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ABSTRACT

There have been a number of efforts to measure charged particle emissions in the Pd/D system. In gen-
eral, two approaches have been employed. One approach was to indirectly detect charged particles by
measuring Pd K-shell X-rays that should be created as charged particles traverse through the Pd lattice.
The other approach utilized CR-39, a solid state nuclear track detector (SSNTD). With these detectors, a
charged particle creates an ionization trail in the plastic that, upon etching, leaves a symmetric pit. The
size, depth of penetration, and shape of the pits provides information about the mass, charge, energy,
and direction of motion of the particles. While experiments done using CR-39 solid state nuclear track
detectors have shown the presence of these charged particles, X-ray measurements of the Pd K-shell X~
rays have not. The most significant difference between the two measurement techniques is that CR-39 is
a constantly integrating detector and the X-ray measurements are done in real time. In this communica-
tion, this apparent discrepancy between the two charged particle measurement techniques is examined
using known alpha sources.

Published by Elsevier Ltd.

1. Introduction

There have been a number of reports of charged particle detec-
tion in Pd/D systems using CR-39, a solid state nuclear track
detector (SSNTD). Li et al. [1] were among the first to use CR-39
SSNTDs in experiments involving hydrogen/deuterium gas loading
of palladium. In these experiments, palladium foil was in direct
contact with the CR-39 detector and the temperature was cycled
between room temperature and liquid nitrogen temperature. No
tracks were observed for the hydrogen loading experiments. How-
ever, a large number of tracks in the CR-39 were obtained as a result
of the deuterium gas loading experiments. The lack of tracks in the
hydrogen gas experiments indicate that the observed pitting in the
deuterium gas experiments was not due to chemical attack. Price
et al. [2] conducted similar gas loading experiments as Li et al. [1],
however they observed no tracks above background. Unlike Li et al.,
Price et al. had cleaned their Pd samples with aqua regia. When Li
et al. [3] conducted deuterium gas loading experiments with Pd
foils that had been cleaned with aqua regia, they too observed no
tracks. Auger analysis of the foils showed that chlorine had pene-
trated inside the Pd to a depth of a few hundred angstroms. When
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chlorine gas was used to intentionally contaminate the Pd sur-
face prior to conducting the deuterium gas loading experiment, no
tracks were observed in the CR-39 detector. This was the first indi-
cation that surface treatments could suppress the nuclear effects
occurring inside the Pd lattice.

Lipson et al. [4] and Roussetski [5] used CR-39 detectors to
detect charged particles emitted from deuterated Au/Pd/PdO het-
erostructures. In these experiments, the heterostructures were
electrochemically loaded with deuterium. Once loaded, the het-
erostructures were placed in contact with the CR-39 detectors and
the temperature was cycled to induce desorption of deuterium. Lip-
son et al. [4] reported seeing tracks consistent with 2.5-3.0 MeV
protons and 0.5-1.5MeV tritons in the CR-39 detectors. Besides
tracks consistent with DD reaction products, Roussetski [5]
reported observing triple tracks in the detectors used in his exper-
iments. These triple tracks are diagnostic of the carbon shattering
reaction, 12C(n,n’)3a, typically caused by a >9.6 MeV neutron.

Oriani and Fisher [6] were the first to report on using CR-39
detectors in an electrolysis experiment. They placed the detectors
above and below the anode so as to not impede uniform loading
of the cathode with deuterium. During each run, control detectors
were immersed in a bottled electrolyte solution. Track densities
ranged between 59 and 541 tracks cm~2 for the control detectors
and 156-3760 tracks cm~2 for detectors used in active cells. They
concluded that the reactions responsible for the particles causing
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the tracks did not occur at the distant cathode but most likely
occurred in the electrolyte very close to the plastic surface.

Lipson et al. [7,8] were the first to conduct in situ electrolysis
experiments in which the Pd foil cathode was in direct contact with
the CR-39 detector. Experiments were done in both heavy and light
water. The observed tracks were concentrated in areas where the
detector was in direct contact with the cathode indicating that the
Pd foil was the source of the particles that caused the tracks. The
distribution of tracks was inhomogeneous. This indicated that some
sites in the Pd foil exhibit greater activity than others. Using Cu and
Al spacers between the cathode and the detector and linear energy
transfer (LET) curves, they were able to identify the particles as
being 11-16 MeV alphas and ~1.7 MeV protons.

Mosier-Boss et al. [9-11] used CR-39 detectors in their Pd/D
co-deposition experiments. The optical properties of the Pd/D co-
deposition generated pits were consistent with those observed for
tracks of a nuclear origin. Specifically the pits were dark and circu-
lar in shape and they exhibited bright centers when focusing the
microscope optics deeper inside the pits. Track density was highest
where the cathode had been in contact with the detector indicating
that the source of the tracks was the cathode. The distribution of
tracks along the cathode was inhomogeneous indicating that some
Pd sites were more active than others. Control experiments showed
that the tracks were not due to radioactive contamination of the cell
components nor were they due to chemical or mechanical damage.
Tracks were observed on both the front and the back surfaces of
the detectors. The only particles that can traverse through 1 mm
thick CR-39 detectors are >40MeV alphas, >10MeV protons, or
neutrons. The size and shape of the tracks on the front side resem-
bled those observed for alpha particles with energies between 1 and
2 MeV. Scanning of a CR-39 detector, used in a co-deposition exper-
imentin which a 6 pm thick Mylar film separated the detector from
the cathode, showed that the majority of the tracks had diameters
between 0.3 and 4.3 pm [10]. Protons with energies >10 MeV would
produce tracks with diameters in this size range [12]. Mosier-Boss
et al. [13] also reported on seeing triple tracks in CR-39 detectors
used in Pd/D co-deposition experiments. As discussed vide supra,
such triple tracks are diagnostic of >9.6 MeV neutrons. It was also
shown that the Pd/D co-deposition triple tracks were indistinguish-
able from DT neutron generated triple tracks [14].

Tanzella et al. [15] also conducted Pd/D co-deposition experi-
ments using CR-39 detectors. They conducted both light and heavy
water experiments as well as experiments in which 6 pm Mylar
separated the cathode from the CR-39. In the experiments where
the CR-39 was immersed in the electrolyte, a 60 wm thick polyeth-
ylene film separated the CR-39 from the cathode. In the heavy water
experiments, they also saw pits in the CR-39 detectors that corre-
lated with the placement of the cathode. Tracks were observed on
both the front and back surfaces. Lipson and Roussetski [15] ana-
lyzed the CR-39 detectors using a sequential etching technique that
they had developed, using alphas and protons of known energies,
to differentiate charged particles and their energies. Using this pro-
cess, they identified proton recoils due to 2.45 MeV neutrons, 3 MeV
protons, 16 MeV alphas, and 12 MeV alphas in the CR-39 detec-
tors used in heavy water experiments. No tracks above background
were observed in the light water experiments. It should be noted
that the sequential etching method has been used by other groups
working with radioactive materials to identify and determine the
energies of emitted charged particles [16-19].

Prior to the use of CR-39 to detect charged particles in these
experiments, attempts were made to detect the Pd X-rays result-
ing from the refilling of the K shell electron orbits ionized by the
passage of charged particles through the Pd lattice [20,21]. Both
Bennington et al. [20] and Deakin et al. [21] used lithium drifted
silicon, Si(Li), detectors to detect the X-ray emissions in real time.
In these experiments, no X-rays above background were detected.

The main difference between the two approaches to detect charged
particles is that CR-39 is a constantly integrating detector while the
measurement of the X-rays using a Si(Li) detector is done in real
time. In this communication, the apparent discrepancy between the
two approaches in detecting charged particles in the Pd/D system
is examined.

2. Experimental
2.1. Real-time X-ray/gamma ray measurements

All X-ray/gamma ray measurements were made using a
cryogenically-cooled 18% HPGe detector with a Be window (Ortec).
The detector head and samples were placed in a Pb cave. To reduce
the Pb fluorescence, the inside of the cave was lined with Sn foil.
Cu foil, between the Sn foil and the sample, was used to eliminate
the Sn fluorescence. Sample orientation inside the cave is discussed
vide infra. Compared to a Si(Li) detector, the HPGe detector used in
these experiments is more sensitive to 21.1 keV Pd K shell X-rays.

All manipulations of spectral data were done using GRAMS/A17
(ThermoGalactic). This software package is used to subtract spec-
tra interactively as well as integrate peak areas and measure peak
intensities.

2.2. Silicon barrier detector measurements

Experiments were conducted stacking layers of 6 wm thick
Mylar sheets on top of one another between the CR-39 detector
and an 24! Am source. To determine the energies of the alpha parti-
cles getting through the Mylar, a silicon barrier detector (AMETEK
model TR-SNA-300-100) was used. A ~0.5 mm wide slit was placed
between the detector and the 24! Am source to block particles emit-
ted at oblique angles. This allows particles that are approximately
perpendicular to the plane of the Si barrier detector to reach the
detector thereby reducing the backscatter. The slit used in these
experiments was made from 100 pwm thick acrylic plastic.

2.3. Etching of CR-39 and analysis of the etched detectors

The CR-39 detector was exposed to a 210Po source for 3 min.
Afterwards the detector was etched in an aqueous 6.5N sodium
hydroxide solution at 65-72 °C for 6 h. After etching, the detector
was rinsed in water, vinegar, and again in water. Microscopic exam-
ination of the etched CR-39 detector was done using an Eclipse EG00
epifluorescent microscope (Nikon) and CoolSnap HQ CCD camera
(Photometrics). A magnification of 1000x was used. The software
used to obtain the images was MetaVue (MDS Analytical Technolo-

gies).

3. Results and discussion

3.1. Overview of the 1989 X-ray measurements using Si(Li)
detectors

The cell used by Deakin et al. [21] was constructed of Pyrex glass
with a thin blown Pyrex window. The Pd foil cathode was 50 pm
thick and had an area of 1 cm?2. The cathode was pressed against
the thin Pyrex window. The X-ray detector was placed on the other
side of the Pyrex window. The ability of the detector to register K
shell X-rays from the Pd cathode was checked by fluorescing the
electrode using Ba X-rays after the cell had been filled with elec-
trolyte. They observed that room background radiation caused the
Pd cathode to fluoresce and a line due to Pd K shell X-rays was
present as an artifact in the background. After 333 h of electrolysis
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Fig. 1. Schematic of the experimental configuration used in the 24! Am stimulation
experiments. The 24! Am source came from a smoke detector. Filters used in these
experiments were either 18 wm Mylar or 560 wm Cu foil. The Pd foil was 25 um
thick with an area of 0.38 cm?. The polyethylene vial was placed against the Be win-
dow of the HPGe. All measurements were conducted inside a Pb cave lined with Sn
and Cu.

at a current density of 300 mA cm~2, they saw no X-ray emissions
above background.

Bennington et al. [20] used an electrolytic cell with a thin Mylar
window. The Pd disc cathode was 1.5 mm thick and 20 mm in diam-
eter. The gap between the Pd cathode and Mylar window was less
than 1 mm. A peristaltic pump was used to pump the electrolyte
past the electrodes to prevent the trapping of gas bubbles between
the cathode and the Mylar window. The Si(Li) detector was placed
on the other side of the window so that only a small amount of elec-
trolyte and Mylar separated it from the possible source. Absorption
of the Pd K shell X-rays by water, Mylar, and air was estimated to
be 6%. A calibration run was performed with a 150 nCi 24!Am o
source placed against the rear of a 0.1 mm thick Pd foil that was in
contact with the Si(Li) detector. Unlike Deakin et al. [21], no Pd K
shell X-ray lines were present in the background spectra. Several
electrolysis experiments were performed using current densities of
about 150 mA cm~2. No X-rays above background were observed.

3.2. The use of Americium-241 to stimulate X-ray emissions in Pd

A schematic of the experimental configuration is shown in Fig. 1.
The 241Am source used in these experiments came from a smoke
detector. As such the ~1 u.Ci 24’ Am disc is mounted inside a metal
housing and has either a thin Au or Al film over it. Fig. 2a shows
X-ray spectra in the Pd X-ray region obtained for the 241 Am source
by itself and in contact with a 25 pm thick Pd foil that has an area of
0.38 cm?. X-ray lines are seen in the spectrum of the 241 Am source.
These lines could possibly be due to X-rays from the constituents of
the metal housing that are stimulated by the emissions of the 241 Am
source. These lines decrease when the Pd foil is placed in contact
with the 241 Am source. Fig. 2b shows the spectrum of the Pd foil
in which the contributions of the 241 Am source are subtracted out.
The Pd Ko and Pd K@ lines are identified.

The Pd deposit formed as a result of Pd/D co-deposition has a
cauliflower-like morphology that traps pockets of water. Conse-
quently, the charged particles have to traverse a film of water before
they reach the CR-39 detector [10]. As was discussed vide supra, the
size and shape of the tracks on the front side of the CR-39 detector
used in a Pd/D co-deposition experiment resemble those observed
for alpha particles with energies between 1 and 2 MeV. It was there-
fore of interest to determine the effect of alpha particle energy on
the magnitude of the Pd K-shell X-rays. To vary the energy of the
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Fig. 2. (a) Time normalized X-ray spectra in the Pd K shell X-ray region where the
gray line was obtained for the 24! Am source and the black line was obtained for the
241Am source in contact with 25 pwm thick Pd foil. (b) X-ray spectrum of the Pd foil
in which the contributions of the 24! Am source are subtracted out. The Pd Ka and
Pd K3 lines are identified.

alpha particles, sheets of Mylar were placed between the 241Am
source and the Pd foil. Fig. 3a shows the linear energy transfer (LET)
curve for alphas as a function of Mylar thickness. This LET curve
was calculated using the SRIM-2003.26 code of Ziegler and Bier-
sack [22]. The LET curve indicates that 6, 12, and 18 pm of Mylar
will decrease the energy of the alphas by ~1.2, 2.7, and 3.6 MeV
respectively. This was verified by measurements using a silicon sur-
face barrier (SSB) detector, a charged particle detector that does not
respond to gamma or X-rays. Fig. 3b summarizes results obtained
by placing 6, 12, and 18 wm of Mylar between the 24! Am source and
the Pd foil. Besides decreasing the energy of the alphas, the Mylar
also causes a decrease in the number of alpha particles that can get
through to reach the SSB detector.

If the alpha particles emitted by the 24 Am source are responsi-
ble for stimulating the Pd K-shell X-rays, a corresponding decrease
in the intensity of the Pd K shell X-rays is expected when Mylar
is placed between the 24! Am source and Pd foil. Looking at Fig. 3b,
18 pwm of Mylar should resultin a 75% decrease in intensity of the Pd
K shell X-rays. Fig. 3c shows X-ray spectra of the 24! Am source and
Pd foil in the presence and absence of 18 um of Mylar. No decrease
in X-ray intensity was observed, indicating that something else is
primarily responsible for stimulating the Pd K shell X-rays.

Besides emitting alphas, 24! Am emits a gamma-ray at 59.54 keV
[23]. Fig. 3d shows spectra of the 2!Am gamma-ray. When the
241Am source is in contact with the Pd foil, it can be seen that
the intensity of the gamma ray decreases. Fig. 3d also shows that
the 18 wm of Mylar has no additional affect on the intensity of the
241Am gamma-ray. These results suggest that the Pd foil is absorb-
ing the 241 Am gamma ray. It is the absorption of this 24! Am gamma
ray by the Pd foil that stimulates the Pd K shell X-ray emissions.
It is probably this gamma-ray, and not the 24'Am « particles, that
stimulates the emissions observed for the housing of the 241Am
source, Fig. 2a.

To further verify that the 24! Am gamma ray is stimulating the
Pd K shell X-rays, a 560 wm thick Cu foil was placed between the
241 Am source and Pd foil. The Cu foil will block all 24! Am alpha par-
ticles but not the 241 Am gamma-ray at 59.54 keV. Fig. 4a (gray line)
shows an X-ray spectrum in the Pd X-ray region obtained for the
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Fig. 3. (a) LET curve showing the expected decrease in energy of alpha particles as a function on thickness of the Mylar film. (b) Alpha spectra obtained by placing 0, 6, 12,
and 18 wm of Mylar between a silicon surface barrier (SSB) detector and the 24! Am source. The spectra have been time normalized. (c) X-ray spectra in the Pd K shell X-ray
region obtained for a 25 wm thick Pd foil exposed to a 24! Am source in the presence (®) and absence (black line) of 18 wm of Mylar between the Pd foil and the 24! Am source.
(d) Spectra of the 241 Am gamma-ray region where the gray line is that of the 24! Am source, the black line was obtained by placing the 24! Am source in direct contact with

the 25 pwm thick Pd foil, and (®) was obtained by placing 18 wm of Mylar between the 24! Am source and the 25 pwm thick Pd foil.
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Fig. 4. (a) Time-normalized X-ray spectra in the Pd K shell X-ray region where the gray line was obtained with the 24! Am source in direct contact with the 560 pm thick Cu
foil and the black line was obtained by placing the 560 wm thick Cu foil between the 24! Am source and the 25 p.m thick Pd foil. (b) X-ray spectrum of the Pd foil in which the
contributions of the 24 Am-Cu emissions have been subtracted out. The large line at 21.1keV is due to the Pd Ka X-rays and the smaller line at 23.85 keV is assigned to the
Pd KB X-rays. (c) Spectra of the 24! Am gamma-ray region where the gray line is that of the 24! Am source, the black dashed line was obtained by placing the 24! Am source
in direct contact with the 25 wm thick Pd foil, the black solid line was obtained by placing the 24! Am source in direct contact with the 560 pm thick Cu foil, and (®) was

obtained by placing the 560 um Cu foil between the 24! Am source and the 25 pm thick Pd foil.
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Fig. 5. Photomicrographs of alpha tracks, at 1000x magnification, obtained by exposing CR-39 to a 0.1 w.Ci 2!°Po source for 3 min where (a) was obtained by focusing the
microscope optics onto the surface of the detector and (b) was an overlay of two images taken at the surface and bottom of the pits. Time-normalized, X-ray spectra obtained
for the background (black line) and the 0.1 uCi 2'°Po source (gray line) for the spectral regions (c) 14-124 keV, (d) 13-27 keV, and (e) 120-123 keV. The spectrum of the '°Po
source was obtained by placing the source in direct contact with the Be window of the HPGe detector.

241 Am source in contact with the 560 pm thick Cu foil. Comparing
the spectrum with that of the 241 Am source itself, gray line Fig. 2a,
it can be seen that the Cu foil absorbs the majority of the gamma-
ray induced emissions due to the source housing. The spectrum
obtained by placing the 560 wm thick Cu foil between the 241Am
source and Pd foil is also shown in Fig. 4a (black line). The observed
spectrum is cleaner than that observed for 24! Am source in direct
contact with the Pd foil, black line Fig. 2a. Fig. 4b shows the spec-
trum of the Pd foil in which the contributions of the 24! Am source
and Cu foil are subtracted out. This difference spectrum shows Pd
Ko X-rays at 21.1keV and Pd K@ at 23.85keV. Fig. 4c shows the
spectra of 241 Am gamma ray of the 24! Am source alone and in con-
tact with the Pd foil, Cu foil, and both Pd and Cu foils. These spectra
show the absorption of the 24! Am gamma ray when the Pd and/or
Cu foils are exposed to the source. Because the Cu foil is thicker, it
attenuates the signal more.

3.3. The use of Polonium-210 to stimulate X-ray emissions in Pd

The experimental results obtained using a 24! Am source showed
that the gamma-ray at 59.54 keV was primarily responsible for
stimulating the Pd K shell X-ray emissions that were measured and
not the alpha particles. This is due to the fact that gamma rays are
much more penetrating than alphas particles. To evaluate the stim-
ulation of X-rays by alpha particles, a source that decays purely
by alpha emission, 219Po, was obtained. The source, which was
mounted in a plastic housing, had aninitial activity of 0.1 wCi. Fig. 5a
and b shows alpha tracks in CR-39 obtained by exposing the detec-
tor to the 219Po source for 3 min. The microphotograph of the alpha
tracks shown in Fig. 5a was obtained by focusing the microscope
optics on the surface of the detector while Fig. 5b was obtained by
overlaying two images taken on the surface of the detector and the
bottom of the pits. The observed number of tracks is consistent with
a 0.1 wCi alpha source. From the image taken with the microscope
optics focused on the surface of the detector, it can be seen that

the tracks are dark in color and either circular or elliptical in shape.
Focusing inside the tracks, bright centers are observed inside the
pits. The bright centers indicate that the bottoms of the tracks are
rounded [24]. These features are diagnostic of nuclear-generated
tracks.

A gamma-ray spectrum of the 219Po source was obtained by
placing the source inside the lead cave and pressed against the Be
window of the HPGe detector. Fig. 5c—e shows the spectra obtained
for the lead cave with and without the 219Po source. The spectra
were time normalized. From the spectra, it can be seen that three
new gamma/X-ray lines at 14.8, 21.9, and 121.7 keV are present in
the 219Po source spectrum. As 210Po is a pure alpha emitter, these
new lines cannot be due to 21%Po. Compared to the 24'Am gamma
line at 59.54 keV, Fig. 3d, the three gamma/X-ray lines seen in Fig. 5d
and e are very small and are attributed to gamma/X-ray emitting
contaminant(s) in the 219Po source.

Experiments were conducted placing 25 pum thick Pd foil in con-
tact with the 219Po source. The area of the Pd foil was 16.1 cm?.
Spectra were obtained using both ‘facing’ and ‘not-facing’ config-
urations, shown in Fig. 6. When the Pd and 21°Po source were not
directly facing the Be window of the HPGe detector, no lines due to
the Pd or to the contaminant in the 21%Po source were observed in
the spectrum. However, when the Pd foil and 21°Po source were fac-
ing the Be window of the HPGe detector, the Pd Ko line at 21.1 keV
was observed as was the 21.9keV line due to the contaminant in
the 210Po source. The significance of orientation on the observation
of the Pd K shell lines in Pd/D experiments will be discussed vide
infra.

While the presence of the contaminant in the 219Po source
was unexpected, it did present an opportunity to separate and
quantify the alpha/gamma contributions in stimulating the Pd K
shell X-rays. This was not possible using the 24'Am source due
to the intensity of the gamma ray. To isolate and quantify the
alpha/gamma contributions, a 100 wm thick acrylic sheet was
placed between the Pd foil and the 21°Po source. The acrylic sheet
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Fig. 6. Left hand side shows schematics of how the Pd and 2'9Po source were oriented relative to the face of the Be window of the HPGE where (a) is the ‘not-facing’
configuration and (b) is the ‘facing’ configuration. Right hand side shows the time-normalized spectra obtained where the gray line is due to the lead cave background and
the black line is due to the Pd-?'°Po source. The configuration the spectra were obtained is indicated. All measurements were conducted inside a Pb cave lined with Sn and Cu.

will block the alphas from the 219Po but not the gamma/X-rays
from the contaminant(s). The time normalized results are sum-
marized in Fig. 7. All spectra were obtained using the ‘facing’
configuration. Light gray blocks indicate the regions of the gamma
lines due to an unknown contaminant in the 219Po source and the
darker gray box indicates the region of the Pd Ka line.

Fig. 7a shows the spectrum obtained for the Pd foil. The foil was
25 wm thick and had an area of 16.1 cm2. A very small peak due
to the Pd Ko shell X-rays was observed in the spectrum. The foil
used in the 219Po source experiments had 42 times more surface
area than the foil used in the 24'Am experiments discussed vide
supra. For the smaller foil used in the 24!Am experiments, the Pd
Ko X-ray lines were not observed. The lead cave X-rays between 36
and 102 keV, Fig. 5c, are probably responsible for stimulating the
Pd K shell X-rays resulting in the peak seen in Fig. 7a. The spec-
trum obtained for the 21°Po source is shown in Fig. 7b. Only noise
is observed in the region of the Pd K shell X-rays. Two gamma/X-
rays at 14.8 and 21.9 keV, due to unknown contaminant(s), were
observed in the spectrum.

The spectrum obtained when the Pd foil in contact with the
210pg source is shown in Fig. 7c. The line due to the Pd K shell
X-rays is more prominent than that observed in the background.
When a 100 wm thick acrylic sheet is placed between the Pd foil
and the 219Po source, a decrease in the line due to the Pd K shell
X-rays is observed, Fig. 7d. Compared to the 21%Po source spectrum,
Fig. 7b,adecrease is observed in the intensities of the unknown con-
taminant gamma rays at 14.8 and 21.9 keV. These spectra indicate
that both the 21%Po « particles and the -y-rays from the unknown
contaminant(s) are stimulating the emission of Pd K shell X-rays.
Table 1 summarizes the measured intensities of the Pd Ka lines
in Fig. 7 as well as the sources of the stimulation. It is assumed
that the background, 21%Po a-particle, and unknown contaminant

v-ray stimulations contribute additively to the Pd Ko emissions of
the Pd-210Po sample, Fig. 7c. With this assumption, the estimated
contributions of each source in stimulating the Pd Ko emissions are
35.2% due to background, 44.4% due to the 219Po «a-particles, and
20.4% due to the unknown contaminant(s) gamma/X-rays.

3.4. Implications to the CR-39 detection results obtained for Pd/D
experiments

The results of the 219Po-Pd experiments discussed vide supra can
be used to determine whether or not Pd K shell X-rays would have
been observed in the CR-39 experiments [1,3-11,13-15]. The gas
loading experiments done by Li et al. [1,3] and Price et al. [2] were
done in stainless steel cells. The stainless steel would have absorbed
any Pd K shell X-rays. In order to see these X-rays, the X-ray detector
would have to be placed inside the stainless steel vessel and cycled
between room and liquid nitrogen (—196°C) temperatures. Cur-
rently, Hamamatsu offers compact, X-ray detectors comprised of a
Si photodiode coupled to a scintillator that are ideal for the detec-
tion of X-rays below 100 keV [25]. Although these X-ray detectors

Table 1
Analysis of the Pd Ka line shown in the spectra in Fig. 7.

Sample? Intensity of Pd Ka line®  Cause of stimulation®
210po source 0.00 None

Pd foil 1.9 x 104 bkg

210po—Pd foil 54 %1074 bkg+a+y
210pp-100 pm acrylic-Pd foil 3.0 x 104 bkg +y

2 All samples were measured in a Pb cave that was lined with Sn and Cu foil.

b Spectra have been time normalized. Pd Ko line is shown in Fig. 7.

¢ Bkg=background stimulation, o =alphas from 2'°Po source; y=gamma rays
from the unknown contaminant(s) in the 2!°Po source.
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Fig. 7. Time-normalized X-ray spectra in the Pd K shell X-ray region obtained using
the ‘facing’ configuration where (a) is the 25 pwm thick, 16.1 cm? area Pd foil, (b) is
the 219Po source, (c) is the Pd foil in direct contact with the 2'°Po source, and (d) has
a 100 wm thick acrylic film between the Pd foil and the 21°Po source. The light gray
box indicates the regions of the gamma lines at 14.8 and 21.9 keV due to unknown
contaminant(s) in the 2'°Po source. The darker gray box indicates the region of the
Pd Ka lines. All spectra were measured in a lead cave lined with Sn and Cu.

would be small enough to be placed inside the stainless steel vessel,
their operating temperature range is between —10 and 60 °C. Con-
sequently any charged particle emissions that occurred between
—10 and —196°C would not be registered by these X-ray detec-
tors. This would not be true for a SSNTD such as CR-39. Therefore,
it would not have been possible to detect the presence of charged
particles in the gas-loading experiments by Pd K shell X-ray emis-
sions.

The presence of a line due to the Pd K shell X-rays in the back-
ground, Fig. 7a, is in agreement with the work of Deaken et al.
[21]. However, Bennington et al. [20], who used much thicker Pd
cathodes in their experiments, did not observe a line due to the Pd
K shell X-rays in their background. There are two possible expla-
nations for these results. One is that the Si(Li) detector used by
Bennington et al. was not as sensitive as the X-ray detector used
by either Deaken et al. or the HPGe detector used in this effort. The
other explanation is that the thicker Pd foil used by Bennington
et al. absorbed the Pd K shell X-rays stimulated by the background.
The more likely cause is the later. The formula used to calculate the
percentage of X-rays absorbed in a material is

A =100[1 — exp(—px)] (1)

where A is the percentage of X-rays absorbed, u is the mass absorp-
tion coefficient of X-rays at a given energy, p is the density of
the material, and x is the thickness of the material [26]. For a
high Z material like Pd, the absorption coefficient is dominated by
photoabsorption [27]. The photoabsorption coefficient of Pd at an
X-ray energy of 21.1keV is 13.61 cm? g~! and the density of Pd is
12.0gcm~3 [28]. Using these values, the plot of % X-rays absorbed

Table 2
Measured peak areas of the Pd Ka line shown in the time normalized spectra in
Fig. 9a and b.

Sample? Area of Pd Ka line  Cause of stimulation®:¢
Pd foil 922 x 105 bkg
210pPp-100 wm acrylic-Pd foil 1.453 x 104 bkg+vy

2 All samples were measured in a Pb cave that was lined with Sn and Cu foil.

b Bkg=background stimulation, y=gamma rays from the unknown contami-
nant(s) in the 21°Po source.

¢ The peak arearesulting from stimulation by the unknown vy sourceis 5.31 x 107>,

as a function of Pd thickness was calculated, Fig. 8a. The 50 pm thick
foil used by Deaken et al. would absorb 55.8% of the X-rays while
that used by Bennington (1.5 mm thick) would absorb 100%. In con-
trast, the foil used in our experiments was 25 wm thick and would
have absorbed 33.5% of the X-rays. Based upon these calculations,
the thickness of the Pd foil used in the Bennington et al. experiment
greatly impacted their ability to see any Pd X-ray emissions during
an electrolysis experiment.

Lipson et al. conducted electrolysis experiments using
8-300 um thick Pd foils [8] or 2000-4000A thick Pd films [7]
as cathodes. For the 8-300 m thick Pd foils, the % X-rays absorbed
was between 12.2 and 99.3%, as calculated using Eq. (1). The %
X-rays absorbed by the Pd films was less than 1%. In these elec-
trolysis experiments, the cathode was in the center and the anode
surrounded it. A significant amount of water was present between
the cathode and the cell wall, which was probably borosilicate
glass. This configuration assured uniform loading of the Pd cathode
with deuterium. However, the water and cell wall would also
absorb any Pd K shell X-rays produced during the course of the
experiment. For low Z materials, like H and O, Compton (in-elastic)
scattering becomes significant at the higher X-ray energies and the
absorption coefficient is no longer dominated by photoabsorption
[27]. However, there is code available that calculates the % attenu-
ation of X-rays as a function of X-ray energy and target length for a
limited number of materials [29]. Using this code, the % attenuation
of the 21.1 keV X-rays as a function of borosilicate glass and water
thickness was calculated. The results are summarized in Fig. 8b and
¢, respectively. Lipson et al. did not provide any dimensions on their
cells. However, estimates can be made. Typically borosilicate glass
walls used in electrochemical cells are 1 mm thick, which would
attenuate the X-rays by 36%, Fig. 8b. Typically electrochemical cells
have inner diameters between 20 and 40 mm. With the cathode in
the center, the water thickness the X-rays have to penetrate would
be between 10 and 20 mm, which would attenuate the X-rays by
51.9-83.9%, Fig. 8c. The total attenuation through the water and
borosilicate glass is estimated to be between 87.9 and 100%. Taking
into account the attenuation of the 21.1keV X-rays by the cell
components, it is unlikely that any Pd K shell X-rays stimulated by
charged particles would have been observed. Furthermore, Lipson
et al. observed a relatively low number of tracks in their CR-39
detectors. In one electrolysis experiment involving 2000 A of Pd
on glass that ran for 48 h, Lipson et al. [7] identified 173 alpha and
proton tracks above background. The measured rates of production
were (9.6+1.0)x 104 as~! and (57.2+4.1)x 10~4ps~1, both in
47 steradian. It can be shown that such a low production rate of
charged particles would not stimulate a detectable amount of Pd
K shell X-rays. Fig. 9a and b shows the time normalized spectra
measured, in the Pb cave, for the Pd foil and for the experiment
in which the 100 wm thick acrylic sheet was placed between the
Pd foil and the 219Po source. In both spectra, the peak due to the
Pd K shell X-rays is shown in gray. The measured peak areas are
tabulated in Table 2. From the data, the peak area, resulting from
stimulation by the y-rays from the unknown contaminant(s) in
the 219Po source, is measured to be 5.31 x 10>. In Table 3, the
calculated peak areas of the Pd K shell X-ray line resulting from
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Table 3
Calculating the peak area of the Pd Ko line caused by o stimulation using the spectral
data shown in Figs. 7, 9a and b.

Stimulant Contribution (%) Calculated peak area
bkg? 35.2 9.22 x 1073

Y 204 5.34x 1073

ab 44.4 1.163 x 104

2 This is the measured peak area for the Pd Ka line obtained by background
stimulation.

b The 2'°Po has an « activity of 0.1wCi. This activity is equivalent to
3700decayss~!. Since the spectra are time normalized, the calculated peak area
is due to stimulation by 3700 « particles.

v and o stimulation are tabulated. The calculated peak area due
to y stimulation agrees well with the measured value. A 0.1 nCi
210pg o source will have 3700 decayss—!. For the time normalized
spectra, this means that 3700 « particles will result in a Pd K
shell X-ray line with a peak area of 1.163 x 10-4. However, this
peak area is for 219Po whose alphas have an energy of 5.3 MeV.
LET calculations indicate that the range of these 5.3 MeV alphas
in Pd is 9.76 wm. Lipson et al. identified their particles as 1.7 MeV
protons and 11-16 MeV alphas. LET curves for protons and alphas
are shown in Fig. 9c and d, respectively. These plots indicate that
the 1.7 MeV protons and 11-16 MeV alphas have longer ranges

than the 5.3 MeV 219Po alphas. Consequently, they will stimulate
more X-rays than the 219Po alphas as they traverse through the Pd
lattice. Table 4 summarizes the calculations done to estimate the
expected Pd K shell X-ray peak areas resulting from the passage of
1.7 MeV protons, 11 MeV alphas, and 16 MeV alphas through the
Pd lattice. For the measured production rates of 9.6 x 1074 1.7 MeV
protons and 57.2 x 10~* 16MeV alphas, as observed by Lipson
et al. [7], the estimated increases in peak area resulting from the
charged particle stimulation are 4.05 x 10-11, 524 x 1019, and
1.03 x 109, respectively. These increases would be too small to
see in a measured spectrum.

In the experiments done by Oriani and Fisher [6], the CR-39
detectors were placed above and below the anode. As charged par-
ticles cannot travel far in water, the tracks observed in the CR-39
detectors are not attributable to charged particles. Although they
are not using CR-39 to directly measure charged particles, it is
unlikely that Pd K shell X-rays would have been detected in the
electrolysis experiments done by Oriani and Fisher. As shown in
Fig. 6, the orientation of the cathode relative to the window of the
detector determines whether or not the Pd X-ray emissions will
be observed. In the electrolysis experiments done by Oriani and
Fisher, the cathode was in the ‘not-facing’ configuration, Fig. 6a. In
this configuration, no Pd K shell X-rays would have been observed.
Furthermore, the cathode was a 1 mm thick plate of Pd. As shown

Table 4

Estimating the Pd K shell X-ray peak area resulting from the passage of 1.7 MeV protons, 11 MeV alphas, and 16 MeV alphas that were identified by Lipson et al. [7].
Particle and energy 5.3MeV a 1.7MeV p 11 MeV 16 MeV o
Range in Pd (um) 9.76 13.11 28.49 55.7
Ratio? N/A 1.34 292 571
Number of particles 3700 9.6 x 1074 [7] 57.2x 1074 [7] 57.2x 1074 [7]
Equivalent number of 5.3 MeV « particles® N/A 129x 104 167 x 104 326.6 x 104
Peak area® 1.163 x 104 4.05x 10~ 5.24x 10710 1.03x107°

3 Ratio=[range of 1.7 MeV p or 11, 16 MeV «a]/[range of 5.3 MeV a].

b Equivalent=[number of 1.7 MeV p or 11, 16 MeV «] x ratio.

¢ Peak area of the 3700 5.3 MeV « particles was measured to be 1.163 x 10~4. This correlation was used to estimate the expected Pd K shell X-ray peak areas resulting for
the passage of 1.7 MeV protons, 11 MeV alphas, and 16 MeV alphas through the Pd lattice.
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by the plot in Fig. 8a, self-absorption of the Pd K shell X-rays would
also have been an issue.

The Pd/D co-deposition experiments of Mosier-Boss etal.[9-11]
typically ran for two weeks. Fig. 10a shows the experimental con-
figuration used in an experiment in which an external 6000V DC
(with a 6% AC ripple) electric field was applied across the cell after
the Pd had been plated out. The 6% AC component allows coupling
of the electric field into the cathode. In this particular experiment,
Pt, Ag, and Au wires were connected in series, over the CR-39 detec-
tor, as shown in Fig. 10a. The detector used in this experiment
was scanned using an automated scanning track analysis system
to obtain quantitative information on the pits produced in the CR-
39. The system has a high quality microscope optical system (Nikon
cfi series) operating at a magnification high enough to discriminate
between tracks and background. Fig. 10b shows the spatial orienta-
tion of positively identified tracks in the CR-39 detector used in the
three wire experiment. It can be seen that track density correlates
with the placement of the wires.

Fig. 11a shows a microphotograph of tracks in the CR-39 detec-
tor taken by the scanner. Each image taken by the scanner is then
analyzed by the proprietary software of the scanner. In Fig. 11b,
each numbered rectangle represents an object in the detector
identified by the computer. The computer algorithm then makes
15 characteristic measurements of each object located in the
image to provide reliable discrimination between etched tracks and
background features present on or in the plastic detectors. These
measurements include track length and diameter, optical density

(average image contrast) and image symmetry. Based upon the
measured properties of a feature, the computer algorithm of the
automated scanning system determines whether or not the mea-
sured features are consistent with that of an energetic particle. The
software algorithms ignore overlapping tracks. Fig. 11¢ summa-
rizes the results of this analysis. The light colored rectangles are
positively identified tracks.

The area of the CR-39 detector scanned in Fig. 10b is
1mm x 20mm. The total number of tracks positively identi-
fied by the scanner in this area was 1079. To determine whether or
not Pd K shell X-rays would have been observed in the experiment,
it is assumed that the observed tracks are due to charged particle
interactions with the detector and not neutrons. As shown in
Fig. 11¢, the number of tracks in this one image is undercounted by
afactor of ~3. Since the total area of the detector is 10 mm x 20 mm,
at a minimum, the number of tracks is undercounted by a factor
of 30. However, the charged particle stimulation of the Pd K shell
X-rays will occur throughout the Pd deposit. Ignoring absorption
of the Pd K-shell X-rays by the Pd deposit and cell components, in
the worse-case scenario, it is estimated that the charged particles
are undercounted by a factor of 1000. The total area of the detector
is 10 mm x 20 mm. Taking this larger detector area into account,
the charged particles are estimated to be undercounted by a factor
of 10,000. Therefore, in this worst case scenario, the number
of charged particles is 1.079 x 107. For a two week experiment
(1.2096 x 106 s), the rate of particle production is estimated to
be 8.9 particless—1. The 0.1 wCi 21°Po «a source decays at a rate

Fig. 11. (a) Photomicrograph of tracks observed in a CR-39 detector used in a Pd/D co-deposition experiment. The photomicrograph was obtained using the automated
system at a maghnification is 200x. (b) The image shown in (a) after undergoing computer processing and objects have been identified and numbered. These objects are
indicated by the light colored rectangles. (c) Based upon measurements of object symmetry and contrast, the computer algorithm identifies tracks whose properties are
consistent with those of nuclear generated tracks. These tracks are indicated by the light colored rectangles.
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of 3700 particless~!. As summarized in Table 3, the calculated
peak area due to the stimulation of the Pd K shell X-rays by 3700
o particles, in the time normalized spectrum, is 1.163 x 10—,
The increase in peak area of 8.9 charged particles, in the time
normalized spectrum, is calculated to be 2.9 x 10~7. This is too
small an increase in peak area to see in the measured spectrum.
In addition, the experimental configuration for the E-field exper-
iment is equivalent to the ‘not-facing’ configuration, Fig. 6a. In this
configuration, no Pd K shell X-rays would have been observed.

4. Conclusions

In this communication, the apparent discrepancy between
charged particle detection in the Pd/D system using CR-39 detectors
and measurement of Pd K-shell X-rays was examined. CR-39 detec-
tors are constantly integrating detectors, which means that once an
event occurs, it is permanently stamped in the plastic. Using CR-39
detectors, Li et al. [1,3], Lipson et al. [4,7], Oriani and Fisher [6], and
Mosier-Boss et al. [9-11] have reported the observation of charged
particle emissions in the Pd/D systems by both gas and electrolytic
loading. In contrast to CR-39, the measurement of Pd K shell X-rays
is done in real time. No Pd K shell X-rays above background were
observed by either Bennington et al. [20] or Deakin et al. [21] in
their electrolytic loading of Pd with deuterium.

In this investigation, Pd K shell X-rays were stimulated when a
thin Pd foil was placed in contact with a 24! Am source. However,
it was found that the 24 Am gamma ray at 59.54 keV, and not the
alpha emissions, was primarily responsible for the stimulation of
the Pd K shell X-rays. These results emphasize the need to prop-
erly characterize RAM sources when doing calibrations. This was
particularly borne out when conducting experiments using a 21°Po
source, which was supposed to be a pure alpha emitter. Measure-
ments of the 219Po source, using the HPGe detector, showed the
presence of three weak gamma-/X-ray lines attributed to unknown
contaminant(s). However, use of this source in these experiments
made it possible to separate and quantify the alpha/gamma con-
tributions in stimulating the Pd K-shell X-rays.

Using the 0.1 wCi 219Po source, it was found that the orienta-
tion of the source relative to the HPGe detector head determined
whether or not the Pd K-shell X-rays would be observed. The Pd
K-shell X-rays were observed when the 219Po source was directly
facing the detector head. No Pd K-shell X-rays were seen when
the 219Po source was perpendicular to, or ‘not-facing,’ the HPGe
detector head. Consequently, no Pd K-shell X-rays would have been
detected in the electrolysis experiments done by Oriani and Fisher
[6], Lipson et al. [7,8], and Mosier-Boss et al. [9-11]. In addition,
it was found that, although tracks significantly above background
were observed in CR-39 detectors used in gas and electrolytic load-
ing experiments, the rate of charged particle production was too
low to be detected by the Pd K shell X-ray emissions.
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