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Neutron-induced chain-reaction processes for large-scale power generation
and for electrolysis with palladium deuteride

Y.E. Kim

Department of Physics, Purdue University, West Lafayette, Indiana 47907,
USA

Tritium production and excess heat generation above thdfﬂhe to the
electrode reaction observed by Fleischman, Pons, and H&wkm (FPH)! and
others*** in their electrolysis experiments with, & palla.dmm cathode im-
mersed in heavy water (with 0.1M LiOD) can n&_t be’ explained by known
single-step nuclear reactions such as deutel_'i&gn-deu.ierium fusion, since the
reaction cross-sections and rates are toq,rﬁéiaﬂj’i'!_at room temperature. How-
ever, a combination of known nuclear_fﬁ@éﬁﬁéﬁﬁ can form a set of closed chain
reactions which can become self—suitﬂiﬁiﬁg at a critical stage under favorable
conditions and geometriesy ‘as i the well-known case of neutron-induced fis-
sion chain reactions. The F‘PH effect is described in terms of chain-reaction

5 and

processes mvolvmg“(_ar};-_ngutron—lnduced fission-fusion chain reactions
(b) neutron—indugﬁ_ﬁ p'ﬁ:ot;:muclear chain reactions in palladium deuteride.®

The pmceas(a) involves neutron-induced fission of lithium with the re-
sultant tritinm(2.73 MeV) participating in tritium-deuterium fusion. The
process (b) involves radiative neutron capture by !°®Pd with the resultant
y-rays { ~ 6.15 MeV) breaking up deuterium by photodisintegration. Each
hypothesis for the FPH effect leads a set of predictions which can be tested
experimentally. Experimental evidence and suggested tests for each hypoth-
esis are given.>®

The chain-reaction process (a) can be used without the use of electrolysis



to design new fission-fusion reactors for large-scale power generation, when
an external (continuous or pulsed) neutron flux is included.® The process
involves self-sustaining chain reactions: (1) n + °Li — *He + T and/or
n+ "Li— *He+T+n,and (2) T + D — *He+n,in Li — D plasma or
pellet surrounded by Li and other blankets and by neutron reflectors. The
use of an external neutron flux as the initial ignitor of the chain reactions,
(1) — (2), has an important practical consequence in that the fusion ignition
is accomplished by nuclear energy generated from reactions, (,-1-»},'Th_s%ead of by
an enormous electromagnetic energy input as required for, the conventional
fusion reactor designs. The feasibility of a.chieving_ta--coﬁtroﬂt;.d self-sustaining
state for the chain reactions, (1) — (2), in Li-D¥plasma‘or pellet will depend
on the geometries and the materials for blankets and reflectors used in the
design of fission-fusion reactors, and will:ﬂqo'dcpend on currently available
and/or new fission and fusion reactor technologies.

Prototype fusion reactors, based ;;n the conventional designs for both
plasma and inertial confinement fgsions, have not yet achieved a break-even
stage for a sufficient tim; ‘tf-u_gafion in spite of enormous scientific and en-
gineering efforts invested dufing the last two decades. Therefore it is im-
portant and urgent i_;.oz.'in.vestiga.te the feasibility of achieving a controlled
self-sustaining, _stfa:;ge'in new prototype fission-fusion reactors based on the
above chain-reaction process (a) with the use of an external neutron flux.

Theoretical reaction-rate estimates for specific reactor designs based on
the reaction chain, (1) — (2), and also on other neutron-induced reaction

chains are being investigated using Monte Carlo simulations.



O

REFERENCES

. Fleischmann, M., Pons, 5., and Hawkins, M., Journal of Electroanalytic

Chemistry, 261, 301 (1989); and errata, 263, 187 {1989).

. Appleby, A.J., Srinivasan, S., Kim, Y.J., Murphy, O.J., and Martin,

C.R., “Evidence for excess heat generation rates during electrolysis of
D,0 in LiOD using a palladium cathode — a microcalorimetric study”,
a talk presented by Appleby at Workshop on Cold Fusion' Phenom-
ena, May 23-25, 1989, Santa Fe, New Mexico; "Anmﬁﬂ(;us calorimet-
ric results during long-term evolution of dcyteﬁ'ﬁm o palladium from
lithium deuteroxide electrolyte” to be pﬁbﬁishéd‘in Nature; Appleby,
AJ., Kim, Y.J., Murphy, O.J., and Srinavasan, S., “Specific effect of
lithium ion on anomalous calorimetﬂc 'f'é__ault.s during long-term evelu-

tion of deuterium on palladium‘electrodes”, submitted to Nature.

. Wolf, K.L., Packham, N.J'Cy, 'tawson, D.R., Shoemaker, J., Cheng, F.,

and Wass, J.C., “Neutsron emission and the tritium content associated
with deuterium lqadéa’palladium and titanium metals”, in the Pro-
ceedings of Wmtk,shop on Cold Fusion Phenomena, May 23-25, 1989,
Santa Fe, New México, to be published in J. Fusion Energy.

. Huggins;,R.A. in the Proceedings of Workshop on Cold Fusion Phe-

nomena, May 23-25, 1989, Santa Fe, New Mexico, to be published in
J. Fusion Energy.

. Kim, Y.E., “New cold nuclear fusion theory and experimental tests”, in

the Proceedings of Workshop on Cold Fusion Phenomena, May 23-25,
1989, Santa Fe, New Mexico, to be published in J. Fusion Energy.

. Kim, Y.E., “Neutron-induced photonuclear chain-reaction process in

palladium deuteride”, Purdue Nuclear Theory Group Report PNTG-
89-7 (July, 1989).



PNTG-83-6
June 1989

New Cold Niuclear Fusion Theory and Experimental Tests*
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Abstract

A theory of neutron-induced tritium-deutérjum fusion at room
temperature is developed, based entirely on_.previoﬁsly measnred cross-
sections of knowrn nuclear reactions. Thefusion process involves self-
sustaining chain reactions: (1) n.# ®Li #» 4He 4 T and/for
n+ "Li—» ‘He+T4n and (0T +D - *He+ n,in Li-D
plasma or pellet surrounded by &% #nd other blankets and by neutron
reflectors.¥ The recent resilis ‘of cold deuterium fusion reported by
Fleischmann, Pons, a’nd,.‘Ha.Wkins are described in ferms of this fu-
sion process. Experimenté.i" evidence and tests of the chain reaction

hypothesis are dégeribed.

*An extended summary of a talk presented at the Workshop on Cold
Fusion Phenomena, Santa Fe, New Mexico, May 23-25, 1989, to be
published in the workshop proceedings.

*+Patent applications pending.



New Cold Nuclear Fusion theory and Experimental Tests
Yeong E. Kim!

A theory of neutron-induced tritium-deuterium fusion at room temper-
ature is developed, based entirely on previously measured cross-sections of
known nuclear reactions. The fusion process involves self-sustaining chain
reactions: (1) n+ %Li —» ‘He+T and/orn+ "Li —» ‘He+T +n, and (2)
T4 D — *He+n,in Li — D plasma or pellet surrounded by &% and other
blankets and by neutron reflectors. The recent results of cold _deutérium fu-
sion reported by Fleischmann, Pons, and Hawkins are described in terms of
this fusion process. Experimental evidence and tests.6f the chain reaction
hypothesis are described. AT

KEY WORDS: Chain reactions with neutron-induced Li fission and T-D
fusion, Fleischmann-Pons-Hawkins effect..

INTRODUCTION

Recently, it has been suggestegl--[?] that the excess heat generation observed
by Fleischmann, Pons, ~and Hawkins (FPH) in their electrolysis
experiment!? may be due td netitron-induced tritium-deuterium fusion at
room temperature. In this paper, the proposed fusion process will be first
described in a more general context without the use of electrolysis for the
purpose of suggestingnew designs for large-scale fission-fusion reactors for
power generation. Then, the FPH effect %l will be described as a special case
of the proposed:fusion process which involves electrolysis with a Pd cath-
ode. Some specific experiments are suggested to test the proposed fusion
hypothesis for the FPH effect.

1Purdue Nuclear Theory Group, Department of Physics, Purdue University,
West Lafayette, IN 47907, U.S.A.



NEUTRON-INDUCED FISSION-FUSION PROCESS IN LI-D
PLASMA AND PELLET

The proposed process consists of self-sustaining chain reactions involving
neutron-induced fission of lithium ( Lz) with the resultant tritium undergoing
tritium-deuterium (T-D) fusion in lithium-deuterium (L: — D) plasma or
pellet surrounded by Li and other blankets and also by neutron reflectors.
The natural abundances of Li are 7.5% ®L: and 92.5% "Li.

The first stage of the chain reactions is ignited by & continuous or pulsed
flux of neutrons from an external source, which produces tritium via the
following fission reaction:

n+4 °Li = *He (2.05MeV) + T(2.73MeV), (1a)

with kinetic energies indicated in parentheses. The cross-section for the re-
action (1a) is very large at thermal energies (949 x 10%%¢m?)P®l. The reaction
rate (cross-section times velocity, ov) for'reaction (la) is also very large,
Onr; Va = (2.1 — 1.3) x 107®cm3s~1, for'a.range of neutron energies up to
14 MeV¥l, T(2.73 MeV) is produced ¥ia'the reaction (1a) without requiring
a heat source to generate extremely high temperatures (1 MeV corresponds
to 10" °K) in contrast to_the conventional nuclear fusion reactor designs in
which an enormous electromagnetic energy input is required.

The second stage of the chain reactions is T-D fusion with T(2.73 MeV)
generated from the.first stage (1a):

T;i“ D —+ *He (3.52MeV) + n(14.0TMeV) (2)

The T-D fusion cross-section is maximum (~ 10~**cm?) at a T kinetic energy
of ~ 100 keV and is nearly three orders of magnitude larger than the D-D
fusion cross-section for the same D kinetic energy. The T-D fusion reaction
rate for reaction (2) is large™ ov 2 10-'%em3s~?, for T(10keV ~ 10MeV),
and is at least fifty orders of magnitude larger than the T-D and D-D fusion
reaction rates at room temperature.

The 14.07 MeV neutrons from reaction (2) will be moderated via elastic
scattering or the breakup reactions, n + D — n+n+ p, etc., producing more
neutrons which with the 14.07 MeV neutrons could then feed the reaction
(1a), thus completing the reaction chain. In addition, the 14.07 MeV neutron



from the T-D fusion reaction (2} can also produce excess neutrons via the
following reactions:

n4 "Li— Li+n+n—T25MeV, (3)

and
n+ "Li— *He+ T +n—2.46MeV. (18)

The reaction rates (ov) for reactions (3) and (1b) are large, 2.9 x 107%cm?s~!

and 1.6 x 107'®cm3®s~!, respectively®#, In particular, reaction (1b) can
produce both T and n at a much higher rate than reaction (1a)for T, and
reactions (2} and (3) for n. Excess neutrons produced via reactions (3) and
(1b) by the 14.07 MeV neutron can also feed reactions (1a) and (1b) to
complete the reaction chains, (1a, 1b} — (2), thus providing a favorable
condition for the self-sustaining stage. The nedtron-induced T-D fusion via
the chain reactions, (la,15) — (2), is therefore expected to be efficient for
producing excess heat once the chain reactions-become self-sustaining at some
stage. g :
The feasibility of achieving a contréllgd self-sustaining state for the chain
reactions, (la,1b) — (2), in Li-D plasma or pellet will depend on the ge-
ometries and the materials for blankets and reflectors used in the design of
fission-fusion reactors, and\#ill-also depend on currently available and/or
new fusion reactor technologiés.

The same reaction chains, (1a,1b) — (2), have been considered®-*
the conventional magnetic confinement of T-D plasma with a surrounding Li
blanket and:also for inertial confinement fusion with Li — D pellet driven by
pulsed lasers. It has been speculated by Harms et al.l®l that the reaction chain
could be maintained for a finite number of cycles in the inertial confinement

for

fusion driven by lasers if the compression/expansion time were sufficiently
longer than the tritium recycling time in the reaction chain. The use of an
external (continuous or pulsed) neutron flux and Li — D plasma as proposed
in this paper is new and is being investigated as to whether it can help to
achieve a controlled self-sustaining reaction chain, (1a, 16) — (2), for specific
designs of neutron-induced fission-fusion reactors with optimal conditions
and geometries.

It has been argued(®” that the chain reactions, (1a,1b) — (2), could not
be sustained in the conventional magnetic confinement fusion of D-T plasma
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surrounded by a Li-blanket. However, the use of Li-D plasma surrounded by
Li and other blankets, and also by neutron reflectors, combined with the use
of an external (continuous or pulsed) neutron flux as the initial ignitor of the
reaction chain may be able to accomplish this, thus allowing new designs for
fission-fusion reactors.

The use of an external neutron flux as the initial ignitor of the chain
reactions, (la,1b) — (2}, has an important practical consequence that the
fusion ignition is accomplished by nuclear energy generated from reactions,
(la) and (1b), instead of by an enormous electromagnetic enécgy input as
required for the conventional fusion reactor designs. Theoretical reaction-rate
estimates for specific reactor designs based on the reaction ¢hain, (1la, 15) —
(2} and also on other neutron-induced reaction chains are being investigated
using Monte Carlo simulations and will be reported in future publications.
For charge-particle induced reaction chains, the use of proton or deuterium
flux as an initial ignitor was suggested by MeNally(0l

FISSION-FUSION PROCESS IN METAL DEUTERIDES

Recently, it has been reported by Flelschtnann, Pons and Hawkins 1% and
Jones et al.l'!l that electrochemitally<induced deuterium-deuterium (D-D)
fusion has been observed in a larger palladium cathode immersed in heavy
water with 0.1M LiOD?, and in‘a palladium cathode immersed in heavy wa-
ter with 0.2¢ of Li; SO H, O dissolved in 160 g of D,0M(~ 0.4 x10~2 M Li).
The results of Fleischmann et al.’! are substantially different from those of
Jones et al.1!)

The reported-D:D fusion rates of 10-1%s~? 12 and 10-25-1 Y are about
fifty orders of magnitude larger than the expected cold D-D fugion rate of
~ 10-7°5~1 13 Fleischmann et al.l¥ observed a rate of heat output which is
about twenty orders of magnitude larger than that expected from the inferred
D-D fusion rate (16-*%s7'), and state that other nuclear processes must be
involved.

In the following, a theoretical explanation of the observed resultsl®*!
is given in terms of tritium-deuterium (T-D) fusion induced by low-energy
neutrons. In the experiments of Fleischmann et al.¥l, the background low
energy neutrons (~ 40/hour) will produce tritium via the reaction {(1a). 8Li
needed for the reaction (1a) comes from LiOD in the heavy water solution’



Since the positively ionized 8Li concentration is higher near the Pd cathode,
T(2.73MeV) will be produced in greater abundance there via the reaction
(1a) than elsewhere. Once produced, T(2.73MeV') will be moderated to
lower energies in the heavy water and penetrate the Pd cathode, just as
D from the heavy water does. 7(10 R keV) can now undergo T-D fusion
with D in Pd and also in the heavy water through the reaction (2). The
14.07 Mev neutron from the T-D fusion reaction (2) can produce excess
neutrons via the reactions (1b) and (3), which can now feed reactions (1a) and
(1b) to complete the chain reactions (1a,16) — (2). These chain reactions
may have occurred in the experiment of Fleischmann et al.[?], but may not
have occurred in the experiment of Jones et al.l'], whoshadva much smaller
concentration of Li(0.39 x 10"3M L) in the heavy water.

If n(14.07 MeV) from the reaction (2) moves out of the Li — D, 0 solution
thus terminating the chain reaction, (la)«—(2), it will generate only 2
small amount of power, which is too small to be detected. However, if the
14.07MeV neutrons from the reaction (2) (starting with the initial density of
7in(0) for the reaction (1a)) are modetated in D;0 and in Pd by elastic and
inelastic scatterings and also by‘the break-up reactions (n(14.07TMeV )+ D —
n+n+ p; n(14.0TMeV )4 7' (thermalized and left over from the reaction
(2)) = n+n+dor n+n+ %+ p; reactions (1b) or (3)) to produce excess
neutrons, Kn,{0)( K > 1), then n, can gradually increase to a self-sustaining
value, with an associated increase in the excess power. The amount of T and
n present at the:self-sustaining stage would be substantially smaller than
the amount ofs, *He, since T and n are being recycled in the chain reaction,
(1a) — (2), consistent with the observation reported by Fleischmann et al.l?,
The use of electrolysis® can help chain reaction, (la) 4 (2), to become seli-
sustaining, since both nr and n, will increase in or near the Pd cathode,
thus increasing both the reaction rates, R.r; and Rrp, for (1a) and (2),
respectively.

The above discussions of the chain reactions are based on the assump-
tion that the probability of T-D fusion, Prp, is nearly one, ie, Prp =
[dzorpnp = [dEorpnp/(dE/dz) = Eorpnp/{dE/dz) = 1, where E =
JdE. However, in heavy water, the stopping power, |[dE/dz|, for a 1.25
MeV T is estimated to be ~ 10*MeVem ™, which in turn yields Prp ~ 10~4



with B ~ 1.25MeV,np ~ 6 x 10*2cm ™3, and o7p =~ 10~2*em?, implying that
the chain reactions, (1a,1b) — (2), are unlikely to occur. However, the situa-
tion may be quite different with electrolysis(® which produces an enormously
high concentration (equivalent to pressures of 10% — 10* atmospheres(®'?]) of
positive ions, D*, Lit, and T+ on and near the Pd cathode, thus diminish-
ing the electron density, p., and hence |dE/dz|, near the Pd cathode. A
reduction of p, on and near the surface of the Pd cathode and the pres-
ence of a high concentration of D on and inside the Pd cathode together
with a higher production rate of T and n via reaction (1b) could-all help to
overcome the difficulty due to Prp = 107! in heavy water and to achieve
the self-sustaining state for the chain reactions (1a) —.(2)%and (1) — (2)
on and/or in the Pd cathode. In addition, the Pd cathode, and also any
stainless steel containers and sinks used (containing F'e) could act as very
efficient reflectors of the 14 MeV neutron, since the reactions, 33°Pd(n,2n)
and Fe(n, 2n), have sizable cross-sections, (2:67%0.16) barns and (0.5+0.04)
barns, respectively at E, ~ 14 MeV!¥, In pacticular, Fe is one of the most
efficient reflectors of 14 MeV neutrons since-the elastic cross-section is also
large: (1.14 £ 0.06) barns at E. & 14 /MeV (the total cross-section is 5.3
barns)14.

EXPERIMENTAL EVIDENCE AND TESTS

Support for presenceof the self-sustaining chain reactions, (1a, 15) — (2),
comes from the'observation reported by Pons and Hawkins!!*'% that in a
preliminary expefiment, mass spectrometric analysis of evolved gases from
a cell operating at 200 milliamps with an electrode (Pd) volume of 0.0785
em® and delivering 0.5 ¥atts cm™? of excess heat, gave a *He/D; ratio of
1075 - 108, a value which is substantially larger than that obtained from a
number of blank determinations. This corresponds to a *He production rate
of 8 x 10" to 8 x 10?cm~3s~? which is consistent with the chain reaction,
(1a) — (2), whose corresponding power, P (chain reaction), would be

R{chain reaction)(Enri + Erp)
1.4 ~ 14.4 watts em™3,

P(chain reaction)

He I

which is of the same order of magnitude as the observed value of 0.5 watts



em~3 D48l B = 0.77 x 107!? joules/reaction and Epp = 2.82 x 107
joules/reaction are the energies generated by the reactions, (1a) and (2),
respectively. In calculating the above values of P (chain reaction), R (chain
reaction) & 4 x 10" to 4 x 10" em =5~ is used, since each chain reaction cycle
produces two *He nuclei. These values of R (chain reaction) correspond to
nr = n, = 0.85 x 107 to 8.5 x 107 em~%. However, external detection rates
of these tritiums and neutrons would be extremely low, since they are being
recycled in the self-sustaining chain reactions, (1a,15) — (2), while confined
in a small volume localized inside or near the pd cathode which-is shielded
by the surrounding Li — D;0 solution and by other materials used.

Other support for the self-sustaining chain reactions, (18) — (2) and
(18) — (2), comes from the recent observations reported* by Srinivasan et
al.l%l that the use of NaQD or LiOH instead’of Li®D does not produce
excess heat during electrolysis. The use of NaOD (without L:) will com-
pletely break the chain reactions, (1a) — (2).and (1) — (2), since there are
no Li present. The use of LiOH instead of _L_iQD will also break the chain
reactions, (la) — (2) and (15) — (2), since'H is a very efficient absorber
of neutrons and hence will deter the‘chain reactions from reaching the self-
sustaining stage. H will alse’ lower the D* concentration on and in the Pd
cathode. 4

It should be noted that réaction (la) is the first ignition stage in the
experiments of Fleischmann et al.l! and Srinivasan et al.!'® since the back-
ground thermal néubrons are utilized in both cases. Therefore, it is expected
that the use.of "EsOD instead of natural LiOD(7.5% ®L: and 92.5% "L1i) in
their experiments will result in no generation of excess heat, since the ab-
sence of ®Li eliminates the possibility of reaction (la) and also the reaction
(1b) cannot proceed with thermal energy neutrons because of the threshold
neutron energy of 2.46 MeV needed for (Ib). The use of *Li0D instead of
natural LiOD is expected to make chain reaction, (1a) — (2), proceed faster
but may produce less excess heat since the other chain reaction, (1) — (2),
is absent. In fact, the absence of "L and therefore the reaction, (15) — (2),
may prevent the chain reaction, (1a) — (2), from reaching the self-sustaining
stage in some cases.

There are many improvements which could provide more favorable condi-
tions for achieving the self-sustaining chain reactions, (1e,1b) — (2), in the
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experimental apparatus for the FPH effect. Some are listed below.

i. Use an intense neutron source
ii. Use efficient neutron reflectors in optimal geometrical arrangements.

iii. Use an optimal current density larger than or equal to the 512 mA/em?

Fleischmann et al.l¥l used.
iv. Use an optimal (larger volume and surface) size of the Pd.cathode.

v, Use an optimal concentration of LiOD greater than or'equal to the 0.1
M Li concentration Fleischmann et al.l?} used.

vi. Operate the electrolysis for a sufficient duration to achieve a maximal
loading of Li* and Dt on and in the Pd cathode.

vii. Avoid the use of any electrolytes which contain neutron absorbers, such
as H (as in LiOH), Cl (as in LiCl), N (asin LiNO;), etc.

To test the chain reaction hypothesis for the FPH effect, the following
signatures should be measured simultaneously after the above suggested im-
provermnents are implemented;

(a) Excess heat generation as a function of the ratio 7Li/®Li for a given
concentration of LiO&."

(b) *He (inPd, in solution and outside as gas).

(c¢) T (inPd,.in solution and outside as gas).

(d) n (thermal energies to ~ 14MeV).

For (a), the excess heat generation is expected to vary as a function
of the ratio "Li/®L: for a given value of LiOD concentration. This test
can be used to distinguish between the chain reaction hypothesis and any
chemical reaction hypothesis involving Lt, since 8L and "Li being chemically
identical are expected to produce the same amount of heat from any known
or unknown chemical reactions involving Lz.

It should be noted that there have been no direct measurements of the
14.07 MeV neutrons (a clear signature of the chain reactions, (la) — (2)
and (18) — (2)), which can be detected only by a specially designed neutron
detector. It should be emphasized that the above quantities, (a), (b), {c)
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and (d), are expected to be detectable only after the self- sustaining stage
(K > 1) for the chain reactions, (la,15) — (2), is achieved. The negative
results for (a), (b), (¢) or (d) reported by many experimental groups at this
workshop may be attributed to the case of the subcritical stage (K < 1), since
appropriate geometries and other necessary stringent experimental conditions
are required for achieving the critical stage (K > 1).

More detailed analyses of the required conditions for the critical stage and
quantitative estimates for the rates of the chain reactions, (1a, 15) — (2), are
currently being carried out using Monte Catlo simulations for specific cases of
the electrolysis experiments and will be teported in a separate. pgblica.tiou.[m
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ABSTRACT

Recently, it has been reported by Flelsd;mmxl, Pons, and Hawkins (FPH)
that tritium production and excess }Iéa'é-ggé#br-ation above that due to the
electrode reaction have been ob_qgrﬁ.;ﬁ:i;_ﬁﬂ their electrolysis experiments with
a palladium cathode 1mmmedm heavy water with 0.1M LiOD. The FPH
effect cannot be explainéafﬁi.;rﬁnown single-step nuclear reactions such as
deuterium-deuterium fusaon, since the reaction cross-sections and rates are
too small at room f_’ﬁ;:ﬁi'iie.rature. However, a combination of known nuclear
reactions can;EO"fﬁn a set of closed chain reactions which can become self-
sustaining at a critical stage under favorable conditions and geometries, as
in the well-known case of neutron-induced fission chain reactions. In this pa-
per, the FPH effect is described in terms of a chain-reaction process involving
neutron-induced photonuclear chain reactions in palladium deuteride. Exper-
imental evidence and tests of this chain-reaction hypothesis for the FPH are
described.
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Neutron-induced photonuclear chain-reaction process in palladium
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Recently, it has been reported by Fleischmann, Pons, and H&kas (FPH)
that tritium production and excess heat generation above';ﬁé;'t.”cliue to the
electrode reaction have been observed in their elect.rqusm eXperlments with
a palladium cathode immersed in heavy water, Wit-h ﬁfM LiOD. The FPH
effect cannot be explained by known s:ngle-step niclear reactions such as
deuterium-deuterium fusion, since the reanctim cross-sections and rates are
too small at room temperature. Howgve‘t a cofmbmatlon of known nuclear
reactions can form a set of closed! chaun reactions which can become self-
sustaining at a critical stage unc!er favorable conditions and geometries, as
in the well-known case of ﬁégf';_gﬁ;:induced fission chain reactions. In this pa-
per, the FPH effect is desy:r:bedm terms of a chain-reaction process involving
neutron-induced ph@limmclea.r chain reactions in palladium deuteride. Exper-
imental evi't:l_gﬁce,_;&ia-ztests of this chain-reaction hypothesis for the FPH are
described. N



Recently it has been suggested!? that the excess heat generation observed
by Fleischmann, Pons, and Hawkins (FPH) in their electrolysis experiment?®
may be due to self-sustaining chain reactions involving neutron-induced tritium-
deuterium (T-D) fusion at room temperature. In this paper, an alternative
chain-reaction hypothesis is proposed, which is consistent with both the ex-
cess heat generation and the tritium production reported by Fleischmann et
al.® and more recently by other groups*5?8,

In addition to the excess heat generation, Fleischmann et 'aal:z:.‘ reported
tritium and neutron production. An attempt to mterpret the:r data and that
of other’s*~% in terms of the cold D-D fusion presents ‘the follbwmg difficulties:

(I) The D-D fusion rate inferred by Flelschmmn et al® from measure-
ments of tritium and neutron production I_U"’-‘j‘ga“l) is about fifty orders of
magnitude larger than the expected D-D;_’E"u|;_i_<:r'n“'-.3_:a.l;la"’r of ~ 10770571,

(IT) The rate of excess heat outlpuf.éﬁ'séﬁed by Fleischmann et al.® is
about twenty orders of magnitude hfgertha.n that expected from the inferred
D-D fusion rate (10‘193‘1]_t..--35i_:hi}a.;' rates of excess heat generation have been
reported by Appleby et a.]“and qugginss.

(II1) The rate of nelibron production (10-%s~!) reported by Fleischmann
et al.? is now uncerta.&ﬁ and may be substantially less due to a misinterpretation®®*
of their datay The energy of the observed y-ray appears to be ~ 2.8MeV/
which cannot be attributed to radiative capture, n+p — D + 7 (2.22 MeV),
of neutrons produced in their experiments.

(IV) Wolf et al.® reported excess tritium production with a rate compa-
rable to that inferred from the excess heat generation observed by of Fleis-

chmann et al.?, but did not observe excess neutron production for neutron

energies larger than ~ 1MeV.
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The reaction rates for other known single-step nuclear reactions are also
too low at room temperature and hence cannot explain the observed ex-
perimental data®"® and the above difficulties, for the FPH effect. There-
fore, it is reasonable to consider other possible nuclear processes based on
self-sustaining neutron-induced chain reactions, which can achieve a critical
or supercritical stage in electrolysis experiments. One such chain-reaction
hypothesis'? for the FPH effect has been suggested and involves neutron-
induced fission of lithium with the resultant high-energy tgitﬁﬁﬁ;-ﬁarticipat-
ing in tritium-deuterium fusion. In the following, aﬂﬁjih&f'ﬁossible chain
reaction hypothesis is considered, based on a neptiqéﬁiﬂ&:'ﬁced photonuclear
chain-reaction process which is capable of reséﬁriﬁgﬁt.ﬁ'e. difficulties (I}-(IV).
A get of predictions for the new chain-reagﬁi’f\m hyplothesia, to be tested ex-
perimentally, are given at the end. -.

In the electrolysis experiments QfFlemc.hmann et al.?, Appleby et al.?,
Wolf et al.5, and Huggins®, the ba,gkg,w‘und low energy neutrons (~ 40/hour)

will produce photons via :rx_ﬁﬁfci_i.at"ﬁ(c capture in the Pd cathode,
¢ / .
n+ wapd ¥ lmf’d(excite states) + ¥~ 5‘151‘{610 (1)

with photon e}nengi_;q;ailiﬁﬁﬂicated in parenthesis. The cross-section for reac-
tion (1) is hggegf'ﬁhermal energies, o = (12 &+ 2)b (b = barn = 10~ **cm?).1?
The reaction !_afe)(croswsection times velocity, ov) for reaction (1) is also
large, onpavn & 2.64 x 1078cm3s~!, 109Pd in its ground state (g.s.) has a
spin-parity (Jw) of (5/2 +) with a half-life of 13.4 hours, and decays by S-
decay into excited states of '® Ag which subsequently de-excite to the ground
state (%—-} of ' Ag by gamma-ray emissions.'® There are additional neutron

radiative capture processes by other Pd isotopes but their cross-sections are

much smaller than that of reaction (1): 0, &~ (0.36 4+ 0.05)b for °Pd(n,)

3




1.“Pd(g.s.), and o, = (13 & 2)mb for 98 Pd{n, v)1°7 Pd (isomeric s.).1? The
natural abundances!? of Pd are 1% %2Pd, 11% '°*Pd, 22.2% °°Pd, 27.3%
198 pd, 26.7% '%°Pd, and 11.8% '°Pd.

Once the y(< 6.15MEV) is produced in the Pd cathode, it will lose its
energy or be absorbed as it passes through the deuterated Pd and then
through the Li — D, 0 solution outside the Pd cathode. However, the atomic
photo-absorption coefficient!?, 7(E,), for Pd has a minimum near E 3~
5MeV as do most other elements with atomic number Z < ‘2& Therefore
if ¥(% 6.15MeV) from reaction (1) is not absorbed, it, ca‘ﬁ, partu:lpate in
nuclear absorption processes by breaking up deul_:_e;fmm%n Pd and D,0 via

the photonuclear reaction
¥(< 6.156MeV)+ D — p ! o 2 225MeV (2)

which generates neutrons with kinetic émerg‘reg £ 2 MeV. The cross-section
for (2) has a maximum value of O'T‘g.g.fga-,-mb at £, = 4 MeV, and a value of
o = 2mb at E, = 6MeV'5, thcethe reaction rate is (oc) ~ 7x 107 em?®s 1.

These neutrons can then feetibatk mmto reaction (1) thereby establishing a
chain reaction which is dn!;gna,ted as (1) — (2).

If most of 7(~ 6: f@ﬂfeV} from (1) and/or n{~ 2MeV') from (2) move out
of the Pd ca.tl-;gdg%;tf}e ele::trolyms cell, and the surrounding shielding, and are
lost, then the Muin reaction (1) — (2) cannot occur and will generate only
a small amount of excess heat which is too small to be detected. However, if
both (< 6.15MeV ) from reaction (1) and n(< 2MeV) from reaction (2) can
be kept inside and /or near the Pd cathode, the photon flux inside will increase
to a favorable value for the self-sustaining stage, producing enough photons
and neutrons to be recycled continuously in the chain reaction, (1) — (2) with

an associated increase in the excess heat generation. The neutron-induced
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photonuclear chain reaction, (1) — (2), is therefore expected to be efficient
for producing excess heat once the chain reaction becomes self-sustaining at
some stage, thus resolving the difficulties (I) and (II).

When the positively charged Li* ions migrate to the Pd cathode during
electrolysis, they may form a thin surface layer of Li metal, deuteride and/or
alloy crystal,® which can act as a reflector of v-rays. If 7(5 6.15MeV') are
moderated and stay in the Pd cathode by reflecting off the #nclosing Li
surface layer, they can generate neutrons efficiently via reac}it;an (2) inside
the Pd cathode. If most of these neutrons can also stay m«m&‘a Be Pd cathode
by moderation through the deuterated Pd cathod¢ and, reﬂm:tlons from the Li
surface layer, they will feed reaction (1), thus comp}gtmg the chain reaction,
(1) — (2). When the above chain reactmrk b@comes self-sustaining, excess
heat of 3.93 MeV (= 6.15 MeV - 2.22 Me‘a’*’) pfgr chain cycle will be generated

along with smaller amounts of Ot-hm‘ smg]e—ﬁ“‘l;ep nuclear reaction products

(such as tritium). Also the extamal't’lvetection rates of neutrons and vy-rays
from this reaction are expeﬁ.ed ’t.o be substantmﬂy smaller than those inferred
from the production rates oft excess heat and tritium assuming single-step
reactions, since thcse prtj&ucts are being recycled and also shielded by the
L1 — D0 solu&#.,lonf‘f'

generation Wmﬁ‘l “séme possible tritium gas production) may correspond to

Experlrncnta,l results of Appleby et al.* (excess heat

the above situation.

If the chain reaction, (1) — (2), is occurring at a self-sustaining stage
within the deuterated Pd cathode enclosed by the I.i surface layer, the
amount of neutrons and photons leaking out into the heavy water solution
would thus be minimal. However, if the chain-reaction becomes critical or

supercritical, a large excess of neutrons and photons may leak out into the



Li — D,0 solution. Excess neutrons produced by reaction (2) that do not
feed reaction (1) will be absorbed by Li to produce tritium and *He through

the following fission process
n+ SLi — T(2.73MeV) + *He(2.06MeV) (3)

with kinetic energies indicated in parenthesis. The cross-section for reaction
(3) is large at thermal energies (949 b),!® and so is the reaction tabe, Onr Un =
2.1 x 107 "%em®s'. ®Li in reaction (3) comes from LiODy diumﬁred in the
heavy water solution. The natural abundances of %Li a.mi "E‘i’ are 7.5% and
92.5% , respectively. T and *He are mostly pwdmﬂedb&tstﬁe the Pd cathode
in the solution, since Li ions do not penetratéic.l;é?efpl;into the Pd cathode
through electrolysis. Thus, the external detgggﬁf}n ra.t‘le of any excess neutrons
is expected to be substantially sma.ﬂer thﬂfn th;a.t of tritium, since most of
the neutrons are thermalized in the L; - Df@ solution and absorbed by 8Li
via reaction (3). The expenm,emteﬂ riesults of Wolf et al.® (excess tritium
production in a few-hour,:@u;ﬂrt ﬁuth no detection of neutrons with energies
greater than ~ 1 MeV), m;j;**ag‘é::;fespond to this situation, thus qualitatively
resolving difficulties. {H’E} and (IV).

The t:haln-@eai:tmn ( ) — (2), may be sustained for long periods if fa-
vorable geome%"rwh and conditions are maintained thereby producing excess
heat and tritium in a steady flow. It may terminate abruptly if unfavorable
conditions develop {such as reaching its supercritical stage), thus producing
the excess heat and tritium as short bursts.

The 2.8 MeV photon observed by Fleischmann et al.%*'" (see difficulty
(IL1)) cannot be attributed to those!! from to the reaction °®Pd(n,y) '™ Pd
but may be to the reaction 7'(*He,v)"Li. The 2.05 MeV *He and thermal-

O



ized T produced from reaction (3) can interact via
‘He(2.05MeV)+T — "Li+~ (4)

For reaction (4}, y-rays with three different energies, Efr” = E,“;,z) ;3 E,?) =
3.34MeV, B = 2.86MeV, and E¥ = 0.48MeV, are expected'®'” since
reaction (4) populates a continuum state of "Li at £ = 3.34MeV which
decays to the ground state (E = (¢ MeV Jr = %—, and isospin J = %} or to the
first excited state (E = 0.48 MeV, Jxr = 1 — and I = 1).® E{Y) and EL) may
not have been detected by their 4-ray (Nal) detector, since Eg?] = 3.J4MeV
is out of the energy range of their detector and E,E"’:‘." =.0.48MeV will be
buried under the background y-ray spectrum. The 2.8:MeV ~-ray observed
by Fleischmann et al. may be identified as E!f) = 2.86MeV.

The self-sustaining chain reaction, {1) = {2J,.is consistent with the recent
observations reported by Appelby et.al.%.that the use of LiOH or NaQD
produces a smaller amount of excess‘heat than does the use of LiOD. The
use of LiOH will deter the ¢hain réaction from reaching the self-sustaining
stage since H will lower DF gongentration near and in the Pd cathode and is
also a very efficient abgorber of neutrons. The use of NaOD or other heavier
saits with larger atomic-pumbers will ais-o deter the self-sustaining chain
reaction, since haavier ions (such as Nat ) have larger atomic photoabsorption
coefficients than lighter ions (such as L:t*)."* Furthermore, Na may not form
a surface crystal layer on the Pd cathode during electrolysis, since Na may
not be loaded into the Pd cathode to form deuteride or alloy while Li may
do so.*

The self-sustaining chain reaction is also consistent with another obser-
vation by Appleby et al.* that the use of a platinum (Pt) cathode does not

produce excess heat during electrolysis. The radiative neutron capture cross

7



section, oy, for Pt isotopes is largest for 98Pt (7.21% abundance), where
Ony = 3.7+ 0.25.'2, However, the rate of photon production will be much
smaller for comparable amounts of Pt to Pd, since o, (12 & 2b) and relative
abundance (26.7%) are larger for °®Pd in reaction (1). Furthermore, a Pt
cathode does not absorb D to become deuterated during electrolysis.

One way to check the chain reaction hypothesis for the FPH effect and
to improve experimental conditions for achieving the self-sustqé_ning chain-
reaction, (1) — (2), is to use pure '"®Pd (~ 100%) as the cathode in elec-
trolysis. Another possibility i1s to use a cathode metal whicli() can load
deuterium as efficiently as or better than Pd, (ii) has’ ﬂg. Ia.sger radiative neu-
tron capture cross-section than Pd does, and’ (m) pmduces photons with
energies comparable with the minimum atomic photoabsorption coefficients
(photon energies of ~ 3 to 5Mel/ )M Tfta.nitim is not a good candidate;
the largest o,. for Ti isotopes is that Gf.- 5BC'T‘.'. (5.3¢% abundance) with
Opy = 0.17940.003 b '?, which is subat&ntlally smaller than o, , = 12425 for
18 pd (26.7% abundance) -’Thls is consistent with the observation reported
by Wolf et al.® that thelr ele/g{‘rolyms experiments with titanium cathodes
yielded negative result}

There are magy__.-}_mprovements which could provide more favorable con-
ditions for mhie*mng the self-sustaining chain reaction, (1) — (2), in the
experimenta.l:?%sppa_ratus for the FPH effect. Some suggested improvements
are! use an intense neutron source; use efficient neutron and photon reflec-
tors in optimal geometrical arrangements; nse an optimal current density
larger than or equal to the 512 mA/cm? Fleischmann et al. used; use an
optimal (larger volume and surface) size of the Pd cathode; use an oplimal

concentration of LiOD greater than or equal to the 0.1 M Li concentration

-
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Fleischmann et al. used; operate the electrolysis for a sufficient duration to
achieve a maximal coating of Li* on and loading of D* in the Pd cathode;
and avoid the use of any electrolytes which contain strong photon absorbers
such as Na (as in NaOD), etc.

To test the chain reaction hypothesis for the FPII effect, the following
signatures should be measured simultaneously after the above suggested im-
provements are implemented: .

(a) Excess heat generation as a function of the isotope m‘ﬁm Ide/Pd

(b) ®He generation (in solution and outside as a ga,s) asg “fiinction of the

ratio ®Li/7Li for a given concentration of LiOD.," \_\\'

o 4
y

(c) T generation (in solution and outside a:."*:-'ai*gas) as a function of the
ratio ®Li/7Li for a given concentration of LJ@D

{d) n production (thermal energles tor ) M«EV)

(e) ¥ production (energy spectrumw 6 IfiMeV from % Pd(n,v) 1®°Pd).1

For (a), the excess heat gener@m&n is expected to vary as a function of the
isotope ratio '°®Pd/Pd. Tfns t’ﬂst can be used to distinguish between the
chain reaction hypothesis amd, aﬁy chemical reaction hypothesis involving Pd
since Pd isotopes be;ggg_}bgmlcally identical are expected to produce the same
amount of heat frt;m}hny"knowu or unknown chemical reactions involving Pd.

1t shouldﬂbé.f;_sﬂ:éﬁl;asized that the above quantities, (a)-(e), are expected
to be detectable only after the self-sustaining stage for the chain reaction,
(1) — (2), is achieved. The negative results for (a),(b),(c),(d), and/or (e)
reported by many experimental groups may be attributed to the case of the
subcritical stage since appropriate geometries and other necessary stringent

experimental conditions are required for achieving the critical stage. The

chain-reaction hypothesis described above or other chain-reaction hypotheses

e,



such as the one proposed in references 1 and 2 for the FPH effect can be
tested experimentally, since each of these hypotheses leads to a set of specific
predictions.

Detailed analysis of the required conditions for the critical stage and
quantitative estirnates for the rates of the chain reaction, (1) — (2), are
currently being carried out using Monte Carlo simulations for specific cases

of the electrolysis experiments and will be reported in a separate publication.
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