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ABSTRACT

Beams of D;0 clusters with 10 ~ 1000 eV per deuterium yield unexpectedly
high fusion rates. This is an energy range intermediate between hot and cold
fusion, and as such may serve as a link bridging the two regimes. We present
a theoretical model capable of explaining apparently conflicting experimental re-
sults with beams of D30 clusters in which fusion rates higher than expected were
observed, and beams of D, clusters in which no fusion was observed. Calculated
results indicate that total deuterium-deuterium fusion rates can be enhanced by
many orders of magnitude by the use of deuterium-heavy atom cluster beams. A
set of experimental tests is proposed.

I. INTRODUCTION

Beuhler et al.!? (BFF)! report cluster-impact fusion rates ~ 102% times higher
than expected®* from single deuterium~deuterium (D — D) collisions at center of
mass (CM) energies of 150 eV /D, and ~ 10'% times higher at 15 eV/D. This is
reminiscent of the unexpectedly high fusion rates reported for cold fusion.5® The
deuterium energy range for cluster-impact fusion is intermediate between hot and
cold fusion, and as such may serve as a link bridging the two regimes. Several
theoretical models”~® have been proposed to explain the discrepancy but fail to
reproduce the observed fusion rates' by many orders of magnitude.® In a previous
paper,? one of us demonstrated that the factor of 10° could not be accounted for
by compression and electron screening alone which could at most account for only
a factor of ~ 10!°, This left an unaccounted discrepancy of 10'°.

Beuhler et al.!'? measured D — D fusion rates in a series of experiments in which
singly charged clusters of D,0O molecules ((D,0)}, n = 25 — 1300) accelerated
to 200 to 325 keV (with a beam current of ~ 1 nA) were incident on T:D,
(C2D4)n and ZrD, g5 targets. The unexpected results of these experiments with
D,0 clusters which correspond to fusion rates ~ 10~'s~!/D — D appear to be
contradicted by Fallavier et al'' (FKPRT) who carried out similar experiments
using pure deuterium clusters (D, ~ D3yo) with kinetic energies of 100 - 150
keV in the same range of incident CM energy per deuteron (200 eV ~ 375 eV)




and observed no D — D fusion events. Their upper limit!! for the fusion rate is
more than one order of magnitude below the observed value of BFF.!

In this paper, we describe in greater detail our recently proposed cluster-
transport impact-fusion mechanism'? to describe both these positive!? and nega-
tive ' results from the cluster~-beam fusion experiments.!*!! We show that heavy
atoms such as O in the cluster, and Ti, Zr, or C in the target are essential for
obtaining high fusion rates by Rutherford double-backscattering and energy re-
flection enhancement of the D’s for the experiments as conducted, and thus we
can reconcile the conflicting results. We also predict the conditions required for
comparable yields from D and D,0 clusters. As previously suggested by one of
us,* a resonance cross-section is proposed as an explanation for the behavior of
the very low—energy data as the number of molecules in a cluster increases to
n = 400 ~ 1000, or as the energy per D decreases to 15 eV in the CM system.

II. OUR THEORETICAL MODEL AND ANALYSIS

In our model, molecular clusters (DaXp)}, of ~ 10 A size disintegrate into
(o + B)n atoms upon impact with the target during At ~ 107'4s for a cluster
velocity of ~ 107cm/s. During At, we assume that a local Maxwell-Boltzmann
(M-B) distribution f(7,7,t) is developed for the (a + B)n atoms due to a lo-
cal thermalization using a fraction of the total kinetic energy E,. Although the
total number of atoms per cluster is limited to (@ + @)n, the total number N,
of atoms involved with a cluster-beam with an intensity of ~ 1 nA is large,
N, = 0.625 x 10'°(a + B)n/s (=~ 2 x 10'?/s for (D30)100), and hence can be re-
garded as a reasonable statistical system moving with the total kinetic energy E,.
Recent molecular-dynamics simulations by both Carraro et al.” and Shapiro and
Tombrello!® indicate that the high energy tail of the energy distribution decays
approximately exponentially like the M-B distribution as produced in the early
stages of the collisional cascade initiated by cluster impacts.

II.A. Energy Enhancement by Rutherford Double~-Backscattering

The enhancement of the D — D fusion rate over the conventional estimate
is expected for the case of the (D;0); beam® but not for the case of the (D)}
beam!! because deuteron thermalization mainly occurs due to multiple scatter-
ings between incident deuterons, heavy target atoms (e.g., T%), and oxygen atoms
in the clusters after the breakup of the DO atoms. For example, if an inci-
dent deuteron with an initial (cluster) velocity v; in the leading edge of the
cluster backscatters first from a target titanium atom and then again from an
incoming oxygen atom, the deuteron can be accelerated to a final makimum ve-
locity of vy = [((Mg; — m)/(Mri + m))(My — m)/(Mo + m)) + 2Mo/(M, +
m)Jv; = 2.49 v;; i.e., the kinetic energy of the incident deuteron can increase by
a factor of (vs/v;)® & 6.2. In contrast, for the case of a pure deuterium (D)}



beam, similar double backscatterings of an incident deuteron from a target tita-
nium atom and then from another incoming deuterium atom cannot increase the
deuteron kinetic energy since the final maximum deuteron velocity is given by
vy = [(Mr; — m)/(Mpi + m)){((m — m)/(m +m)) + 2m/(m + m)]v; =~ v;. There-
fore, the presence of heavy atoms in the (D,0)} cluster efficiently populates the
high energy tail of the deuteron M-B distribution via multiple collisions that lead
to substantial thermalization during the impact time period of At =~ 10~* sec-
onds, and hence to enhanced reaction rates. The pure deuterium (D)} cluster
beam will not achieve as high a degree of thermalization as the (D,0)} clusters
upon impact, and only inefficiently populates the high energy tail because of the
absence of heavy atoms in the (D)} cluster; this means less enhanced (smaller)
reaction rates.

One can now ask whether Rutherford double-backscattering can actually have
a significant effect on the high-energy tail of the deuteron velocity distribution.
We consider the specific case of the original BFF experiment. We define the
fraction of deuterons which undergo backscattering as

F = Pt = novt 1

where P = fiov is the probability per unit time for a single deuteron to backscatter
from a layer of target atoms (titanium), 7 is the density of the target at its surface
layer, v is the incoming deuteron velocity, and o is the backscattering cross-section

= /0 " do /,, ’/'2 dfo(6)sin 6 (2)

Here we take g(8) to be the Coulomb differential scattering cross—section:
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where Z,, Z, are the atomic numbers for the deuteron and target atoms, respec-
tively, and 7 is the reduced mass. For the present case, i = my is the deuteron

mass. After inserting (3) into (2) and integrating, we find that
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where Eq = mqv?/2. In eq. (1), t is the time it takes a deuteron to penetrate the
target layer, assuming a hard-sphere interaction. Therefore if one defines d to be
approximately the target atomic or ionic diameter, then ¢ = d/v so that eq. (1)
thus gives an approximate backscattering probability:
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(for the maximum energy enhancements which we calculate below for double-
backscattering, F' calculated from eq. (5) is an overestimate, since maximum
energy enhancement occurs when the scattering angle is § ~ 180°-eq. (5) describes
the total backscattering probability of the deuteron anywhere into the backward
hemisphere for any final deuteron kinetic energy). For the case of a 0.1 keV
deuteron backscattering off a titanium lattice surface, we have 2 = np; ~ 5.7 x
1022cm=3 and d =~ 2 x 10~% cm (~ atomic diameter), so that FF = Fpy; & 0.90.
For the case of a ~ 0.1 keV deuteron backscattering from an oxygen atom in the
D,O cluster, A = np,0 = 3.0 x 102 em™3 and d ~ 3 x 10~8 cm, so that F =
Fpo = 0.094. Therefore, taking into account that a deuteron which backscatters
from titanium loses very little energy, the probability that a 0.1 keV deuteron
firsts backscatters from a titanium nucleus and then off an oxygen nucleus is
Fy = Fpr,Fpo = (0.90)(0.094) = 0.085, i.e., a 100 eV cluster deuteron has a 1 in
12 chance of undergoing a Rutherford double-backscatter and being accelerated
to a kinetic energy as large as 620 eV. Note that F is probably conservative, since
the deuteron interacts electrodynamically with the heavy atoms well beyond the
hard-sphere radius.

Observe that eq. (5) indicates that F o« E;?, so that if a 620 eV deuteron
undergoes the double backscatter described above, it has a probability of F} =
0.085/(6.2)* = 5.7 x 10™% of doing so. Therefore the probability that a 100
eV deuteron will undergo two double backscatterings will be F, = Fj(.1 keV)
x F1(.62 keV) = 4.9 x 107, if the deuteron picks up maximum energy after it
backscatters from an oxygen for the first time. The above value for F, is almost
certainly a lower limit, given that the deuteron will generally not pick up the max-
imum energy available from the oxygen atoms, and given the conservative nature
of F;. Therefore, F; can easily be a few orders of magnitude larger, and we may
conclude that for low energy (~ 100 eV) deuterons single double-backscattering
most likely (and double double-backscattering possibly) contributes significantly
to the thermalization process in cluster breakup. Note that F; and F; will be sig-
nificantly higher for smaller E; than for larger E4 (since F; o< E7*), so that large
clusters with small E4 will be affected much more by this multi-scattering process
than small clusters with large E4. Therefore, this process may make a contribu-
tion to the slow drop off of yield with increase in cluster size as observed by BFF?
(see below). It is also possible that for small E4, atomic backscattering may have
a larger cross—section than the higher-energy Rutherford backscattering, thus in-
creasing the probability for energy enhancement by multiple backscattering at
lower energies.

II.B. Low-Energy D — D Fusion Cross Sections

For D — D fusion, the two dominant channels are

D + D —* H(1.01 MeV) + p (3.02 MeV) (6)



and

D 4+ D —°®He(0.82 MeV) + n (2.45 MeV) . (7)

Experimental values of the cross-section, ¢(E), for (6) and (7) can be parameter-
ized as!*

o(E) = 5%3‘) e~(EalE)' (8)

where Eg is the “Gamow energy” given by E¢ = (2raZ,Zp)*uc?/2 or EY* =
31.39 (keV)!/? for the deuteron reduced mass u ~ m/2. E is in units of keV in
the CM reference frame. The astrophysical factor, S(E), is extracted from the
experimentally measured values'* of the cross-section, o(E), for E R 4 keV and
is nearly constant!® (S(E) = 52.9 keV — b) for both reactions (6) and (7) in the
energy range of interest here, £ < 1 keV, assuming an equal branching ratio.
However, if o( E) happens to have resonant behavior at low energies as previously
suggested by one of us,* the extrapolation method may yield erroneous values
for o(E) or S(E) at low energies, since the non-resonant relation, eq. (8), is not
applicable to cases involving resonant reactions.***

For the case of possible low—energy resonances,* the cross-section for reactions

(6) or (7) is given by ((a) = (6) or (7))
o®(E) = o(E) + ag’)(E) + interference terms (9)
where the resonance cross-section is parameterized as!*

() 7rh2 w(a)FemF(a)
MoE (g _ 5) 1 1%/a (10)

where w(®) is a spin statistics factor, I.,; and I'®) are partial widths for the en-
trance and exit (a) channels, respectively, and T is the total width.

II.C. Incomplete Thermalization with a Shifted Maxwell-Boltzmann Distribution

As a lowest—order solution to the Boltzmann transport equation, the local
M-B distribution for deuterons in clusters can be written as!®

m \3/2 . 22
FFt) = >\ — —-m(¥-94)°/2kT 11
155,8) = f0) = (50=) e (11)
where m is the deuteron rest mass and ¥y is the average deuteron transport ve-
locity. Both vy and T are functions of 7 and t. Before the cluster impacts on
the target, U4(7,t) has a constant value ¥ which is related to E; by m v3/2 =
E;m/(am + SM)n with rest mass M for the atom X. f(¥) as given by eq. (11)




has the following properties: (3) = [T f(¥)d*v = vy, (m(¥ — 5,4)%/2) = 3kT/2,
and f(¥) — 6(V — 7o) in the limit as kT — 0, corresponding to a monoener-
getic deuteron beam with deuteron kinetic energy muv2/2 (no thermalization after
impact). We note that the deuteron transport kinetic energy mv2/2 during the
impact time (At ~ 107!4s) is restricted by 0 < mv}/2 < mv3/2. The average
kinetic energy (mwv?/2) for a deuteron due to impact thermalization is now given

by

(mw?/2) = (m/2) / V2 f(5)d% = mv3/2 + 3 kT2 . (12)

The thermalization energy 3k7/2 comes from energy transferred from the heavy
atoms of mass M >> m by multiple collisions between the deuterons and the
heavier atoms. For complete thermalization, v4 = 0 in eq. (11) (similarly, vx = 0
in an equation like eq. (11)) so that 3kT/2 = 3kTaz/2 = E¢/(a + B)n (and
kT = kTpaz also for the X atoms) using the equipartition theorem for thermal
equilibrium. Total energy conservation for each cluster requires that mwv3/2 +
3kT /2 = 3kTpmaz/2 and Mvk/2 + 3kTx /2 = 3kTmaz/2 with the restrictions that
mv3/2 < mvl/2 and Mv}/2 < Mv}/2. At thermal equilibrium, kTx = kT =
kTmaz (va = vx = 0), while for the nonequilibrium situation, kTx # kT (vq # 0,
vx # 0). Although the M-B distribution with o3 = 0 in eq. (11) has been used
in previous theoretical studies,”~'° the v # 0 case for cluster-impact fusion was
first studied by us.!?.

We assume that the deuteron flux described by f(%), eq. (11), after impact
thermalization, impinges on the target (TiD, etc.). For the local M-B distribution,
f(¥), eq. (11), the fusion rate Ry, for the reaction D(D,p)T is given by

Reate = (& /v0) / vf(%) P(v) d* (13)

where & = n;Av, (number of incident D’s per unit time) is the initial D flux
incident on the target area A with an incident deuteron density n;, and P(v) is
the probability for a deuteron to undergo a fusion reaction while slowing down in
the target, which can be written as P(v) = np fy* dEp o(Epp)/|dEp/dz| with
E; = mv?/2. Ep and Epp are the deuteron kinetic energies in the laboratory
(LAB) and CM frames, respectively (Epp = Ep/2), dEp/dz is the stopping
power'® and o(E) is the D — D fusion cross-section.

For order of magnitude estimates, the D — D fusion reaction rate, Ry, €q.
(13), can be approximated as

Reatc = g(®/vo)AzA(E4) = g(0.261 x 107'235)DA(E,) (14)

where Az is an effective interaction thickness (~ 102 — 10® A) of the target given
by Az = [P |dEp/dz|~'dEp ~ 0.81 x 10~5(Eo(in keV))/? cm with E, = mv2/2,
and A(Ey) is given by



- A(Ey) = nplov) = nD/cr(v)vf(17)d3v , (15)

for a deuteron density np in the target and £4 = mv3/2. np is assumed to be
the same as the titanium density ny; = np = 5.7 x 10%? cm3.

Following initial contact with the target, the cluster is no longer a closed
system and a small fraction of the incident atoms is lost out of the interaction
region mostly in the backward hemisphere. The factor g in eq. (14) is included
to account for the fraction of incident D’s that are lost due to backscattering. In
the calculations, g is set to 0.5, which is appropriate for the case of a completely
thermalized cluster. For incomplete thermalization, ¢ should be between 0.5 and
1.0, but, as a conservative estimate, it is kept at 0.5.

With f(v) given by eq. (11), A(E4), eq. (15), becomes

2( 2 \YV2 o Be/mpise
A(BakT) = mp 'U_d(‘ll‘ka) _/t; dv e~HEa/m)*/?/ S(‘m'u’/4) (16)
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For the case of v = 0 corresponding to a completely thermalized M-B distribu-
tion, eq. (15) or eq. (16) reduces to'”
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R(Er) = A(0,kT) = np< [ oEe® e (17)

with Ep = kT for E in the LAB frame, and

) vz - .
K =A04T) = no (2] s [ o(Ben)e™5m/F BB
(18)

with E.,(= E/2) in the CM frame, the reduced mass, 4 = m/2 and E§" =
kT/2. In one double backscattering of a D from a target Tz and then from a
projectile O, the D increases its energy by a maximum factor of 6.2. For two
double backscatterings the maximum energy gain factor is (6.2)2 = 38.4. Thus
Rutherford double-backscattering can quickly populate the high-energy tail of
the M-B distribution during complete or partial thermalization of the (D;0)}f
cluster. Hence, the upper limit of integration in egs. (16) and (17) is expected
to be greater than approximately 500 eV x 38.4 =~ 19 keV. We therefore set the
upper limit to be infinity in our calculations; this is expected to give our results
an overestimate of one order of magnitude or less.

Note that for monoenergetic deuterons, f(v) = §(¢ — ¥p), and R, as given
by eq. (13) reduces to'®




Reaic(mono) = ®P(Eo) = (2.3 x 107°) exp(—44.40/\/ Eg(keV)) . (19)

I1.D. Cluster-Size Distribution

As part of the experiments of Beuhler et al.?, the incoming cluster beam before
acceleration was mass—analyzed, and found to have a shape that is well-described
by a Gaussian or Poisson distribution.® The distribution was found to typically
have a full-width half-maximum An = 0.38; the distribution peak, 7, is the value
ascribed to the cluster size (i.e., (D,0)%) for a given run of the experiment.

If we represent the cluster size distribution as Gaussian in the experiments of
Beuhler et al., and assume complete thermalization (v4 = 0 in eq. (11)), we may
define the following cluster size (n) dependent M—-B-like velocity distribution for
use in our calculation:

| flv,n) = N exp (_ZT:; )exp (-——(2—5—2—@->

. -9k, —(n —7)?
= N exp( E, )exp( 257 ) )

since B, = mv?/4 = uv?/2 and kT = 2E,/9n, where

(20)

. (An)n _ 0197
T ovind  Vind

is the Gaussian width of the (D,0)% mass distribution. We solve for the normal-
ization factor, N, via the requirement that 1 = [d®v [dn f(v,n), and then solve
for the fusion rate

A(R) = nplov) = nD/d3v/dn ovf(v,n). (21)

Using eq. (8) for o, we then find

- ud/? [ rEe -t
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where
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Here E., n, and erfc(z) are the cutoff energy for the velocity portion of the distri-
bution, the cutoff cluster size for the mass portion of the distribution, and the com-
plimentary error function, respectively. In Egs. (22) - (24), E = E,n = mv?/2.
Note that one can have 7t > 1; it is claimed by Beuhler et al.? that 1 = 7/2.

I1I. COMPARISON WITH PREVIOUS THEORETICAL WORK

In this section, we discuss some of the previous theoretical work by others in
order to clarify differences between their models and ours, to describe the rele-
vance of the previous work to our work, and to indicate some obvious errors and
inconsistencies in the previous work.

III.A. Critique of EMR’s Work

In a recent theoretical paper,® Echenique et al. (EMR) claim to provide an
explanation for the recent cluster-impact fusion experiments.! However, both
papers!® contain several errors.

First, both Refs. 1 and 8 address resolving a discrepancy of only 10'° be-
tween measured and expected reaction rates (assuming a monoenergetic deu-
terium velocity distribution). However, more correctly, a difference of 10?® must
be explained.* Our calculation®* shows a discrepancy of 10%® rather than the one
of 10! suggested by BFF! and addressed by EMR.® The difference between 10
and 10 is the difference between properly doing the calculation in the CM frame,
and doing it improperly in the LAB frame. Their error'® is due to the incorrect
use of E(LAB) (instead of using the correct E(CM) = E(LAB)/2) in o(E) (eq.
(8)) in their paper,'® as first pointed out by one of us.?® References 14 and 17 also
provide clarification on this point.

Second, eq. (3) of Ref. 8 (compare with our eq. (18)) would be correct for CM
energies if V2 is eliminated and their Eo = kT/2 assuming a M-B deuterium
velocity distribution. However, a crucial topic is the determination of E, given N
particles obeying a M~B velocity distribution with total LAB cluster kinetic energy
E,. A simple calculation shows that E, = N(3 kT/2) = 3NE,, or E, = E,/3N.
For their example given below eq. (3) in Ref. 8 where E, = 300 keV and N ~ 1000,
E, is given as 500 eV instead of the correct value of 100 eV. When the correct




value of 100 eV is used to calculate the fusion rate, a value of R =~ 10~3s~! is
obtained instead of the quoted 0.08 s~! for the incorrect E, = 500 eV.

The choice of Ey cannot be arbitrarily independent of their choice of distribu-
tion (equilibrium, non—equilibrium, etc.). The choice of Ky is constrained by both
the conservation of energy and the conservation of the number of particles. Their
eq. (3) incorporates a M-B distribution as they state.® They did an equilibrium
calculation. The words “non-equilibrium” do not occur anywhere in their paper,®
though they do suggest future calculations that are conceptually of such a nature.
We have carried out a non-equilibrium calculation!? as described earlier in this
paper. We find a significantly lower Eo than EMR’s 500 eV rather than a higher
E, as claimed by EMR. Our paper shows that a shifted local M-B distribution
as a solution to the Boltzmann transport equation gives a lower fusion rate than
a fully thermalized distribution precisely because there are fewer particles in the
high energy tail. We emphasize that non-equilibrium implies a smaller E, than
the 500 eV used by EMR,? and that this choice by EMR violates conservation of
energy and number of particles. Furthermore, EMR never explicitly give E, in
terms of total cluster energy and cluster size in their paper,® thereby rendering
Fig. 1 of EMR unverifiable.

Third, the theoretical curve in Fig. 1 of Ref. 8 cannot be reproduced without
more information on the dependence of the number of particles in the impact
region (N) as a function of the number of D,O molecules in the cluster (n) and
total cluster energy (E,). With a simple model where the cluster thermalizes upon
impact before equipartitioning its energy with the target, one obtains Ey = E;/9n,
and for the example mentioned above with n = 100, the result of £y = 333 eV
yields R =~ 0.003 s~!, which is about 25 times smaller than the value of 0.08 s~?
calculated with the physically unacceptable value of £y = 500 eV.

Furthermore, Fig. 1 in Ref. 8 (reproduced as our Figure 1) is misleading if not
examined carefully. Their calculated® and experimental!® values were normalized
to unity at E, = 300 keV, which gives rise to the potentially deceptive conclusion
that their calculated rates fit the experimental values. However, for our simple
model where Ey = E;/9n and a comparison calculation where Eq = E;/6n, the
normalized values differ only slightly from the plotted curve in Fig. 1 of Ref. 8.
But, when the actual rates are compared, we find that our calculated values differ
from the experimental results by some four orders of magnitude for E; = E,/9n
and by two orders of magnitude for £y = E,/6n, while it is unclear from Ref. 8
what their actual reaction rates are for the case of n = 150 {Fig. 1) since they
give neither the details of their model nor a calculated value.

Finally, calculations done with a M-B distribution and Ey = E,/9n give re-
action rates that differ from those in Fig. 3 of BFF! (for E, = 300 keV) by 10
orders of magnitude for n &~ 1000. This appears to contradict the statement by
EMR?® that their model qualitatively explains the dependence of the fusion rate
R on cluster size.
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Figure 1: Normalized deuteron-deuteron fusion rate R for (D,0);s0 clusters in-
cident on a TiD target as a function of total cluster laboratory energy E,. The
experimental points (x) and the fit of Echenique et al. (solid line) were extracted
from Fig. 1 of Ref. 8. The other two curves are from our fit from eq. (3) of Ref.
8 (i.e., our eq. (18) with E§™ replaced by E,) for E, = E,/6n (dashed line) and
for E, = E,/9n (dotted line) for n = 150.

ITI.B. Molecular Dynamics Simulations

Molecular dynamics (MD) simulations carried out by Carraro et al.” and also
by Shapiro and Tombrello! show that the density in the interaction region reaches
its maximum value of about twice the initial target density during the first ~
10~'s. From the above result of MD simulations, it is tempting to conclude
that during this 107'%s energy not only is being shared among the atoms of the
cluster but among a similar number of target atoms. However, such a conclusion
may be premature since it is based on the assumption of the equipartition of
energy among both target and incident cluster atoms, which is not applicable to
incomplete thermalization.

The increase of the target density during the first 10~'*s of MD simulations
does not necessarily imply equipartition of energy among both target atoms and
incident cluster atoms, since they are in a non—equilibrium situation. The incident
deuterium atoms will carry most of the available energy due to efficient energy
enhancement mechanisms such as the double backscattering mechanism described

11




above, thus contributing to the high velocity components described by the non-
equilibrium velocity distribution, f(7) of eq. (11), while the target deuterium
(and T7 and O) atoms in the impact region will share a substantially smaller
fraction of the available energy due to the fact that there are no efficient energy
transfer mechanisms for them to populate higher velocity components during the
first ~ 10~1%s. Therefore, the effective temperature for the incident projectile
deuterium atoms can be substantially higher than that of the target deuterium
(and T% and O) atoms and also higher than if the energy were shared equally
among both target and projectile atoms, because not all the target atoms in the
impact region can share in the equipartition of energy. For our shifted M-B
distribution (when vq = vp), the effective temperature is 70% of the maximum
thermalization temperature. As can be seen for incident D,0 from our Table I,
column 6, the fusion rate is decreased very little from the complete thermahzatlon
rate, at most by a factor of four for the n = 75 ca.se

A compressional increase in projectile density, n5”, 7 and target density, njy?,
by a factor of two can increase the fusion rate by more tha,n an order of magnitude.
The increased density contributes in two ways. The linear dependence of the
fusion rate per D — D collision is a minor contributor. The major contribution
comes from the greatly increased probability of double backscattering which is
proportional to (nf;”n3?)®, where b is the number of double backscatterings (see
Sect. ILA). For a den31ty increase of two, with two double-backscatterings, the
double-backscattering probability is increased by a factor of (2 x 2)? = 16. This
means a 16 x 2 = 32 times increase in the fusion rate from both contributions
combined. In presenting a conservative calculation, we have not yet put in the
effect of increased density and have only used the uncompressed densities for our
results presented here.

Carraro et al.” carried out MD simulations of the impact of clusters composed
of n = 32, 54, 80, 128, and 180 heavy-water molecules at £, = 100 keV on
a target composed of 1024 heavy-water molecules in a cubic box of 32 A on a
side (~ 10 atomic layers). Their result with a few cluster impacts for the energy
spectrum of target deuterons for n = 128 at time ¢ = 4 x 10~!*s shows a spectrum
approximately proportional to £~!® with a maximum energy cutoff at ~ 300 eV
(~ 4 times the incident deuteron energy of E, = 100 keV/(10(128)) ~ 78 eV).

Although their results” with an energy cutoff at ~ 300 eV with only a few clus-
ter impacts is consistent with that of a single knock-on process (78 eV x 3.16 =~
247 eV), their MD results’ for the energy spectrum are not applicable to our non-
equilibrium velocity distribution f(%), eq. (11), for the projectile deuterons, since
their spectrum is for the target deuterons. Their results for the target deuteron
energy spectrum would be relevant to the case of (H,0);;5 cluster impact on
a (CyDy4)n target for which the D — D fusion rate was observed by Beuhler et
al.? to be about 5% of that for (D;0), clusters on the same target. Although
Shapiro and Tombrello!? performed their MD simulations with several thousand
cluster impacts, their results are not applicable to the case of D;0 cluster im-
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pact, since they simulate the (Al), — Au and (Al), — Al cases for which double
backscattering would be inefficient for energy enhancement and other effective
energy-enhancement mechanisms are not available because (Al), (like (D)) does
not contain heavier atomic partners as in the case of (D;0)} incident on TiD or
(C2Dy)n. In fact, the results of their MD simulations!? show that the energy of an
individual atom can only increase by a maximum factor of two over the incident
energy per atom, with the probability for such events decreasing very rapidly with
increasing energy. Their results'® are relevant to and consistent with our descrip-
tion and results for (D)} (but not for ((D,0);}) cluster impact on T D or (C;D4),,
targets in the context of the cluster-transport impact—fusion mechanism.

There is an error in Carraro et al.” Their eq. (10) is incorrect. The text on page
1382 reads, “In the case where a deuteron of energy U backscatters from a titanium
atom and then again from the oxygen, the final energy U of the deuteron is /U =
[((Mo— Mp)/(Mo+ Mp))(2Mr,/(Mr,+ Mp))]* = 2.23.”" This equation with m =
Mp should be U/U = [1+((Mo—m)/(Mo+m))((Mr, —m)/(Mz,+m))]? =~ 2.94 if
we take U to be the maximum knock-on energy a target deuteron can get from a
projectile oxygen. That is, U = mv3}/2, with vy = (2M, /(Mo + m))Vs, where 1 is
the velocity of an incident oxygen and v, is the velocity of a (knocked-on) target
deuteron. U is arbitrary in Ref. 7. In general, this ratio is [(2Mo/Mo + m)(Vo/va)
+ ((Mo — m)/(Mo + m))(( M1, — m)/(Mr, + m))]>. Since Vo/va can be arbitrarily
large, one can have U/U >> 2.94. This error propagates into their” eq. (11), etc..

The ratio of the final energy of a projectile deuteron, E¢, to its initial energy
can also be much larger. As discussed previously, if a projectile deuteron of ini-
tial energy E,; backscatters elastically from a titanium and then again from an
incoming oxygen, then by conservation of momentum and kinetic energy, Eps/ Epi
= [((Mz, — m)/(Mz, +m))((Mo — m)/(Mo +m)) + 2Mo/ (Mo + m)J? = 6.2. The
total energy gain, E;s, from this process for a target deuteron initially at rest
that is knocked—on by a projectile oxygen (triple scattering) is even larger. Since
its initial energy is ~zero, let us compare its energy gain relative to the initial
energy of a projectile deuteron, Eys/Ey; = (2Mo/(Mo+m))?[1+((Mo—m)/(Mo +
m))((Mz, — m)/(Mz, + m))]* = (2Mo/(Mo + m))>(U/U) = 9.32. So we see that
a much larger energy enhancement is possible than 2.23. There is an oversight in
their final conclusion (page 1389) “We found that no deuterium atom ever moves
more rapidly than about twice the velocity of the incident cluster....”” As shown
here, significantly larger velocities are possible.

I.V. RESULTS
IV.A. General

Using eqs. (4) and (6), the total fusion rates Ry, are calculated for both the
(D;0)} and the (D)} cases using kTpmez = E;/3n and kTpnaz = E;/n, respectively.
For each case, both complete thermalization (v4 = 0 in eq. (11)) and partial
thermalization (vq # 0 in eq. (11)) are considered. The calculated proton counts,
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Table I: Comparison of our calculated D — D fusion counts, Regic = bteRearc, with
the experimental data of Beuhler et al. (BFF)! as deduced by Fallavier et al.!! for
the case of (D;0)}. The total kinetic energy E, for the various (D;0);} clusters
is 300 keV. Ry, is calculated using egs. (14) and (16), and the detector efficiency
¢ is assumed to be 10%. The target used in Ref. 1 is TiD. The target deuteron
and titanium densities are assumed to be np = np; = 5.7 x 10?2 cm™3.

Energy Incident  Rea Reate Reatc Recy
n /D (eV) D's(10") (vg=0) (vg=1v0/v2) (vg=10) (Ref. 1)
40 750 6.15 153 137 102 30
60 500 3.3 5.9 5.1 3.4 16
75 400 2.2 0.8 0.7 0.2 8

Reate = 6teReatc (where 6t is the acquisition time and ¢ is the detector efficiency)
are compared with the experimental results in Tables I and II for the (D,0)} and
(D)} cases, respectively.

As can be seen from Table I, our calculated proton counts agree with the
results of BFF?! to about an order of magnitude. Because there is expected to be
less thermalization as the cluster size n decreases, our calculated counts probably
overestimate the actual counts for smaller values of n. Furthermore, since Beuhler
et al.? used (D,0)} beams that contained not just a single cluster size n, but a
distribution in cluster size about n, we show below that our calculated counts
become increasingly enhanced as the “mean” cluster size n increases due to the
contribution of small clusters in the tail of the size distribution when we include
the size distribution.

The proton counts for the experiment of Fallavier et al.'' were also calculated
with this model, and are seen to be very small (Table II). The (D)} beams are
not expected to have such a high degree of thermalization as the (D,0); beams
(see above), so calculations for the cases where half of the kinetic energy becomes
thermal (vg = vo/V/2) and none of the kinetic energy becomes thermal (§~function
velocity distribution) are included. Clearly these calculations show that the proton
count (reaction rate) falls precipitously as the degree of thermalization decreases.

Because the parametrization of the cross section!* used here is appropriate
only for the scattering of bare deuterons, the effects of electron screening®1819 in
the target have not been taken into consideration in our calculations. However,
at the energies relevant in these experiments,!?!! electron screening is expected
to increase the reaction rates only one order of magnitude or less.1%:2°

When we apply egs. (4) and (6) to the case of large clusters (e.g., (D20 ){400),
we find that even when complete thermalization (v4 = 0) is assumed, the proton
count will be Rege = SteRegie = 4.04 x 10~ per 10*® D’s using the same value

1_11
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Table II: for the case of (D)}. The total kinetic energy per cluster is n times the
energy per deuteron. The detector efficiency € is assumed to be 10%. The target
deuteron and titanium densities are assumed to be np = np; = 5.7 x 1022 cm™3.
}_an[c(vd = 0) and Reac(va = vo/\/i) are calculated using eqs. (14) and (16).
Reaic(mono) is calculated with a delta function (monoenergetic) distribution using
eq. (19). The experimental values of R, are all zero.!!

Energy Incident Target Reac Reate Reate(mono)

n /D (eV) D's(10"®) (va=0) (va=vo/v2) (&-function)
200 750 615 (CDp), 1.71x107 1.64x10~ 1.00 x 10-%3
200 500 3.68 (CD;), 178 x107* 9.40 x10~® 4.32 x 107'°
200 500 2.96 TiD,7; 143 x107* 7.56x10"%® 5.02 x 10~1!°
250 400 2.27 TiDy7 9.05x10"®% 3.30x10-7 2.50 x 10-%
300 400 2.15 T:Dyy 857x10"% 3.13x10°7 1.68 x10~%?

of € = 0.1 as above. The equivalent proton count per 10!® D’s from BFF! is
fi,xp ~ 2.4, which is some 14 orders of magnitude larger than R (see Fig.
2). Therefore, impact thermalization by itself is inadequate to explain the large
cluster (low—energy deuteron) results of Beuhler et al,? and thus some other
mechanism—e.g., contaminants, low energy D — D fusion resonances,* cluster
size distribution (“mass dispersion”),>” and/or electron screening®®!°—must also
contribute to explain these results. However, when compared to the traditionally
calculated mono—energetic rate (i.e., when f(%) = §(5—7)), Rmono = 1.08x10~102
per 10!8D’s, the use of a velocity distribution such as eq. (11) in Reaic does account
for most of the discrepancy between Ronono and R,,,,, as can be seen from Fig. 2.
In Fig. 3, we include the effects of the mass distribution. The dashed line is the
case with no mass distribution (eq. (14)), the solid line is the case with A = /2
for the cutoff of the distribution integral (eq. (24)), and the dotted line is the case
with 4 = 1 for the cutoff of the distribution integral (i.e., no cutoff). Note that for
7 = 1000 (corresponding closely to the cold fusion case, with E., = 10 eV), the
inclusion of a mass distribution with 2 = 7/2 (the situation claimed by Beuhler
et al.?) increases Ry from 5.04 x 1071 to 2.22 x 10~ per 1.25 x 10'®—a factor
of ~ 400, but still some eleven orders of magnitude below Rm,. However, for
the case of a mass distribution with no cutoff, 2 = 1, R.q. is now 8.59, about
~ 4 times larger than R..,. This indicates that if there is some cluster breakup
between the mass spectrometer and the entrance to the accelerator column in the
experiments of Beuhler et al. that “replaces” a portion of the “missing” part of
f(n,v) below fi = %/2, then R.ai. will be enhanced at least by several orders of
magnitude. However, since at n = 100, ka(ﬁ = 1) is still more than an order of
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Figure 2: Proton counting rate, R = &teR, as a function of cluster size, n. The
units of R, 1033~ (nA)™!, is equivalent to 1.25 x 10*?n clusters when ¢ = .1 and
6t = 10%s. The data (dots) are from Fig. 3 of Ref. 1. For comparison, we show
the results for a conventional nuclear theory calculation assuming monoenergetic
deuterons (solid line, eq. (19)), and for a Maxwell-Boltzmann (M-B) distribution
of completely thermalized deuterons (dashed line, eq. (14) with eq. (18) for
Ud = 0). '

magnitude below R,,p, there are still contributing processes not yet considered to
be included in our theory, which may also be important to cold fusion.

IV.B. Low-Energy Resonances

One possible candidate for the missing contribution is the existence of low—
energy D — D fusion cross—section resonances.* An example of the effect of such
a resonance is shown in Fig. 4, where we have added a Breit-Wigner resonance,
eq. (10), to eq. (8), and included a mass—velocity distribution, eq. (24), with
fi = 7i/2 (note that for simplicity, we do not consider interference terms here).
The parameters of this Breit-Wigner resonance are as follows: the peak energy of
the resonance, E(PT); the total width of the resonance, I'; and the partial width
of the D — D entrance channel, I',,, are all taken to be 400 eV; the partial width
of the p — T exit channel, I'®T) is set to 2.03 x 10-® eV. To insure that the
cross-section converges to zero as £ — 0, we have multiplied eq. (10) by a factor
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Figure 3: Proton counting rate, R = 6te R, as a function of cluster size, n. Here
we consider the effect of the cluster size distribution, eq. (20). The dashed line is
the same result as the dashed line in Fig. 2: a M-B distribution with no cluster
size distribution. The solid line is for a cluster size distribution cutoff of i = 71/2
(7 being the peak of the cluster size distribution), and the dotted line is for 7 = 1.
Also see Fig. 2 for more information.

of exp(1 — EPT)/E) when E < E®T). Observe that the resonance (with the
low-energy suppression factor exp(l — EPT)/E)) fits R.., to within a factor of
4 for n R 50, peaks at n = 300 and drops off slowly as n becomes very large.
One should, however, consider this as only speculative, since there is no direct
experimental evidence for the existence of such a resonance. Furthermore, the
values of the resonance parameters (I', T®), etc.) are extremely sensitive to the
other contributions to R (e.g., mass and velocity distribution). Nonetheless, the
possibility that such low—energy D — D resonances might exist also relates directly
to cold fusion and adds further emphasis to the need for conventional very low-
energy (< 1 keV) D — D scattering experiments.*

IV.C. Other Effects
Other possible candidates for the missing contribution are 3D Efimov reson-

ances,?! the aforementioned much higher multiple-scattering probabilities for the
low-energy deuterons from large clusters than for the high~energy deuterons from
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Figure 4: Proton counting rate, R = éte R, as a function of cluster size, n. Here
we consider the effect of a very low-energy Breit-Wigner (B-W) resonance in the
D-D fusion cross-section. The solid line is the same result as the solid line in
Fig. 3 (for eq. (20) with a cluster size cutoff of 2 = 7/2), and the dashed line is
also the same result, but with the B-W resonance included. See the text for the
parameters of the B-W resonance and Fig. 2 for more information.

small clusters, target/cluster compression, and the effects of final state interac-
tions.

Finally, observe from Figs. 3 and 4 that for n < 50, Rewte >> Re,,,,. This
almost certainly reflects the fact that for small clusters, there are few deuterons,
each of which has energy E, (or Ep) that takes up a substantial portion of E,.
Therefore, the use of M-B distributions is probably inappropriate for modeling
the velocity distribution of very small clusters, and one must use a distribution
that is discretized in frequency, and severely cut off in energy to reflect conserva-
tion of n and E,.

V. PREDICTIONS AND PROPOSED TESTS

In the following, several experimental measurements are proposed to test the
predictions of our theoretical model.
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V.A. Degree of Thermalization

The degree of thermalization in (D,0)} and (D)} can be tested experimentally
using the same value of kTi,,, for both cases (through the equipartition theorem),
le.

3kTmaz/2 = Ey((D)} )/n1 = E((D20)})/3n, . (25)

The experimental condition imposed by eq. (25) can be achieved in several ways:
(a) set E,((D)}t) = E((D,0)},) = E. and hence n, = 3n,, (b) set ny = n,
and hence Ey((D;0)} ) = 3Ey((D)f ), etc.. The observed D — D fusion rates
are expected to satisfy Rexp((D30)}) > Rexp((D)f), for both cases (a) and

(b), if impact thermalization of the cluster due to multiple collisions is a cor-
rect interpretation for cluster-beam fusion experiments.!®!! For example, the
null result Re,,((D)300) = O fusion reactions for a total number of 2.96 x 10!
and 3.68 x 10'® incident deuterons as observed by Fallavier et all! (see Table
II) with an energy per deuteron of mv}/2 = 500 eV (or E, = 100 keV) and
3kTimae/2 = 500 eV can be compared with the positive result Rexp((D30)750) =~ 1.4
D(D,p)T fusion reactions for a total number of 3.3 x 10'® incident deuterons as
deduced from the fusion rate of 0.8 proton counts per 103 seconds per nA ob-
served by BFF! (their figure 4) with E, = 225 keV or mv2/2 = 150 eV and and
3kTmaz/2 = 500 eV. Without impact thermalization (f(¥) = &§(¥ — %)), it is
expected that Ré, ((D)io) >> RS, ((D20)fs0) since (500 eV) >> (150 eV).

calc cale

The fact that Rerp((D20)Fs0) > Rexp((D)3go) indicates that the degree of im-
pact thermalization is much greater for the ((D;0)7;,) case! than for the ((D)3o0)
case.!!

V.B. Low-Energy D — D Cross-Sections and Branching Ratio

If low-energy D — D resonances exist, the branching ratio of reaction (6) to
reaction (7) is expected to deviate from the expected value of unity. The branch-
ing ratio, Ry ~ RT/R’He, extracted from the measured 3H and 3He spectra by
Beuhler et al.? is 1.2 + 0.2 for the case of a 275 keV (D;0);15 beam incident on
a (C2D4)n target, corresponding to an incident deuteron LAB kinetic energy of
0.239 keV/D. Thus their extracted value represents the lowest energy measure-
ment ever made of R,. Since even lower energy measurements may yield further
deviation from Ry =~ 1, it would be worthwhile to measure R, as a function of n
for larger cluster sizes, 115 < n < 1000.

V.C. Target Deuteron Thermalization

Since we interpret the thermalization of target deuterons initiated by heavy
atoms in the projectile cluster (such as the knock—on process followed by a double
backscattering of the knocked-on target deuteron from a heavy target atom and
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a projectile oxygen) as a separate process from the (non-equilibrium) thermaliza-
tion of projectile deuterons described by f(¥) of eq. (11), we predict that the case
of a (Xg)n, incident on a (CyDy4), target (X is an atom comparable to or heavier
than O) will produce a similar positive result as for the case of 300 keV (H30)115
on (C3D4), carried out by Beuhler et al.? We propose the proton measurement
for (Xg)n, clusters incident (such as Cgg)?? on (C3.D4),, to test the above idea with
appropriate choices of X and its incident energy comparable (~ 2.32 keV LAB
per X) to that of O in the case of 300 keV (H,0)115 on (C3D4)n. In addition, we
propose a blank experiment in which the (C,D4), target is replaced by (C2Hy)n
in order to rule out the possibility of systematic errors in previous experiments
using ( H30)115 projectiles and (C2D,), targets.

VI. CONCLUSION

In conclusion, the cluster-transport impact fusion model discussed in this pa-
per can simultaneously describe the positive (D;0)} small n cluster results of
Beuhler et al.,'? and the negative (D)} cluster results of Fallavier et al.! for

cluster impact fusion. The anomalously high fusion rate by a factor of ~ 101%
observed by Beuhler et al.!? for a small CM energy of 15 eV/D resembles the
high fusion rates reported for cold fusion.%®
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