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For protons of energy up to a few MeV, the temporal evolution of etched latent tracks in CR-39
nuclear track detector has been numerically modeled by assuming that the electronic energy loss of
the protons governs the latent track formation. The technique is applied in order to obtain the energy
spectrum of high intensity laser driven proton beams, with high accuracy. The precise measurement
of the track length and areal track density have been achieved by scanning short etched, highly
populated CR-39 employing atomic force microscope. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2433744兴
I. INTRODUCTION

“California Resin No. 39” 共CR-39兲 track detector is
commonly used for particle detection in various fields of
science such as astrophysics, nuclear physics, life science,
and geophysics.1 The main advantage of CR-39 as a detector
in these application areas is its insensitivity to electromagnetic radiation and lightly ionizing particles such as electrons. Incident ions 共having energy above 100 keV/nucleon兲
are detected by the latent tracks left in the CR-39, in the form
of broken molecular chains and free radicals, revealed after
etching with caustic alkali solutions such as NaOH or KOH.
The length and the opening diameter of the etched tracks are
two observables providing information about charge, mass,
and energy of the incident particle. In recent years CR-39 has
been widely used as a detector for high intensity laser driven
ions in order to obtain beam spatial and spectral
information.2–4 These application areas demand absolute
calibration of the etched tracks against the physical properties 共e.g. charge, mass and energy兲 of the incident particle.
Since there is no precise analytical model for particle
registration in solid state particle track detectors, the absolute
calibration can only be obtained experimentally. However, it
is a time demanding task to perform such calibrations for a
wide variety of particles of different masses, charges and
energies at different etching conditions 共such as temperature,
molarity etc.兲. Therefore, an intermediate approach can be
applied, such as extrapolating the available experimental
calibrations and using numerical algorithms, based on realistic approximations.
Extraction of mass, charge and energy of an incident
particle from the etched track diameter requires crude approximations, unlike the calibration based on track length
measurement.5 In this paper a simple way of calibrating the
etched track length of protons with energy up to a few MeV
a兲
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is discussed, which, in principle, can be extrapolated to particles with any charge, mass and energy. After comparing
experimental calibration for light incident particles 共such as
protons兲 of energy up to a few MeV/nucleon with Monte
Carlo simulation, it has been assumed that the electronic energy loss 共EEL兲 共energy loss of incident particles by virtue of
inelastic collisions with target electrons, either free or bound
with the lattice/atoms/molecules兲 of the incident particle
governs the amount of damage in latent tracks. We propose
the nomenclature “electronic energy loss model” for the latent track formation. The remaining part of the letter is organized as follows. Following a brief introduction on etched
track formation in solid state particle track detectors, a formal description of the EEL model is given. Employing the
model, the response of the CR-39 for protons of different
energies is obtained. As an implementation of the technique,
the energy spectrum of protons, emitted from high intensity
laser irradiated thin foils, is finally obtained. Precise measurements of the etched track parameters and areal track density have been achieved employing atomic force microscope
共AFM兲.

II. FUNDAMENTALS OF LATENT TRACKS

The damaged plastic in a latent track dissolves more
rapidly in the etcher than the undamaged matter outside the
track. This is because the etching rate of the monomer increases with a decrease in its average molecular weight.6 The
etch rate of the undamaged matter 共bulk etch rate, VB兲 depends mainly on the type of detector and etching conditions.
On the other hand, the etch rate of the damaged monomer in
a latent track 共track etch rate, VT兲 depends not only on these
two factors but also depends strongly on the incident ion’s
energy loss properties: dE / dx = f共Z , E兲, where Z is the charge
of the ion 共dE / dx stands here for any type of energy loss兲.7
As the energy loss of the particle at some point of its trajec-
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tory is a function of its energy at that point, etching of a
latent track gives a time varying track length 共L兲. Hence the
track etch rate can be expressed as8
VT共t兲 =

冋

册

1
dL共t兲
+ VB ,
cos  dt

共1兲

where  is the angle of incidence of the incident particle.
Alternatively, the track length is given by
L共t兲 = cos 

冕

t

VT共t⬘兲dt⬘ − VBt.

共2兲

0

The track length is a physical observable and can be
measured directly by looking at the tracks at different etching times. The ratio between the etch rates of the damaged
and undamaged plastic is known as the reduced etch rate
共V兲. This parameter is of fundamental interest as it mainly
depends on the particle energy loss along its trajectory inside
the CR-39.
III. EEL MODEL OF LATENT TRACK FORMATION

The mechanism, described by the relevant dE / dx, by
which a particle loses its energy as it slows down and comes
to rest, is central to any attempt of understanding the latent
track formation. The total energy loss of a projectile ion is
the sum of energy transferred, via elastic or inelastic collisions, to electrons and nuclei/atoms/molecules of the target
matter. These two routes of energy loss are, respectively,
called electronic energy loss and nuclear energy loss. The
effect of electronic stopping is either to excite the electrons
to higher energy levels or to loosen or eject them from the
atoms they are bound with. The latter process creates charge
centers in the solid and the ejected energetic electrons 共delta
electrons兲 produce further excitation and ionization in the
neighborhood. Loss via nuclear stopping can be described as
the energy transferred to the target nuclei/atoms/molecules
via elastic scattering. The amount of energy loss via each of
the mechanisms depends on physical and chemical properties
of the incident and target particles such as mass, energy and
binding energy of the lattice 共for the target molecule only兲. In
the case of CR-39 exposed to protons of energy more than
100 keV 共threshold detection energy兲, the dominant interaction is the one between the incident particle and electrons
attached to atoms within the lattice. The electronic and
nuclear energy losses of incident protons, of different energies, in CR-39 are computed employing Monte Carlo simulation, SRIM,9 as shown in Fig. 1. It can be clearly seen that
for MeV protons, the electronic energy loss is three orders of
magnitude higher than the nuclear energy loss.
Among the ionization processes, the relative dominance
of the primary 共by the incident particle兲 and secondary 共by
the delta electrons兲 ionization and excitation towards the total damage in the latent track is not yet clearly known. In
inorganic solids such as crystals and glasses, the case is
simple because of their extreme insensitivity to electron
bombardment. But in the case of polymers it is probable that
both primary and secondary ionizations contribute, and consequently both these processes will need to be considered in
a complete theory.

FIG. 1. Electronic 共solid line兲 and nuclear 共dotted line兲 energy losses of
protons propagating through CR-39, as obtained from Monte Carlo simulation SRIM.

Several energy loss theories have been developed describing mechanisms of the formation of latent track by scaling the track etch rate to fit with the experimentally observed
L共t兲. The original idea was based on the total energy loss of
the incident particle, which can be calculated by the BetheBloch formula.10 The recently developed restricted energy
loss 共REL兲 model11 assumes that the response of the polymers depends on the restricted energy loss 共the fraction of
the total energy loss that produces delta electrons of less than
a given energy兲 of the incident particle. For incident particle
energy of a few MeV/nucleon, the restricted energy loss is
approximately equal to the total energy loss,6 which is again
approximately equal to EEL 共as can be inferred from Fig. 1兲.
Therefore, we can hypothesize that for lighter particles, such
as protons, EEL is mostly responsible for the breaking of
molecular chains of monomer along the particle trajectory
and formation of latent tracks.
EEL of proton at different detector depths can be simulated precisely 共within 5% error12兲 by employing the Monte
Carlo simulation SRIM 共Ref. 9兲 共a freeware simulation package available in the world wide web兲. Therefore, once the
calibration for V versus EEL is obtained, one can calculate
L共t兲 for a given particle energy.
IV. THE CALIBRATION

The calibration between V and EEL has been obtained
by considering experimentally obtained values of V versus
detector depth and simulated 共employing SRIM兲 EEL versus
detector depth. Dorschel et al.8 have experimentally measured L共t兲 for several different energies of protons. In this
case, the CR-39 detectors were exposed normally to protons
of different energies and were etched in a controlled way for
different times. The lengths of the etched tracks were measured by breaking the CR-39 into several pieces perpendicular to its surface. The track etch rate was then calculated
from the L共t兲 following Eq. 共1兲. The calculation of the bulk
etch rate was done simply by measuring the thickness of the
etched detector at different etching times. Figure 2 thus
shows the set of points 共EEL, V兲 obtained for different detector depths, for two proton energies, viz., 0.77 and
0.87 MeV. The linear fit of the data points is taken as an
empirical relation in order to reconstruct the reduced etch
rate at different detector depths for a given proton energy.
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FIG. 2. 共Color online兲 Variation of reduced etch rate with EEL 共red兲 and
REL 共black兲 obtained for the tracks caused by protons of energies of
0.77 MeV 共circle兲 and 0.87 MeV 共square兲. The solid line is a linear fit to the
data points.
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length after that small interval of etching time. These steps
are repeated for all the thickness steps in the detector. The
simulated L共t兲 for different proton energies are shown in Fig.
3. We verified that the graphs for protons of energies of 0.77
and 0.87 MeV agree with the experimental measurements
reported by Dorschel et al.8
For incident proton energy of 100 keV, as can be seen
from Fig. 3, the latent track length saturates after a very short
etching time 共tens of minutes兲, depending on the etching
conditions. For this range of etching time, the etched track
length is similar for MeV or higher energy protons 共Fig. 3兲 as
Bragg’s peak of energy deposition lies in the unetched depth
of the detector. Therefore the resolution of track length measurement determines the upper limit of measurable ion energy range.
V. PROTON ENERGY SPECTRUM

Figure 2 also shows the variation of the reduced etch rate
with the REL, calculated by Dorschel et al.,5 in order to
illustrate that in MeV energy range of incident protons, both
REL and EEL are fairly close to each other.
We developed a computer code in order to calculate the
time dependent track length using the depth dependent reduced etch rate. The algorithm used in the one-dimensional
共1D兲 code is as follows. As the code uses the depth dependent track etch rate, the total thickness of the detector is
divided into small steps ⌬x. Using the track etch rate at a
given depth of the detector, the code calculates the time 共⌬t兲
required for the complete etching of the thickness step, ⌬x.
In the next step, the code calculates the thickness ⌬x⬘ of the
undamaged matter that could be etched during this etching
time ⌬t at the bulk etch rate. ⌬ = ⌬x − ⌬x⬘ thus gives the track

As an application of the presented technique of track
analysis, the energy spectrum of laser produced proton beam
is obtained from an exposed CR-39, shown in Fig. 4共a兲. In
the experiment, carried out at LOA laboratory, France, the
proton beam was generated from a 10 m thick Al foil irradiated by Ti:sapphire laser delivering peak intensity of 2
⫻ 1019 W / cm2 on the target.4 Figure 4共a兲 shows optical scan
共in transmission mode兲 of typical CR-39 obtained from the
experiment, where the gray level corresponds to proton track
density. The central white line corresponds to the shadow of
a 50 m Ta wire placed in between the proton source and the
CR-39. The detector was covered by 40 m thick Al foil in
order to protect from heavy ions and debris from the target.
Therefore the tracks found in CR-39 were due to the protons
of energy more than 1.85 MeV 共the stopping energy of the

FIG. 3. 共a兲 Simulated track lengths as a function of etching time for different incident proton energies. 共b兲 Zoom-in view of 共a兲 for the first half hour of
etching.
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FIG. 4. 共a兲 Optical scan 共in transmission mode兲, using flatbed scanner, of experimentally obtained CR-39 exposed to laser driven proton beam. 共b兲 Inverted
3D image of a 20⫻ 20 m2 surface area 关sampled from the area marked by the square in 共a兲兴 obtained by using AFM. The humps in the 3D image are the
shape of the conical tracks.

40 m Al filter兲. In order to avoid overlapping of tracks,
CR-39 was etched for only 15 min in 70% by mass of NaOH
aqueous solution, at a temperature of 80 ° C. Even after short
etching, we found extremely difficult analyzing the highly
populated tracks in CR-39 by using an optical microscope
even of very high magnification. The drawback of an optical
microscope is the poor resolution in counting the tracks and
resolving the overlapping. Due to the large density of tracks,
it was also not practically feasible to obtain the track lengths
by following the experimental method adopted by Dorschel
et al.8 Therefore, AFM 共Ref. 13兲 was employed in order to
obtain surface topography of the etched CR-39. The AFM
was operated in tapping mode in order to achieve high resolution without inducing destructive frictional forces.13 Figure
4共b兲 shows the AFM scan of a small part of CR-39 marked in
Fig. 4共a兲.
A number of AFM scans of different domains within the
CR-39 having uniform proton fluxes were taken. Each scan
was analyzed in order to obtain a histogram of number of
tracks for different track lengths, in small increments. Here
we have chosen incremental bins of 20 nm. The error in the
measurement of the track length was less than a few nanometers and the error in track density was less than a few percent of the obtained value. Using the calibration shown in
Fig. 3, the energy of the protons corresponding to each track
length was calculated. A correction in the proton energy was
introduced to take into account the Al filter used to protect
the CR-39 in the experiment. The corrections were obtained
by simulating 共using SRIM兲 the energy of the transmitted protons, for a given incident proton energy, through 40 m
thick Al foil. The energy spectrum of the protons thus obtained is shown in Fig. 5.

a viable way of calibrating tracks in CR-39 against incident
particle parameters, alternative to extensive experimental
procedures. The use of AFM for scanning of etched CR-39
has been demonstrated to be extremely efficient in measuring
etched track parameters with high spatial resolution, of the
order of nanometers. Present day techniques for measuring
the energy spectrum of a broadband ion beam 共e.g., laser
produced兲 are limited to provide either spatially integrated
spectra with coarse energy resolution 共as in the case of techniques employing nuclear activation measurements14 and deposited dose measurement in radiochromic films15兲 or high
precision, high energy resolution spectra along a single line
of sight to the diagnostic, such as with magnetic
spectrometers.3 The technique of obtaining energy spectra
from CR-39, as demonstrated in this article, can potentially
be extended in order to obtain spatially resolved complete
ion spectra with high energy resolution, by employing stacks
of thin nuclear track detectors, multiple cycles of etching,
and AFM analysis. By suitably choosing the filter thickness
one can detect even lower proton energies than extracted in
this paper. This is particularly useful in cases 共such as for
laser-accelerated ion beams兲 in which the ion beam spectrum
has an angular dependence or varies across the beam cross
section.16

VI. CONCLUSION

In conclusion, an EEL model of CR-39 track formation
is proposed which is based on the fact that at low energy, the
damage in plastic track detectors by light ions is mainly
caused by their electronic energy losses. The technique offers

FIG. 5. Energy spectrum of the laser driven protons, collected by the CR-39
共shown in Fig. 4兲 in the experiment.
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