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Abstract

In this investigation, we explored using Pd/D generated energetic particles to fission uranium. Analysis of the CR-39 micropho-
tographs liquid scintillation counter (LSC) alpha and beta spectra, and high purity germanium (HPGe) spectral gamma data support
fissioning of U-238/U-235 implying that a hybrid fusion-fission reactor based upon Pd/D co-deposition could be feasible.
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1. Introduction

Earlier, we reported on observing the production of energetic particles during Pd/D co-deposition [1,2]. The energetic
particles produced include >1.8 MeV protons (including 15 MeV protons), >7 MeV alphas, 2.2-2.5 MeV neutrons,
and secondary particles from either energetic protons and/or neutrons. We have also reported on observing the pro-
duction of >9.6 MeV neutrons [3]. The Java-based Nuclear Information Software (JANIS) database [4] indicates that
these particles are energetic enough to fission both U-238 and U-235. In this investigation, we explored using Pd/D
generated energetic particles to fission uranium. An experiment was conducted in which Pd/D co-deposition was done
on a Au/U composite cathode. Both real-time high purity germanium (HPGe) and a CR-39 detector were used to
monitor the reaction. A month after the reaction was completed, HPGe spectra of the U wire and the Au wire and
deposit at the end of the experiment were obtained in a Compton suppressed cave. Three months after termination of
the experiment, liquid scintillation measurements of the deposit as a function of time were made. The results of those
measurements are discussed in this communication.
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2. Experimental

Pd/D co-deposition was done on a Au/U (natural uranium 0.71% U-235) composite cathode that was in contact with a
CR-39 detector. The cell was placed inside a Pb cave close to a HPGe detector. Upon termination of the experiment,
the CR-39 detector was etched as previously described [1,3] and underwent microscopic examination. A month after
the experiment was terminated, HPGe spectra of the native wire as well as the Au cathode and deposit were obtained
at the University of Texas, Austin. Spectra were obtained using a 30% HPGe detector in a Compton suppressed cave
[5-7]. Compton suppression systems are typically used to reduce the background continuum as well as the cosmic and
natural background. Three months after termination of the experiment, samples of the deposit were placed in 10 mL
of scintillating (Scintiverse™) cocktail and liquid scintillation spectra were obtained periodically over a period of 550
days.
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Figure 1. Gamma ray spectra obtained during the experiment where: (a) spectra of the Pb cave (black spectrum) and the electrochemical cell
obtained on Feb. 28 at 08:30 (gray spectrum); (b) time normalized, baseline corrected spectra obtained at (bottom to top) Feb. 28 at 08:30, Feb. 28
at 13:00, Feb. 28 at 17:38, and Feb. 29 at 11:14; and (c) time normalized, baseline corrected spectra of the K-40 line obtained on Feb. 28 at 08:30
(bottom) and Feb. 29 at 11:14 (top).
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3. Results and Discussion
3.1. Real-time HPGe spectra

Figure 1a shows gamma ray spectra of the Pb cave and the cell after 33.5 h of electrolysis. At this point the cell current
is at —0.4 mA. The HPGe detector has an Al window that cuts off at 20 keV. This cut-off is evident in the background
spectrum of the Pb cave. The spectrum of the cell shows background lines observed on top of a raised baseline. Three
broad peaks at ~20, 118, and 194 keV are observed on this raised baseline. With additional time, these broad peaks
disappeared. The spectrum of the cell clearly shows counts below the cut-off of the Al window. These counts and
the broadness of the three bands making up the baseline cannot be due to gamma rays and are caused by something
interacting with the detector itself. Neutrons are the only thing that can pass through the Al window and interact with
the Ge atoms of the detector.

Further evidence of neutron damage to the detector is shown in Fig. 1b,c. These spectra have been time normalized
and the background has been corrected. The times the spectra were collected are indicated in the figure caption.
Figure 1b shows peaks due to the Pb lines and background peaks. On Feb. 28 at 08:30 and at 13:00, the peaks are
intense and cleanly resolved. By Feb. 28 at 17:28, the peaks are less intense and are broadening. On Feb. 29 at 11:14,
the peaks are clearly less intense and have broadened. Figure 1c¢ shows the K-40 line. On Feb. 28 at 08:30, the K-40
line is symmetrical and fits to a single Gaussian line. The K-40 peak observed on Feb. 29 at 11:14 has lost intensity
and shows a tail on the low frequency side of the peak. Its line shape is described by the sum of two Gaussian lines,
shown in Fig. 1c. The changes observed in the gamma lines are consistent with neutron damage to the HPGe detector
[8].

Inelastic scattering of neutrons on Ge-74 and Ge-72 cause broad asymmetric gamma peaks at 596 and 691.3 keV,
respectively, when the energy of the neutrons are <1 MeV [9]. For neutrons with energies >1 MeV, these lines broaden
and flatten out. When neutron energies are greater than 4 MeV these peaks cannot be separated from the background.
No peaks at 596 and 691.3 keV were observed for the electrolyzing cell. Therefore, the average energy of the neutrons
generated during electrolysis is greater than 4 MeV. Another way to estimate the average neutron energy is to model
the neutron elastic scattering of the Ge nuclei using the Monte—Carlo technique [10,11]. When a high energy neutron
elastically scatters a germanium nucleus, it leaves an ionization trail that is proportional to the energy given to each
germanium nuclei encountered. Germanium recoil spectra, based on isotropic elastic scattering, were calculated for
fission neutrons (2 MeV) and 6.3-6.83 MeV neutrons. The results of these calculations are summarized in Fig. 2. The
baseline measured on Feb. 28 at 08:30 more closely resembles the recoil spectrum for the 6.3-6.83 MeV neutrons
than the fission neutrons. Radiation hardness refers to higher energy particles, be they gammas, protons, neutrons, etc.
The degree of hardness is determined by taking the ratio of the total counts in the 100-300 keV energy range with
those in the 50-100 keV energy range [12]. The higher the ratio, the harder the spectrum. As can be seen from Fig. 2,
the Pd/U/D neutron energy spectrum is harder than that from fission alone. This hardness of the spectrum indicates a
larger contribution of higher energy neutrons to the Pd/U/D neutron energy spectrum and that there is another source
of neutrons than fissioning of uranium.

3.2. CR-39 results

The CR-39 detector in contact with the Au/U/Pd composite cathode was etched and underwent microscopic exami-
nation. Figure 3 shows some examples of elongated tracks as well as triple tracks that were observed in the detector
used in the U experiment. Also shown are their corresponding DT neutron-generated tracks. More elongated and
triple tracks were observed in the detector used in the U experiment than in previous Pd/D co-deposition experiments
[1,3,13]. This indicates that more neutrons were generated in the Au/U/Pd/D experiment than in any Pd/D experi-
ments. The elongated track shown in Fig. 3 is due to proton recoils. From the length of the track, it is possible to



222 PA. Mosier-Boss et al. / Journal of Condensed Matter Nuclear Science 29 (2019) 219-229

estimate that the energy of the neutron that generated it was greater than 0.114 [14]. Triple tracks are diagnostic of
the carbon break-up reaction, 12C(n,n’ )3c, which has an energy threshold for the neutron of >9.6 MeV [15]. These
neutron energies are in agreement with the estimate made from the real-time HPGe measurements.

Large (40 ym long and 10 m wide) shallow cylindrical tracks similar to the one shown in Fig. 4a were observed in
the CR-39 detector used in the Au/U/Pd/D experiment. Such tracks have neither been observed in CR-39 detectors in
contact with a bare U wire nor in CR-39 detectors used in Pd/D co-deposition experiments. Since these tracks have not
been observed in Pd/D co-deposition experiments, uranium is the source of these tracks in the Au/U/Pd/D experiment.
The large size and shallowness of the track indicates that it was caused by a high Z particle [16]. Such high Z particles
would be created when uranium fissions. To verify this, a piece of native uranium wire was placed in contact with a
CR-39 detector and irradiated for 4.5 h with DT neutrons. After etching, large cylindrical tracks, due to high Z fission
fragments, were observed (Fig. 4b). The presence of these tracks in the detector used in the Au/U/Pd/D experiment
indicates that fissioning of U has occurred and that they aren’t the result of either DT neutrons alone or actinide alpha
decay.

3.3. Post HPGe analysis in a Compton suppressed cave

A month after the experiment was terminated, HPGe spectra were obtained of the native U wire as well as the cathode
and deposit remaining at the end of the experiment. These spectra were obtained in a Compton suppressed system
at the University of Texas, Austin. Spectra are shown in Fig. 5. Identification of major lines are indicated. Clearly
changes are observed in the spectrum after the U has undergone electrolysis that will be discussed vide infra. Gamma
lines due to U-235, Th-231, and Th-234 are identified [17]. Th-231 and Th-234 arise from the decay of U-235 and
U-238, respectively [18].

Figure 6 shows an expansion of the region between 60 and 120 keV. The Th and U X-ray lines are identified. It
can be seen that the ratios of the Th gamma lines and the Th X-ray lines are the same for both spectra of the bare U
wire and the spent cathode. Compared to the Th lines, there is clearly a decrease in the U X-ray lines in the spectrum
of the spent cathode, Fig. 6. In Fig. 5, the ratio of the U-235 gamma lines and Th gamma and X-ray lines are the
same for both spectra. From this it can be concluded that the decrease in the U X-ray lines cannot be due to uranium
accumulating on the anode otherwise a similar decrease in the U-235 gamma lines would have been observed. Also,
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Figure 2. Germanium recoil spectra, based on isotropic elastic scattering, calculated for fission neutrons (red spectrum) and 6.3-6.83 MeV
neutrons (black spectrum) using the Monte—Carlo technique.
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Figure 3. Photomicrographs of tracks observed in CR-39 detectors used in Pd/D co-deposition experiment conducted on an Au/U cathode and
their corresponding DT neutron generated tracks. Magnification 1000 . The left-hand images were obtained by focusing the optics on the surface

of the detector while the right-hand images are overlays of two images taken at two different focal lengths (surface and bottom of the pits). Lengths
(L) of the recoil proton tracks are indicated.
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Figure 4. Photo micrographs of CR-39 detector that had been used in a Pd/D co-deposition experiment conducted on an Au/U cathode (a) and a
detector that had been in contact with uranium wire exposed to DT neutrons (b). Magnification for both is 1000x. Arrows indicate tracks due to
high Z fragments. The detector used in the co-deposition experiment had been etched for 6 h while the detector exposed to DT neutrons had been
etched for 1 h.

no deposit was observed on the anode upon termination of the experiment. Since no changes were observed for the
Th X-ray lines, the decrease in the U X-ray lines cannot be due to occlusion. Therefore, a decrease in the uranium
X-ray peaks suggests that uranium has been consumed. As was discussed vide supra, the CR-39 detector next to the
cathode showed large tracks attributed to large Z fission fragments (Fig. 4). These fragments came from fissioning
of the uranium. Therefore, the decrease in the uranium X-ray lines provides further support that uranium has been
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fissioned. Furthermore, U-238 has been preferentially fissioned. Although both U-235 and U-238 will contribute to
the U X-ray lines, the primary contributor is U-238 since its concentration in native U is two orders of magnitude
greater than U-235. Since no change was observed in the ratio of the U-235 gamma lines compared to the Th lines,
Fig. 5, it can be concluded that U-238 was fissioned.

Between 65 and 81 keV, five new lines are observed in the spectrum obtained for the spent cathode, (Fig. 6). Based
on the relative intensities and positions of these lines, they are attributed to the Ko and K3 X-ray lines of Au [17].
These are stimulated X-rays that are generated by the refilling of the K shell electron orbits ionized by the passage of
charged particles or higher energy gamma rays [19].

Figure 7 shows expansions of the regions between 30—130 and 90-130 keV regions of Fig. 5. In the 90-130 keV
region, three new peaks at 102.18, 105.79, and 121.37 keV are observed in the spectrum of the cathode/deposit. The
peak at 121.37 keV is broader than the other two peaks and is probably comprised of overlapping peaks. Based upon
the positions and relative intensities of these peaks, they have been assigned to the Ko and K3 X-ray lines of Am [16].
Like the Au X-ray lines, these are stimulated X-ray lines for Am. As in the case of Au, these Am X-ray lines are
stimulated by the alpha and gamma emissions of U-235/U-238 and their daughters. In the region between 30 and 130
keV, a small peak at ~59 keV is observed. This peak is attributed to the gamma emission of Am-241, which happens
to be the most intense line of Am-241 [16]. The fact that the line due to the gamma emission of Am-241 is smaller
than the stimulated Am X-ray lines is probably due to absorption of this gamma emission and induced fluorescence of
lower energy X-ray lines [19]. Furthermore, there should be no correlation between the magnitude of a gamma line
from the nucleus and the X-ray lines from electron transitions in the shells surrounding the nucleus. The most likely
reaction pathways for the production of Am-241 are [20,21]:
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The production of Am indicates that the neutron kinetic energy has to be < 1 MeV, which is the cross-section
threshold favoring capture over fission in U-238, in order to create Pu-239 [4]. Production of Am indicates that there
was a high flux of neutrons, which is in agreement with the CR-39 data.
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Figure S. Gamma ray spectra of the native uranium wire (black) and the Au/U/Pd composite cathode (gray) at the end of the experiment. Peak
assignments are shown [17].
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Figure 6. Gamma ray spectra, between 60 and 120 keV, of the native uranium wire (black) and the Au/U/Pd composite cathode (gray) at the end
of the experiment. Peak assignments are shown [17].

3.4. Post liquid scintillation counting (LSC) analysis of the deposit

Fissioning of uranium produces several hundred radionuclides [22,23]. Most isotopes in the fission products have extra
neutrons and tend to decay to more stable isotopes through 5 emission accompanied by « emission. Three months
after the experiment was terminated, the use of LSC was explored to measure these beta emissions. However, alpha
and gammas will also stimulate photon emissions from these cocktails. The three types of radiation interact differently
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Figure 7. Expansions of the 30—130 and 90-130 keV regions of the HPGe spectra shown in Fig. 5. Peak assignments are shown.
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with the liquid scintillator. For a mixture of alpha, beta, and gamma emitters, the resultant spectrum is comprised of
a relatively narrow alpha peak sitting atop a beta—gamma continuum [24]. A Beckman Coulter LS6500 multipurpose
scintillator counter was used to make these measurements. This counter has two diametrically opposed photomultplier
tubes (PMTs). In order to be detected, the photons created by the interaction of the fluor with the radioactive nuclide
need to be within the line of sight of the PMTs allowing coincidence counting.

Upon termination of the experiment, there was no evidence of the U wire in the cathode. Formation of uranium
hydride/deuteride results in the complete disintegration of the structure of the original metal and the hydride/deuteride
appears as a voluminous, finely divided black powder [25]. This break-up of the uranium wire during electrolysis will
cause disequilibrium between U-235/U-238 and their daughters. This will cause changes in the LSC spectra as these
species in the decay chains come back to equilibrium. So, besides what happened to the uranium wire during elec-
trolysis and Pd/D co-deposition, disequilibrium will be occurring as well. To determine the effect of disequilibrium, a
piece of native U wire was placed in an aqueous solution of LiCl. This caused the wire to break-up into particles which
will cause disequilibrium. Some of these particles were placed in the cocktail and spectra were measured periodically
over a period of 195 days. These spectra are shown in Fig. 8a. Initially, the LSC spectra of the particles show a beta—
gamma continuum. Then a fairly narrow peak grows in at channel 675. This narrow peak is due to the alpha emission
of U-234. It takes a while for this peak to grow in as uranium has to dissolve into solution in order for the alphas to
be seen. This is because the path length for 5 MeV alpha particles in a liquid scintillator solution is approximately
50 pm [26]. Consequently, unless the particles were directly between the windows of the PMTs, no photons would be
detected. As shown in Fig. 8a, no peak due to the alpha of U-238 is seen, which is due to the fact that the sample is in
disequilibrium [27]. Since the half-life of U-234 (¢,,5 = 2.5% 10° years) is shorter than that of U-238 (¢, 72 =4.5x%
108 years), the U-238 peak is less intense than the U-234 peak when in disequilibrium and is obscured by the other
emissions of the beta—gamma continuum [26]. With time another alpha peak grows in at channel 625. This peak is
due to U-238. It keeps growing until the sample reaches equilibrium. As shown in Fig. 8a, no significant changes are
observed for the rest of the LSC spectra.

Figure 8b shows LSC spectra obtained of the deposit as a function of time. It is completely different that the spectra
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Figure 8. Liquid scintillator spectra taken as a function of time for (a) uranium particles formed by immersing a piece of native uranium wire in an
aqueous LiCl solution (spectra taken after 1, 125, 182, and 195 days) and (b) the deposit as a result of the Pd/D co-deposition experiment conducted
on a Au/U cathode (spectra taken after 0, 9, 85, and 356 days). Channels for 3H, 14C, and 32P are indicated as are the alpha peaks for U-234 and
U-238. Energies of these alphas are 4.2 and 4.7 Mev for U-238 and U-234, respectively.
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obtained by the U particles shown in Fig. 8a. Initially no alpha peaks are observed. With time the alpha peaks due
to U-234 and U-238 grow in as the uranium goes into solution. With additional time, another alpha peak at a lower
energy than that for U-238 begins to grow in (Fig. 8b). After 355 days in the cocktail, this peak reaches maximum
height. The energy of this peak is estimated to be 3.2 £ 0.3 MeV. The species responsible for this alpha peak must
be long-lived. The only long-lived species that have an alpha emission near 3.2 MeV are Pt-190 (1,2 = 6.5 X 10!
years) and Gd-148 (1,2 = 74.6 years) [17]. Based on the intensity of the alpha peak, it is most likely due to Gd-148
as it has a much shorter half-life and it is a fission product, whereas Pt-190 is not. Besides these alphas, increases in
the beta—gamma continuum are observed with time as more species leach from the deposit. These species are clearly
different than what was observed for the U particles and are attributed to long-lived fission products.

4. Conclusions

The use of energetic particles produced during Pd/D co-deposition to fission uranium was explored. Real-time HPGe
spectral data obtained during the early stages of the plating phase of Pd/D co-deposition on a Au/U composite cathode
showed evidence of neutron damage. Using the Monte—Carlo technique, the average energy of the neutrons was
estimated to be of the order of 6-7 MeV. A gamma ray spectrum obtained in a Compton suppressed Pb cave a month
after the experiment showed the presence of Am-241 which is likely created by neutron capture by U-238 to form Pu-
239. Pu-239 undergoes successive neutron captures to form Pu-241 which then beta decays into Am-241. The HPGe
spectra also shows a decrease in the U X-ray peaks indicating that U has been consumed. Production of energetic
neutrons and fissioning of U-238/U-235 were further verified by the CR-39 detector that was in contact with the
Au/U/Pd composite cathode. LSC spectra showed evidence of an alpha emitter at 3.2 4= 0.3 that is likely due to Gd-
148. Additional changes in the LSC spectra with time show beta—gamma emitters due to long-lived fission products.
These results indicate that uranium can be fissioned by the energetic particles formed as a result of Pd/D co-deposition.

The implication of this experiment is that a hybrid fusion-fission reactor is feasible. The main advantages of such a
reactor would be, (1) it does not require enrichment of U-235, (2) it does not produce greenhouse gases, and (3) it can
easily be shut off by simply turning off the current to the cell. Such a reactor might also be used to dispose of nuclear
wastes and long life radioactive fission products remaining in spent nuclear fuel.
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