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Abstract The experiments described here were part of independent research projects done by different groups of upper
division, chemical engineering undergraduate students over a three year period. The purpose of these experiments was to
replicate track formation in solid state nuclear track detectors (SSNTDs) resulting from Pd/D co-deposition and to rule out a
chemical origin for the tracks. The experiments took several weeks to run. Not only did the students learn about the
importance of replication in science, they were introduced to metal electroplating and Faradaic efficiency as well as the use of
solid state nuclear track detectors (SSNTDs) and their analysis using optical microscopes. The students also had the
opportunity to use freeware programs to model tracks in SSNTDs and calculate linear energy transfer (LET) curves to
determine energy loses of energetic particles as they traverse through matter. Most importantly, the experiments
demonstrated the importance of using controls and simulations to test a hypothesis, especially for experiments that give

unexpected, or anomalous, results whose origins are only understood later.
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1. Introduction

On March 23, 1989, Pons and Fleischmann announced
that their Pd/D electrochemical cells were producing
more heat than could be accounted for by chemical means.
They speculated that the heat had a nuclear origin. Many
laboratories world-wide attempted to replicate the
Fleischmann-Pons results. Some succeeded but many more
failed. Knowing that one of the key issues to initiate the
effect was a high deuterium loading within the Pd lattice,
our group developed the Pd/D co-deposition process. The
original  Fleischmann-Pons experiment electrolytically
loaded a bulk Pd electrode with deuterium. Depending upon
the size of the Pd cathode, this process could take weeks or
months to fully load the Pd cathode with deuterium before
the effect could occur. In Pd/D co-deposition, working and
counter electrodes are immersed in a solution of palladium
chloride and lithium chloride in deuterated water. To assure
high deuterium loading in the palladium deposit, the counter
electrodes must not  absorb deuterium. When a current is
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applied, Pd metal plates out on the cathode in the presence of
evolving deuterium gas and a high degree of deuterium
loading (D/Pd > 1) is achieved instantly [1, 2]. Using the
Pd/D co-deposition process, we and others have reported, in
peer-reviewed journals, on the production of excess heat
[3-6], tritium [7-9], and energetic particles [10-16]. The
process to generate energetic particles has been patented
[17].

As was aptly demonstrated by the Fleischmann-Pons
events in 1989, two necessary requirements to achieve
acceptance in the scientific community of a new
phenomenon are replications and reproducibility. To this end,
we approached chemistry professors at a local university
asking them if they would be willing to replicate our results
of track formation in solid state nuclear track detectors
(SSNTDs) as a result of Pd/D co-deposition. The professors
thought it would be a good exercise for a group of their
undergraduate students to do as part of their independent
research project. So, over a period of three years, different
groups of senior undergraduate students replicated our Pd/D
co-deposition process and obtained tracks in solid state
nuclear track detectors. Controls and simulations were done
by the students to rule out a chemical explanation for the
tracks. We provided the students with chemicals, a protocol,
and copies of pertinent publications. The students conducted
the experiments independently of us and came up with their
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own conclusions. One group of students actually presented
their results at a National ACS meeting and at an
international symposium [18].

1.1. Summary of CR-39 Results Obtained as a Result of
Pd/D Co-deposition

CR-39, an allyl diglycol carbonate SSNTD, was used to
detect the energetic particles [19]. When an energetic particle
traverses through the plastic, it creates along its ionization
trail a region that is more sensitive to chemical etching than
the rest of the bulk. After treatment with an etching agent,
tracks remain as holes or pits in the plastic. The size and
shape of the tracks provide information as to what type of
particle created the track as well as its energy. In our
experiments, the Pd/D co-deposition reaction was performed
with the cathode in contact with the CR-39 detector. Because
energetic particles lose energy as they travel through the
palladium lattice and solution film between the cathode and
detector, placing the detector in close proximity to the
detector increases the probability of detecting these energetic
particles. This is discussed in greater detail in section 3.4.

At the end of these experiments, the CR-39 detectors were
etched. Pits were observed in the detector that were
coincident with the placement of the palladium deposit on
the cathode (Figure 1) indicating that the palladium deposit
is the source of the pitting [11, 12]. Microscopic examination
of the pits show that they are either circular or elliptical in
shape, Figure 2. When focused on the surface of the detector,
the pits are dark in color. Focusing the microscope optics
inside the pits reveals bright spots. These bright spots
indicate the endpoints of the particles that enter the detector
and are caused by the curved bottom of the track acting like a
lens when the detector is backlit [19]. The color, shape, and
bright spot inside are features consistent with those observed
for nuclear generated particle tracks.

We conducted a series of experiments that showed that the
pits observed in the CR-39 detectors used in Pd/D
co-deposition experiments were not due to radioactive
contamination nor were they due to either mechanical or
chemical damage [11, 12]. Figure 1 shows a photograph of a
CR-39 detector used in a control experiment that substituted
copper chloride for palladium chloride. The same plating
procedure was used for both Pd/D and Cu/D co-deposition
experiments. As can be seen from the photograph, no pits
were observed on the CR-39 detector used in the Cu/D
co-deposition experiment. Control experiments will be
discussed in greater detail in section 3.2. As shown in
Figures 1 and 2, the density of pits is very high in CR-39
detectors used in Pd/D co-deposition experiments. This is
due to the fact that CR-39, like photographic film, is an
example of a constantly integrating detector. When an event
occurs, it is permanently stamped on the surface of the
detector. Consequently events accumulate with time and do
not get averaged away as what happens with electronic
detectors. The high density if tracks is not indicative of a
high generation rate.

tracks no tracks

Figure 1. Photographs of etched CR-39 detectors used in Pd/D
co-deposition (left) and a control using Cu/D co-deposition (right). Pd was
plated, simultaneously, on Au, Ag, and Pt wires. The positions of the wires
are indicated. The gray dotted line indicates the position of the Au wire used
to plate out the Cu

1 mm

Figure 2.

Microphotographs of etched CR-39 detectors used in Pd/D
co-deposition at 20x (left) and 200x magnification (right). Pd was plated,
on a Ag wire. Spot in the 20X photomicrograph where of 200x image was
taken is indicated with a red circle

1.2. Summary of Lessons Learned by the Students

Science is supposed to be thought provoking and to
encourage independent thinking. To this end, the students
learned about the scientific method, particularly the need to
design experiments to minimize possible errors in
interpretation especially for experiments that give
unexpected results. They learned that this is usually achieved
through the use of scientific controls [20]. A scientific
control is an experiment or observation designed to minimize
the effects of variables other than the single independent
variable. This increases the reliability of the results, often
through a comparison between control measurements and
other measurements. As such, scientific controls are an
important part of the scientific method.

As a result of their metal electroplating experiments, the
students learned about Faradaic efficiency. They also learned
about the use of solid state nuclear track detectors (SSNTDs)
and their analysis using optical microscopes. They used
freeware programs to model tracks in CR-39 to estimate the
energies of the particles responsible for the tracks as well as
linear energy transfer (LET) analysis to determine energy
loses of energetic particles as they traverse through matter.
From the LET analysis, the students were able to estimate the
energies of the particles when they were formed. The LET
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analysis also allowed the students to simulate the effect of
water on the energetic charged particles. But more
importantly, these experiments opened the students to
possibility that nuclear reactions can occur inside a metal
lattice.

2. Methodology

2.1. Experimental Procedure

In the Pd/D co-deposition process, an anode and cathode
are immersed in a solution of palladium chloride and lithium
chloride in deuterated water. The cathode material is chosen
to be a metal that does not absorb deuterium. When current is
applied, palladium metal plates out on the cathode in the
presence of evolving deuterium gas. Palladium readily
absorbs hydrogen at room temperatures to form palladium
hydride [21]. Consequently, in the Pd/D co-deposition
process, the palladium metal lattice instantly loads with
deuteria. In these experiments, the Pd/D co-deposition
reaction was performed with the cathode in contact with the
CR-39 detector. Because energetic particles lose energy as
they travel through the palladium lattice and solution film
between the cathode and detector [22], the detector needs to
be in close proximity to the detector in order to detect these
energetic particles. A potentiostat, operated galvanostatically,
is used to plate out the metal and electrolyze the deuterated
water. The plating procedure used for both Pd/D
co-deposition and the control is described in the
Supplementary Material. To determine Faradaic efficiency
of the metal plating, the students need to know the amount of
metal ions originally present in solution and the amount of
time spent at each current during the plating phase. The
students did a control experiment to verify that the tracks
observed in CR-39 detectors as a result of Pd/D
co-deposition are due to energetic particles and not
chemical/mechanical damage or radioactive contamination.
Finally the students examined the tracks in the CR-39
detectors using an Eclipse E600 epifluorescent optical
microscope (Nikon) equipped with a CoolSnap HQ CCD
camera (Photometrics). Digital images at magnifications of
20x, 200x, 500x%, and 1000x were obtained.

2.2. Hazards

Experiments should be conducted in a well ventilated
fume hood as D,, O, and Cl, gases are generated. The
production of energetic particles is not a hazard, in part
because the generation rate is low [11, 12]. Linear energy
transfer (LET) analysis (discussed in greater detail in the
section 3.4) indicates that the solution and cell components
will moderate the charged particles and they will not escape
the cell [22]. The detectors also respond to neutrons.
However, these neutrons can only be detected by CR-39
because it is a constantly integrating detector. As such, no
signal gets averaged away. In these experiments, the total
dose is less than the annual radiation dosage experienced by

airline workers. This experiment uses hot 6.5 M NaOH
solution to etch CR-39 detectors. Appropriate safety
procedures to handle etching are described in the
Supplementary Material.

2.3. Unusual Materials Needed

The experiment requires construction of an electrolytic
cell, anode, and cathode for the metal electroplating in
addition to standard laboratory equipment. Chemicals are
readily available from any chemical supplier. Complete
descriptions and drawings/photographs of the equipment are
given in the Supplementary Material.

2.4. Implementation

The Supplementary Material contains the information that
was provided to the students. They were also provided with
PdCl,, CuCl,, D,0O, Pt and Ag wires, CR-39, and copies of
pertinent publications [11, 12]. It was the responsibility of
the students to implement the activity and set up their own
timelines. The students obtained a potentiostat, constructed
the cells, ran the experiments, and etched the detectors.
There were weekly discussions with the students to assess
their progress and to provide mentoring. Images of the
etched detectors were obtained using our optical microscope.

3. Results and Discussion

3.1. Faradaic Efficiency

Faradaic efficiency is the efficiency with which charge
(electrons) are transferred in a system facilitating an
electrochemical reaction. During the plating phase, the
following electrochemical reactions occur at the cathode and
anode:

Cathode: PdCl,> +2e — Pdy+ 4 CI
Anode: 4CI'—->2Clh+2¢

When operating under constant current mode, the students
can easily calculate the amount of material reduced during
electrolysis. The students will know the volume and
concentration of the metal in the plating solution so they will
know how many moles of metal ion they have present. As the
current will be changed during the course of the experiment,
the students need to keep track of the amount of time spent at
each current. They can then use the following equations to
calculate the moles of material that have been electrolytically
reduced:

Q = [I1()dt @

and

Q

n= E (2)
where Q is the charge in coulombs, | is the current in
amperes, t is the time in sec, n is the number of moles of
material reduced, F is Faraday’s constant (9.6487x10*
coulombs mole™), and z is the number of electrons consumed
in the reaction. For copper, the measured amount of time to
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plate out the metal was in agreement with expectations based
upon equations (1) and (2). This indicated that, at low
currents, only reduction of copper cations were occurring at
the cathode. However, the students found that it takes
considerably longer for the palladium to plate out than one
would expect based upon the amount of palladium present
and the number of coulombs of charge that passes to clear
the solution, which indicates that the palladium has
completely plated out. This indicates that there is another
electrochemical reaction occurring during the plating phase.
In discussions with the students, it was pointed out that
earlier cyclic voltammetry measurements of thin palladium
films on gold beads indicated that this other reaction is D,O
electroreduction [1, 2]. Consequently, even at the low
currents and voltages, some reduction of D,0O, and with it D
loading of palladium, occurs during the plating phase.

3.2. Control Experiments

Formation of tracks in CR-39 detectors used in Pd/D
co-deposition experiments has been extremely reproducible
[11, 12, 14-16]. However, control experiments need to be
done to show that the tracks are not due to either
environmental radioactive contamination or
mechanical/chemical damage. In a control experiment, an
independent variable is the only factor that is allowed to be
adjusted, with the dependent variable as the factor that the
independent variable will affect. Our experience has shown
that, for energetic particles to form, a metal needs to absorb
deuterium. A suitable control experiment would be to plate
out a metal that does not absorb deuterium. The students did
an electroplating experiment using copper chloride instead of
palladium chloride. For both copper chloride and palladium
chloride, the same electrochemical reactions occur at the
anode and cathode. Specifically, oxygen and chlorine gas
evolution occurs at the cathode while deuterium gas
evolution, hydroxide formation, and metal electroplating
occur at the cathode. In addition, the resultant copper and
palladium metallic deposits exhibit similar dendritic
morphologies. The only significant difference is that
palladium absorbs deuterium and copper does not.

After etching the detectors, the students obtained similar
results as those shown in Figure 1, i.e., tracks were obtained
in the Pd/D experiment but not in the Cu/D experiment.
From these experiments the students concluded that the
tracks observed in the PdCI, experiment cannot be attributed
to a chemical species attacking the surface of the detector. If
this were the case, the CR-39 detector used in the CuCl,
experiment would have exhibited cloudiness and pitting,
which it did not. The results also indicate that the copper
dendrites did not pierce into the detector. Overall, the
observed pitting in the Pd/D system is not due to either
radioactive contamination or chemical/mechanical damage
of the CR-39 detector. Microscopic examination, described
in section 3.3, provided further evidence that the tracks were
nuclear in origin.

If time permits, additional control experiments can be

done by the students to increase the level of confidence that
the tracks observed in CR-39 detectors used in Pd/D
co-deposition are not due to either radioactive contamination
or to chemical/mechanical damage. These experiments and
the results that have been observed are summarized in
Table 1. These control experiments could also be done as a
class project. Different groups of students could perform
different control experiments. Some groups could even do
the same experiments (control or Pd/D co-deposition) to test
reproducibility. The students would then share their results
with each other. They could then discuss the results of each
experiment and what it means in terms of supporting or not
supporting the notion that nuclear processes, and not
chemical/mechanical processes or radioactive contamination,
are responsible for the formation of tracks/pits in the SSNTD.
This exercise would teach the students the effort required to
verify a hypothesis.

Table 1. Summary of additional control experiments that have been done
[11]. Time duration of these experiments is the same as that for the Pd/D
co-deposition experiments

Control Experiment Results of CR-39

Pd, Ag, Au, and Pt wires in contact
with CR-39 immersed in H,O. No
electrolysis

No pits observed

PdCI, powder placed on top of
CR-39. No electrolysis

CR-39 immersed in solution of
PdCl,and LiCl in D,O. No
electrolysis

No pits observed

No pits observed

Ag wire in contact with CR-39
immersed in solution of LiCl in
D,0. Electrolysis

No pits observed

Bursts of pits observed.
Density of pits much less than
observed for Pd/D
co-deposition. (a)

Ag wire in contact with CR-39
immersed in solution of PdCl,and
LiCl in H,0. Electrolysis

Ag wire in contact with CR-39
immersed in solution of NiCl, and
LiCl in D,0. Electrolysis

No pits observed

Bursts of pits observed.
Density of pits much less than
observed for Pd/D
co-deposition. (a)

Pd wire in contact with CR-39
immersed in solution of LiCl in
D,0. Electrolysis

Photomicrographs of the detectors used in these experiments are
shown in the Supplementary Material

3.3. Microscopic Examination of CR-39 Detectors

The etched detectors were examined by students using a
microscope equipped with a CCD camera. Tracks were
observed in the detectors used in the Pd/D experiment but
not the Cu/D experiment. Figure 3 shows examples of
photomicrographs obtained for a CR-39 detector used in a
Pd/D co-deposition experiment done on a silver wire. Figure
3a shows an image of the pits obtained at 500x
magnification. Dark circular and elliptical pits are observed.
Figures 3b and 3c show images of the same region of the
detector obtained at 1000x magnification. To obtain the
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image shown in Figure 3b, the microscope optics were
focused on the surface of the detector. The
photomicrograph shown in Figure 3c is an overlay of two
images taken at two different focal lengths (surface and the
bottom of the pits). When focusing deeper inside these
black pits, bright spots are observed that are due to the
bottom tip of the track. The students learned that the optical
contrast, circular/elliptical shape, and bright spot in the
center of the pit are attributes of real particle tracks that are
used to differentiate them from false events, which are
lighter in appearance and irregular in shape [19, 23].
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Figure 3. (a) 500x magnification of pits obtained on a CR-39 detector in
contact with Ag/Pd cathode. (b) and (c) 1000x magnification of the region
indicated in (a) where (b) was obtained with the microscope optics focused
on the surface and (c) is an overlay of two images obtained at different focal
lengths (surface and bottom of the pits)

In Figure 3b, ‘1’ indicates a triple track [24] and ‘2" an
elliptical track. Track modeling using ‘TRACK-TEST’ [25],
a free downloadable program developed by Nikezic and Yu
[19], can be used to estimate alpha particle energy and its
angle of incidence. A perfectly circular track indicates that
the incident angle is normal with respect to the detector
surface. Track ‘2’ is elliptical, indicating that the particle
entered the detector at an oblique angle. In TRACK-TEST
(discussed in the Supplementary Material), the input
parameters are particle energy, incident angle, and etch rate
(1.25 pm/h), etch time (6 h). TRACK-TEST then calculates
the shape of the resultant track as well as its major (M) and
minor (m) axes. Figure 4 shows the shape of the track
calculated by TRACK-TEST for track ‘2’, shown in
Figure 3b, using an energy of 1.27 MeV and an incident
angle of 35°. The calculated shape is similar to that of track
‘2’. The measured and calculated major and minor axes are
in agreement. Modeling of the tracks provided further
confirmation to the students that the tracks are not due to
chemical/mechanical damage and are nuclear in nature.

initial detector surface

cemm crm s

Figure 4.
TRACK-TEST. Results of analysis: major axis (M) measured = 9.2 + 0.4
um, calculated = 9.20 pm and minor axis (m) measured = 7.4 £ 0.4 um,
calculated = 7.63 pm

The shape of track ‘2’ in Figure 3b calculated using

3.4. LET Analysis and Simulation of the Effect of Water
on Energetic, Charged Particles

Figure 5 shows a schematic describing the layers a
charged particle has to negotiate before it impacts the CR-39
detector. After its birth, a charged particle has to exit the
metal lattice and cross a thin water layer before it impacts the
CR-39 detector. SEM analysis of the Pd deposit formed as
the result of the co-deposition shows that the deposit has a
cauliflower morphology which will trap pockets of water. It
should be noted that if the Pd had been plated out using
higher current densities, the deposit would have flaked off.

LET curves, calculated using SRIM-2013 [26] (discussed
in the Supplementary Material), can be used to evaluate the
impact of water on various particle species and their kinetic
energies. Figure 6 shows LET curves calculated for protons,
tritons, alpha, and ®He ions in Pd and water. It can be seen
from these curves that the Pd deposit and the water film
between the detector slow the charged particles down
causing them to lose energy. The thicker the Pd deposit and
the water film, the greater the impact on the energetic
particles. The more massive and charged particles are, the
more they are slowed down by the palladium deposit and the
water layer. These curves also show that, in order to detect
these charged particles, the detector needs to be in close
proximity to the Pd deposit. Consequently, these curves also
show that the charged particles will not get out of the cell and,
therefore, do not pose a hazard.

D,0 CR-39

Figure 5. Schematic describing the layers a charged particle has to
negotiate before it impacts the CR-39 detector
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Figure 6. LET curves calculated for charged particles traversing through
palladium and water

To simulate the impact traversing through water has on the
energetics of a charged particle, experiments can be
conducted where sheets of 6 pum thick Mylar are placed
between a alpha source of known energy and a CR-39
detector. Thin films of Mylar are readily available and are
used as sample support windows on sample cups for X-ray
fluorescence spectra for elemental analysis. Commercially
available alpha sources that can be used include thorium
welding rods or americium buttons found inside smoke
detectors. There are videos online that show how to extract
an *»Am source from a smoke detector [27]. The

SRIM-2013 code can be used to obtain LET curves for Mylar.

Figure 7 shows LET curves obtained for protons and alpha
particles as a function of Mylar thickness. These Mylar
experiments were done to estimate the energies of the
particles once they had impacted the CR-39 detector [12]. As
a result of these experiments, the particle energies upon
impact were estimated to be ~ 1 MeV. It was later suggested
by Kowalski [28] that ‘Alpha particles of approximately 1
MeV can be used and their tracks can be compared with
tracks produced during electrolysis. Suppose that the two
kinds of tracks turn out to be very similar. That would
reinforce the hypothese that the tracks were caused by ~ 1
MeV alpha particles.” Figure 8 shows a side-by-side
comparison of Pd/D co-deposition tracks with ~1 MeV alpha

tracks formed by placing 24 um of Mylar between an ***Am
alpha source and the CR-39 detector. The Pd/D and ~1 MeV
alpha tracks are indistinguishable. This exercise not only
demonstrates the impact water films have on the
transmission of energetic charged particles, but it also
provides additional evidence that supports the nuclear nature
of the tracks observed in CR-39 detectors used in Pd/D
co-deposition experiments.
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Figure 7. LET curves calculated for alphas and protons as a function of
Mylar thickness
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Figure 8. Photomicrographs obtained at 500x magnification for (top)
Pd/D co-deposition tracks and (bottom) ~1 MeV alpha tracks
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4. Conclusions

The experiments described here were conducted by three
separate groups of upper division, college undergraduate
students in chemical engineering as part of independent
research projects that explored metal electroplating. While
the students learned about Faradaic efficiency and the use of
optical microscopy to analyze tracks in SSNTDs, they
learned about the vigor required to test a hypothesis. In
particular, these experiments introduced the students to the
importance of using control experiments and simulations to
verify a hypothesis, namely that the tracks observed in
CR-39 detectors were due to energetic particles and not
chemical/mechanical damage. The goal of this
communication was not to prove whether or not nuclear
reactions can occur inside a metal lattice, but rather to show
that undergraduate research projects can be used as a new
paradigm to vet new phenomena/ideas without prejudice.

5. Supporting Information

Detailed student procedures to do the electrolysis
experiments and etching of the CR-39 detectors are available
in this issue online. Included are drawings and photographs
for assembling the electrodes and cells as well as examples
of representative tracks observed in CR-39 detectors used in
Pd/D co-deposition experiments. Screen shots explaining
how to use TEST-TRACK and SRIM-2013 are also
included.
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