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Superstoichiometry, accelerated diffusion, and nuclear reactions 1n deuterium-implanted palladium
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Deuterium (D) was introduced into Pd at atomic ratios greater than one by ion implantation at
cryogenic temperatures. The rise and saturation of the D concentration at these low temperatures,
together with the decay of the superstoichiometric state during annealing, were observed by detect-
ing charged particles from the nuclear reaction D(d, p)T when a deuteron beam impinged on the
specimen. At implantation temperatures of 41 and 81 K, a saturation concentration ratio [D]/[Pd]
of 1.6+0.2 was reached, substantially above the limit of 1.0 observed in gas-phase charging. As the
temperature was subsequently ramped upward, [D]/[Pd] abruptly decreased to approximately 1.0
near 120 K, reAecting a process of accelerated transport unique to the superstoichiometric state.
The responsible diffusion mechanism was theoretically examined using analytical modeling and
molecular-dynamics simulations, leading to a picture of correlated D hopping among octahedral
and tetrahedral interstitial sites. Cold fusion was not detected in the absence of external ion bom-
bardment, implying an upper bound on the reaction rate in the high-concentration deuteride of ap-
proximately 10 ' events/s D atom.

I. INTRODUCTION

Ion implantation of deuterium (D) into Pd at a temper-
ature of 3S K was previously reported to produce concen-
trations as high as 1.3 D atoms per metal atom. ' This ra-
tio substantially exceeds the limit of [H]/[Pd] = 1.0 that is
approached during high-pressure gas-phase charging
near room temperature and above. Recently, the discus'
sion of possible D-D fusion reactions in Pd deuteride '

prompted us to explore the low-temperature implanted
state further, since the exceptional D density might be ex-
pected to enhance reaction probabilities. In the present
paper we describe these studies and present four
significant new findings. The first result is that the super-
stoichiometric condition disappears near 120 K as a re-
sult of anomalous rapid diffusion. Second, this accelerat-
ed transport is theoretically explained in terms of crowd-
atom correlated hopping which occurs only at atomic ra-
tios [D]/[Pd] above 1.0. Third, the observed diffusion be-
havior implies that low-temperature D implantation does
indeed produce substantial supersaturation within the fcc
Pd lattice, as opposed to the accumulation of excess D in
defect traps and bubbles. Finally, energetic charged par-
ticles from D-D nuclear reactions were not detected after
implantation stopped, yielding an upper bound on the
cold-fusion reaction rate within the superstoichiometric
PdD. (Preliminary results of the search for cold fusion
were reported previously. ')

The Pd specimens of these experiments were initially
implanted with 10-keV D at a temperature of 41 or 81 K
where the D is immobile, thereby charging the metal ma-
trix to a depth of about 100 nm. The rise and saturation
of the D concentration were monitored by detecting pro-
tons and tritons from the beam-induced nuclear reaction
D( d,p )T. The temperature stability of the super-
stoichiometric state was then investigated by temperature
ramping, during which the D concentration was deter-

mined by bombarding with 30-keV D and detecting the
nuclear-reaction products. In treating the migration of
the D theoretically, we employed classical two-body po-
tentials similar to those previously used to describe Pd
deuteride. The crowd-atom diffusion mechanism in the
superstoichiometric state was inferred from analytical
calculations and confirmed by molecular-dynamics simu-
lations. The search for cold fusion in the implanted Pd
was carried out by monitoring charged-particle emission
over a period of hours in the absence of further deuteron
bombardment.

Experimental details of this work are given in Sec. II,
and the data from saturation implantations and tempera-
ture ramps are presented and analyzed in Sec. III. Sec-
tion IV then describes our theoretical analysis of the ac-
celerated diffusion. The negative results of the search for
cold fusion are reported in Sec. V, and our conclusions
are summarized in Sec. VI.

II. EXPERIMENTAL DETAIL

The Pd samples were rolled foils with specified purity
99.997% and dimensions of 10X10X0.25 mm . Two
such specimens were annealed for 16 h at 1273 K under
an ion-pumped vacuum of 10 Pa, while a third was
used in the as-rolled condition after being chemically
cleaned. During ion implantation of D, the specimen was
held against a Cu block by a spring-loaded stainless-steel
cover plate and exposed to the beam through a circular
10-mm hole in the plate. Deuterons with an energy of 10
keV were obtained by accelerating D3+ through a poten-
tial drop of 30 kV. The implantation beam was magneti-
cally separated to exclude D+, D2+, and impurity species
and was swept for uniformity. The time-averaged Aux
was about 4 D atoms nrn s '. The Cu block was
cooled by continuous transfer of liquid He, which pro-
duced a temperature of 41 K, or by Aowing liquid N2,
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which yielded 81 K; these temperatures were measured
with a Cu-Constantan thermocouple on the Cu block.
The implantation chamber was turbo-molecular pumped
and liquid-nitrogen trapped to a base pressure of 2X 10
Pa.

High-energy charged particles were counted and
energy-analyzed using a Si surface-barrier detector of
300-pm depletion depth which subtended a geometrically
estimated solid angle of 0.20 sr at a scattering angle of
45', this solid angle has a relatively large uncertainty of
+0.05 sr, mainly due to the small detector-sample dis-
tance and the variation of this distance over the surface
of the sample. The detector aperture was covered by a
Ni foil of thickness 2.5 pm which ranged out the elasti-
cally backscattered D and sputtered atoms but passed 3-
MeV protons and 1-MeV tritons from the reaction
D(d, p)T. The detection system was configured to ob-
serve particle energies up to 12 MeV after foil ranging.

Figure 1 shows part of a particle-energy spectrum ob-
tained during ion implantation of 10 keV D. These par-
ticular data were accumulated during a 2-min interval
near the end of a saturation implantation carried out at
41 K. The labeled proton and triton peaks result from
nuclear reactions between energetic impinging deuterons
and D already at rest within the lattice. The specific
identification of these peaks is based on their energies. In
the case of the protons, the initial energy of 3.02 MeV is
expected to be reduced by approximately 0.16 MeV while
traversing the Ni foil, resulting in a detected energy of
2.86 MeV; this is in excellent agreement with the data,
which shows a peak centered at 2.90 MeV. The energy of
the tritons after ranging is predicted to be 1.01 —0.53
MeV=0. 48 MeV, in fair agreement with the peak ob-
served at 0.57 MeV.

Background yield in the particle detection system was
examined by accumulating over a period of 15 h with no
Pd sample in the chamber and no impinging ion beam,
and the resulting spectrum is shown in Fig. 2. Here each
plotted point rejects the combined counts within eight
contiguous 24-keV energy channels. The background is
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FICy. 2. Background spectrum from the particle-detection
system in the absence of the Pd specimen and with no deuteron
beam incident into the chamber. The accumulation time was 15
h.
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III. SATURATION IMPLANTATION
AND TEMPERATURE RAMPING

Figure 3 shows nuclear-reaction data reflecting the ac-
cumulation of D in Pd during 10-keV implantation at 41

seen to increase with decreasing energy, as is commonly
observed in such detection systems, and it is ascribed to
detector noise. The level is quite small above about 1.5
MeV but rises rapidly at lower energies.

In the search for cold fusion, the most detailed atten-
tion was given to the energy region of the proton peak in
Fig. 1. Counts within a 120-keV interval encompassing
this peak were monitored, and a wider interval of 480
keV was summed on each side of the peak to provide a
simultaneous indication of background. The region of
the triton peak was not used for such detailed counting
because of the higher background at these energies. In
order to explore the possibility of nuclear-reaction prod-
ucts at other energies, the entire spectrum extending to
12 MeV was visually inspected for significant peaks.
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FIG. 1. Energy spectrum of charged particles from the nu-

clear reaction D(d, p)T during ion implantation of 10-keV D
into Pd. The flux was 3.6 D atoms nm s ', the counting time
2 min, and the retained concentration close to saturation.
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FIG. 3. Combined number of detected tritons and protons
from the nuclear reaction D(d,p)T during implantation of 10-
keV D into Pd at 41 K. Each datum is from a 2-min interval
where the incident flux was 3.6 D atoms nm s '. The curves
represent model calculations discussed in the text.
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K. This particular specimen was in the unannealed, as-
rolled condition. Each datum gives the combined num-
ber of tritons and protons detected during a 2-min inter-
val of the implantation process while the incident Aux
was 3.6 D atoms nm s '

~ An initially linear increase in
nuclear-reaction yield with incident fluence is seen to give

way to decreasing retention and eventual saturation.
Similar series of implantations leading to saturation were
carried out for the two vacuum-annealed Pd foils; one of
these specimens was treated at a temperature of 41 K and
the other at 81 K. The results closely reproduced the
data in Fig. 3.

After implantation the above specimen was allowed to
warm from 41 to 260 K; the rate varied from 2.6 K/min
near 120 K to 1.6 K/min at the end. During this process
the D concentration was monitored by bombarding the
sample with additional D and measuring the yield from
the D-D nuclear reaction. For these measurements the D
energy was increased to 30 keV, thereby greatly increas-
ing the nuclear-reaction cross section so that a smaller
beam current could be used. In addition, the higher ener-
gy caused the D to be deposited at a greater depth, reduc-
ing the perturbation of the implanted region undergoing
D release. Results from the temperature ramp are shown
in Fig. 4. Two distinct stages of D release are apparent,
one at 120 K and the other centered at about 210 K. The
higher-temperature stage was previously observed in D-
implanted Pd, and it was successfully interpreted in
terms of conventional diffusion followed by release at the
surface. The stage at 120 K has not been reported to our
knowledge.

Quantitative interpretation of the data in Figs. 3 and 4
requires knowledge of the relationship between the
concentration-versus-depth profile of the D and the num-
ber of detected nuclear-reaction products. This relation-
ship is complicated by the fact that, as the incident deute-
rons continuously lose energy within the Pd matrix, there
is a rapid decrease in the cross section of the reaction
D(d, p)T. When the effects of straggling on the incident

ion trajectories are neglected, one has for the yield of a
particular reaction product

E
Y =Nd Qd f CD(x (E))[cr(E)/4'][e(E, CD )] 'dE,

E=0

where Nd is the incident number of deuterons, O, d is the
solid angle subtended by the detector, Ed is the energy of
the deuteron beam, CD is the D concentration at depth x
expressed as D-to-Pd atomic ratio, o. is the total nuclear
cross section in the laboratory frame at instantaneous
deuteron energy E, e is the stopping power per Pd atom
taking into account the presence of the D, and the energy
scale is related to depth by dE/dx = —N&e with N& be-
ing the atomic density of the Pd.

The nuclear cross section in Eq. (1) is taken from the
recommended formula

o (E)= [(111.0 barns keV)/E +0.190 barns]

X exp[ —(44.40 keV' )/E' ]

X [1.O+O. 14SC ]E'" (3)

A second ingredient of the data analysis is information
on the depth distribution and saturation behavior of the
implanted D. The implantation profile for 10-keV D was
calculated using the Monte Carlo range code TRIM, "
with the result shown in Fig. 5. Also included in the
figure are normalized plots of the depth-dependent cross
section for the nuclear reaction D(d, p)T when the imp-

based on measurements over the range 20 ~ E ~ 117 keV.
Essentially the same values were obtained in somewhat
less precise experiments extending down to 6 keV. ' The
stopping power e for D in Pd is equated to that for pro-
tons at the same velocity, " and the depth-dependent
effect of lattice D on the stopping is treated as prescribed
elsewhere. ' This gives

e(E, CD ) = [3.70 X 10 keV'~ nm ]
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FIG. 4. Nuclear-reaction yield from D-implanted Pd during
warming from 41 K. The yield was induced by bombardment
with 30-keV D. The warming rate decreased from 2.6 K/min
near 120 K to 1.6 K/min at the end.

FIG. 5. Implantation profile for 10-keV D in Pd, and depth-
dependent D-D nuclear cross sections for D incident onto Pd at
10 and 30 keV.
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FIG-. 6. Calculated depth profiles of D in Pd resulting from
low-temperature implantation at 10 keV with a saturation atom-
ic ratio [Dj/[Pd] of 1.6.

inging deuteron energy is 10 or 30 keV. These curves
were calculated for zero D concentration using Eqs. (2)
and (3).

Detailed depth profiles of D in Pd following high-
Auence implantation at 35 K have previously been ob-
tained using the nuclear reaction D( He, a)H. ' It was
found that the D concentration at each depth increases
linearly with fluence until a saturation level C, is reached,
whereupon the rise in concentration abruptly stops. The
published profiles show saturation in the range
[D]/[Pd]=1.2 —1.3, with an overall value of 1.22+0.23
being extracted. In the present analysis we incorporate
the reported saturation behavior but take C, as an adjust-
able parameter.

The D depth profile is appreciably affected by sputter-
ing, and this effect was included in our analysis. The re-
ported sputtering coefficient for 10-keV D on Ag, with
mass similar to Pd, is about 0.07.' To estimate the
sputtering coeKcient for the removal of PdD formula
units from PdD, we multiply the Ag coefficient by the ra-
tio of cohesion energies per formula unit for Ag and
PdD. This approximation has the effect of neglecting
collisions between the incident deuterons and lattice D
atoms. The result is 0.07(2.96 eV)/(3. 94+2.50
eV)=0.03, where the second term in the denominator is
the binding energy of D atoms in PdD. '

Figure 6 shows a sequence of D profiles that were cal-
culated numerically, using the TRIM implantation profile
of Fig. 5 and a formula-unit sputtering coe%cient of 0.03.
An appreciable fraction of the 10-keV incident D is back-
scattered from the specimen, and this fraction was taken
to be 0.08 based on the TRIM simulation. The depth scale
is referenced to the position of the Pd surface before im-
plantation, so that the near-surface cutoff in the D
profiles corresponds to the sputtered depth. In this ex-
ample a saturation atomic ratio of C, =1.6 was used.
The nuclear-reaction yield from such D profiles is calcu-
lated by numerically performing the integration of Eq.
(1).

The curves in Fig. 3 give the results of the above calcu-
lations as a function of implanted D Auence. Two param-
eters were adjusted to optimize the agreement with exper-
iment, namely, the detector solid angle Ad and the satu-
ration concentration C, . The first of these quantities
determines the initial slope of nuclear-reaction yield
versus Auence before the onset of saturation, whereas the
saturation yield at higher fluence is controlled by the
product QdC, . The fitted solid angle is 0.18 sr, in good
agreement with the geometrically estimated value of
0.20+0.05. The extracted saturation concentration
[D]/[Pd] is 1.6, with an estimated uncertainty of +0.2.
A second curve, calculated with C, =1.0, is shown in Fig.
3 for comparison.

The saturation concentration obtained here is
significantly greater than the value 1.22+0.23 reported in
Ref. 1. This disparity is less than the combined uncer-
tainties, however. Moreover, the apparent neglect of
deuteron stopping by lattice D in the analysis of Ref. 1

would have the effect of reducing somewhat the inferred
concentrations.

Consideration of Fig. 4 in the light of the above results
suggests that the D-loss stage at 120 K removes the su-
perstoichiometric condition and leaves a deuteride with
composition near Pd, D„which then undergoes release in
the second stage near 210 K. The ratio of the amplitudes
of the two stages is consistent with this picture, as seen in
Fig. 4. The two horizontal lines show the relative de-
crease in nuclear-reaction yield that would be expected
for a change in composition from PdD& 6 to PdD& 0. The
ratio of the plotted heights is 1.49 rather than 1.60 be-
cause of the influence of lattice D on the deuteron stop-
ping.

We propose that the initial stage of D loss at 120 K re-
sults from a new mechanism of accelerated D diffusion
which occurs only in the concentration range CD ) 1.
Such a mechanism is qualitatively plausible on the basis
of structural considerations. In particular, since there is
only one octahedral interstitial solution site per metal
atom in fcc Pd, lattice concentrations of D above one re-
quire the occupation of higher-energy states, and this
may reduce the activation energy required to reach the
diffusion saddle point. Taking the activation energy asso-
ciated with the conventional diffusion stage at 210 K to
be 0.23 eV, ' one finds that a reduced activation energy of
about 0.13 eV is required to account for the stage at 120
K. In Sec. IV we theoretically examine mechanisms of
enhanced diffusion and identify one which semiquantita-
tively accounts for the experimental results.

The above discussion assumes that most of the irn-
planted D is distributed among the interstices of the fcc
Pd lattice instead of being bound in lattice defects or D2
bubbles. That this is so is supported by the release behav-
ior in Fig. 4. If the specimen instead contained a mixture
of fcc PdDi & and inhomogeneously trapped D, then the
loss of D would be retarded rather than accelerated rela-
tive to a normal, undefected deuteride. This would occur
because the bound D would have to be detrapped into
solution before diffusion from the region of detection.
We also note that in situ transmission-electron micros-
copy during high-Auence ion implantation of H into Pd
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at about 20 K showed neither bubbles nor a phase transi-
tion from the fcc metal lattice. '

An issue not resolved by the present study is the
manner of D removal from the Pd matrix during implan-
tation beyond saturation at 41 or 81 K. We speculate
that lattice disruption may occur, leading to fracture or
blistering. Such effects are suggested by optical micros-
copy of the three implanted Pd samples after warming to
room temperature. The total implanted fluences for these
specimens were, respectively, 3.2 X 10, 3.9 X 10, and
5. 1X10 D atoms/nm . Substantial blistering was ob-
served at the highest fluence, as is apparent from the opti-
cal micrograph of Fig. 7, whereas none was seen at the
lowest fluence, and an intermediate level was found at the
middle fluence. In a similar vein, previous workers used
laser-light scattering to observe surface deformation in
situ during D implantation into Pd at 38 K. ' They be-
gan to observe deformation at approximately the fluence
where the retained quantity of D saturated.

IV. THEORY OF DEUTERIUM DIFFUSION

In this section we explore mechanisms of enhanced D
diffusion which can account for the lower-temperature
stage in Fig. 4. Our point of departure is the idea that
the hopping of D atoms from the low-energy octahedral
sites may be enhanced by repulsive interactions with
neighboring D in higher-energy sites, the latter being
populated only for atomic ratios [D]/[Pd] above l. In or-
der to develop a specific physical picture of the mecha-
nism, we begin by analytically treating D positional ener-
gies within a rigid lattice. Then, molecular-dynamics
simulations are used to test the model.

Previous molecular-dynamics simulations of hydrogen
isotopes in Pd have included calculation of the diffusion
coefficient at low concentrations, ' ' examination of D-D
separations in PdDi

&
in connection with the possibility

of cold fusion, and evaluation of the optic vibrational

spectrum at low concentration. ' The first three of these
works used empirical two-body potentials, while Ref. 21
employed a possibly more accurate embedded-atom po-
tential. For the present purpose of comparing diffusion
in PD, +& with that in PdD, &, we deem it sufficient to
use relatively simple, analytic, two-body potentials. The
ones chosen are very similar to those employed in Ref. 6
to describe PdD, ,

The Pd-D interaction used here is actually identical to
that of Ref. 6, being given by

VMD( ) Vo[(ro!r) 2(ro!r) ]f,(r!r, ) (4)

with Vo =0. 126 eV, ro =ao lv'2, the cutoff distance
r, =0.86ao, and

1 —exp[ —10(1—z) ] for 0 z ~ 1f "='0 f.")I
The lattice constant ao is taken to be 0.408 nm, represen-
tative of PdD near x =1. The Pd-Pd interaction is also
the same as in Ref. 6, being a Lennard-Jones 6-12 poten-
tial with equilibrium distance ao/&2 and a cutoff' at
0.86ao.

The D-D potential is expressed as a screened Coulomb
interaction,

Vo D(r) = [e !r]exp[ r!r, ]—,

where e is the electron charge. The associated screening
length r, is equated to 0.033 nm in order to give energy
profiles for two D atoms displaced along high-symmetry
directions which agree with recent first-principals total-
energy calculations. The value is somewhat larger than
in Ref. 6; there, a minimal screening length of 0.026 nm
was used to determine how close deuterons might reason-
ably be expected to approach one another.

Properties of the above potentials are illustrated in
Figs. 8 and 9. Figure 8 shows the variation in system en-
ergy for PdD, & as a D atom is moved along the general-
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FICi. 7. Nomarski optical micrograph showing surface defor-
mation of Pd after implantation of 5. 1 X 10 D atoms/nm at 10
keV and a temperature of 81 K, taken after warming to room
temperature. The imagined region is at the boundary between
the implanted (I) and unimplanted (U) areas. The implanted
area shows numerous blisters about 1 p,m in diameter.

FIG. 8. Calculated energy variation for a D atom moving
from one octahedral interstitial site to a second, vacant octahe-
dral site through a tetrahedral site. The solid curve is for an

isolated D atom, while the dashed curve gives the result when

all neighboring octahedral sites are occupied except the target
vacancy. Tetrahedral sites are unoccupied in both cases.
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FIG. 9. Energy profiles for two D atoms symmetrically dis-
placed from an octahedral site by distance r along a [111]or
[100] direction. The configuration of zero energy is defined as
one D atom at an octahedral site and the other D at an adjacent
tetrahedral site.

ly accepted diffusion path between octahedral solution
sites. This path initially extends along a [111]direction
through a saddle point to the tetrahedral interstitial site,
and then along another [111]direction to the new octahe-
dral position. Lattice relaxations are excluded in the cal-
culation. The solid curve represents the situation with no
neighboring D atoms, whereas the dashed curve shows
the variation when all octahedral sites are occupied ex-
cept the one to which the migrating atom moves, with
the difference being due to the D-D repulsion.

Figure 9 exhibits further properties of the D-D interac-
tions, and it directly addresses the question of whether
the excess D in PdD, +& is accommodated by multiple oc-
cupancy of the octahedral sites or by partial occupation
of tetrahedral interstitial sites. The plot gives the corn-
bined energy of two D atoms symmetrically positioned at
distance r from an octahedral center along either a [111]
or [100] direction, with zero energy corresponding to one
atom in an octahedral site and the other in an adjacent
tetrahedral site. All of the surrounding octahedral sites
are treated as occupied. The configurational energies in
this figure closely reproduce those of the first-principles
calculation of Ref. 22; as indicated above, the screening
length in Eq. (6) was selected to produce this property.
The fact that the energy is positive at all positions indi-
cates that partial occupation of tetrahedral sites is
favored over multiple occupancy of octahedral sites. It is
therefore concluded that the octahedral interstitial sites
in PdD&+& are singly occupied, with the excess D atoms
residing in tetrahedral sites.

The above potentials will now be used to explore the
mechanisms of the accelerated D diffusion that is ob-
served in the superstoichiornetric state. We hypothesize
that a D atom initially occupying a low-energy octahe-
dral site moves to a neighboring, unoccupied tetrahedral
site, as also occurs at normal compositions. In PdD&+&,
however, this process is proposed to have a reduced ac-
tivation barrier due to the correlated movement of a
second D atom from a neighboring tetrahedral site into
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FIG. 10. Energetics for correlated diffusive motion of two D
atoms initially in adjacent tetrahedral and octahedral interstitial
sites. The displacement r~ of the octahedral D toward an unoc-
cupied tetrahedral site is plotted as a function of the energy in-
put required to produce that displacement. In the uncorrelated
case, the D in the tetrahedral site remains fixed as the octahe-
dral D moves. The adiabatic process has the two atoms moving
in unison so as to minimize total energy at each point. The
"sudden" scenario abruptly imparts velocity to the tetrahedral
D in the direction of the octahedral D, and the two atoms then
move according to classical equations of motion.

the octahedral site being vacated. The magnitude of the
barrier reduction depends, of course, on the degree of
correlation in the atom motions. In the extreme, un-
correlated case where an octahedral-to-tetrahedral jump
is completed before the second D atom moves into the
vacated site, there is no reduction. In contrast, the max-
imum effect is realized for an adiabatic process whereby
the two atoms move so as continuously to minimize the
potential energy. An intermediate, "sudden" scenario
abruptly imparts kinetic energy to the tetrahedral D
atom, which then moves into the octahedral position
while propelling the initial occupant to the saddle point.

Figure 10 shows the potential energies associated with
the above three sequences, as calculated using Eqs.
(4) —(6) in a rigid Pd lattice with all octahedral sites ex-
cept the target site being occupied. The curve for the
"sudden" case was obtained by numerically integrating
the classical equations of motion. The maximum dis-
placement from the octahedral site is plotted as a func-
tion of energy input, with r, =0.29 nm corresponding to
the diffusion saddle point. The respective activation en-
ergies for the mechanisms are 0.18, 0.29, and 0.41 eV,
with the third value corresponding to conventional
diffusion in Pd] &. These results indicate that the pro-
posed crowd-atom process can indeed result in substan-
tially accelerated diffusion.

Molecular-dynamics simulations provide a means of
examining the diffusional motions of the D without the
imposition of a particular hopping sequence. We per-
formed such simulations using a host matrix of 108 Pd
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atoms which contained either 97 D atoms, simulating
PdDO 9, Or 119 D atoms, simulating PdD

& &. Using
methods discussed elsewhere, calculations were carried
out for temperatures from 570 to 1000 K. The tempera-
tures of direct interest below 200 K were inaccessible to
simulation because of the excessive computation time
which was required. The run times were in all cases
sufficient to produce rms displacements of 0.3 nm or
more, and at 1000 K the displacements extended to 1 nm.
The diffusion coefficient of the D was estimated on the
basis of the relation

DD= lim ((r ) /6t),

where ( r ) is the rms displacement and t the simulation
time. Plots of (r ) versus t were made, and straight-line
fits then yielded DD and its uncertainty.

Results of the simulations are shown in Fig. 11. A sub-
stantial decrease in activation energy is apparent on go-
ing from PdD& & to PdD, +&, in accord with the ideas
developed above. The lines through the simulation data
have slopes corresponding to activation energies of 0.41
and 0.29 eV, respectively. The first value is that from
Fig. 10 for the case of uncorrelated motion, which also
corresponds to conventional diffusion in Pd& &, while the
second value is for the "sudden" model in Fig. 10. The
close agreement of the "sudden" model with the simula-
tions indicates that this crowd-atom diffusion mechanism
is probably the correct one.

The two-body potentials used in the present calcula-
tions yield diffusion activation energies that are larger
than observed experimentally: at D concentrations below
CD =1, the experimental value is approximately 0.23
eV, ' whereas the calculated value is 0.41 eV. The pre-

10-4

dieted drop in activation energy above CD = 1, however,
is close to that inferred in Sec. III to account for the sep-
aration of the stages at 120 and 210 K: the theoretical
shift is 0.12 eV while the experimentally inferred one is
0.10 eV. While the interatomic potentials could be mani-
pulated to produce more precise agreement with the data
for diffusion at high temperatures and low concentration,
such adjustments should not change the qualitative na-
ture of the mechanism leading to the enhanced diffusion
above stoichiornetry.

V. SEARCH FOR COLD FUSION

In order to observe charged particles from possible D-
D nuclear reactions within the Pd, the particle-detection
system was kept active after the implantation beam was
removed. Two Pd samples, one annealed and the other in
the as-rolled condition, were implanted to saturation at
41 K and then held at that temperature for 1.3 and 7.0 h,
respectively. A second annealed specimen was implanted
to saturation at 81 K, held for 5.4 h at that temperature,
and then warmed to 230 K over a period of 1.5 h while
being monitored. As described in Sec. II, the detection
system was configured to sense particles with energies up
to 12 MeV after passage through the 2.5-pm Ni foil. We
monitored the accumulation of counts in the energy in-
terval corresponding to protons from the reaction
D(d, p)T, and also visually inspected the full energy spec-
trum for the appearance of other reaction peaks. As will
now be discussed, we perceive no evidence of cold fusion
in these results.

Figure 12 shows a representative energy spectrum ac-
cumulated after saturation implantation of D into Pd. In
this particular case the implantation was carried out at a
temperature of 41 K, and the plotted data were obtained
over 7 h while the sample was held at 41 K. The spec-
trum is very similar in shape and amplitude to the back-
ground data shown in Fig. 2, particularly when scaled to
the same accumulation time. Hence there appears to be
no significant evidence of charged particles from nuclear
reactions within the Pd deuteride.
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FIG. 11. Diffusion coefficient for D in PdDo9 and PdDl

from molecular-dynamics simulations. The lines through the
simulation data have slopes corresponding, respectively, to ac-
tivation energies of 0.41 eV, taken from the uncorrelated mech-
anism in Fig. 10, and 0.29 eV from the sudden mechanism.
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FIG. 12. Energy spectrum accumulated during 7 h while im-
planted PdD was held at a temperature of 41 K.
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TABLE I. Results of search for energetic protons from cold fusion in D-implanted Pd.

Foil

2Pd'
Pd
Pd

Temp.
(K)

41
81

81-230

Time
(h)

8.3
5.4
1.5

Retained D
(No. atoms)

0.9 X 10'
0.9 X 10'

-0.9 X 10'

Proton counts {Background)

(1.4)
{0.5)
(0.3)

Reaction rate
{events/s D atom)

+2X10
+4X10
& 1X10-"

'One sample annealed at 1273 K, the other unannealed.
"Annealed at 1273 K.

The numbers of counts within the region of the proton
peak are summarized in Table I, along with estimates of
the background yield based on counts in adjacent regions
of the spectrum. The total number of D atoms retained
within the sample is estimated by integration of the cal-
culated concentration profile discussed in Sec. III. This
number is then used to obtain the reaction-rate bounds
given in the last column, taking account of the fact that
only the fraction Q& /4~ =0.016 of emitted particles
would enter the detector. Taken together, these results
indicate that the fusion reaction rate in the super-
stoichiometric Pd deuteride is less than about 10
events/s D atom.

It may be noted that the above upper bound is less res-
trictive than those obtained in bulk Pd deuterides, where
limits as small as 10 events/sDatom have been re-
ported. (See, for example, Refs. 23 and 24.) The
difference results primarily from the much smaller num-
ber of D atoms within the implanted layer, whose thick-
ness is only about 100 nm. The significance of the
present results is that they place a limit on fusion reac-
tions occurring at a higher local density of deuterons,
about 1.6 per metal atom compared to 1.0 or less for oth-
er reported studies.

VI. SUMMARY

We used D-ion implantation at temperatures below 100
K to produce Pd deuteride with [D]/[Pd] = 1.6+0.2, and
we obtained evidence that the fcc Pd matrix is indeed
highly supersaturated. The superstoichiometric state ex-
hibited accelerated D transport leading to decay of the
high concentration at temperatures near 120 K. The as-
sociated diffusion process was theoretically examined by
analytical modeling and molecular-dynamics simulations,
and it was shown to be consistent with a crowd-atom
mechanism whereby a D atom initially in a tetrahedral
interstitial site displaces a second deuteron initially in a
lower-energy, octahedral site. There was no evidence of
energetic charged particles from cold-fusion reactions
within the superstoichiometric Pd deuteride.
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