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Due to the harsh radiation environment produced by strong laser plasma, most of
the detectors based on semiconductors cannot perform well. So, it is important to
develop new detecting techniques with higher detection thresholds and highly
charged particle resolution for investigating nuclear fusion reactions in laser-
plasma environments. The Columbia Resin No. 39 (CR-39) detector is mainly
sensitive to ions and insensitive to the backgrounds, such as electrons and
photons. The detector has been widely used to detect charged particles in
laser-plasma environments. In this work, we used a potassium-ethanol-water
(PEW) etching solution to reduce the proton sensitivity of CR-39, by raising the
detection threshold for the research of laser-induced B(p, a)2a reaction. We
calibrated the 3-5MeV « particles in an etching condition of 60°C PEW-25
solution (17% KOH + 25%C,HsOH + 58%H,0) and compared them with the
manufacturer's recommended etching conditions of 6.25N NaOH aqueous
solution at 98°C in our laser-induced nuclear reaction experiment. The results
indicate, with the PEW-25 solution, that CR-39 is more suitable to distinguish «
tracks from the proton background in our experiment. We also present a method
to estimate the minimum detection range of a energy on specific etching
conditions in our experiment.

KEYWORDS

CR-39, PEW solution, proton boron fusion, laser-induced fusion, track detector

1 Introduction

Nuclear fusion reactions play a crucial role in astrophysics because they are not only
important for the power of stars in the sky but also indispensable for the synthesis of the
elements in the Universe [1-6]. Additionally, it is the core area of research for developing
fusion power plants in the future. Nuclear reactions can now be produced in a plasma
environment with the recent rapid development of ultrashort, high-intensity laser
technology [7, 8]. In such experiments, single or multiple laser beams deposit energy
into a target (flat or structured) within a split second and in a tiny volume. The target will be
heated and compressed. A hot and dense plasma is then created, which is substantial for the
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nuclear fusion reactions [9]. Investigating these reactions in the
plasma environment generated by high-intensity laser in the
laboratory is meaningful because this environment is similar to
that of nuclear astrophysics [10,11] and the fusion reactors in the
future. Among the nuclear reactions in the plasma, ""B(p, a)2«
seems to draw most attention for the purpose of clean energy
[12-17].

Due to the strong electromagnetic pulse (EMP) radiation and
multiple ions generated by the high-intensity laser, laser-plasma
experiments involve more difficult and complex particle-
discrimination tasks than traditional nuclear reaction experiments
performed at accelerators. A wide range of energy resolution and
good detection efficiency is necessary for detectors to distinguish
between various ion species in a laser-plasma environment. The
detectors should be tough enough to tolerate the strong radiation.
Among these detectors, the Time-of-Flight (TOF) detector seems to
be working well now for neutrons [18-20], charged particles [21,
22], and delayed gammas or X-rays [23, 24]. The TOF detectors are
mainly based on fast scintillators, such as plastic, liquid scintillators,
and SiC. They could recover in a very short time (several ns to tens of
ns) back from EMP pulse to detect the following particles. Another
type of detector working well in a harsh environment is the
radiochromic film dosimetry (RCF) [25] or imaging plate (IP)
[26-29]. They record the radiation dose (color or delayed light)
in the film and can work together with some electric or magnetic
field to record the information of the particles. In this work, we
attempt to use the CR-39 track detector to detect « particles using a
new etching solution.

Solid-state nuclear track detectors (SSNTDs) can be used to
detect even a single ion. Typical SSNTD materials include CR-39,
cellulose nitrate (CN), and polycarbonate (PC) [30-32]. The
chemical name of Columbia Resin No. 39 (CR-39) is poly-allyl-
diglycol-carbonate(C,,H;305). It is a high-grade plastic with very
good light transmission, a refractive index close to 1.5, a density of
1.3 g/cm? and can be safely used at temperatures up to 100°C [33,34].
CR-39 detectors do not respond to EMPs and X-rays. Charged
particles, such as protons, deuterons, « particles, and heavy ions, can
be detected using CR-39 detectors [35]. CR-39 provides the absolute
number of particles with 100% detection efficiency if these incident
particles deposit enough energy and the incident angle is larger than
critical. When a charged particle enters CR-39, it breaks the bonds of
the molecular chain and leaves a trail of damage full of free radicals
along its path. Radiation damage occurs, and the area of radiation
damage is called the latent track. Using a microscope, the latent track
information can be read after chemical etching creates a conical
opening with a diameter of a few microns called a track. During the
etching process, the bulk etch rate (V) and track etch rate (V) are
used to describe the growth of the track. Vi and V; depend on the
SSNTD material and etching solution, and Vr depends on the
incident ions’ linear energy transfer (LET). The amount of local
damage along the track is indirectly related to the loss of energy per
unit path length, and the length of the latent track indicates the range
of the particles in the plastic. The track position is where charged
particles’ incidence and the average track diameter will depend on
the incident energy and etching chemistry.

It is known that etching CR-39 detectors in 6.25 N NaOH
aqueous solution at 70°C and 98°C is appropriate [38-41]. The
etching response of CR-39 bombarded by « with energies varying up
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FIGURE 1

LET curves for protons and « particles in CR-39 calculated using

the SRIM code [36]. The orange region indicates the estimated LET
threshold of PEW-25 in CR-39 to detect the « particles [37]. Tracks of
carbon/boron and « particles are shown on the top right. Tracks

of carbon/boron have three times larger diameters compared to «
generally, and LET of carbon is three times that of a.

to 7.7MeV has already been studied under specific etching
conditions [41-46]. In p —'"'B reaction experiment, the main
particles in plasma and reaction products are proton (p), boron
("'B,'®B), carbon (C), and « particles («), as shown in Eq. 1. It is hard
to discriminate the ions in these types of experiments with the
solution of NaOH because the background from accelerated ions,
such as proton or carbon, has a large range of energy, and their
tracks will lead to different, overlapping diameters. Even more
complicated is the over-etched state, which involves ions of
different energies and etching times. In this case, all the tracks
are similar and can no longer be differentiated. Even with an
aluminum foil with a thickness of 5 or 10 microns to effectively
stop the majority of the low-energy carbon and boron ions from the
laser-induced plasma, the energetic ions can still penetrate the foil,
leaving their tracks in the following detectors, which will mix with
those tracks of « particles with energy between 3 and 5 MeV from
the nuclear fusion. Therefore, it is important to raise the detection
threshold of ions to suppress background tracks produced by
protons and achieve a better charge resolution:

p+"B—3a+86MeV. (1)

An approach to raise the detection threshold of CR-39 is the use
of a copolymer resin of CR-39 and diallyl phthalate (DAP) [47, 48].
Although the CR-39-DAP detector is a candidate for the detection
of heavy ions, charge resolution deteriorates due to the extremely
rough surface conditions that result from chemical etching. This will
be much more serious in the condition of laser plasma. Another
approach to raising the detection threshold of CR-39 is to use a
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FIGURE 2

Experimental setup used to irradiate CR-39 samples with « particles. E,;, is the estimated range of a energy.

potassium—-ethanol-water (PEW) solution for the etching process. It
is valuable to use PEW solutions (17% KOH + x%C,HsOH +(83-
X)%H,0), with the mass percentage the same as that in the paper for
the discrimination of the proton and « particle. It is known that the
PEW solution can desensitize the track registration sensitivity of
CR-39, and the desensitization of sensitivity is more effective for
low-LET particles. The discrimination of proton and « particles is
the presence or absence of tracks rather than the diameter of tracks
with the PEW solution method. The combination of CR-39 and
PEW solution has been used to study the ions, and the great majority
of proton tracks are desensitized and disappear [37, 49-51]. This
method permits the discrimination of ions other than protons.
Figure 1 illustrates the energy loss of a and proton in CR-39.
Using the combination of CR-39 and the PEW solution to
discriminate small numbers of secondary ions of interest from
large numbers of background primary protons would be valuable
for laser-plasma research.

In this experiment, we tested different energies of «, which were
emitted by an **'Am isotope. A solution of PEW-25 [25%C,H;0H]
at a temperature of 60°C recommended by Ref. [37] was used to etch
CR-39. In order to detect the secondary « particles of the p —''B
reaction in the background of laser plasma, a new approach to obtain
the track information and its energy range of incident « at an etching
time of 30-60 min was used.

2 Experiments setting

Sheets of CR-39 (TASTRAK®, United Kingdom) with sizes
of 25 mm x 25 mm X 1.5 mm were used in this experiment. The
manufacturer’s recommended « etching conditions are 6.25 N
NaOH at 98°C or 70°C. However, it is invalid in a specific laser-
induced nuclear reaction environment. As mentioned in the
introduction, CR-39 was etched in the PEW-25 solution at 60°C
for 30-90 min to discriminate the proton and the « particle in
the p —''B reaction experiment. The temperature of 60°C was
selected to avoid the evaporation of ethanol. Under these
etching conditions, the LET threshold for CR-39 with
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PEW-25 was estimated to be 150-220 keV/um, as shown in
Figure 1, and the protons cannot be detected.

Figure 2 shows the experimental setup used for direct
irradiation with « particles. To generate « with different
energies, an **'Am isotope emitting 5.40 MeV « particles
with an intensity of 7.197kBq was used in the different
distances (D) between the isotope source and CR-39 in the
open air so that the incident energy of a can be varied. The
kinetic energy of a was 5.40 MeV at the source surface and
decreased with an increase in the air gap distance. The air gap
distance between the detector and source, resulting in different
a energies, has been researched by previous studies. The surface
of CR-39 was irradiated with the « at the energy of 3.00 MeV
(D = 24.5 mm), 4.00 MeV (D = 16.4 mm), and 5.00 MeV (D =
6.2 mm) [41]. CR-39 was covered with an aluminum foil of 5 or
10 microns to simulate CR-39 in the laser-driven nuclear
reaction experiment that could reduce the influence of
heavier ions with low kinetic energy. By controlling the
irradiation time, the number of particles incident to CR-39
was controlled to be less than 10° cm™.

Before chemistry etching, the PEW solution was heated to 60°C.
Then, the irradiated CR-39 was clamped with a tetrafluoroethylene
(C,F,) basket to ensure it was vertical and fully etched. After etching,
the CR-39 detector was first washed in 500 mL of carbonic acid
solution to neutralize alkaline substances. Then, it was washed in
500 mL of deionized water for cooling. After an appropriate
chemical etching treatment, the damaged pit induced by the
ionized particles in the CR-39 solid-state track detector can be
visualized under an optical microscope. The track information of
o was measured using an automatic track image analyzer.
Information about the track position, track diameter, major axis,
minor axis, and other track information was recorded by the
TASLImage radon and neutron dosimetry system from the
manufacturer (TASL) of CR-39. These tracks” information could
be used to identify the type of particle. They mainly depend on the
ion energy, ion mass, ion charge, and etching condition. TASLImage
software can only record the track diameter between 3 and
40 microns so that some background noise can be removed.
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FIGURE 3

Etched CR-39 surfaces after irradiation with (A), (D), (G) 3.00 MeV; (B), (E), (H) 4.00 MeV; (C), (F), (I) 5.00 MeV covered with 5-pym aluminum foil in

different etching times.

3 Results and discussion

3.1 CR-39 irradiated by different energies of
a particles and covered with 5-pym aluminum
foil

The calibration of CR-39 was studied under different etching
conditions, before this study [41]. The etching responses are
different due to different CR-39 manufacturers, production series
in factor, and even the condition in the detector storage history and
age. Therefore, CR-39 must be calibrated before experiments.

To determine the optimal etching time to discriminate 3-5 MeV
o tracks, CR-39 was irradiated by energies of a covered with 5 pm
aluminum foil, as shown in Figure 3. When the etching time was
90 min and CR-39 was covered with 5-um aluminum foil, only 5.00-
MeV « particle tracks could be seen, and only shallow (and hollow)
etch pits were actually produced. These etch pits might have been
generated by a 5.00 MeV « particle, as shown in Figure 3C. That
indicates that the thickness of the layer removed by the PEW-25
solution is larger than the particle path length of 3.00-and 4.00-MeV
a particles under etching conditions of 60°C, 90 min, and 5 um
aluminum foil. The 5.00-MeV « particles would penetrate the CR-39
a little shallower than the etched depth.

Figures 3D, E, F show the surfaces of the etched CR-39 after
irradiation with 3.00-, 4.00-, and 5.00-MeV « particles, respectively.
As shown in Figure 3F, tracks were clearly observed after irradiation
with the 5.00-MeV « particles. In contrast, no tracks or etch pits can
be seen in Figure 3D with 3.00-MeV « particles. The 4.00-MeV «
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particle tracks can be seen; they have a lower grey level than the
tracks irradiated by the 5.00-MeV « particles, as shown in Figures
3E, F. The removed layer length of CR-39 under etching conditions
of 60°C, 60 min, and 5.0-pum aluminum foil is estimated between the
Bragg peak of 4.00-MeV and 5.00-MeV «, and at the end of the
Bragg peak, the LET of 4.00-MeV « is fortunately close to the orange
region in Figure 1 in this etching condition.

The surfaces of the etched CR-39 after irradiation with 3.00-,
4.00-, and 5.00-MeV « particles are shown in Figures 3G, H, 1.
Tracks irradiated by 3.00-MeV « particles have an appearance
similar to those of tracks irradiated by 4.00-MeV « particles on
the etching time of 60 min (e), with a lower grey level than tracks
irradiated by 4.00-MeV « particles, as shown in Figures 3G, H. In
comparison to the etching time of 60 min, the removed layer length
of CR-39 on the etching time of 30 min is estimated to be between
the Bragg peak of 3.00- and 4.00-MeV . Therefore, the tracks were
clearly observed after irradiation with the 4.00-MeV « particles. The
LET of 5.00-MeV « particles at this etching length has just begun to
rise to the LET threshold of PEW-25 so that 5.00-MeV « particles are
almost not producing tracks or have a few tracks, as shown in
Figure 31

As the calibration of CR-39 with PEW-25 solution and 5-yum
aluminum foil, an etching time of 30-90 min is appropriate to detect
3-5MeV « of the p —''B reaction. As shown in Figure 3, the states
shown in (G), (E), and (C) are similar, where the removed length is a
little longer than the depth of the Bragg peak. The states in (F) and
(H) are similar, and one could imagine that conditions of 90 min and
6.0 MeV would have an analogous appearance. The etch rate could
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* A 30min

B 46min
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FIGURE 4

Etched CR-39 surfaces after irradiation with 5.00-MeV alpha particles covered with 10-pm aluminum foil. (A—D) shown different etching times of

CR-39.

be estimated as around 7.0 um/30 min, which is almost twice that in
Ref. [37], 7.5 um/h. This may be due to different manufacturers of
CR-39.

3.2 CR-39 irradiated by 5.00-MeV « particles
and covered with 10-um aluminum foil

In the environment of laser-induced plasma, some heavy ions
(e.g., B, C, and N) may be accelerated to energies high enough to
penetrate the 5-pum or thicker aluminum foil. Their LET is much
higher than the LET threshold of PEW-25 for « particles, leaving
tracks of different diameters in a wide range (even >30 um). The
tracks smaller than 10 pum produced by the particles far from the
Bragg peak are likely to be confused with tracks produced by the «
particles around the Bragg peak. Moreover, a large number of
tracks (or etch pits) with a large diameter will disturb the focus of
the optical microscope, so a mistake in the record system may
happen. For this case, a thicker aluminum foil will reduce the
influence of energetic heavy ions in laser-induced nuclear
reaction experiments.

Figures 4A-D show the surface of etched CR-39 covered with
10-pum aluminum foil after irradiation with 5.00-MeV « particles,
and etching times are 30, 40, 50, and 60 min, respectively. No tracks
or etch pits can be seen in Figure 4D with an etching time of 60 min.
As the etching time increases, the grey level of the tracks decreases
until they disappear in the optical microscope. To reduce the impact
of those energetic heavy ions "'B,”C in a laser-induced p —''B
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reaction, the etching time is limited between 30 and 40 min with
CR-39 covered by a 10-um aluminum foil.

3.3 An approach to estimate the minimum
detection range of a energy

One approach could estimate the energy according to the depth of
the & penetrating the CR-39 detector. The diameter of « tracks in the
PEW solution is much smaller than that in the NaOH solution. It will
disappear quickly when the depth is deeper than the Bragg peak. This
provided a method to estimate the minimum detection range of «
energy and an etch rate of 3.3 um/10 min from the data estimated by
Enin corresponding minimum depth. As shown in Figure 2, without a
collimator setting between the CR-39 detector and **' Am isotope, the
distribution of tracks on the CR-39 surface will cover a big range with
radii around 2.5 mm. For those outer tracks, due to their much longer
journey in the air, the « particles will have smaller energy and a more
swallow depth in CR-39. Therefore, one can estimate the minimum
energy detection ability of CR-39 for « particles from the outer tracks.
As shown in Figure 2, R is the radius of distribution, and the track on
the circle’s edge corresponds to the minimum « energy. Because the
penetration depth is much shorter than the distance in air, R is very
close to R. 0is the incident angle of « particles along the orange line in
Figure 2. The depth S could be calculated by SRIM [36] with the
parameter D and 0. S is the minimum detection depth on that etching
condition (etching time, temperature) with PEW-25 solution and
aluminum foil. For the laser-plasma experiment, the minimum
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FIGURE 5

Surfaces of irradiated CR-39 after etching in the NaOH (A) and PEW-25 (B) solutions. The blue encircles tracks of *'B or *?C in (B), and the red region is
a track of « particles. (C) Tracks in the experiment with some tracks of « particle (red square). Tracks of heavier ions are much larger than those of a. The

green circles in (C) indicate the overlapping of protons and ions.

vertically incident « energy can be estimated by the depth S. The
minimum detection energy is 4.15 MeV after etching for 40 min in the
PEW-25 solution at 60°C with 5.00 MeV « and 3.68 MeV for 30 min.
An etch rate of 3.3 um/10 min from the data can be estimated by E,,,;,,
corresponding minimum depth S, which meets expectations as
previously discussed.

Because the Bragg peak has a relatively slow climbing edge, as shown
in Figure 1, the maximum « energy would span a wide range. Higher
energy « particles leave a small track and a deeply grey level before they
reach the Bragg peak, as shown in Figure 3I. These tracks would be
present on CR-39 for a longer etching time. The diameter of the track
gets larger and has a lower grey level as the etching time increases until
the tracks disappear in the optical microscope. The maximum energy
may be estimated by multiple etching times. Based on the experience of
our calibration with different etching times and aluminum foils, we could
roughly estimate the maximum energy in the range of 5.80 MeV +
0.80 MeV for 40 min and 5.65 + 0.60 MeV for 30 min.
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In principle, one could etch the detector as many times as needed
to increase the energy resolution. However, the temperature and
concentration of the solution would change when the detector is
taken out of and into the solution. Another problem is that the size of
the a-particle track is around 8 um which would cover a wide range of
depth and result in a relatively bigger energy error. In our laser
experiment, an etching time of 30 min was used. The etching
procedure is applied for each detector since the covering with
thick aluminum reduces the range of the « in the detectors.

3.4 Experimental results of irradiated CR-39
after etching in a solution

In our laser-induced nuclear reaction experiment, a PW laser

pulse with a duration of 33 fs and an energy of 10-20J in SIOM is
used. CR-39 was irradiated with laser-accelerated protons, boron,
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FIGURE 6
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Diameter (minor and major axis) distribution of tracks on CR-39 surface. The blue encircles tracks group of B or *2C, and the red encircles tracks
(and background impurity) of « in (A). « particles recorded by CR-39 from an ?**Am source (B).

TABLE 1 The correct number of a.

CR-39 Solid angle  Energy range  Detection efficiency

142 4.18 x 10° 9.12 x 10° 1.47 x 107

carbon, and small numbers of secondary alphas of interest. Figures
5A, B show photographs and microscopy images of the CR-39
etched in NaOH and PEW-25 solutions, respectively. The etch pits
observed in Figure 5A were caused by indistinguishable « particles
from the p +"B reaction and the laser-accelerated ions. Even
TASLImage software could not record information, and the
optical microscope could not focus on it. The tracks observed in
Figure 5B may be produced by « particles and other heavy ions. The
image is much cleaner, and « particles can be better distinguished
from ions than when etched by NaOH solution. As shown in Figures
5C, 1, 6, the track diameter of heavier ions (e.g., boron and carbon) is
much larger than « approximately three times. Interestingly, the
LET of carbon is nearly three times greater than that of a. The
diameter of tracks in CR-39 etched with PEW solution may have a
positive linear correlation with the LET of ions.

The laser was focused to a 10-um full width at half maximum
(FWHM) focal spot with an F/4 off-axis parabola, reaching a peak
intensity of 2 x 10> W/cm? (a = 10) on a nanowire-array CH, + CB,
target. The maximum number of « particles was measured to be
1.4 x 107. One shot with 142 « tracks was detected on CR-39. The
distance between CR-39 and the target was 46 cm, corresponding to
a solid angle of 2.34 x 10™* Assuming the experiment kinetic
the the
Geant4 simulation, one can estimate the number of « particles
for this shot (Table 1).

spectrum  is same  as theoretical one from a
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We used EPOCH, a PIC (particle-in-cell) program [52, 53]
combined with the reaction rate of "B(p, «)2« to simulate the
experimental observation. The number of « particles was 2.4 x 107,
slightly more than the number in our experiment result of CR-39
etching in the PEW-25 solution. As shown in Figure 5, not only «
particles but ions with higher LET than the detection threshold can
also be detected with a PEW-25 solution. It is a universal method for
laser-plasma experiments to detect ions mixed with protons.

4 Conclusion and summary

In this study, a PEW solution was applied to raise the detection
threshold of the CR-39 detector. We present calibration results for
CR-39 detectors, which are widely used to discriminate ions in
fusion reaction experiments, as CR-39 is insensitive to background
EMP. Etching in the PEW solution effectively desensitizes the track
sensitivity of CR-39. The combination of CR-39 and the PEW-25
etching solution [60°C (17% KOH + 25%C,HsO0H + 58%H,0)] was
successfully used to detect secondary « particles in the presence of a
large number of primary protons and other energetic heavy ions.
The « particles produced from the "'B(p, «)2a reaction induced by
ultra-intensity laser (pulse width of 30-40 fs, and energy of 10-20 J)
were selectively detected by reducing the proton detection sensitivity
of CR-39 with PEW-25 solution. The result confirms that CR-39
etched with a PEW-25 solution [37] has better discrimination of ions
than that with a NaOH solution. The calibration offers various
options for etching time, aluminum foil thickness, and « energy
range. A 10-um aluminum foil and 30 or 40 min etching time are
suggested for the laser-induced "B(p, «)2a experiment. PEW
solution can also be applied to detect the quantity of minor,
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accelerated heavy ions in a laser-plasma environment with a large
number of primary protons.

For higher energy alpha particles in other experiments, if
CR39 is the suitable detector for the alpha (e.g., without Li), the
PEW solution is still a useful method for identifying different
particles. The maximum LET of alpha is stable with the higher
energy alpha particles so that the tracks of alpha particles will not
become large. Furthermore, it has no over-etching of PEW-25 with
our calibration experiment. The alpha particle track will disappear
quickly when the etching depth is longer than the location of the
Bragg peak. Compared to the PEW, the NaOH solution will lead to
an over-etching track of alpha, and the diameter of the 2-5 MeV
alpha track can be up to 30 microns. For an alpha particle with
energy up to 20 MeV [54], we believe the size of the alpha particle
tracks remains smaller than heavier ions (using PEW), as long as the
etching time is appropriate.
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