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Experimental studies on condensed matter nuclear science (CMNS) ongoing at Kobe University are reviewed.

One is a study of nuclear transmutation during forced permeation of deuterium (D) through multi-layered films of

CaO/X/Pd, where X is element to be transmuted. Thisis described in detail in the present paper.

The second study is to confirm heat and “He generation by D absorption in nano-sized Pd powders reported by

Arata and Zhang, and to investigate the underlying physics. We have installed a twin system to perform calorimetry

during D, or H, absorption by micronized powders of Si, Pd, Pd-black, and Pd-Zr oxide compounds. The research is

performed as a joint research program with Technova Inc., and is described in detail in the separate two papers

presented by the joint group in the present proceedings.
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1. Introduction

It has been claimed that forced permeation of
deuterium (D) through (Pd/CaO)/Pd samples, where
some element X is deposited on the sample, induces
nuclear transmutation from the element X to Y, where
X, Y) are: (133(:5’ 141Pr), (883, QGMO)’ (13886’ 1508m)
and (¥*Ba, ¥°Sm) [1,2]. In our previous effort [3] to
replicate the phenomena, we used XPS to characterize
the CaO/Sr/Pd sample. The XPS method has a high
sensitivity of detection limit, 7x10% atoms/cm?, but it is
applicable only to the near-surface (< 3 nm) region, and
is necessarily destructive when measurement of the
depth distribution over tens of nm is required.

The basic configuration of the samples used in the
present work is vacuum/(CaO/Sr/Pd),/Ca0/Sr/Pd/(D,)
with exception of some runs with no CaO layer or with

an additional Pd layer on the top, wheren =9 or 0. In

the samples used in refs. [1,2], the nuclei to be
transmuted are located on the sample surface, and
exposed to D, gas atmosphere. In most of the present
work, however, they are embedded in the sample
between the CaO layer and the Pd layer/bulk, and
exposed to D permeating through the sample.
Accordingly, we use PIXE to measure nondestructively
the time-dependent concentration of the elementsin the
sample simultaneoudy and in situ, at the cost of
increasing the sensitivity limit to 1x10™ atoms/crm?.

In addition to the modified version of the sample
exposure system [3,4] with reversed flow direction
installed at a beam line of a tandem electrostatic
accelerator 5SDH-2, a stand-alone D permeation
system [5] is used to examine the phenomenon by

ex-situ PIXE analysis.
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2. Experimental apparatus and procedure

The major system is an in-situ system shown in
Fig. 1. The film was mounted on a vacuum flange with
O-ring seal, and the rear surface was exposed to D, gas
for 7 to 48 days. The sample area effective for D
permeation was 3.7 cm?, and the D, gas pressure was
maintained a 0.04 - 0.10 MPa by occasionally
replenishing the reservoir. The D flow rate through the
complex sample kept at 70°C was 0.01 — 0.15 sccm,
which was calculated from the pressure change. We
performed in situ analyses for characterization of the
sample before, during and after D permeation, namely:
3-MeV proton PIXE for elemental analysis; and
25-MeV *He NRA or 4-MeV “He ERDA for D
distribution analysis. The “He ERDA method has a
spatial resolution of about 100 nm. To monitor the
incident particle fluence, RBS was applied
simultaneously.

The other system, the ex-situ system shown in Fig.
2, is a D-absorption apparatus arranged independently
of the accelerator analysis system. In the analysis, we
made a large incident angle (85°) measurement to

increase PIXE sensitivity. First, we made PIXE analysis,

before mounting the sample on a vacuum flange to

expose the rear surface to D, gas a a pressure of
0.1 MPa. After finishing D permeation the PIXE
analysis was made again, while NRA and ERDA for D
distribution analysis were skipped in the ex-situ runs.
The fabrication procedure for the CaO/Sr/Pd
sample is as follows. A 0.1-mm-thick Pd plate was
annealed for 3 to 10 hours at 570 — 1170 K, and then
immersed in aqua regia/H,O or aqua regia/D,0 for 100
seconds. Sr atoms were deposited on one side of the Pd
bulk surface using electrochemical deposition, by
carefully placing the Pd bulk plate on the surface of the
10-mM Sr(NGO3),/D,0O solution. Finaly, a CaO layer
with a thickness of 2 — 8 nm was deposited on the Sr/Pd
samples. For samples containing thin layers of Pd such
as Pd/Ca0/Sr/Pd and (CaO/Sr/Pd)e/CaO/Sr/Pd, the Pd
thin layers with thickness of 54 nm or 18 nm were

deposited also by RF sputtering.

3. Results of permeation runs

Figure 3(a) shows typical results: the PIXE spectra
observed in Run 15 for a sample
(V)/PdICaO/Sr/Pd/(D,). A pair of K,-Kg X-ray peaks
are clearly found for Sr. However, those for Mo are

rather difficult to identify, athough the analysis

3-MeV H*for PIXE,
Probe beam ions from PELLETRON 5SDH2 4-MeV “He™ for ERDA,
2.5-MeV 3He* for NRA

“MCAX-ray dete/ctor

SSD for RBS
S~

A /
SSD for ERDA with

18-um Al filter

EoEl SSD for NRA with
MCA  4-um Mylar filter

| 240V

[

MCA

Sample holder and
Pd sample

Heater and
temper ature controller

CaO thin layers_ Pd thin layer
- TLELLE
o= :[,EEE“ bb Pd substraxﬁ
SEEE
Vacuum < D permeation D,
: ~—_ S
Pressure gauge (CaO/Sr/Pd),

D,gas (1-3 atm)
Reservoir tank

Fig. 1. A schematic of the in situ experimental setup (left), and an example of the sample configuration (right).

2



Kitamura, A., et a. CMNS Research Progressing in Kobe University -Deuterium Permeation and
Absorption-. in The 9th Meeting of Japan CF-Research Society. 2009. Shizuoka, Japan.

Pressure gauge

Pd complex

Vacuum

D,gas(1-3atm) Temperature
Reservoir tank  controller

Ceramic tube

3-MeV H* from PELLETRON 5SDH2

,J L_ Preamp.

BB

MCA

N-ray detector
with 90-pm Al filter

Pd complex
225V F@

Fig. 2. A schematic of the gas permeation system (left) and the ex situ sample characterization system (right).

software package GUPIXWIN [6] can caculate the
areal density of Mo, Ay, based on the measured
spectra, abeit with low certainty. The areal densities of
Sr and Mo, Ag and Ay, respectively, given by
GUPIXWIN, are shown in Fig. 3(b) as afunction of the
time-integrated flow rate, or the permeation fluence of
D, Fp. A dlight increase (0.6x10° cm?) in Ay
accompanied by a more pronounced decrease (3.1x10%
cm?) in Ag is observed after the 490-hour permeation
run.

The distribution of D at 350 h (Fp, = 7.8x10%2 cm®)
measured by “He-ERDA is shown in Fig. 3(c).
Although the D density of about 2x10% cm™® (PdDyg )
near the surface is relatively low, it increases with
depth toward the the saturation value of 5.8x10% cm
(PdDggs) a about 0.5 um. This implies that release of
D, molecules following recombination of atomic D at
the vacuum/Pd interface is sufficiently fast, and the D
flow is diffusion-limited in the near-surface region

incorporating the CaO/Sr/Pd interface. On the surface,

H concentration amounts to 5 — 10% of the total
hydrogen isotope density, which is probably due to
ion-beam-induced hydrocarbon deposition from gas
phase contaminants. Since the distribution FWHM is
amost the same as the spatial resolution of 100 nm, the
H atoms are expected to be localized in the uppermost
layer with little mixing with bulk D atoms.

Table | summarizes the results of &l runs
including those for samples with W additive described
later in section 5. For the in-situ samples, i.e., run #6
through #15, PIXE and ERDA measurements were
performed severa times during arun. The values of Ag;
and Ay, listed in the table are those obtained in the first
and the last measurements, while those of the D fluence
and the composition D/Pd are at the end of the
absorption run. For the ex-situ samples, i.e., run #B1
through #B4, the PIXE measurements were done for 8

— 26 different points on each sample, and the averaged

valuesaregivenin Tablel.
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Fig. 3. (8) PIXE spectra, (b) temporal variation of the areal densities of Sr and Mo expressed as a function of D
fluence (time-integrated flow rate), and (c) density profiles of hydrogen isotopes measured at 350 h in the Run 15.
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Table |. Summary of permeation runs for samples with Sr or W additive.

RuN Sample configuration D flow D flux Time | D fluence Areal density (1015cm'2)

# (V)=vacuum, rate (sccm/cmz) ) (10220m’2) D/Pd before - after
M=CaO/Sr/Pd (scem) S /W Mo/ Pt

6 (V)/CaO/Sr/Pd/(D,) 0.42 0.114 1170 211 056| 26-26 5.0-4.7
7 (V)/CaO/Sr/Pd/(D,) 0.062 0.017 610 164 04 ]212-153| 13-11
8 (V)/CaO/Sr/Pd/(D,) 0.08 0.022 470 1.63 081| 46-38 12-10
9 (V)/CaO/Sr/PdI(D,) 0.049 0.013 2320 4.39 059 25-25 0-12
10 (V)/M*/Ca0/Sr IPd/(D,) 0.47 0.127 620 126 0.86| 495-52.0| 0.2-04
11 | (v)/PdiM®/Ca0/Sr/Pd/(D,)| 0.03 0.008 970 133 0.02] 241-213 0-0.8
12 (V)/Sr/Pd/CaO/Pd/(D,) 0.64 0.173 440 124 - 35-22 0-0
13 (V)/Sr/Pd/CaO/Pd/(D,) 0.35 0.095 660 101 0.07| 50-44 0-05
14 (V)/Pd/CaO/Sr/Pd/(D,) 0.026 0.007 470 0.51 - 44-42 0-08
15 (V)/Pd/CaO/Sr/Pd/(D,) 0.5 0.135 490 10.7 0.78] 80-49 0-0.6
B1 (V)/CaO/Sr/Pd/(D,) 0.05 0.021 930 4.44 - 52-0.7 0.1-0.1
B2 | (V)/Pd/CaO/Sr/Pd/(D,) 0.07 0.029 810 5.4 - 81-15 0.3-04
B3 | (D,)/Sr/Pd/CaO/Pd/(V) 0.09 0.024 570 2.33 - 34-14 0.3-0.2
B4 | (Dy)/Sr/Pd/CaO/Pd/(V) 0.34 0.092 590 8.77 - 18.8-7.8 03-04
16 (V)/Pd/CaO/W/Pd/(D,) 131 0.354 170 9.87 017 0.16-0.04 | 21-12
17 (V)/Pd/CaO/W/Pd/(D,) 0.26 144 170 39.6 - 1082-082| 0.35-0.34

We were unable to find any element with an
atomic number between 38 (Mo) and 46 (Pd) in the
PIXE spectra, in any of the runs. In some runs a
margina increase in Ay, was observed in exchange for
decrease in Ag, but with little quantitative consistency;
the increase in Ay, was too little to compensate for the
decrease in Ag. In other runs we sometimes have
observed decreasing areal densities of both Sr and Mo.

Moreover, the identification of Mo peak by
GUPIXWIN was not definite in most cases. We need
Mo atoms with areal density larger than 3x10% cm™ to
make a clear identification with PIXE analysis.

However, it is interesting to note that Ag
decreased with increasing D fluence in most runs,
which is clearly seen in Fig. 4(a), where Ag, normalized
to the initial value in each run are traced. On the other
hand, in about half of the runs Ay, is increasing, which
istraced in Fig. 4(b).

A possible reason for the decrease might be
sputtering by 3-MeV protons used as the probe beam for
PIXE andysis andior 4-MeV “He for ERDA. A
simulation program ACAT [7] has been employed to
estimate the sputtering yield for a Sr target to show that

contribution of sputtering to the decrease would be 2
orders of magnitude smaller than the decrease observed.
However, the sputtering yield for deposited atoms
weakly bonded to the bulk atoms should be much larger
than the bulk atoms.

The sputtering yields calculated for 1-keV proton

incidence on various target materials are plotted in Fig.
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Fig. 4(a). Normalized areal density of Sr plotted
against fluence (integrated flow rate) of deuterium.
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Fig. 5. Calculated sputtering yield by 1-keV protons
plotted as a function of sublimation energy for
various materials.

5 as afunction of the sublimation energy of the material.

It is implied that the sputtering yield for atoms such as
those adsorbed, which have bonding energies of the
order of 0.1 eV, can be orders of magnitude greater
than the bulk atoms. This could account for the
decrease in Ag. If thisis the case, the measured values
of Ay, aso suffer from the sputtering loss, which could

result in the apparently smaller “transmutation” yield.

5. Possible transmutation to radioisotope

If the transmutation product is a radioisotope, the
detection will be much easier. The detection limit
would be as low as 10° atoms/cn?. If we assume the
regularity of transformation that the atomic number and
the mass number increase by 4 and 8, respectively, we
can expect production of the following radioisotope
emitting 0.538-MeV v rays,

1§§,W(14.4%)Mm_">m13;PtEc'y_(zfed)%|r.

For this purpose, we prepared samples with a
structure (V)/Pd/CaO/W/Pd/(D,). The thickness of the
first Pd layer and the second CaO layer were 38 nm and
2 nm, respectively. The tungsten atoms were introduced
into the samples by implantation with 380-kevV W™
ions accelerated by the tandem Pdlletron, and were

expected to distribute at a depth of 40 nm with a range
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Fig. 6. Gammaray spectra measured for a
Pd/CaO/W/Pd sample after D permeation up to a
fluence of 3.96x10% cm.

straggling of 16 nm.
Before and after D  permeation, PIXE
measurements were performed to reveal the existence
of W and Pt as shown in Table |. The latter is one of the
impurity elements contained in the virgin Pd samples
with no radioactive isotope of *'Pt. The tendency of
decreasing area densities of both W additive and
impurity Pt was again confirmed as seen in Table .
Gamma ray measurements were performed with
an Nal(Tl) scintillation probe during permeation, and
an HPGe detector after finishing the permeation. An
example of the output spectrum from the latter detector

is shown in Fig. 6. Unfortunately, we were unable to

find 2 0.538-MeV v ray peak in the spectra.

6. Conclusionsfor transmutation study

Employing both in situ and ex situ accelerator
analyses, we tried to replicate the nuclear transmutation
of Sr to Mo under deuterium permeation through a
variety of multilayered CaO/Sr/Pd samples. Apparently
positive results were obtained in 8 runs out of 14,
athough the identification of Mo peaks in the PIXE
analysis was not definite. It has been implied that
sputtering loss of the atoms could be responsible for the
observed tendency that areal density of Sr decreases in

most cases, while there is a modest increase in Mo.
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In addition to the accelerator analyses, y-ray
detection was tried for samples implanted with W
atoms in expectation of transmutation from W to
radioactive **Pt. However, positive results have not yet
been obtained.

We have to solve at least three problems in future
research: to improve sample uniformity, to increase the
D permeation rate, and to increase the amount of the

additive atoms to be transmuted.

7. Deuterium Absor ption in Pd Powder s

Results from the second study performed in
cooperation with Technova Inc. [8,9] are briefly
summarized here.

To confirm heat and “He generation by deuterium
(D) absorption in nano-sized Pd powders reported by
Arata and Zhang, and to investigate the underlying
physics, we have installed a twin system of reaction
chambers to perform flow calorimetry during D, or H,
absorption by a variety of micronized Pd samples. We
can perform D, and H, absorption runs for two samples
a the same time under the same environmental
conditions.

The characteristics of  deuterium/hydrogen
absorption and accompanying heat generation have
been compared for three kinds of Pd powders:
commercidly available 0.1-um¢ Pd powder,
commercially available Pd-black, and nano-sized
powder of mixed Pd and Zr oxides fabricated by
Santoku Corp., Kobe, Japan. It has been found that the
D(H)/Pd ratio and absorption energy increases as a
function of the fineness of the sample surface.

The Pd-Zr mixed oxides have revealed interesting
and exciting characteristics:

1) D-gas charge in the 1% phase (zero pressure interval)

gave 35% excess heat compared to H-gas. In the 2™

phase of pressure rise up to the final 1 MPa, significant
excess heat of about 2 kJ/g-Pd for D-gas charge was
observed, while essentially zero output energy was
observed for H-gas charge.

2) The D(H)/Pd loading ratio reached very large values
of 1.1 at the end of the 1% phase.

3) Released energy per D- or H-atom in the 1% phase
was 2.2 — 25 eV/D or 1.3 - 2.1 eV/H, which are
anomalously large compared with known values of 0.5
eV and 0.2 eV per D- or H-atom respectively for
surface adsorption and lattice absorption of hydrogen
atomsinto bulk Pd metal.

4) No increase of neutron counts was seen, nor was an

increase of gamma-ray counts.
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