íèÿ è ýëåêòðîííîé ñêàíèðóþùåé ìèêðîñêîïèè áûë îñóùåñòâëåí ïîëíûé àíàëèç

îò îòêðûòèÿ äî êîíå÷íîãî îáðàçîâàíèÿ ïîðû. Íàáëþäàëñÿ ïîñëåäîâàòåëüíûé

ïðîöåññ ñêâîçíîãî ïðîáîÿ òðåêîâ. Ôîðìà ïîðû è ñîîòâåòñòâóþùèå ïàðàìåòðû åå

îáðàçîâàíèÿ îáåñïå÷èëè ìîäåëèðîâàíèå ïðîöåññà. Áûëè îïðåäåëåíû ñêîðîñòè

òðàâëåíèÿ è êîýôôèöèåíò ñåëåêòèâíîñòè. Îòìå÷åíî âëèÿíèå ïîòåðü ýíåðãèè

íà ãåîìåòðèþ.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ÿäåðíûõ ðåàêöèé èì. Ã. Í. Ôëåðîâà

ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



INTRODUCTION

Among modern detectors for neutron dosimetry and registration of light par-
ticles the favourable and the most effective is CR-39 which is known in chem-
istry as poly[diethylene glycol bis-(allyl carbonate)] or PADC. For the ˇrst time,
application of CR-39 for this purpose was proposed by Cartwright and Shirk
(Cartwright, 1978). Its characteristics are unique in the case of low energies
down to 10 MeV/a. m. u. Nuclear reactions between incident neutron and atom
of media generates protons. Registration of these particles is possible through
the chemical etching. There are two methods which are used in investigations:
etching in alkali solutions with and without electric ˇeld. The second one means
electrochemical treatment and is known for many years (Al-Najjar et al., 1979).
Groups of researchers presented different results on kinetics of etching process
and dependences of important parameters such as track etching rate vT and mech-
anisms of pore growth (Tommasino et al., 1985; Fromm et al., 1991). One should
note that analysis in these methods is based on data obtained from geometrical
results and has restrictions. Up to now it is still an important task to ˇnd a uni-
versal dependence on energetic factor. Most of expressions for calculation deal
with indirect value of track etching rate (Fleischer et al., 1975; Somogyi, 1980;
Fuji, 1986; Oda et al., 1993) which is presented as a function of bulk etching rate
vB and radial size of pore on the surface. In contrast, a method of electrolytic
etching is an effective and relatively simple tool which allows one to analyse
parameters of the track during direct observation. It was succesfully used in case
of swift heavy ions in polymers (Schulz et al., 1997; Oganessian et al., 2003).
First of all, such a method can be useful to determine the size of the track and
the moment of opening. This combined with data from post-etching microscopy
makes it possible to construct a model of the pore.

1. EXPERIMENT

Because of application of the electrolytic etching, it is necessary to get
through tracks in material. The principle of this method is simple. Track becomes
a source of electrical conductivity beginning from its opening. Being etched from
both sizes, the channel grows together with voltage on electrodes. In the case of
low-energy particles a sample must be thin enough if needed to get through tracks.
Such requirements are not important for chemical and electrochemical methods,
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and most of the samples being used up to now by researchers are 0.5Ä1 mm in
thickness. That is why ˇrst of all samples must be produced.

In our case it was CR-39 type TASTRAK (Track Analysis Systems Ltd.,
UK). Plates of thickness 500 µm were divided into squares of 50x50 mm. Then
each of them was subjected to mechanical treatment with a boring lathe and
precise tools. Thus, in the center of the sample an eroded area of diameter 7 mm
and thickness 250 and 400 µm was made. This value depends on the type of
the used tool. Finally, we have a sample with a cavity in the center on one side,
the other side being smooth. Such a geometry is safe for treating the area before
and after chemical action and it is guaranteed that only this area will be under
etching.

Irradiation was done at the tandem accelerator in the Forschungszentrum
Rossendorf (Rossendorf, Germany). Protons with energies from 5.5 to 7 MeV
were directed perpendicularly to the surface of the samples. Fluence was in
the range from 14 to 16·104 tracks/cm2. Such a difference is because of the
requirements of two methods of the analysis: conductometric etching and electron
scanning microscopy. The ˇrst method is necessary for direct observation of
pore openings (low �uence) and the second one is for post-etching analysis of
geometrical characteristics (high �uence).

The set-up of electrolytic etching together with measuring circuit is the same
as presented in the previous work (Oganessian et al., 2003). A highly sensitive
voltmeter having a resolution of 1 µV at an internal resistance of 10 GΩ was
used. Reference resistance is Rref = 30 kΩ. Direct current with the voltage on
electrodes U0 = 2 V was applied. Concentration of sodium hydroxide is 7.25 n
and temperature is 60 ◦C. These conditions were chosen after test experiments.
It should be noted that such a concentration corresponds to that typically used
for CR-39, but temperature is somewhat lower because of optimization between
the task and the etching rates. Primary measured parameter is voltage through
Rref . Then it is possible to get value of the voltage through the sample and
corresponding resistance. It was realized with the following basic relation:

R(t) = Rref

(
U0

Uv(t)
− 1

)
, (1)

where R(t) is the resistance of the sample, and Uv is the voltage through the
reference resistance.

2. RESULTS AND DISCUSSION

Data collected from computer program were processed and presented as a
function Uv(t) and of sample resistance with etching time (see Figs. 1 and 2)
obtained from Eq. (1).
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Fig. 1. Voltage through the reference resistance

Fig. 2. Resistance of the sample as a function of etching time

®Steps¯ on this curve correspond to the pore openings. An obvious fact is that
the values of the steps become smaller with time. It means that the process of
opening is sequential. The ˇrst step corresponds to a bigger track size and the last
one to a smaller track size. Moreover, results can be presented as total effective
conductive diameter (see Fig. 3) for all the open pores using the formula

D(t) =

√
4l

πkR(t)
. (2)
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Fig. 3. Total effective conductive diameter of open pores

The corresponding height of steps for individual openings is from 0.05 to 0.1
µm and indicates effective value of a channel. One should note that in the case
of light low-energy ions the effective value is determined as an average between
inner and outer diameters because of the formation of a cone. It is schematically
shown in Fig. 4 and determined by the expression for a single pore:

deff =
√

dout · din. (3)

Fig. 4. Principal scheme of a conical pore etched from both sides. h is the removed layer.
Dotted lines demonstrate the removed part of the pore

This signiˇcantly differs from the case of heavy ions, which are usually
characterized by cylindrical pores.

At the same time, information about etching rates was obtained. The bulk
etching rate vB was measured as the removed thickness. In most of the samples
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this parameter corresponds to (2.9±0.2) µm/h. It is more than that for chemical
etching and can be explained by the in�uence of electric ˇeld which accelerates
the process.

Data on pore geometry and track etching rate vT require an additional analysis
at scanning electron microscope. Model JSM-840 (JEOL, Japan) was used. Track
etching rate was obtained from microphotographs as a visible length of pore
along the path of projectile. Removed layer was taken into account. Using both
parameters, the factor of selectivity is v = vT /vB and in these experiments equals
1.02±0.01. It proves that the pore is a typical cone. In Fig. 5 one can see a
cleavage of the sample.

Fig. 5. Etched pore at a cleavage of the sample

With microscopy and etching rates, a model of the pore was constructed.
There are assumptions, which were taken into account. The thickness reduction
is the same for both sides of the sample and the cone angle is constant from
the initial surface down to the visible edge of the pore. This model uses data
of energy losses depending on the range calculated using the computer program
SRIM (Ziegler et al., 1985). Figure 6 simulates the process.

The transition zone between the cones is invisible from microscopy but cor-
responds to conductivity as displayed by voltmeter.

Comparison of Figs. 5 and 6 reveals a contradiction. Figure 5 describes
the situation as two separate cones from both sides and Fig. 6 corresponds to
the ©hour-glassª-like pore. The difference comes from different methods of vT

determination. Previous works on light ions used this parameter from microscopy
directly or indirectly. The most reliable of the methods uses the expression for
dependence of vT on actual energy W in time t at the corresponding depth
(Déorschel et al., 1996):

vT (W, t) =
dL(W, t)

dt
+ vB. (4)
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Fig. 6. Reconstructed model of a pore after 40 hours of etching. Dependence of depth and
energy losses on the pore size

Here L denotes the length of etched pore and is a function of energy and
etching time. In this approach, the assumption of constant angle during the above
modeling is restricted for application and should be taken into account. For
understanding of this in�uence, the curve of energy losses is presented (see
Fig. 7).

Fig. 7. Energy losses of 7 MeV protons in CR-39 versus the depth

It can be seen that for the case of a 250-µm-thick sample the energy loss,
i.e., the track etching rate, differs relatively little along the trajectory of ion in the
sample and mostly is important at a point of leaving the target material and for
energies smaller than 7 MeV.
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Moreover, the diameters on the surface of both sides are not the same and
this fact is explained by the difference between energy losses. Degree of material
radiation damage is greater at the end of projectile range. It can be called
Dout/Din ratio, and it varies from 1.8 to 2.3 depending on ion energy. It is
obvious that such a factor will be bigger with an increase of difference of energy
losses at edges of the sample.

Combining conductometric curves, Eq. (3) and the above model, we obtained
the inner diameter of the cone. Its average value is 5 �A. This parameter can be
considered as track core size for a given energy interval of protons in CR-39. The
given diameter is signiˇcantly less than that for other heavier ions. In comparison
with carbon, neon, and xenon this difference is 10Ä16 times (Yamauchi et al.,
2003) and for iron this coefˇcient is 34 (Yasuda et al., 2001). Compared with
ˇssion fragments, proton tracks are 50 times smaller (Bohus, 1989). This fact
leads to the assumption that tracks of the 1H ions should be considered as special
particles from radiation damages point of view.

The time of breakthrough and correspondingly track etching rate were also
determined by the curves. This rate differs from that obtained by microscopy
and equals (3.49±0.2) µm/h if the same track etching rate from both sides of
the sample is assumed. Such a divergence corresponds to the existence of zones
with different conductivity (Schulz, 1997) and gradient of vT . Therefore, the
visible edge of the cone indicates that a conductive channel of a smaller size
follows next. It characterizes low-energy particles, which create a narrow zone of
weak radiation damages in depth of material. Besides, it gives information about
the real structure of the pore. This situation can be presented schematically as
hour-glass proˇle, and neck-like part is explained by the forestalling of etching
along the track in comparison with conical part growth.

CONCLUSIONS

The method of electrolytic etching was applied to CR-39 detector as not
typical for this material. For this purpose thin samples down to 250 µm were made
from industrially manufactured plates. Using sensitive method, pore openings
were observed directly. With these data, effective diameter was determined and
equation for the case of a conical pore gave value of the assumed zone within a
track core. Electron scanning microscopy proved calculations of selectivity factor
and reconstructed model of the pore was proposed. Due to direct observation
of the process, time of breakthrough and corresponding track etching rate were
determined. With these data, the corrected proˇle of the pore was described.
However, it is still a question on function vT of depth, and can be obtained
from other methods such as observation of the pore growth evolution with time
along the path of ion while there is no conductivity. Improvements for detailed
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observation of about 10 and more pores with better conditions of the experiment
should be made. Also it could be used for lower energies after production of
thinner samples (100 µm and less). It looks interesting to apply this method to
other particles such as alpha particles, ions of lithium, carbon, etc.
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