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A solid state nuclear track detector, CR-39, was exposed to DT neutrons. After etching, the resultant
tracks were analyzed using both an optical microscope and a scanning electron microscope (SEM). In this
communication, both methods of analyzing DT neutron tracks are discussed.
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1. Introduction

Columbia Resin 39, CR-39, is a polyallyldiglycol carbonate
polymer. The most common use of this optically clear, amorphous,
thermoset plastic is in the manufacture of optical lenses. However,
Cartwright et al. (1978) were the first to demonstrate that CR-39
could be used as a solid state nuclear track detector (SSNTD) to
detect energetic nuclear particles. 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
(Cartwright et al., 1978; Bhakta et al., 1999). After etching, the tracks
due to energetic particles have the appearance of holes or pits. The
most common method employed to analyze these tracks is optical
microscopy. However, atomic force microscopy (AFM) (Yasuda
et al., 1999; Palmino et al., 1999; Zhai et al., 2003; Yamauchi et al.,
2003) and scanning electron microscopy (SEM) (Fromm et al.,
1996; Sartowska et al., 2005; Rana et al., 2007; Lounnis-Mokrani
et al., 2008; Abdel-Rahman et al., 2006; Szyd1owski et al., 2005;
Oganesyan et al., 2005) have also been used to analyze tracks in CR-
39. In these earlier communications, SEM/AFM analysis was done
on tracks resulting from exposure to either alpha or proton sources.
In this communication, tracks resulting from exposure to a DT
neutron source were examined both optically and by SEM. The
purpose of the analysis was to compare the two techniques and to
oss).
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determine whether additional information on track geometry
could be obtained by SEM analysis.

2. Experimental

2.1. Preparation of DT neutron tracks in CR-39 detectors

CR-39 detectors (Fukuvi) were exposed to DT neutrons gener-
ated by a Thermo Fisher model A290 neutron generator. The
neutron generator has a particle accelerator, i.e., neutron tube.
Neutron tubes have several components including an ion source,
ion optic elements, and a beam target; all of these are enclosed
within a vacuum tight enclosure. The beam target is titanium
loaded with tritium. The ion source creates deuteron ions that are
extracted by an electric field into the accelerator region, and
accelerated toward the target. The detectors were exposed to
neutrons at a rate of 107 neutrons s�1 for 4.5 h. Afterwards, the CR-
39 detectors were etched in an aqueous 6.5 N sodium hydroxide
solution at 65 �C for 6 h. After etching, the detectors were rinsed in
water, vinegar, and again in water. After drying, the detectors were
subjected to analysis using both an optical microscope and an SEM.

2.2. Analysis of CR-39 detectors

Optical microscopic examination of the etched CR-39 detectors
was done using an Eclipse E600 epifluorescent microscope (Nikon)
equipped with a CoolSnap HQ CCD camera (Photometrics). A
magnification of 1000� was used. The software used to obtain the
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images was MetaVue (MDS Analytical Technologies). SEM images
were obtained using the LEO 982 Field Emission scanning electron
microscope (FE-SEM, Carl Zeiss SMT Inc) that has a secondary
scattered electron in-lens detector. For unmetallized samples, an
accelerated voltage of 1 keV was used to obtain the images. CR-39
detectors are non-conductive. Operating the electron beam at
a lower voltage reduces charging of the non-conductive surface (Joy
and Joy, 1996).
2.3. Modeling of alpha tracks comprising the triple track

Nikezic and Yu (2003, 2006) developed TRACK_TEST,
a computer program that is used to model alpha tracks incident on
CR-39 detectors. In this communication, TRACK_TEST was used to
computer model the alpha tracks that comprise the triple tracks.
While alpha particles leave tracks on the surface of the CR-39
detector, the neutron reaction, that causes the carbon atom to
shatter to form the triple track, can occur anywhere inside the
detector. Consequently, TRACK_TEST can only be used to model
triple tracks that occurred near the surface of the detector.

The TRACK_TEST program calculates track parameters, such as
the lengths of the major and minor axes and the track depth. The
computer program also plots the profile for the etch pit in the
SSNTD. The executable program is freeware and can be down-
loaded from the City University of Hong Kong Trackology Research
website. When using TRACK_TEST, the input parameters are
particle energy, incident angle, etch rate, and etch time. The track
etch rate function used tomodel the Fukuvi CR-39 detectors used in
these experiments is (Brun et al., 1999)

VT ¼ VB

�
eð�a1xþa4Þ � eð�a2xþa3Þ þ ea3 � ea4 þ 1

�
(1)

where VT and VB refer to the rates of etching the track and the bulk
respectively and x is the residual range of the alpha particle. The
optimum values of the coefficients, that describe alpha tracks in
Fukuvi CR-39, are a1¼0.1, a2¼1, a3¼1.27, and a4¼1.
Fig. 1. Optical images of representative DT neutron tracks. (a) Optical microscope image of
Optical image of the area indicated in (a) obtained at a magnification of 1000�. The top ima
bottom image is an overlay of two images taken at two different focal lengths (surface and
detector resulting from carbon break-up reactions occurring at different depths inside the
3. Results and discussion

3.1. Neutron interactions with CR-39

Besides charged particles, CR-39 can be used to detect neutrons.
These detectors have been used extensively in the inertial-
confinement-fusion (ICF) field to determine neutron yields from
DD and DT implosion reactions (Frenje et al., 2002; Séguin et al.,
2003). 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. These reactions create
a moving, charged particle inside the detector. It is the track of this
neutron generated charged particle that is revealed upon etching.
Fig. 1a shows tracks in CR-39 observed, using an optical microscope
at 1000� magnification, in a CR-39 detector that has been exposed
to a DT neutron source. As will be discussed below, the size and
shape of the tracks can be used to determine the type of neutron
interaction that created it.

The possible DD (2.45 MeV) and DT (14.1 MeV) neutron inter-
actions with CR-39 are described in Fig. 2a (Frenje et al., 2002). In
the interaction shown in case 1, the DD and DT neutrons can
scatter elastically. This interaction produces recoil protons,
carbons and/or oxygen nuclei in the forward direction. The DT
neutrons can also undergo inelastic reactions (n,p) and (n,a)
reactions with carbon and oxygen nuclei, case 2 and case 3,
respectively in Fig. 2a. These two inelastic reactions result in
charged particles that can produce tracks 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. In Fig. 1a, track 2 is very small. Such small tracks are
latent tracks resulting from knock-on reactions that have occurred
deeper in the plastic. Additional etching to remove the plastic will
reveal these tracks.

Case 3 interaction schematically shown in Fig. 2a includes both
the (n,a) reaction (solid arrows) and the carbon break-up reaction
(dotted arrows) (Frenje et al., 2002). The main constituent of CR-39,
by weight, is carbon-12, which can be used as both a target and
pits in CR-39 created by exposure to a DT neutron source. Magnification is 1000�. (b)
ge was obtained by focusing the microscope optics on the surface of the detector. The
bottom of the pits). (c) Photomicrographs of triple tracks observed in the same CR-39
plastic.
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Fig. 2. Summary of neutron interactions with CR-39 and how the size of the tracks is used to identify the neutron interaction with the detector. (a) Diagram illustrating the three
neutron interactions that can take place inside a CR-39 detector (Frenje et al., 2002). The drawing is not to scale. DD neutrons undergo the interaction shown in case 1 while DT
neutrons undergo all three types of interactions. (b) Track size distribution for CR-39 detectors that have been exposed to neutrons (Abdel-Moneim and Abdel-Naby, 2003). The
energies of the neutrons, in MeV, are indicated.
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a detector for energetic neutrons (Antolkovi�c and Dolenec, 1975).
The carbon break-up reaction in CR-39 is the one neutron inter-
action that is easily identified. In the carbon break-up reaction,
a metastable 13C is formed that then shatters into two or three
alpha particles. The residuals of the reaction can be viewed in the
CR-39 detector as a symmetric or asymmetric triple track (Abdel-
Moneim and Abdel-Naby, 2003). In the triple track, each prong
represents the alpha particle that occurs in the decay. In Fig. 1a,
track 5 is an example of a triple track. With the microscope optics
focused on the surface of the detector, it can be seen that the track
has three lobes. Fig. 1b is an overlay image of two microphoto-
graphs obtained at two focusing depths, the surface and the bottom
of the pits. In this image, it can be seen that the three lobes are
breaking away from a center point. These features are diagnostic of
a triple track.

The triple tracks in Fig. 1c are different in shape from that shown
in Fig. 1a. The neutron reaction that can cause a carbon to shatter
can proceed to the four-body final state through one or more of the
following reaction mechanisms (Antolkovi�c and Dolenec, 1975):

nþ 12C/ n0 þ 12C(a)8Be(2a) (i)

nþ 12C/ aþ 9Be(n0)8Be(2a) (iia)

nþ 12C/ aþ 9Be(a)5He(n0,a) (iib)

nþ 12C/ 8Be(2a)þ 5He(n0,a) (iii)

nþ 12C/ n0 þ 3a (iv)

Processes (i)e(iii) are sequential decays going through different
excited states of intermediate systems and process (iv) is a simul-
taneous four-body break-up. It is believed that these different
pathways will result in triple tracks with different shapes. Addi-
tional work needs to be done to match these shapes with the
appropriate pathway. This is not the scope of the current
communication.
Like the proton/carbon/oxygen recoils, the carbon break-up
reaction can occur anywhere throughout the CR-39 detector. This
is illustrated in Fig.1c that shows triple tracks observedononeCR-39
detector. In Fig. 1c(i), three faint tracks are observed. The center
point, where the three tracks break away from, is not apparent. In
Fig. 1c(ii), the lobes making up the triple track are better defined.
However, the center point is still not observed indicating that it is
deeper inside theplastic. In Fig.1c(iii), the lobesof the triple trackare
larger than those observed for either triple track shown in Fig. 1c(i)
or (ii). However, the three lobes do not quite meet in the center,
indicating that the center point is just below the surface. Therefore,
the carbon break-up reaction that resulted in the triple track in
Fig. 1c(iii) occurred near the surface of the detector, resulting in
larger tracks. The carbon break-up reactions that created the triple
tracks shown in Fig.1c(i) and (ii) occurred deeper inside the detector
with Fig. 1c(i) occurring the deepest inside the plastic.

Phillips et al. (2006) showed that the track sizes can be used to
differentiate recoil protons and recoil carbons/oxygens. Fig. 2b
shows the track size distributions obtained for neutrons whose
energies range from 0.144 to 14.8 MeV. At low neutron energies,
only recoil protons are seen and are observed as a peak at w10 mm
(0.144 MeV neutron in Fig. 2b). As the neutron energy increases,
a broadening of the proton recoil peak at w10 mm is observed. At
a neutron energy of 1.2 MeV, a second peak is visible at w25 mm,
Fig. 2b. This second peak is attributed to recoil carbon and oxygen
atoms. For neutron energies between 1.2 and 8 MeV, the size
distribution of tracks observed in the CR-39 detectors is roughly
similar. In the CR-39 detector exposed to 14.8 MeV neutrons, a peak
is observed at w35 mm. This peak is attributed to the three alpha
particle reaction.

The tracks shown in Fig.1a and b are representative of the tracks
resulting from the three kinds of neutron interactions with the
constituents of CR-39. The sizes and shapes of these tracks can be
used to identify the neutron reaction that created them. In Fig. 1a
and b, track 5 has already been identified as a triple track. The small
tracks 3 and 4 are attributed to proton recoils while the large track 1
is either a carbon or oxygen recoil.
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3.2. Optical and SEM analyses of DT neutron tracks

In order to obtain the optical images of the tracks shown in Fig.1,
the CR-39 detectors are backlit. Consequently, the appearance of
the observed image depends upon the manner in which the track
has scattered and reflected the light passing through it. The
Trackology Research Group of Nikezic and Yu has done a thorough
analysis of light scattering of alpha tracks in SSNTDs such as CR-39
and PADC and the resultant effects of the light scattering on the
observed optical image (Nikezic and Yu, 2004, 2008; Nikezic et al.,
2005; Yu et al., 2007). From their studies, they discovered that the
major factors affecting the track appearance were the total internal
reflection and inclination angles of elements in a track wall with
respect to the light rays. Their analysis has shown that dark areas in
the images indicate that total internal reflection of light has
occurred. This is indicative of either steep track walls or a perfectly
conical track. Bright areas inside a track indicate that light rays
coming from below the track are refracted through very small
angles in the central area. As a result, the intensity loss is relatively
small causing the central area to be very bright. Bright features
inside a track are indicative of spherical or rounded bottoms. In CR-
39, spherical/rounded bottoms result when etching has occurred
past the endpoint of the ionization trail created by the particle as it
traveled inside the plastic material. In contrast, perfectly conical
tracks have steep track walls and the light rays at all points on the
track wall will experience total internal reflection. The light rays
will also undergo internal reflection on the detector surface. Under
these conditions, a perfectly conical track will be completely dark,
when viewed top to bottom, using a backlit optical microscope. In
SEM, the sample surface is scanned with a beam of electrons in
a raster scan pattern. The electrons interact with the atoms that
make up the sample producing signals that contain information
about the sample’s surface topography. In what follows, triple
tracks and oxygen/carbon recoil tracks are analyzed using both
optical microscopy and SEM.

3.2.1. Asymmetric triple track and carbon/oxygen recoil track
Fig. 3a(i) shows optical images of DT neutron generated tracks

obtained at 1000� magnification and with the microscope optics
focused on the surface of the detector. At this magnification,
Fig. 3. SEM and optical images, taken before and after SEM analysis, of DT neutron tracks. (a
the detector was subjected to SEM analysis. Arrow indicates the break-away point for the alp
(b) SEM image of the same DT tracks as in (a) taken at 3000� magnification. (c) Optical ima
was subjected to SEM analysis. In both (a) and (c), (i) was obtained by focusing the microsc
two different focal lengths (surface and bottom of the pits).
diffraction rings are observed around the tracks indicating that the
microscope is operating close to its diffraction limit, which, in turn,
determines the resolution of the microscope. For optical micro-
scopes, the lowest resolution possible is on the order of 200 nm.
Higher resolution is possible using an electron microscope. Fig. 3b
shows an SEM of the same tracks as seen in Fig. 3a(i) obtained at
a magnification of 3000�. No diffraction rings are observed. Fig. 3c
shows optical images taken of the tracks after the detector had
been subjected to SEM analysis. Even though the electron beam of
the SEMwas operated at 1 keV, a comparison of the tracks in Fig. 3a
and c shows that the electron irradiation did damage the tracks. It
also indicates that all optical analysis of the plastic detectors needs
to be completed prior to SEM analysis.

Besides being able to obtain higher resolution images, another
advantage of SEM images over optical images is that SEM images
have a three-dimensional appearance. Optical images are inher-
ently two-dimensional. However, in these investigations, optical
images of the tracks were takenwith themicroscope optics focused
on both the surface of the CR-39 detector and at the bottom of the
tracks. By overlaying these images, it is possible to make some
conclusions about the three-dimensional shape of the track. In
Fig. 3a(i), the image was taken with the optical microscope optics
focused on the surface of the detector. The observed tracks are dark
in color. The track on the left is an asymmetric triple track while the
circular track on the right is due to either a carbon/oxygen recoil
reaction with a neutron. Fig. 3a(ii) is an overlay of two optical
images taken at different focusing depths, namely the surface and
the bottom of the pits. Based upon the analysis of Nikezic and Yu
(2008), the large bright disk-shaped area inside the circular track
suggests that the track has a round bottom and that the track is
shallow. This is confirmed by the SEM image of the same track
shown in Fig. 3b. No deep indentation is observed showing that the
track does not have a conical shape.

The optical image of the triple track in Fig. 3a(i) shows two
prongs and is an example of an asymmetric track. The overlay
image, Fig. 3a(ii), shows a bright spot in the center (indicated by an
arrow). This bright spot, or center point, indicates the impact area
where the DT neutron collided with the carbon atom causing it to
shatter. The bright streaks emanating from the center point indi-
cate the direction the resultant alpha particles moved from the
) Optical image of DT tracks taken at 1000� magnification. This image was taken before
ha particles created when the neutron impacted the carbon atom causing it to shatter.
ge of DT tracks taken at 1000� magnification. This image was taken after the detector
ope optics on the surface of the detector while (ii) is an overlay of two images taken at



Table 1
Measured and calculated track diameters for the alpha tracks comprising the triple
track shown in Fig. 3a. Etch time is 6 h and etch rate is 1.25 mmh�1. The tracks are
indicated in Fig. 3a.

Alpha
track

Measured values Calculated values

Major
axis (mm)

Minor
axis (mm)

Energy
(MeV)

Incident
angle (�)

Major
axis (mm)

Minor
axis (mm)

Depth
(mm)

1 13.12� 0.48 6.21� 0.48 2.45 27 13.03 6.58 1.47
2 11.05� 0.48 7.60� 0.48 1.8 30 10.75 7.35 1.43
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center point. The brightness indicates that the bottoms of the tracks
are rounded and that etching has gone past the endpoint of the
particle in the detector material. The SEM image of this track,
Fig. 3b, shows that the tracks do not have a conical shape and that
the bottoms are rounded. It is unlikely that the third prong of the
asymmetric track occurred above the etched surface of the detector.
If this were the case, the track resulting from this hypothetical
alpha would begin etching first. As the etching continues, this track
would have gotten bigger and shallower (Al-Najjar et al., 1986) and
some residual of it would have been apparent in both the optical
and SEM images, Fig. 3a and b. This is not observed. An asymmetric
triple track may result when the third prong is below the etch pit. If
this were the case, the third prong may not be visible in the optical
image. Alternatively, asymmetric triple tracks could result from
energetics. One of the three alpha particles may not have sufficient
energy to make an etchable track and, as a result, cannot be
observed (Aframian, 1983). The SEM image of the track, Fig. 3b,
shows no opening for a third prong indicating that the third alpha
particle did not have enough energy to create an etchable track.

In order to model the alpha tracks comprising a triple track, the
major and minor axes of each alpha track need to be measured.
How this is done for the triple track shown in Fig. 3a is described in
Fig. 4. Optical and SEM analyses of a DT neutron generated symmetric triple track and carb
where (i) was obtained by focusing the microscope optics on the surface of the detector and
of the pits). (b) SEM image of the same DT tracks shown in (a) obtained at 2000� magnifica
(d) SEM image of the triple track in (b) obtained at 5000� magnification.
the supplementary material. The alpha tracks comprising the triple
track are numbered in Fig. 3a(ii). Table 1 summarizes the measured
major and minor axes for each track. Track modeling of the alpha
particles was done using TRACK_TEST (Nikezic and Yu, 2003, 2006).
The results of the modeling are also summarized in Table 1. The
modeling indicates that the depths of the two alpha tracks are
approximately the same. The SEM image of the triple track, Fig. 3b,
also shows that the depths of both alpha tracksmaking up the triple
track are about the same. The bright features in the optical images
and the shallowness of the tracks indicate that etching has gone
past the endpoints of the ionization trails of the alpha particles.
Because etching has gone past the endpoints, it is not possible to
make any additional conclusions as to the geometry of the track
inside the detector prior to etching.

3.2.2. Symmetric triple track and carbon/oxygen recoil tracks
Fig. 4a(i) shows an optical image of three DT neutron generated

tracks obtained at 1000�magnification andwith the optics focused
on the surface of the detector. Fig. 4a(ii) is an overlay of two images
taken on the surface of the detector and at the bottom of the pits.
The middle track is circular in shape. The bright spot inside the
track is in the center indicating that the recoil ion moved in
a direction perpendicular to the surface. The bright spot is better
defined than the bright spot shown in the circular track in
Fig. 3a(ii). This suggests that the circular track in Fig. 4a(i) is not as
shallow as the one in Fig. 3a(ii). The SEM image in Fig. 4b shows that
this circular track is deeper than the one shown in Fig. 3b. The top
track in Fig. 4a(i) has an elliptical shape. The shape indicates that
the recoil particle entered the detector at an oblique angle. A bright,
diffuse streak is observed inside the track, Fig. 4a(ii). This indicates
that this part of the track will have a curved surface. The SEM image
of this track, Fig. 4c, shows that the track is shallow with a dimple
on the left-hand side. This dimple could either indicate the
on/oxygen recoil tracks. (a) Optical images of DT tracks taken at 1000� magnification,
(ii) is an overlay of two images taken at two different focal lengths (surface and bottom
tion. (c) SEM image of the top elliptical track in (b) obtained at 10,000� magnification.



Table 2
Measured and calculated track diameters for the alpha tracks comprising the triple
track shown in Fig. 4b. Etch time is 6 h and etch rate is 1.25 mmh�1. The tracks are
indicated in Fig. 4b.

Alpha
track

Measured values Calculated values

Major
axis (mm)

Minor
axis (mm)

Energy
(MeV)

Incident
angle (�)

Major
axis (mm)

Minor
axis (mm)

Depth
(mm)

1 8.06� 0.48 6.87� 0.48 1.0 35 8.10 7.01 1.06
2 8.29� 0.48 7.10� 0.48 1.1 35 8.51 7.25 1.17
3 10.43� 0.48 5.69� 0.48 2.0 23 10.39 6.02 0.723

P.A. Mosier-Boss et al. / Radiation Measurements 47 (2012) 57e6662
endpoint of the recoil particle that entered the detector or the start
point of a particle due to a recoil occurring inside the detector
below the etch plane.

The bottom track in Fig. 4a(i) is a symmetric triple track.
Fig. 4a(ii), an overlay of two images taken at the surface and the
bottom of the pits, shows tracks from the three alphas breaking
away from a center point. In Fig. 4a(i), lobes 1 and 2 are darker than
lobe 3 suggesting that track 3 is shallower than tracks 1 and 2. The
SEM image of the triple track, Fig. 4d, shows that this is indeed the
case.

Track modeling of the alpha particles was done using
TRACK_TEST (Nikezic and Yu, 2003, 2006). The results are
summarized in Table 2. The modeling indicates that, while all three
tracks are shallow, track 3 is shallower than tracks 1 and 2. As
discussed vide supra, the bright features in the optical images and
the shallowness of the tracks, as seen in the SEM image, indicate
that etching has gone past the endpoints of the ionization trails of
the alpha particles. Knowing the energies of the alpha particles
Fig. 5. Optical and SEM analyses of a DT neutron generated symmetric triple track whose ce
Fig. 1c(i). The image was taken at 1000� magnification and by focusing the microscope optic
break away from a center point. (b) Optical image of the triple track shown in (a) obtained b
pits). The lobes of the triple track are numbered. (c) SEM image of the same DT tracks as (a) o
in and numbered. Dashed lines indicate the portions of the track are under the etched sur
comprising the triple track, the energy of the neutron that created
the triple track can be estimated using the following relationship:

En ¼ Eth þ Ea1 þ Ea2 þ Ea3 (2)

where En and Eth are the energy of the neutron that created the
triple track and the threshold energy required to shatter a carbon
atom, respectively, and Ea1, Ea2, and Ea3 are the energies of the alpha
particles formed. The threshold energy of a neutron required to
shatter a carbon atom is 9.6 MeV (Aframian, 1983). The energies of
the alpha particles are tabulated in Table 2. Using equation (2), the
energy of the neutron that created the triple track shown in Fig. 4b
is estimated to be 13.7 MeV, which is consistent with the expected
value for a DT neutron source (11.9e17.5 MeV) (Séguin et al., 2003).

3.2.3. Geometrical analysis of shallow symmetric triple tracks
Fig. 5a and b is optical photomicrographs of the same triple track

shown in Fig. 1c(iii). The magnification to obtain these images was
1000�. Fig. 5a is obtained by focusing the microscope optics on the
surface of the detector while Fig. 5b is an overlay of two images
taken at two different focal lengths e the surface of the detector
and the bottom of the tracks. Fig. 5c is an SEM image of this track
obtained at 5000�magnification. The bright areas shown in Fig. 5b
indicate that the bottom of each track is rounded. This is verified by
the SEM image in Fig. 5c. Both the optical and SEM images indicate
that the center point, from which the three alpha particles break
away, is below the surface of the etched detector. Fig. 5d shows the
SEM of the triple track with the three alpha tracks drawn in. Dashed
lines indicate features that are below the surface of the etched
detector. The ovals indicate the openings of the tracks. The outlines
of these openings are barely observable in the SEM image of the
nter point is beneath the plastic. (a) Optical image of the same DT triple track shown in
s on the surface of the detector. The circled area indicates where the three alpha tracks
y overlaying two images taken at two different focal lengths (surface and bottom of the
btained at 5000�magnification. (d) SEM of the triple track with the alpha tracks drawn
face of the detector. The trajectories of the alpha particles are indicated.



Table 3
Measured and calculated track diameters for the alpha tracks comprising the triple
track shown in Fig. 5. Etch time is 6 h and etch rate is 1.25 mmh�1. The tracks are
indicated in Fig. 5b.

Alpha
track

Measured values Calculated values

Major
axis (mm)

Minor
axis (mm)

Energy
(MeV)

Incident
angle (�)

Major
axis (mm)

Minor
axis (mm)

Depth
(mm)

1 8.57� 0.48 5.14� 0.48 1.5 24 8.49 5.38 0.65
2 10.93� 0.48 6.68� 0.48 2.0 27 11.16 6.68 1.22
3 11.25� 0.48 5.57� 0.48 2.2 24 11.47 5.70 0.92
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alpha tracks making up the triple track, Fig. 5c. This indicates that
etching came very close to breaking through the tubes created by
the etchant as it etched the ionization trails formed by the alpha
particles as they traveled through the plastic. The arrows in Fig. 5d
show the trajectories of the alpha particles as they broke away from
the center point.

The etching process was terminated before the etchant reached
the center point. However in the optical image, Fig. 5a, a faint
outline of the center point can be seen. The center point is not
obvious in the SEM image, Fig. 5c. These images indicate that the
etchant was able to etch out the center point, but that the center
point is beneath a thin plastic film. A better example of undercut-
ting a track inside the plastic will be shown vide infra.
Fig. 6. Optical and SEM analyses of a DT neutron generated symmetric triple track where
detector. (a) Optical image of a DT triple track taken at 1000� magnification and with the m
track shown in (a) obtained by overlaying two images taken at two different focal lengths (su
of the same triple track tracks as (a) obtained at 6500� magnification.
Track modeling of the alpha particles was done using
TRACK_TEST (Nikezic and Yu, 2003, 2006). The results are
summarized in Table 3. Knowing the energies of the alpha particles
comprising the triple track, the energy of the neutron that created
the triple track was estimated, using Eqn. (2), to be 15.3 MeV.

Another example of a symmetric triple track is shown in Fig. 6.
Figs. 6a and b are optical images taken at 1000� magnification. To
obtain the photomicrograph shown in Fig. 6a, the microscope
optics were focused on the surface of the etched detector. Fig. 6b is
obtained by overlaying two images obtained at two different
focusing depths (surface of the detector and the bottom of the pits).
The bright regions seen in Fig. 6b indicate that the bottoms of the
tracks are rounded. This is verified by the SEM image of the triple
track, Fig. 6c. Unlike the triple track shown in Fig. 5, the center point
can be seen in the SEM image shown in Fig. 6c. From the SEM image
it can be concluded that the etchant completely etched through the
tubes created by the etchant as it, progressively, etched away the
bulk CR-39 and the alpha particle-generated ionization trails inside
the detector.

In the case of the triple track shown in Fig. 6, the lobes
comprising the triple track are approximately the same size. This
indicates that the alpha particles have the same energy. The four-
body break-up reaction, nþ 12C/ n0 þ 3a, would result in three
alpha particles of the same energy (Antolkovi�c and Dolenec, 1975).
the etchant has etched through the tubes created by the ionization trails inside the
icroscope optics focused on the surface of the detector. (b) Optical image of the triple
rface and bottom of the pits). The lobes of the triple track are numbered. (c) SEM image



Table 4
Measured and calculated track diameters for the alpha tracks comprising the triple
track shown in Fig. 6. Etch time is 6 h and etch rate is 1.25 mmh�1. The tracks are
indicated in Fig. 6b.

Alpha
track

Measured values Calculated values

Major
axis (mm)

Minor
axis (mm)

Energy
(MeV)

Incident
angle (�)

Major
axis (mm)

Minor
axis (mm)

Depth
(mm)

1 7.59� 0.48 6.80� 0.48 1.1 30 7.86 6.31 0.085
2 8.22� 0.48 6.01� 0.48 1.2 28 7.97 6.06 0.079
3 7.59� 0.48 5.69� 0.48 1.1 28 7.55 5.85 0.072
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Track modeling of the alpha particles was done using TRACK_TEST
(Nikezic and Yu, 2003, 2006). The results are summarized in
Table 4. Knowing the energies of the alpha particles comprising the
triple track, the energy of the neutron that created the triple track
was estimated, using Eqn. (2), to be 13.0 MeV.

3.2.4. Geometrical analysis of a deep symmetric triple track
Figs. 7a and b show optical and SEM images, respectively, of DT

neutron tracks taken at the same magnification, 1000�. The optical
image shown in Fig. 7a(i) is taken with the microscope optics
focused on the surface of the detectorwhile that shown in Fig. 7a(ii)
is an overlay of two images taken at the surface and the bottom of
the pits. The right hand track in both Fig. 7a and b has a pear shape
indicating that the neutron recoil ion entered the detector at an
oblique angle. The left-hand track in Fig. 7a and b is a triple track.
The tracks due to the alpha particles making up the triple track are
dark in color in both Fig. 7a(i) and (ii). This indicates that the light
rays are undergoing almost total internal reflection on the detector
surface (Yu et al., 2007). This suggests that the track walls are steep.
The SEM image of the triple track, Fig. 7c, at 5000� magnification,
reveals more details on the structure of the triple track and shows
that the left-hand prong is not continuous and that the right hand
prong is actually below the surface of the etched detector. These
features were not obvious in the optical images and these images,
Fig. 7a and c, show that the two imaging techniques, optical and
SEM, are complementary.
Fig. 7. Optical and SEM images of a DT neutron generated symmetric triple track, created de
taken at 1000� magnification, where (i) was obtained by focusing the microscope optics on
focal lengths (surface and bottom of the pits). (b) SEM image of the same DT tracks as (a) o
track in (b) obtained at 5000� magnification.
Figs. 8a and b are the optical images of just the triple track. In
Fig. 8b, the tracks are numbered and the trajectories the alpha
particles took inside the plastic are shown. In Fig. 8c, the SEM image
of the triple track is shown with the three alpha tracks drawn in.
The fact that all of track two and part of track 1 are below the
surface of the plastic indicates that the carbon break-up occurred
below the etch plane. Fig. 8d shows a side-view schematic
describing the geometry of the triple track inside the detector. In
analyzing the spatial orientations of the tracks inside the detector,
there are three surface layers. These are the initial surface of the
detector prior to etching, Si; the surface of the detector after etching
undamaged (bulk) CR-39, Se; and the surface that corresponds to
the bottom of the etch pit, Sp. In the diagram shown in Fig. 8d, h is
the thickness of the layer removed by etching bulk CR-39 at a rate of
Vb. In contrast, L is the depth of the track created by etching, at
a rate of Vt, the ionization trail created by the charged particle. In
the diagram, C corresponds to the center point of the alpha tracks.
The arrows indicate the trajectories of the alpha particles, as they
broke away from the center point, after the carbon break-up reac-
tion occurred. The dots at the end of the arrows indicate the
endpoints of the alpha particles when they came to rest inside the
detector. In Fig. 8d, the light gray area is a two-dimensional
representation of the track and the dark gray ellipses correspond
to the track openings, as observed on the surface of the etched
detector.

As indicated by the diagram in Fig. 8d, the etchant will first
encounter the ionization trail of the alpha particle responsible for
track 3 as the endpoint of this track is closer to the initial surface, Si,
of the detector. The etchant will etch out track 3 ionization trail
faster than the bulk. Consequently, this track will become larger
and larger as the etching process progresses along the etch plane.
Eventually, the etchant will reach the ionization trail due to track 1.
Both tracks will then be etched, however, the opening of track 1will
be smaller than that of track 3. The etchant will preferentially etch
the ionization trails of the alpha particles making up the triple track
over the bulk CR-39. Once the etchant has reached the center point,
C, it will begin to etch out the ionization trail due to track 2. Because
Vt> Vb, track 2 etches out before the etch plane, designated by
ep inside the detector, and a carbon/oxygen recoil track. (a) Optical images of DT tracks
the surface of the detector and (ii) is an overlay of two images taken at two different

btained at 1000� magnification. The triple track is circled. (d) SEM image of the triple



Fig. 8. Analysis of the geometry of a DT neutron generated triple track created inside the CR-39 detector. (a) Optical image of the triple track shown in Fig. 7(a). The image was
obtained using a magnification of 1000� and with the microscope optics focused on the surface of the detector. (b) Optical image of the triple track shown in (a) obtained by
overlaying two images taken at two different focal lengths (surface and bottom of the pits). The lobes of the triple track are numbered and the trajectories of the alpha particles are
indicated. (c) SEM image of the same triple tracks as (a) obtained at 5000� magnification. The alpha tracks are drawn in and numbered. Dashed lines indicate that the track, or
portions of the track, are under the etched surface of the detector. (d) Two-dimensional, side-view schematic describing the geometry of the triple track inside the detector. The
arrows indicate the trajectory of the alpha particles inside the detector, the dots indicate the endpoints when the alpha particles came to rest, and the gray area indicates the shape
of the track. In this schematic, Si is the initial surface of the detector prior to etching, Se is the surface of the detector after etching undamaged (bulk) CR-39, Sp is the surface that
corresponds to the bottom of the etch pit, h is the thickness of the layer removed by etching bulk CR-39 at a rate of Vb, L is the depth of the track created by etching at a rate of Vt, and
C is the center point where the three alpha particles break away to form the triple track.
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surface Se, reaches the track. Track 2 is close enough to the surface
Se that it can be seen in the optical image when the detector is
backlit.
4. Conclusions

In this communication, DT neutron generated tracks in CR-39
detectors were analyzed using both an optical microscope and
a scanning electron microscope. In this investigation, the highest
possible magnification for the optical microscope was 1000�. In
these images, diffraction rings were observed indicating that the
microscope was being operated at its diffraction limit and, conse-
quently, at the highest optical resolution possible. In the optical
analysis of the tracks, imageswere taken at two focusing depths (on
the surface of the detector and the bottom of the pits) and were
overlaid. Using this method it was possible to make some conclu-
sions as to the geometrical shape of the tracks, i.e. bright areas in
the track indicate curvature and dark areas are indicative of steep
walls. In contrast, SEM images can be obtained at higher magnifi-
cations and the images have a three-dimensional appearance.
However, evenwhen the electron beam is operated at a low power,
the electron radiation can cause damage to the tracks. Conse-
quently SEM analysis of the tracks should be done after the optical
analysis is complete. Back-lighting is used in the optical analysis of
the tracks. In contrast, in SEM, the electron beam irradiates the
front surface of the detector. 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. If the track is
close to the surface of the detector, the optical images will show the
shape of that track. Track modeling can be used to infer the energy
of the alpha particles comprising the triple track and, consequently,
the energy of the incident neutron that caused the carbon break-up
reaction.
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