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Effects of coherent many-particle dynamics in providing local site density fluctuations at finite
temperatures for hydrogen isotopes in metals are analyzed with tight-binding calculations based on
a Hubbard Hamiltonian. These fluctuations increase with temperature, with average deuterium
density, and with the magnitude of the site-to-site tunneling. Consequences of such density fluctua-
tions for deuterium dynamics at high concentrations are evaluated within a self-consistent formula-
tion for self-screening of the deuteron-deuteron interaction. This leads to a prediction of significant
enhancement of diffusion at high concentration for bosonic species, and anomalous isotope effects
for hydrogen diffusion. Extrapolation to the nuclear regime yields estimates of finite-temperature
bosonic collective effects on the nuclear reaction rate between deuterons in stoichiometric PdD,
yielding rates which are several orders of magnitude below recent experimentally inferred values.

I. INTRODUCTION

Dynamics of hydrogen isotopes in metals is dominated
by quantum transport, with phonon-assisted tunneling
providing the primary mechanism for mobility below
about 500 K.! For low concentrations, small polaron
theory, modified to treat light interstitial atomic species
rather than electrons, yields a qualitative (and for bcc
metals also a quantitative) understanding of diffusion
rates. At high concentrations however, there exist only
scant experimental data on the dynamical behavior.
Even less theoretical understanding exists, there being no
analogue of the polaron theories for many, strongly in-
teracting, tunneling interstitials. Unusual isotopic
anomalies measured in the surface diffusion of hydrogen
on tungsten’ have suggested that at high concentrations,
where a single-particle description of the dynamics is not
valid,? collective quantume-statistical effects may influence
the many-body tunneling dynamics.>* Recent experi-
mental and theoretical interest in the dynamics of hydro-
gen isotopes in metals has been renewed by experimental
claims of evidence for unprecedented enhancements of
the nuclear fusion reaction d +d —>He+n in palladium,
at high concentrations of deuterium.>® Experimental
verification of these results has so far proven ambiguous.’
The initially reported fusion rates of ~1072* fusion
events/(deuteron pair s) (Ref. 6) represent a significant in-
crease over the intrinsic fusion rate of ~10~7*/(deuteron
pair s) in isolated ground state D,,? although they are still
considerably below the values of ~ 10!!/(deuteron pairs)
achieved for muon-catalyzed fusion.®”!° One possible
reason for such an enhancement could be a bosonic col-
lective effect, of which the simplest is an efficient collec-
tive self-screening of the Coulomb barrier. We investi-
gate here the quantum collective effects peculiar to deu-
terium in metallic environments, and estimate the max-
imum effect these can have, both on the diffusional dy-
namics, and on a d +d nuclear reaction in palladium at
finite temperatures.

We shall treat the dynamics of interstitial hydrogen
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isotopes with a generalized Hubbard Hamiltonian mod-
el,* acting on states of spin-4 particles (fermions) for hy-
drogen and tritium, and on states of spin-1 particles (bo-
sons) for deuterium. This model contains the most im-
portant physics for the hydrogen dynamics at high con-
centrations, namely a single-particle site-to-site tunneling
term (f), and a site-localized interaction term (U). The
choice of statistics corresponds to the ionized form of the
interstitial. This is the most appropriate choice in metals,
since although static-charge-density calculations show
apparently normal screening-charge distributions around
the proton/deuteron nuclei,!! dynamic electronic proper-
ties clearly indicate that the dynamics correspond to
those of ionized species.!> Note that, since hydrogen mo-
bility in metals is a phonon-assisted tunneling process,
the relevant tunneling amplitudes at finite temperature
may be considerably larger than those between ground vi-
brational states.!> We demonstrate below that collec-
tive coherent dynamical effects are strongly magnified by
increasing either temperature or the magnitude of the
tunneling amplitude, . Leggett and Baym have recently
calculated an exact upper bound of ~3X10™%7/s™! for
the fusion rate of two deuterons in palladium at zero tem-
perature.'* Their theory is valid for any number of
deuterons, and correctly takes collective Bose effects at
T=0 into account, but does not allow for collective
effects at finite temperatures. In this paper we make esti-
mates of the d +d fusion-rate enhancements, due to
finite-temperature Bose effects in the metallic environ-
ment, constructed within a theory which allows the max-
imum possible effects of coherence.

In Sec. II we describe the Hubbard model for intersti-
tial dynamics, present calculations of the local site densi-
ty fluctuations and estimate maximal values of these for
deuterium in palladium. A self-consistent theory for
self-screening of the deuteron-deuteron interaction and
enhancement of this due to the boson statistics is given in
Sec. III. We show how this will affect the short-range
part of the potential affecting diffusional dynamics at
high concentrations. Extrapolation down to nuclear di-
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mensions yields a contribution to screening of the inter-
nuclear Coulomb barrier at short distances, and this is
then used in Sec. IV to obtain estimates of the rate of
d +d fusion in palladium, as a function of the Hubbard
parameters U and t.

II. GENERALIZED HUBBARD MODEL

A. Hubbard Hamiltonian model
for coherent interstitial motion at high concentrations

For particles of general spin s with projections o, the
Hubbard Hamiltonian with on-site repulsive interactions
is given by

H=(— chep+1U I cheliei e, (1)
( 'b, ) a:7'

where ¢ is the single-particle intersite tunneling term be-
tween nearest-neighbor sites ij, and U the two-particle in-
trasite repulsion. Hence c;, (c,t, ) is the annihilation
(creation) operator for a particle of spin s, and z com-
ponent o, located at site i. Although the Hamiltonian is
identical for fermions and bosons, its effect on many-body
states is very different. The eigenstates in small periodic
clusters and delocalization properties of these were re-
cently investigated by us for spin-1 fermions, and spin-0
and spin-1 bosons.* We use the same periodic-cluster
technique here to evaluate single-site density fluctuations
for particles with spin J and 0. Our previous work
showed that the differences between statistics, rather than
the magnitude of the spin, are important,* so we restrict
ourselves here to the computationally simpler case of spin
0 for deuterium.

In the finite-cluster method,'® the Hamiltonian matrix
for n particles on an N-site cluster is constructed explicit-
ly in a localized spin-space basis. Since the Hamiltonian
commutes with the total cluster spin S and its projection
S,, we project the many-body states onto a particular
(S,S,) subspace and solve for one value of S, only. [Us-
ing spin-0 bosons yields a subspace isomorphic to the
(S,,,S,=S,,) subspace, where S,, is the maximum cluster
spin obtained for spin-1 bosons.] When periodic bound-
ary conditions are imposed on the cluster, the many-body
states are also eigenstates of total K, thereby yielding a
finite discrete sampling of the Brillouin zone.

We consider here two clusters for hydrogen isotopes in
palladium, chosen to represent two regions differing in
the range of coherent tunneling allowed. The first cluster
is a four-site cluster, consisting of, e.g., four interconnect-
ed octahedral sites in the Pd fcc lattice (Fig. 1). In this
highly connected cluster, each site is connected to all
three other inequivalent sites, and the effect of the tunnel-
ing term ¢ is therefore enhanced. The second cluster is a
two-site (degenerate) cluster, representing, e.g., two octa-
hedral sites, or two tetrahedral sites. A two-site cluster
calculation is important since at room temperature the
extent of coherent tunneling motion is expected to be lim-
ited to nearest-neighbor sites,' with only small contribu-
tions from the longer-range coherences contained in the
four-site model. Calculations are performed both with
and without periodic boundary conditions, for similar
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FIG. 1. Cluster of face-centered cubic Pd containing N=4
octahedral sites. Pd sites are indicated by open circles, and the
interstitial octahedral sites by solid circles. The four ine-
quivalent sites are labeled 1-4.

reasons, namely with and without long-range single-
particle coherences included.

B. Site density fluctuations

Table I lists the total number of many-body states for
occupancies n =1 to n =2N of the N-site clusters, for
N=2 and 4. We define the local site density fluctuation
by

((8n)y=(nT)—(n;)?
where

ﬁl=%2n,, n?=—11\72n,-2, )
i i

and ( ) denotes a thermal average. Here 7, is the site-
averaged number operator for one site in the N-site clus-
ter, and n_lf is the site average of n2. Once the eigenstates
of H have been determined for n particles on an N-site
cluster, (8, )2) is evaluated within the canonical ensem-
ble at temperature 7. {(8n)*) thus contains both a
thermal average over the many-body states, and a site

TABLE I. Total number of many-body states for N=2 and
N=4 site clusters with n particles.

n 5=0 s=1
N=2 1 2 4
2 3 6
3 4 4
4 5 1
N=4 1 4 8
2 10 28
3 20 56
4 35 70
5 56 56
6 84 28
7 120 8
8 165 1
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average over all sites / in the cluster. It is a measure of
the temperature-dependent density susceptibility within
the cluster, i.e., of the local-density fluctuations possible
on each site, within the constraint of a constant cluster
occupancy of n particles on N sites.

Figures 2 and 3 show the behavior of {(8n)?) as a
function of n, for spin-% fermions and spin-0 bosons, at
various ratios of U/t on the four-site cluster. Periodic
boundary conditions were employed here. At all condi-
tions, and at all temperatures, we see that the density
fluctuations are larger for bosons, and generally become
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FIG. 2. {(8n)*) for bosons ( ) and fermions (- - - -) in
the (N =4)-site cluster with periodic boundary conditions, for
the parameter ratio U/t=36, at temperatures (a) kg T=1000¢,
(b) kB T= 101, (C) kB T=t.
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increasingly so as (i) concentration (n /N) increases, (ii)
the tunneling amplitude ¢ increases, or (iii) temperature
increases. At double-site occupancy, n =2N, the fermion
fluctuations are zero as a consequence of Pauli exclusion,
while the boson fluctuations continue to increase with
density. This effect is most marked at high temperatures,
and also for U =0 [Fig. 3(a)]. Even in this limit however,
the increase of {(8n)?) with n is considerably suppressed
relative to a free, ideal Bose-Einstein gas,16 reflecting the
tight-binding nature of the motion. As temperature de-
creases, relative to U, the magnitude of average fluctua-
tions decreases, even leading to a local minimum for bo-
sons at single-site occupancy, n =N [Figs. 2(c), 3(b), and
4(b), 4(c)]. The general conclusion is that as long as ¢ is
finite, small nonzero site density fluctuations are possible
at full coverage, and are significantly greater than the
corresponding fluctuations allowed in the atomic limit
(t =0). [Compare Figs. 2(b) and 3(b).]

Figure 4 shows ((8n )2) for the two-site cluster, evalu-
ated without periodic boundary conditions. Similar be-
havior is seen as in Figs. 2 and 3, with the absolute mag-
nitude of ((8n)?) decreased throughout. This reflects
the reduced contribution of coherent single-particle
motion (¢) to enabling local site fluctuations. Note that
with N=2 sites, large fluctuations are apparent for cover-
age n=3 as well as n=1. This is due to the degeneracy of
states with either one or two particles on each site, and is
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FIG. 3. ((8n)*) for bosons ( ) and fermions (- - - -) in
the (N =4)-site cluster with periodic boundary conditions, with
(@) U=0,t=1, kg T=10¢t, and (b) t =0, U=36, ks T=10.
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FIG. 4. {((8n)*) for bosons ( ) and fermions (- - - .) in
the (N =2)-site cluster without periodic boundary conditions,
for the parameter ratio U/t=36, at temperatures (a)
kg T=1000t, (b) ky T=10t, (c) kg T=t.
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particular to the N=2 cluster.

A conservative estimate of {(8n)?) for deuterium in
palladium may be obtained by adapting typical values of
the Hubbard ¢t and U parameters for interstitial hydrogen
in metals, to palladium. Estimates of ¢ in metals range
from ~107® to ~1 meV in ground vibrational states of
H, and up to ~ 16 meV for low-lying excited states.! The
values of ¢ which will be appropriate at room temperature
will be primarily those for excited vibrational states of H,
as inspection of the potential energy profile for the
octahedral-tetrahedral-octahedral tunneling path for H in
palladium shows.!® Thus as an initial estimate, we take
t~1 meV for D in Pd. For interstitial hydrogenic
species, the repulsion U is a complex parameter express-
ing the overall repulsive energy between the nuclei, and
their associated electron distributions in the metal envi-
ronment, and thus really corresponds to a screened Hub-
bard U. U will in general also be dependent on the vibra-
tional level. In principle U could be obtained from
ab initio calculations. Recently several such calculations
have been made for the binding energy of two deuterium
atoms in an octahedral site.!” ! The results of Ref. 19
allow us to extract an estimate of ~3 eV for the energy,

U~Etot(Pdan +l)—Etot(Pdan )_Ebinding
(H in PdH) (3)

for taking two hydrogen interstitials from different octa-
hedral sites and placing them on the same site. We use
this here as an estimate of U in the absence of a full
ab initio calculation, bearing in mind that U may actual-
ly vary from 1 to 10 eV. A complete temperature-
dependent theory would require a multiband Hubbard
calculation, with band-dependent U and ¢ parameters as
noted above. Longer-range interactions may also play a
role.? However, we expect that the gross dependence on
the Hubbard parameters (which are not accurately
known), and order of magnitude estimates can be satis-
factorily obtained from a single-band theory. Table II
then shows ((8n)?) for D (bosons) in Pd, with
U/t=10% 10°, 10* and kzT/t=1-25. Both single-site
occupancy, n=N (PdD), and double-site occupancy,
n=2N (PdD,) values are shown. Entries in the first,
fourth, and fifth rows correspond to t =1 meV, kz T=25
meV (room temperature), and U varying from 0.1 to 10

TABLE II. ((8n)*) for d™ (bosons) in Pd, evaluated for (a) (N =4)-site clusters with periodic
boundary conditions, and (b) (N =2)-site clusters without periodic boundary conditions. Integers in

parentheses refer to the power of 10.

N=2 N=4

U/t ksT/t n=2 n=4 n=4 n=8
107 25 0.33(—1) 0.36(—1) 0.1 0.16

10? 10 0.59(—3) 0.18(—2) 0.30(—1) 0.10

10? 1 0.40(—3) 0.12(-2) 0.29(—1) 0.10

10° 25 0.40(—5) 0.12(—4) 0.20(—3) 0.62(—3)
10¢ 25 0.00 0.00 0.20(—5) 0.60(—5)
102 0 0.40(—3) 0.12(=2) 029(—1) 0.10

10° 0 0.40(—5) 0.12(—4) 0.20(—3) 0.62(—3)
10* 0 0.00 0.00 0.20(—5) 0.60(—5)
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eV. The second row corresponds to parameters U=0.25
eV, t=2.5 meV, kyT=25 meV, and the third row to
U=2.5 eV, t=25 meV, kzT=25 meV. For comparison,
the sixth, seventh, and eighth rows show the correspond-
ing values of ((8n)?) at T =0, i.e., in the ground state,
for U/t =107, 10%, and 10*, respectively.

The results shown in Figs. 2-4 and Table II clearly
show enhancement of the local site density fluctuations
for bosonic interstitial species. The magnitude of these
density fluctuations for a given size cluster is greater
when periodic boundary conditions are imposed. The
fluctuations exist at room temperature, despite an un-
favorable on-site repulsion energy U, because of the small
but non-negligible contribution from coherent tunneling
motion, and are considerably larger than the values at
T =0. This indicates that a large apparent repulsive en-
ergy between two deuterium species in one site does not
necessarily mean that such configurations are impossible
at room temperatures.

ITII. SELF-CONSISTENT BOSON SCREENING
OF DEUTERIUM IN METALS

In the Hubbard description, Coulombic interactions of
d* with d T are subsumed into U, and the collective
motion of the d * species is given by the Hubbard tight-
binding dynamics. An approximate, self-consistent
theory of the effective d *-d * interaction can be obtained
within linear response, treating the response of electrons
and the Hubbard-screened d* species independently.
Thus the effective potential at » due to a charge Q at the

800
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origin is given by

:__f fdr’dr" |Xe(r’r”)eVe,f(r“)

-ffdrdr”

where ), and ), are the density-density susceptibilities of
the electrons and of the Hubbard d T species in the metal,
respectively. In such a self-consistent formulation, the
Hubbard parameter U, which determines Y,, is not in-
dependent of V 4(r). Equation (4) could thus, in princi-
ple, be used to self-consistently determine these quanti-
ties, provided the electronic interactions were also well
characterized. Within the present aim of understanding
the maximal effects of ((8n)?), we neglect this inter-
dependence, and consider U, and hence Y,, as indepen-
dent variables determining V4(r). Fourier transforming
Eq. (4), we obtain then

| Xa(r' r )EVeﬂ'( ), (4)

P o= 5)
k2e(k)
e(k)=1+4n%[fe(k)+fd(k)] (6)
with
X(kK)=B(n_;n ), ¥)

e., the Fourier transform of the symmetrized density-
density susceptibility. The behavior of the electronic
contribution to V(r) is well known, consisting of a
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FIG 5. V.(r) given by electronic and boson screening according to Egs. (9) and (10). (i) Electronic screening alone, with K; =2.40
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, corresponding to ((Bn ?)=0.2X1073
-) (Table II).

son screening, with K;=2.76 A

K,=1641A ', corresponding to {(87)*)=0.29X 107" (-

). (ii) Electron and bo-
(iii) Electron and boson screening, with

(— ==



3478

short-range screening charge distribution which can to
first order be described in the Thomas-Fermi model, and
a long-range oscillatory part deriving from the singulari-
ties of e(k).?’ To evaluate the effects of boson screening
on diffusion and on tunneling through the Coulomb bar-
rier; it suffices to consider only the short-range repulsive
part of V 4(r) to obtain order of magnitude estimates.
We can obtain an upper bound on the screening of this by
taking Xd(k) independent of k, for all k, and combining
this with the Thomas-Fermi electronic screening result
an

lim y, (k)= 2 =

Lim o (ep) . (8)

This yields a total screened Coulomb potential between
two deuterons

e2 —K r

Vglr)=—e * 9)

-
with
K =4me’N(ep)+4me’B((6n)?)=K2+K] . (10)

Taking a typical value of N (e)=0.47 states/(eV Pd) for
PdH,'! gives K,=2.40 A™!. The repulsive short-range
part of the potentlal is shown in Fig. 5, for electronic
screening alone (solid line) and with additional boson
screening deriving from ((8n)?)=0.2X10"3 (dashed
line) and ((8n)*)=0.29%X10""! (dotted line). These
values of {(8n)?) are appropriate for stoichiometric PdD
with coherent motion in the (N =4)-site cluster, with (a)
t~1meV, U~1 eV, kyT=25 meV and (b) t ~25 meV,
U~2.5¢eV, kyT~25 meV (third and fourth rows, Table
II). Since the short-range part of the H-H (D-D) poten-
tial is an important factor in concentration dependence of
mobilities at high concentrations,! such a concentration-
dependent boson screening mechanism will be significant
for deuterium mobilities at high concentrations. The
differences seen between fermion and boson fluctuations
in Figs. 2-4 clearly suggest that the deuterium mobility
will be anomalously high amongst the three hydrogen iso-
topes. The effects of boson screening on the long-range
part of V(r) will be investigated in future work.

Note that the self-consistent procedure outlined above
amounts to replacing Xd(k) by its value at an intermedi-
ate length scale, and also includes some degree of polar-
ization of the electronic environment by the deuterons,
because of the use of the screened Hubbard U parameter.
Thus although its use down to the nuclear region is an ex-
trapolation, it does not imply a completely uniform back-
ground and so does not obviously violate the Born-
Oppenheimer approximation.

IV. ENHANCEMENT OF COLD FUSION RATES
BY BOSON SCREENING

The thermally averaged fusion rate for the reaction
d +d —He*+n is given by

A=—l3—(A2m]e_B) (11)
a

with
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r

BE)=2 ()" [ [V q(r)—E]"dr . (12)
#i To

Here 4=2X10"!® cm3s™! is the nuclear-reaction-rate
constant,” n=e?/#v and B is the semiclassical WKB tun-
neling integral for the screened Coulomb potential. Use
of the WKB approximation in (11) yields a lower limit to
the rate. The barrier-penetration factor depends both on
the relative kinetic energy E, which depends on the vibra-
tional state, and on the screened potential V g(r). As
noted earlier, V 4(r) would also be vibrational state
dependent in a more detailed calculation. Since over the
kinetic energy range possible in these circumstances
(0<E <1.0 eV) little change in B(E) is obtained,?! we
restrict our estimates here to a single relative kinetic en-
ergy and consider only the range of V 4(r) introduced by
temperature-dependent density fluctuations within a sin-
gle band of vibrational states, as given in Table II. Thus
we evaluate the room-temperature fusion rate with

A=A2T1 b (13)
a

where B [Eq. (12)] is evaluated at room temperature,
E=298 K. A is very weakly dependent on the relative
velocity v and we approximate this by the velocity of a
deuterium species in the ground vibrational state of the
octahedral Pd site, v =2X10° cms™!, derived from a vi-
brational frequency of @, =42 meV.! The 1/a? factor in
Eqgs. (11) and (13) derives from the density dependence of
the rate. Since the deuterium tunnels between adjacent
sites, and spends most time in the interstitial sites, we
take @ to be the volume of an interstitial octahedral hole,
rather than the reciprocal of the actual density in PdD.
Wlth a lattlce constant of 3.89 A for fcc Pd, this yields
=0.774 A’, from consideration of packing of hard
spheres B was then evaluated by numerical integration.

Table III contains the fusion rates resulting from add-
ing boson screening to the normal electronic screening,
with the range of values of {(8n)?) shown in Figs. 2—-4
and Table II. For comparison we show also the fusion
rate obtained with electron screening alone for values of
K, derived from (i) the density of states of PdD,
N(EF) 0.47 states/(eV Pd) (Ref. 11) (K, =2.40 A™"), and
(ii) the density of states of pure Pd, N(ep)~2.27
states/(eV Pd) (Ref. 11) (K, =5.28 A7,

The value A=4X10" 99 s~ !, obtained with the density
of states appropriate to stoichiometric PdD, is in agree-
ment with the recent calculations of Burrows,?' and is
significantly less than that predicted for fusion in gas-
phase D, molecules.® This is a consequence of the low
electron density at the Fermi surface in PdD, rather than
of the delocalized nature of the metallic electrons, as is
evident from the increase to A=8X107% s™! when the
Fermi surface density of states is set equal to that of pure
Pd.

The results shown in Tables II and III show that the
fusion rates are critically sensitive both to the ratios U /¢
and kpT /t, to the deuterium concentration, and to the
range of coherence, i.e., N. The fusion rates are plotted
as a function of ((8n)?) in Fig. 6. For stoichiometric
PdD, with the large coherence range of the N=4 cluster
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TABLE III. Fusion rate A [Eq. (13)] expressed as the rate per d *-d * pair per second, calculated as a
function of the inverse screening length K [Eq. (10)] for stoichiometric PdH and PdH, over the range
of boson screening contributions {(8n)?) shown in Table II

-1

Screening entity ((86n)?) K, (A7) B A

e~ 0 2.40 259.4 4.14X10™%
e~ 0 5.28 175.7 8.67X107%
e ,d”* 1.00 95.34 40.2 6.22X107¢

e ,d" 0.16 38.19 64.7 1.44X 10716
e ,d” 0.11 31.71 71.2 2.22X107"
e ,d* 0.10 30.24 72.9 3.94x10°%
e ,d”* 0.36(—1) 18.25 94.3 1.99X 1072
e ,d”" 0.33(—1) 17.48 96.4 2.48X107%°
e ,d" 0.30(—1) 16.69 98.7 2.52x1073!
e ,d”" 0.29(—1) 16.41 99.5 1.08x 107!
e ,d" 0.18(—2) 4.70 186.2 2.51X10°¢
e ,d” 0.12(—2) 4.08 199.7 3.45x1077
e ,d” 0.62(—3) 3.39 218.8 1.67X107%
e ,d? 0.59(—3) 3.34 220.5 3.35x107%
e ,d" 0.40(—3) 3.07 229.8 2.92X 10788
e ,d” 0.20(—3) 2.76 2422 1.27X107%
e ,d” 0.12(—4) 2.43 257.9 1.97x 1071
e ,d” 0.40(—5) 2.41 258.8 6.89X 10710

and periodic boundary conditions, there is a critical jump
in fusion rate as U/t decreases from 10° to 10%. If
coherent motion is limited to N=2 clusters, with no
periodic boundary conditions (the minimal range), then
for stoichiometric PdD, the fusion rate is less than 1033
s~ ! for all ratios U /t, except for U/t =10%, kyT=25t,
for which A~10"3 s~ !, The situation is very different,
however, at concentrations corresponding to the dihy-

dride. Here the N=4 cluster yields fusion rates greater
than 1072 s™! for U/t=10%, which would be readily
detectable, while the N=2 cluster yields maximum fusion
rates of 1072° s~ ! here, similar to those obtained for
PdD.

When one considers what realistic values of the Hub-
bard parameters are, then the conclusions as to feasibility
of fusion rates of A>10"2 57! in stoichiometric PdD

logj oA
8
1

-3.0 -2.0 -1.0 0.0

10g10<(5")2>

FIG. 6. logo A as a function of log,o{(8n)?) for the reaction d +d —>He+n. A is evaluated with Eqs. (9)—(12). Circles indicate
the points obtained with the values in Tables II and III. [An additional point for ((8n)?) = 1.0 is shown for reference.]
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(Refs. 5 and 6) appear negative. To obtain a value of A
greater than 10~ %° s™! requires ((8n)?) greater than
6X 1072 (Fig. 6). Our calculations show that this is not
possible with realistic values of U and ¢, if only N=2
clusters are involved. The rate increases considerably for
the larger clusters. Thus, with the long-range coherent
motion of the N=4 cluster and periodic boundary condi-
tions, the estimates ¢t ~25 meV, U~2.5 eV, yield fusion
rates A~1073! s 7! at room temperature. It is instructive
also to compare these estimates with the rigorous upper
bound of A~10"# s at T=0, obtained by Leggett and
Baym.!* The T=0 results obtained within our approxi-
mate Hamiltonian for the stoichiometric PdD species can
be seen from Tables II and III to be well below this
bound, for all values of parameters except U/t =10?% in
the N=4 cluster. This implies that U/t>10? in the
ground vibrational state, as expected (see earlier discus-
sion of realistic parameter values). Finite-temperature
rate enhancements would therefore derive from popula-
tion of excited vibrational states with such smaller ratios
of U/t. The finite-temperature values are larger and, for
a range of parameters studied here, considerably exceed
the zero temperature bound. These values of the parame-
ters are appropriate to motion in excited vibrational
states, and represent very optimistic estimates. More-
over, the data presented in Figs. 2 and 3 and Tables II
and III do indicate that the rates will be very sensitive to
the exact value of U for U/t <10°. Note that the first
row of Table II, corresponding to t~1 meV, U~100
meV, yields A~107" s7!. Such a low value of U ap-
pears unlikely from what is currently known about the
energetics.!””!° Thus we conclude that, given what is
currently known about the dynamics of deuterium in Pd,
fusion rates of 1072* s ! are not possible in
stoichiometric PdD unless there is an unusually low value
of U.

With the dihydride, PdD,, our results indicate that
fusion rates of 1072* s™! [requiring {(8n)?)>6X 1072
may be possible with realistic values of U and ¢ at room
temperature, provided that coherent motion occurs
within clusters larger than N=2, e.g., line 2 in Table II.
This would be somewhat unusual in a bulk metal at room
temperature, the only unambiguous independent experi-
mental observation of true long-range coherent motion
being for hydrogen on metal surface at lower tempera-
tures.>3 However, we emphasize that a cluster such as
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the N=4 cluster of octahedral sites in fcc palladium in
which every site is connected to every other by nearest-
neighbor separation requires that coherence be main-
tained only over distances of ~3.89 A, which may be
possible in excited vibrational states.

Finally, we conclude that boson screening induced by
finite-temperature coherent dynamics can certainly in-
duce huge enhancements over the d +d fusion rates in
gas-phase molecular D5, and also over the T =0 rates in
metallic Pd.!* The additional screening mechanism intro-
duced by finite-temperature boson fluctuations has
significant effects even for small values of the fluctua-
tions, and is very sensitive to both concentration and the
relative magnitudes of the Hubbard parameters ¢ and U.
We note that the boson screening mechanism described
here would also be effective in enhancing other fusion re-
actions in the metal, provided the deuterium concentra-
tion was high enough. In this analysis of bosonic collec-
tive effects, we have (i) assumed an approximate Hamil-
tonian, (ii) obtained the effective interaction potential
within linear response, and calculated the barrier
penetration within the WKB approximation, and (iii)
treated the dielectric constant e(k) as a constant. To ob-
tain more accurate estimates of finite-temperature rates,
each of these approximations must be critically examined
and possibly superseded. More precise calculations of the
parameters ¢ and U, and of the effective dielectric con-
stant, Eq. (6), will be especially useful. Although the cal-
culations made here do not quantitatively support the re-
cent experimental claims of A~ 10723 s~ ! nevertheless,
the magnitude of the enhancements obtained here with
realistic but still approximate values of ¢ and U, and the
strong concentration dependence seen for PdD,, x > 1,
suggest that further exploration of environments favoring
collective coherent motion will be very interesting.
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