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ABSTRACT

CR-39 detectors were exposed to DT neutrons generated by a Thermo Fisher model A290 neutron generator. Afterwards,
the etched tracks were examined both optically and by scanning electron microscopy (SEM). The purpose of the analysis
was to compare the two techniques and to determine whether additional information on track geometry could be obtained
by SEM analysis. The use of these techniques to examine triple tracks, diagnostic of ≥9.6 MeV neutrons, observed in
CR-39 used in Pd/D co-deposition experiments will also be discussed.
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1. INTRODUCTION

Columbia Resin 39 (CR-39), a polyallyldiglycol carbonate polymer, has been used as a solid state nuclear track detector
(SSNTD) to detect energetic, charged nuclear particles.1 As an energetic, charged particle traverses through CR-39, it
creates along its path an ionization trail that is more sensitive to chemical etching than the bulk material. After etching,
the tracks due to energetic particles have the appearance of holes or pits. The size and shape of these pits provides
information about the mass, charge, energy, and direction of motion of the particles. The most common method
employed to analyze these tracks is optical microscopy. However, atomic force microscopy (AFM)2,3 and scanning
electron microscopy (SEM)4,5 have also been used by others to analyze tracks in CR-39 resulting from exposure to either
alpha or proton sources.

CR-39 has also been used to detect neutrons. In order to detect neutrons with CR-39, the neutron must either scatter or
undergo a nuclear reaction with the atomic constituents that make up the detector.6 The DT neutrons can scatter
elastically to create recoil protons, carbons and/or oxygen nuclei in the forward direction. The DT neutrons can also
undergo inelastic (n,p) and (n,α) reactions with carbon and oxygen nuclei to create charged particles on both the front
and back sides of the CR-39 detector. These knock-on tracks resulting from these interactions will appear uniformly
throughout the CR-39 detector. DT neutrons can also undergo the carbon break-up reaction. In this reaction, a metastable
13C is formed that then shatters into three alpha particles and a neutron. In the CR-39 detector, the reaction products
appear as a triple track in which each prong is caused by an energetic alpha particle. Of the neutron interactions with CR-
39, the carbon shattering reaction, resulting in a triple track, is the most easily identifiable. In this communication the use
of optical microscopy and SEM to analyze DT-generated tracks, including triple tracks, are compared.

In addition, both optical microscopy and SEM were used to analyze triple tracks that have been observed in CR-39
detectors used in Pd/D co-deposition experiments. The advantage of using CR-39 in these experiments is that CR-39 is
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an example of a constantly integrating detector. Once an event occurs, it is permanently stamped in the plastic. This is
particularly useful for events that occur either sporadically or at a low rate. The main disadvantage is that it not known
when those events occurred.  The results of the analyses of detectors used in the Pd/D co-deposition experiments are also
discussed in this communication.

2. RESULTS AND DISCUSSION

2.1 Neutron Detection Using CR-39 Detectors

Phillips et al.7 irradiated CR-39 detectors with neutrons with energies ranging from 0.114 to 14.8 MeV. Figure 1a shows
the track size distributions obtained for 0.114, 0.25, 0.565, 1.2, and 14.8 MeV neutrons. It was shown that the track sizes
can be used to differentiate recoil protons, recoil carbons/oxygens, and the carbon break-up reaction. The peak at ~10 µm
is attributed to recoil protons. As the neutron energy increases, the recoil proton peak broadens. At a neutron energy of
1.2 MeV, a second peak is visible at ~25 µm. This peak is due to recoil carbon and oxygen atoms. For neutron energies
between 1.2 and 8 MeV, the size distribution of the tracks are approximately the same. A peak at ~ 35 µm is observed in
the size distribution of CR-39 detectors exposed to 14.8 MeV neutrons. This peak is assigned to the carbon break-up
reaction that results in triple tracks. Figure 1b shows an optical image of DT- neutron generated tracks. This optical
image shows examples of tracks created by recoil protons, carbons, and oxygens as well as the carbon break up reaction.

Figure 1. (a) Track size distribution for CR-39 detectors that have been exposed to, from left to right, 0.114, 0.25, 0.565, 1.2,
and 14.8 MeV neutrons where (1) indicates the peak due to recoil protons, (2) the peak due to recoil carbon/oxygen atoms, and

(3) the peak attributed to the carbon break-up reaction.7 (b) DT-neutron generated tracks in CR-39 obtained at 1000x
magnification where track #3 is due to a recoil proton; tracks #1, 2, and 4 are due to carbon/oxygen recoils; and track #5 is a

triple track created by the carbon break-up reaction.

In the method developed by Phillips et al.,7 neutrons with energies between 1.2 and 8.0 MeV cause proton recoils inside
the CR-39 detector that exhibit the same track size distribution. Consequently the track size, after a single etch, cannot be
used to definitively determine the energy that caused the proton recoil. Fortunately, Roussetski et al.8 have developed a
sequential etching method that removes this ambiguity. However, this method can only be applied to analyzing proton
tracks that are normal incidence to the detector. Figure 2a shows a calibration curve obtained from proton bombardment
on CR-39 detectors that had been etched for 7 h at 70°C. Figure 2b shows the track diameter of tracks due to 1.0-2.5
MeV, normal incidence protons as a function of etching time. As shown in Figure 2b, the track size of recoils proton
tracks overlap after a single 7 h etch. With increased etching time, the track diameters for the different energy protons
increases. However, as shown in Figure 2b, the tracks from the different energy protons do not etch at the same rate.
Track etch rate varies inversely with track energy, i.e., the lower the proton energy, the faster the track etches. With
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longer etching times, the track sizes spread out making it possible to more accurately determine the energy of the neutron
that caused the recoil proton.

Figure 2.8 (a) Van de Graaf accelerator calibration curve generated for 0.65-3.0 MeV protons of normal incidence with respect to the
detector surface. (b) Plot of track diameter vs, etching time for protons of normal incidence for proton energies ranging between 1.0

and 2.5 MeV.

2.2 Analysis of DT neutron Recoil Proton, Carbon, or Oxygen Tracks

Optical and SEM microphotographs of tracks due to a DT neutron proton recoil reaction and a carbon/oxygen recoil
reaction are shown in Figures 3a and 3b, respectively. Because the optical images were taken with the detector being
backlit, the appearance of the observed image depends upon the manner in which the track has scattered and reflected the
light passing through it. Major factors affecting the track appearance are the total internal reflection and inclination
angles of elements in a track wall with respect to the light rays.9 When the microscope optics are focused on the surface
of the detector, the tracks are dark in color, as shown in Figures 1b, 3a(i) and 3b(i). In contrast, the optical images shown
in Figures 3a(ii) and 3b(ii) were obtained by overlaying two images – one obtained by focusing the microscope optics on
the surface of the detector and the other by focusing on the bottom of the tracks. By overlaying these images and taking
into account scattering of light by the pit created by the recoiling proton/oxygen/carbon atom, it is possible to make some
conclusions about the three-dimensional shape of the track. In Figure 3a(ii), a bright circle is seen  at the bottom of the
track. Bright areas inside a track indicate that the light rays coming from below the track are refracted through very small
angles in the central area.9 As a result, the intensity loss is relatively small causing the central areas to be very bright.
Bright features inside a track are indicative of spherical or rounded bottoms. Therefore the bright area inside the track
shown in Figure 3a(ii) suggests that the bottom of this track is shallow and rounded. This is confirmed by the SEM
image of the track shown in Figure 3a(iii).

In SEM, the sample surface is scanned with a beam of electrons in a raster scan pattern. The signals derived from the
electron-sample interactions provide information about the sample including external morphology (texture) and
orientation of materials making up the sample. Besides being able to obtain higher resolution images, SEM images have
a three dimensional appearance while optical images are inherently two-dimensional. The SEM image of the proton
recoil track, Figure 3a(iii) shows that the bottom of the track is rounded. It should be noted that post-SEM, optical
analysis of the track did show that electron irradiation did damage the track. Consequently, all optical analysis of the CR-
39 detectors needs to be completed prior to SEM analysis.

In contrast to the track shown in Figure 3a(ii), the track shown in Figure 3b(ii) is completely dark. No bright center is
observed. Dark areas in the track indicate that total reflection of light has occurred. This is indicative of either steep track
walls or a perfectly conical track. 9 This conclusion is supported by the SEM image of the track shown in Figure 3b(iii).
The SEM image shows that the track has steep walls and that the bottom is not rounded.
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The results shown in Figure 3 show that optical microscopy and SEM are complimentary techniques to deduce the three
dimensional shape of tracks resulting from energetic particle emissions.

Figure 3. DT-neutron generated tracks in CR-39 where (a) is due to a proton recoil reaction and (b) to either a carbon/oxygen recoil
reaction. Both (i) and (ii) are optical images obtained at 1000x magnification where (i) was obtained with the microscope optics
focused on the surface of the detector and (ii) obtained by overlaying two images obtained at the surface of the detector and the

bottom of the pits. SEM images of the tracks are shown in (iii) where images a(iii) and b(iii) were obtained at magnifications of 5000x
and 3000x, respectively.

2.3 Analysis of DT-Neutron Generated Triple Tracks

The carbon breakup reaction can proceed to the four-body final state through one or more of the following reaction
mechanisms:10

n + 12C → n' + 12C(α) 8Be(2α)
                                                              n + 12C → α + 9Be(n') 8Be(2α)

    n + 12C → α + 9Be(n') 5He(n', 2α)
n + 12C → 8Be(2α)  + 5He(n', 2α)
     n + 12C → n' + α + α + α

The observed relative size and shapes of the lobes comprising the triple track reflect these different processes and can
result in both symmetric and asymmetric triple tracks. Examples of both kinds of tracks are discussed vide supra. Figure
4 shows optical and SEM micrographs of a symmetric DT-neutron generated triple track. The optical micrographs were
taken at a magnification of 1000X. Figure 4a was taken with the microscope optics focused on the surface of the detector
while Figure 4b is an overlay of two images taken at the surface and the bottom of the pits. As discussed vide supra, the
appearance of the observed image depends upon the manner in which the track has scattered and reflected the light
passing through it. Again the major factors affecting the track appearance are the total internal reflection and inclination
angles of elements in a track wall with respect to the light rays.9 Taking these factors into account, and using both the
surface and overlay images, Figures 4a and 4b respectively, the 3-dimensional geometry of the triple track can be
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deduced. This geometry is important to ascertain the angle of each alpha track relative to the surface of the detector in
order to accurately determine the path length, and hence the energy, of each breakup alpha.  This angle can not be
deduced by simple optical observation alone.

Figure 4. Microphotographs of a symmetric DT-neutron generated triple track.  Optical images taken at 1000 x
magnification where (a) was obtained with the microscope optics focused on the surface of the CR-39 detector and (b) is
an overlay of two images taken at the surface of the detector and the bottom of the pits. (c) A SEM image taken at 7500x

magnification.

In the optical photomicrograph shown in Figure 4a, the large center pit is dark in color and the two smaller, left hand
tracks  are  light in color. This suggests that the light colored tracks are shallower than the larger dark one. The optical
photomicrograph, Figure 4b, shows bright areas inside the tracks. Bright features inside a track are indicative of spherical
or rounded bottoms while dark areas indicate either steep track walls or a perfectly conical track. Comparing the two
optical images for the triple track  shown in Figure 4, it is concluded that the three alpha tracks comprising the triple
track have rounded bottoms and that the two smaller, left hand tracks are shallower that the larger center track.  These
conclusions are verified by the SEM image of the triple track shown in Figure 4c. The SEM image of the symmetric
triple track shows that the bottoms of the three lobes of the triple track are rounded and that the larger track is deeper
than the two smaller ones.

Optical and SEM images of an asymmetric triple track are shown in Figures 5a and 5b respectively. In the optical image,
Figure 5a, a square indicates the asymmetric triple track. The track is circular in shape with a prong.  Next to the triple
track is a smaller, brighter circular track. The SEM image, Figure 5b, shows that this small, circular track is shallower
than the circular portion of the asymmetric triple track. The prong of the asymmetric triple track observed in the optical
image, Figure 5a, is not seen in the SEM image, Figure 5b.  This indicates that the prong is actually below the surface of
the plastic detector. In the SEM image, the opening of the prong is indicated by an arrow. This undercutting of a track
inside the plastic demonstrates that the rate of etching of the ionization trail created by the charged particle in the
detector is faster that the etching rate of the bulk material. The results summarized in Figure 5 show that the two methods
of analysis can be complementary for tracks caused by the ejection of particles below the surface of the etched detector.
The SEM analysis shows which tracks are below the surface of the etched detector and the optical image will show the
shape of that track.

2.4 The Pd-D Co-Deposition Process

In the Pd-D co-deposition process an anode and a cathode are immersed in a solution palladium chloride and lithium
chloride in deuterated water.11 Palladium is then electrochemically reduced onto the surface of the cathode in
the presence of evolving deuterium gas. Electrodes prepared by Pd/D co-deposition exhibit highly expanded surfaces
consisting of small spherical nodules. Because of this high surface area and electroplating in the presence of deuterium
gas, the incubation time to achieve high D/Pd loadings necessary to initiate low energy nuclear reactions (LENR)
is orders of magnitude less than required for bulk electrodes. Besides heat,12,13 the following nuclear emanations have
been detected using Pd/D  co-deposition over a twenty year period of research: X-ray emission,14  tritium production,15
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Figure 5. Microphotographs of an asymmetric DT-neutron generated asymmetric triple track. (a) Optical image taken at
200x magnification.  (b) SEM image of the region indicated by a square in Figure 2a taken at 6500x magnification. An

arrow indicates the opening of the prong seen in the optical image.

transmutation,16 and charged particle emission.17,18 Using the sequential etching method described vide supra,8 Lipson et
al.19 reported on the observation of DD neutrons in CR-39 detectors used in Pd/D co-deposition experiments.

2.5 Analysis of Pd-D Co-Deposition Generated Triple Tracks

Tracks, observed in CR-39 detectors used in Pd-D co-deposition experiments, coincide with the Pd deposit.17 A series of
control experiments showed that the tracks were not due to radioactive contamination of the cell components nor were
they due to either chemical or mechanical damage.17  Tracks were observed on both the front and back surfaces of the 1
mm thick detectors used in these experiments. In addition to solitary tracks, a small number of symmetric and
asymmetric triple tracks have been observed in CR-39 detectors used in Pd-D co-deposition experiments.20,21 For an
experiment typically running for two weeks, the total number of observed triple tracks on the CR-39 detector, front and
back, ranged between 5 and 10 tracks.  Triple tracks have not been observed in CR-39 detectors used in control
experiments. The time duration of these control experiments was the same as that used in the Pd/D co-deposition
experiments. These control experiments indicate that the triple tracks are not the result of cosmic ray spallation neutrons.

Figure 6a shows optical images of a symmetric triple track observed in a Pd/D co-deposition experiment. Optical images
of a DT neutron-generated triple track are shown in Figure 6b. The Pd/D generated and the DT-neutron generated triple
tracks are indistinguishable. It should be noted that the DT neutron track shown in Figure 6b has a different shape than
the triple tracks shown in Figures 1b, 4a and b, and Figure 5a. This supports the notion that the observed relative size and
shapes of the lobes comprising the triple track reflect the different reaction mechanisms for the carbon break-up reaction
discussed vide infra.

In both Figures 6a and 6b, the top images were taken with the microscope optics focused on the surface of the detector
and the bottom images are an overlay of two images taken with the optics on the surface and the bottom of the pits. The
large lobes of both triple tracks show a bright streak in the center, bottom images of Figures 6a and 4b. This indicates
that this lobe is shallow and rounded. The SEM image of the Pd/D co-deposition triple track, Figure 6c, supports this
conclusion.

Besides the large lobe, the Pd/D co-deposition generated triple track has two smaller lobes on the left-hand side, Figure
6a. The bottom overlay image shows no bright centers or streaks in the two smaller lobes of this triple track. This
suggests that there are either steep track walls or that the track has a conical shape. As shown in the SEM image, Figure
6c, one of the smaller lobes has a conical shape. These results provide further evidence that optical and SEM imaging of
tracks compliment one another.
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Figure 6. (a) Optical microphotographs of a Pd/D co-deposition generated triple track obtained at 1000x magnification.
(b) Optical  microphotographs of a symmetric DT-neutron generated triple track obtained at 1000x magnification. In (a)

and (b) the top images were taken by focusing the microscope optics on the surface of the CR-39 detector and the
bottom images are overlays of two images taken at the surface of the detector and the bottom of the pits. (c) An SEM

image of the same Pd/D co-deposition generated triple track shown in (a) taken at 5000x magnification.

3. CONCLUSIONS

In this communication, triple tracks in CR-39 detectors were analyzed by both optical microscopy and SEM. It was
shown that the two methods of analyses complimented one another. It was also shown that Pd-D co-deposition generated
triple tracks were indistinguishable from DT-neutron generated triple tracks.
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