
---,~ 

ES·F·'H125.1y 
(10-86) '" 

. I 

U.S. DEPARTMENT OF ENERGY 
CORRESPONDENCE CONTROL FORM 

OFFICE OF THE EXECUTIVE SECRETARIAT 
ACTIVITY (. . 1) 0 DO NOT DETACH FROM ORIGINAL CORRESPONDENCE 
SOURCE.CODE f'N PUB."]( r1Hll... 

CONTROL Nor- ~~89 .... ,) 1• ~~ O B O .SPEC INT: 
.\TE CORR: ~tH,..,..1 ....,..1 ..,...l ""'O ....,.,,. "''""l8,..,..,9 / :<r DATE CNTRL: O<~J/ l '·l.·· bS' DATE DUE: 

-------- --------
TO: SECY: X DEP SEC: UN SEC: OTHER: .R: .:_ MEMO: TWX: 

SUBJ: 1'1 .;J...[A 
I U~~· .[( N 
ENCL OSES "SHOR f BUfriNAI~Y OF 

I 

RE.:>E ·· F Cll 0 ::U f ON·-I'tDUC :::n 
CH .·N .. ~REf.~CTIO -~ROLESSEb ~-oR 

L "'GE·- SC l .:. p WER t •• II 

(J 

2 
3 

-----

FOR USE BY ACTION OFFICE ONLY 

ACTION REFERRED TO DATE RETURN TO DUE 
DATE 

ACTION T<(IJ~ TYPEACTION: For vour' infor'M<ltion SIG OF: 
--~------------- ----

CONCURRENCE: 
INFORMATION~; DS US t1A/1. 22 DO/I~ 

FILECODE. MKIM-ESJS1 012080 CONTROL ANALYST: TRI-)Vlb HULSEY. I ~j07 ·,; 

ALL DOCUMENTS FOR THE OFFICE OF THE SECRETARY 
MUST BE FORWARDED TO THE OFFICE OF THE EXECUTIVE SECRETARIAT FOR FINAL PROCESSING f . ~ I 



DISCLAIMER

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document.



' t 

PURDUE UNIVERSITY 

DEPARTMENT OF PHYSICS 

Dr. John R . Huizenga 
Co-Chairman, Cold Fusion Panel 
U.S. Department of Energy 
1000 Independence A venue, SW 
Washington, D.C. 20585 

Dear Dr. Huizenga: 

August 10, 1989 

As you requested in your letter of July 20, 1989, I am sending you a short summary of 
my past and present research on nuclear fusion. 

Enclosed are one copy each of (1) "Short Summary", (2) a preprint (reference 5) entitled 
"New Cold Nuclear Fusion Theory and Experimental Tests", and (3) a preprint (reference 6) 
entitled "Neutron-Induced Photonuclear Chain-Reaction Process in Palladium Deuteride". 

In my summary, two aspects of my fusion research are emphasized: (a) neutron-induced 
chain-reaction processes as a possible explanation of the effect reported by Fleischmann 
et al. and others, and (b) importance of and urgent need for designing and building new 
neutron-induced fission-fusion reactors for large-scale power generation, utilizing existing 
and/or new fission and fusion reactor technologies, regardless of whether the final outcome 
and results of "cold fusion" reported by Fleischmann et al. and others turn out to be valid 
or not. 

~~~ 
Yeong E. Kim 
Professor of Physics 
Phone: (317)494-:1042 
FAX: (317)494-0706 
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Mr. John H. Schoettler, Chairman, DOE Energy Research Advisory Board 
Admiral James D. Watkins, Secretary of DOE 
Dr. D. Allan Bromley, White House Science Advisor 
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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 that due to the 

electrode reaction observed by Fleischman, Pons, and Hawkins (FPH) 1 and 

others2
•
3

•
4 in their electrolysis experiments with a palladium cathode im

mersed in heavy water (with O.lM LiOD) can not be explained by known 

single-step nuclear reactions such as deuterium-deuterium fusion, since the 

reaction cross-sections and rates are too small at room temperature. How

ever, a combination of known nuclear reactions can form 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 fis

sion chain reactions. The FPH effect is described in terms of chain-reaction 

processes involving (a) neutron-induced fission-fusion chain reactions5 and 

(b) neutron-induced phot"onuclear chain reactions in palladium deuteride. 6 

The process (a) involves neutron-induced fission of lithium with the re

sultant tritium (2. 73 MeV) participating in tritium-deuterium fusion. The 

process (b) involves radiative neutron capture by 108 Pd with the resultant 

1'-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. 5 •
6 

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

1 



to design new fission-fusion reactors for large-scale power generation, when 

an external (continuous or pulsed) neutron flux is included. 5 The process 

involves self-sustaining chain reactions: ( 1) n + 6 Li ---+ 4 He + T and/ or 

n + 7 Li---+ 4 He+ T + n, and (2) T + D ---+ 4 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), instead of by 

an enormous electromagnetic energy input as required for the conventional 

fusion reactor designs. The feasibility of achieving a controlled 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 also depend on currently available 

and/or new fission and fusion reactor technologies. 

Prototype fusion reactors, based on the conventional designs for both 

plasma and inertial confinement fusions, have not yet achieved a break-even 

stage for a sufficient time duration in spite of enormous scientific and en

gineering efforts invested during the last two decades. Therefore it is im

portant and urgent to investigate the feasibility of achieving a controlled 

self-sustaining stage 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. 

2 
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New Cold Nuclear Fusion Theory and Experimental Tests• 
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Purdue Nuclear Theory Group 

Department of Physics 
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West Lafayette, IN 47907, U.S .A. 

Abstract 

A theory of neutron-induced tritium-deuterium fusion at room 

temperature is developed , based entirely on previously measured cross

sections of known nuclear reactions. The fusion process involves self

sustaining chain reactions: ( 1) n + 6 Li ~ 4 He + T and/ or 

n + 7 Li --+ 
4 H e + T + n, and (2) T + D ~ 4 H e + n, in Li - D 

plasma or pellet surrounded by Li and other blankets and by neutron 

reflectors.+ The recent results of cold deuterium fusion reported by 

Fleischmann, Pons, and Hawkins are described in terms of this fu

sion process. Experimental evidence and tests of the chain reaction 

hypothesis are described. 

*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. Kim1 

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+ 6 Li __... 4 He+T and/or n+ 7Li __... 4He+T+n, and (2) 

T + D __... 4 He + n, in Li - D plasma or pellet surrounded by Li and other 
blankets and by neutron reflectors. The recent results of cold deuterium fu

sion reported by Fleischmann, Pons, and Hawkins are described in terms of 

this fusion process. Experimental evidence and tests of the chain reaction 

hypothesis are described. 

KEY WORDS: Chain reactions with neutron-induced Li fission and T-D 

fusion, Fleischmann-Pons-Hawkins effect. 

INTRODUCTION 
Recently, it has been suggested [t) that the excess heat generation observed 

by Fleischmann, Pons, and Hawkins (FPH) in their electrolysis 

experimentl21 may be due to neutron-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 suggesting new designs for large-scale fission-fusion reactors for 

power generation. Then, the FPH effect l2l 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. 

1 Purdue Nuclear Theory Group, Department of Physics, Purdue University, 

West Lafayette, IN 47907, U.S.A. 
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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 ( Li) with the resultant tritium undergoing 

tritium-deuterium (T-D) fusion in lithium-deuterium (Li - D) plasma or 

pellet surrounded by Li and other blankets and also by neutron reflectors. 

The natural abundances of Li are 7.5% 6 Li and 92.5% 1 Li. 
The first stage of the chain reactions is ignited by a continuous or pulsed 

flux of neutrons from an external source, which produces tritium via the 
following fission reaction: 

n + 6 Li--+ 4 He (2.05MeV) + T(2.73MeV), (la) 

with kinetic energies indicated in parentheses. The cross-section for the re

action (la) is very large at thermal energies (949 x 1Qi4 cm2)l31. The reaction 

rate (cross-section times velocity, av) for reaction (la) is also very large, 

anLi Vn = (2.1 - 1.3) x 10-16cm3 s-1 , for a range of neutron energies up to 

14 MeVl4l. T(2.73 MeV) is produced via the reaction (la) without requiring 

a heat source to generate extremely high temperatures (1 MeV corresponds 

to 1010 ° 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 ( 1 a): 

T + D--+ 4 He (3.52MeV) + n(14.07MeV) (2) 

The T-D fusion cross-section is maximum ( ~ 10-23cm2 ) at aT kinetic energy 

of ~ 100 ke V and is nearly three orders of magnitude larger than the D-D 

fusion cross-section for the same D kinetic en~rgy. The T- D fusion reaction 

rate for reaction (2) is largel51, av ~ 10-16cm3s-t, for T(lOkeV ~ 10M eV), 
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 

(la), thus completing the reaction chain. In addition, the 14.07 MeV neutron 
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from the T-D fusion reaction (2) can also produce excess neutrons via the 

following reactions: 

n+ 7Li~ 6Li+n+n-7.25MeV, (3) 

and 

n + 7 Li ~ 4 He + T + n- 2.46MeV. (lb) 

The reaction rates ( uv) for reactions (3) and (lb) are large, 2.9 x 10-16cm3 s-1 

and 1.6 x 10-15 cm3s-1 , respectively[3 ,41. In particular, reaction (lb) can 

produce both T and n at a much higher rate than reaction (la) for T, and 
reactions (2) and (3) for n. Excess neutrons produced via reactions (3) and 

(lb) by the 14.07 MeV neutron can also feed reactions (la) and (lb) to 

complete the reaction chains, (la, lb) --+ (2), thus providing a favorable 

condition for the self-sustaining stage. The neutron-induced T-D fusion via 
the chain reactions, (la, lb) --+ (2), is therefore expected to be efficient for 

producing excess heat once the chain reactions become self-sustaining at some 

stage. 

The feasibility of achieving a controlled self-sustaining state for the chain 

reactions, (la, lb) --+ (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 will also depend on currently available and/ or 

new fusion reactor technologies. 

The same reaction chains, (la, lb) --+ (2), have been considered[6
-

91 for 

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 ai.(s] that the reaction chain 

could be maintained for a finite number of cycles in the inertial confinement 

fusion driven by lasers if the compression/expansion time were sufficiently 

longer tha.n the tritium recycling time in. the reaction chain. The use of a.n 

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, ( 1 a, 1 b) ~ ( 2), for specific 

designs of neutron-induced fission-fusion reactors with optimal conditions 

and geometries. 

It has been argued[6
,
7

] that the chain reactions, (la, lb) ~ (2), could not 

be sustained in the conventional magnetic confinement fusion of D-T plasma 
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surrounded by aLi-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, lb) __... (2), has an important practical consequence that the 

fusion ignition is accomplished by nuclear energy generated from reactions, 

(la) and (lb), instead of by an enormous electromagnetic energy input as 

required for the conventional fusion reactor designs. Theoretical reaction-rate 

estimates for specific reactor designs based on the reaction chain, (la, lb) -t 

(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 McNally[101. 

FISSION-FUSION PROCESS IN METAL DEUTERIDES 
Recently, it has been reported by Fleischmann, Pons and Hawkins [21 and 

Jones et al.[ll] that electrochemically induced deuterium-deuterium (D-D) 

fusion has been observed in a larger palladium cathode immersed in heavy 

water with O.lM LiODl2l, and in a palladium cathode immersed in heavy wa

ter with 0.2g of Li2S04 • H 2 0 dissolved in 160 g of D 2 Q[ll)(,....., 0.4 x 10-3 M Li). 

The results of Fleischmann et al)21 are substantially different from those of 
Jones et al. [ll 1 

The reported D-D fusion rates of 10-19 s-2 [21 and 10-23 s-1 [ll) are about 

fifty orders of magnitude larger than the expected cold D~D fusion rate of 
,....., 10-70s-1 [121. Fleischmann et al.[2] observed a rate of heat output which is 

about twenty orders of magnitude larger than that expected from the inferred 

D-D fusion rate (10-19s-1 ), and state that" other nuclear processes ·must be 

involved. 

In the following, a theoretical explanation of the observed results[2,ll) 

is given in terms of tritium-deuterium (T-D) fusion induced by low-energy 

neutrons. In the experiments of Fleischmann et al.l21, the background low 

energy neutrons (,....., 40/ hour) will produce tritium via the reaction (la). 6 Li 

needed for the reaction ( la) comes from LiO D in the . heavy water solution'. 
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Since the positively ionized 6 Li concentration is higher near the Pd cathode, 

T(2. 13M e V) will be produced in greater abundance there via the reaction 

(la) than elsewhere. Once produced, T(2 . 13M e V) will be moderated to 

lower energies in the heavy water and penetrate the Pd cathode, just as 

D from the heavy water does. T(lO 2: 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 (lb) and (3), which can now feed reactions (la) and 

(lb) to complete the chain reactions (la, lb) ~ (2). These chain reactions 

may have occurred in the experiment of Fleischmann et al.[2l, but may not 

have occurred in the experiment of Jones et al.[11J, who had a much smaller 

concentration of Li(0.39 x 10-3 M Li) in the heavy water. 

If n(14.01 MeV) from the reaction (2) moves out of the Li- D20 solution 
thus terminating the chain reaction, (la) ~ (2), it will generate only a 

small amount of power, which is too small to be detected. However, if the 

14.01Me V neutrons from the reaction (2) (starting with the initial density of 

nn(O) for the reaction (la)) are moderated in D 20 and in Pd by elastic and 

inelastic scatterings and also by the break-up reactions (n(14.01MeV)+D ~ 
n + n + p; n(14.01 MeV)+ T (thermalized and left over from the reaction 

(2)) ~ n + n + d or n + n + n + p; reactions (lb) or (3)) to produce excess 

neutrons, Knn(O)(K > 1), then nn can gradually increase to a self-sustaining 

value, with an associated increase in the excess power. The amount ofT and 

n present at the self-sustaining stage would be substantially smaller than 

the amount of 4 He, since T and n are being recycled in the chain reaction, 

(la) ~ (2), consistent with the observation reported by Fleischmann et al.f21. 

The use of electrolysis[21 can help chain reaction, (la) ~ (2), to become self

sustaining, since both nT and nn will increase in or near the Pd cathode, 

thus increasing both the reaction rates, RnLi and Rrv, for (la) and (2), 

respectively. 

The above discussions of the chain reactions are based on the assump

tion that the probability of T-D fusion, Prv, is nearly one, i.e., PTD = 

f dxuTvnv = f dEuTvnv/(dE/dx) ~ EuTDnv/(dE/dx) ~ 1, where E ~ 
f dE. However, in heavy water, the stopping power, ldE/dxl, for a 1.25 

MeV Tis estimated to be rv 103MeVcm-t, which in turn yields Prv ~ 10-4 
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withE~ 1.25MeV,nv ~ 6 x 1022 cm-3 , and aTD ~ 10-24 cm2
, implying that 

the chain reactions, (la, lb) -t (2), are unlikely to occur. However, the situa

tion may be quite different with electrolysisl2l which produces an enormously 
high concentration (equivalent to pressures of 103 - 104 atmospheres[2,13l) of 
positive ions, v+, Li+, and r+ on and near the Pd cathode, thus diminish

ing the electron density, Pe, and hence ldE/dxl, near the Pd cathode. A 
reduction of Pe on and near the surface of the Pd cathode and the pres

ence of a high concentration of n+ on and inside the Pd cathode together 

with a higher production rate ofT and n via reaction (lb) could all help to 

overcome the difficulty due to Prv ~ 10-4 in heavy water and to achieve 

the self-sustaining state for the chain reactions (la) -t (2) and (lb) -t {2) 

on and/or in the Pd cathode. In addition, the Pd cathode, and also any 
stainless steel containers and sinks used (containing Fe) could act as very 

efficient reflectors of the 14 MeV neutron, since the reactions, ~~0 Pd(n, 2n) 
and Fe(n, 2n), have sizable cross-sections, (2.57±0.16) barns and (0.5±0.04) 

barns, respectively at En ~ 14 M eVl4l. In particular, 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 En ~ 14 MeV (the total cross-section is 5.3 

barns)l41. 

EXPERIMENTAL EVIDENCE AND TESTS 

Support for presence of the self-sustaining chain reactions, ( la, lb) -t (2), 

comes from the observation reported by Pons and Hawkinsl14,15l that in a 

preliminary experiment, mass spectrometric analysis of evolved gases from 

a cell operating at 200 milliamps with an electrode (Pd) volume of 0.0785 

cm3 and delivering 0.5 watts cm-3 of excess heat, gave a 4 He/ D2 ratio of 

lo-s - 10-6 , a value which is substantially larger than that obtained from a 

number of blank determinations. This corresponds to a 4 He product.ion rate 

of 8 x 1011 to 8 x 1012cm-3s-1 which is consistent with the chain reaction, 

(la) -t (2), whose corresponding power, P (chain reaction), would be 

P( chain reaction) R( chain reaction)( EnLi + ET D) 
~ 1.4 rv 14.4 watts cm-3 , 

which is of the same order of magnitude as the observed value of 0.5 watts 
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cm-3 
[14'

151. EnLi = 0. 77 x 10-12 joules/reaction and ETD = 2.82 x 10-12 

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 1011 to 4 x 1012cm-3 s-1 is used, since each chain reaction cycle 

produces two 4 He nuclei. These values of R (chain reaction) correspond to 

nT ~ nn ~ 0.85 x 107 to 8.5 x 107 cm-3 . 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, 1b)-+ (2), while confined 
in a small volume localized inside or near the pd cathode which is shielded 

by the surrounding Li- D 2 0 solution and by other materials used. 

Other support for the self-sustaining chain reactions, ( 1a) -+ (2) and 
(1b) -+ (2), comes from the recent observations reported by Srinivasan et 
al.l181 that the use of N aO D or LiO H instead of LiO D does not produce 

excess heat during electrolysis. The use of N aO D (without Li) will com

pletely break the chain reactions, (1a)-+ (2) and (lb)-+ (2), since there are 

no Li present. The use of LiOH instead of LiOD will also break the chain 

reactions, (la) ~ (2) and (1b) ~ (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 also lower the n+ concentration on and in the Pd 

cathode. 

It should be noted that reaction (1a) is the first ignition stage in the 

experiments of Fleischmann et al)21 and Srinivasan et alJ16l since the back

ground thermal neutrons are utilized in both cases. Therefore, it is expected 

that the use of 7 LiOD instead of natural LiOD(7.5% 6 Li and 92.5% 7 Li) in 

their experiments will result in no generation of excess heat, since the ab

sence of 6 Li eliminates the possi hili ty of reaction ( 1 a) and also the reaction 

(1b) cannot proceed with thermal energy neutrons because of the threshold 

neutron energy of 2.46 MeV needed for (lb ). The use of 6 LiO D instead of 

natural LiOD is expected to make chain reaction, (la)-+ (2), proceed faster 

but may produce less excess heat since the other chain reaction, (lb)-+ (2), 

is absent. In fact, the absence of 7 Li and therefore the reaction, (lb)-+ (2), 

may prevent the chain reaction, ( la) -+ (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, (la, lb) -+ (2), in the 

7 



experimental apparatus for the FPH effect. Some are listed below. 

1. Use an intense neutron source 

11. Use efficient neutron reflectors in optimal geometrical arrangements. 

111. Use an optimal current density larger than or equal to the 512 mA/cm2 

Fleischmann et al.f2
] used. 

1v. 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)21 used. 

VI. Operate the electrolysis for a sufficient duration to achieve a maximal 
loading of Li+ and D+ on and in the Pd cathode. 

v11. A void the use of any electrolytes which contain neutron absorbers, such 
asH (as in LiOH), Cl (as in LiCl), N (as in LiN03 ), etc. 

To test the chain reaction hypothesis for the FPH 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 ratio 7 Li / 6 Li for a given 

concentration of LiOD. 

(b) 4 He (in Pd, in solution and outside as gas). 

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

(d) n (thermal energies to rv l4MeV). 

For (a), the excess heat generation is expected to vary as a function 
of the ratio 1 Li / 6 Li for a given value of LiO D concentration. This test 

can be used to distinguish between the cha.in reaction hypothesis and any 

chemical reaction hypothesis involving Li·, since 6 Li and 1 Li being chemically 

identical are expected to produce the same amount of heat from any known 

or unknown chemical reactions involving Li. 

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 (lb) ~ (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, ( 1a, 1 b) --+ (2), is achieved. The negative 

results for (a), (b), (c) 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, 1b) --+ (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.l171 
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Recently it has been suggested1
•
2 that the excess heat generation observed 

by Fleischmann, Pons, and Hawkins (FPH) in their electrolysis experiment3 

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. 3 and more recently by other groups4
•
5

•
6

. 

In addition to the excess heat generation, Fleischmann et al. 3 reported 

tritium and neutron production. An attempt to interpret their data and that 

of other's4
-

6 in terms of the cold D-D fusion presents the following difficulties: 

(I) The D-D fusion rate inferred by Fleischmann et al. 3 from measure

ments of tritium and neutron production (10- 19 s-1 ) is about fifty orders of 

magnitude larger than the expected D-D fusion rate7 of f"V 10-70 s- 1 . 

(II) The rate of excess heat output observed by Fleischmann et al. 3 is 

about twenty orders of magnitude larger than that expected from the inferred 

D-D fusion rate (10- 19s-1 ). Similar rates of excess heat generation have been 

reported by Appleby et al. 4 and Huggins6
. 

(III) The rate of neutron production (10- 19 s- 1 ) reported by Fleischmann 

et al. 3 is now uncertain and may be substantially less due to a misinterpretation8
•9 •10 

of their data. The energy of the observed ')'-ray appears to be rv 2.8M e V 

which cannot be attributed to radiative capture, n + p --+ D + ')' (2.22 MeV), 

of neutrons produced in their experiments. 

(IV) Wolf et al. 5 reported excess tritium production with a rate compa

rable to that inferred from the excess heat generation observed by of Fleis

chmann et al. 3
, but did not observe excess neutron production for neutron 

energies larger than f"V 1M e V. 

2 
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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 data3 - 6 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 

hypothesis1
•
2 for the FPH effect has been suggested and involves neutron

induced fission of lithium with the resultant high-energy tritium participat

ing in tritium-deuterium fusion. In the following, another possible chain 

reaction hypothesis is considered, based on a neutron-induced photonuclear 

chain-reaction process which is capable of resolving the difficulties (I)-(IV). 

A set of predictions for the new chain-reaction hypothesis, to be tested ex

perimentally, are given at the end. 

In the electrolysis experiments of Fleischmann et al. 3 , Appleby et al. \ 

Wolf et al. 5 , and H uggins6
, the background low energy neutrons ( "V 40 /hour) 

will produce photons via radiative capture in the Pd cathode, 

n+ 108Pd-t 109Pd(excitestates)+r(:S6.151lfeV) (1) 

with photon energies11 indicated in parenthesis. The cross-section for reac

tion (1) is large at thermal energies, u = (12 ± 2)b (b =barn = 10-24 cm2
).

12 

The reaction rate (cross-section times velocity, uv) for reaction ( 1) is also 

large, anPdVn ~ 2.64 x 10- 18 cm3 s - 1
. ~~9 Pd in its ground state (g.s.) has a 

spin-parity (J1r) of (5/2 +)with a half-life of 13.4 hours, and decays by /3-

decay into excited states of 109 Ag which subsequently de-excite to the ground 

state ( ~ - ) of 109 Ag by gamma-ray emissions. 13 There are additional neutrort 

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

much smaller than that of reaction ( 1 ): an,-y ~ (0.36 ± 0.05)b for 110 Pd( n, 1) 
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111 Pd(g.s. ), and an,-y ~ ( 13 ± 2)mb for 106 Pd( n, 1 )107 Pd (isomeric s. ). 12 The 

natural abundances13 of Pd are 1% 102 Pd, 11% 104 Pd, 22.2% 105 Pd, 27.3% 
106Pd, 26.7% 108Pd, and 11.8% 110Pd. 

Once the 1( ::::._ 6.15M e V) is produced in the Pd cathode, ~t will lose its 

energy or be absorbed as it passes through the deuterated Pd and then 

through the Li- D 20 solution outside the Pd cathode. However, the atomic 

photo-absorption coefficient1
\ r( E-r), for Pd has a minimum near E-y ~ 3 ,....., 

51\.f e \! as do most other elements with atomic number Z ~ 20. Therefore, 

if !(;S 6.l5MeV) from reaction (1) is not absorbed, it can participate in 

nuclear absorption processes by breaking up deuterium in Pd and D 20 via 

the photonuclear reaction 

!(~ 6.15MeV) + D ~ p + n- 2.225.1\.feV (2) 

which generates neutrons with kinetic energies ::::._ 2 MeV. The cross-section 

for (2) has a maximum value of a ~ 2.5 mb at E-r ~ 4 MeV, and a value of 

a~ 2mb at E-r ~ 6MeV15
. Hence the reaction rate is (ac),....., 7x 10-17 cm3 s- 1

. 

These neutrons can then feed back into reaction ( 1) thereby establishing a 

chain reaction which is designated as (1) ~ (2). 

If most of!(::::._ 6.15.1\JeV) from (1) and/or n( ::::._ 21VfeV) from (2) move out 

of the Pd cathode, the electrolysis cell, and the surrounding shielding, and are 

lost, then the chain 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 !( ::::._ 6.151\1 e V) from reaction ( 1) and n( ::::._ 21\.f e F) from reaction (2) can 

be kept inside and/or near the Pd cathode, the photon flux inside vvi111ncre.asP 

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,4 which can act as a reflector of 1-rays. If 1'( ~ 6.151\,f e V) are 

moderated and stay in the Pd cathode by reflecting off the enclosing Li 

surface layer, they can generate neutrons efficiently via reaction (2) inside 

the Pd cathode. If most of these neutrons can also stay inside the Pd cathode 

by moderation through the deuterated Pd cathode and reflections from the Li 

surface layer, they will feed reaction ( 1 ), thus completing the chain reaction, 

( 1) ---+ (2). When the above chain reaction becomes self-sustaining, excess 

heat of 3.93 MeV ( = 6.15 MeV- 2.22 MeV) per chain cycle will be generated 

along with smaller amounts of other single-step nuclear reaction products 

(such as tritium). Also the external detection rates of neutrons and 1-rays 

from this reaction are expected to be substantially smaller than those inferred 

from the production rates of excess heat and tritium assuming single-step 

reactions, since these products are being recycled and also shielded by the 

Li - D 20 solution. Experimental results of Appleby et al. 4 (excess heat 

generation with some possible tritium gas production) may correspond to 

the above situation. 

If the chain reaction, ( 1) ---+ (2), is occurring at a self-sustaining stage 

wit.hin the de11terat.eo Pd cathode enclosed by the L1 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 
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Li - D 2 0 solution. Excess neutrons produced by reaction (2) that do not 

feed reaction ( 1) will be absorbed by Li to produce tritium and 4 H e through 

the following fission process 

n + 6 Li ----* T(2. 73M e V) + 4 H e(2.05A1 e V) (3) 

with kinetic energies indicated in parenthesis. The cross-section for reaction 

( 3) is large at thermal energies ( 949 b), 16 and so is the reaction rate, o-nL& Vn = 
2.1 x 10-16 cm3.s- 1

. 
6 Li in reaction (3) comes from LiOD dissolved in the 

heavy water solution. The natural abundances of 6 Li and 7 Li are 7.5% and 

92.5% , respectively. T and 4 He are mostly produced outside the Pd cathode 

in the solution, since Li ions do not penetrate deeply into the Pd cathode 

through electrolysis. Thus, the external detection rate of any excess neutrons 

is expected to be substantially smaller than that of tritium, since most of 

the neutrons are thermalized in the Li - D 20 solution and absorbed by 6 Li 

via reaction (3). The experimental results of Wolf et al. 6 (excess tritium 

production in a few-hour burst with no detection of neutrons with energies 

greater than rv 1 MeV) may correspond to this situation, thus qualitatively 

resolving difficulties (III) and (IV). 

The chain-reaction, ( 1) ----* (2), may be sustained for long periods if fa

vorable geometries and conditions are maintained thereby producing excess 

heat and triti urn 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 a.s short bursts. 

The 2.8 MeV photon observed by Fleischmann et a.l. 8 •
9

•
10 (see difficulty 

(III)) cannot be attributed to those11 from to the reaction 108 Pd(n,1) 109 Fd 

but may be to the reaction T( 4 He,1) 7 Li. The 2.05 MeV 4 He and thermal-
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ized T produced from reaction (3) can interact via 

4 He( 2. 051\1 e t') + T ~ 7 Li + r (4) 

For reaction ( 4 ), r-rays with three different energies, E~1 ) E~2 ) + E~3 ) = 

3.34Met', E~2 ) = 2.861\fet', and E~3 ) = 0.48)\;fet', are expected16
•
17 since 

reaction ( 4) populates a continuum state of 7 Li at E ~ 3.341\!J e F which 

decays to the ground state (E = 0 MeV l1r = ~ - ,and isospin I= ~)or to the 

first excited state (E = 0.48 MeV, l1r = ~ -,and I= ~). 16 E~1 ) and E~3 ) may 

not have been detected by their r-ray (N al) detector, since E~1 ) = 3.34Me V 

is out of the energy range of their detector and EV> = 0.48MeV will be 

buried under the background r-ray spectrum. The 2.8 MeV r-ray observed 

by Fleischmann et al. may be identified as E~2 ) = 2.861\.1 e t'. 

The self-sustaining chain reaction, ( 1) ~ (2), is consistent with the recent 

observations reported by Appelby et al. 4 that the use of LiOH or NaOD 

produces a smaller amount of excess heat than does the use of LiOD. The 

use of Li 0 H will deter the chain reaction from reaching the self-sustaining . 

stage since H will lower n+ concentration near and in the Pd cathode and is 

also a very efficient absorber of neutrons. The use of N aOD or other heavier 

salts with larger atomic numbers will also deter the self-sustaining chain 

reaction, since heavier ions (such as N a+) have larger atomic photoabsorption 

coefficients than lighter ions (such as Li+ ). 14 Furthermore, N a 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. 4 

The self-sustaining chain reaction is also consistent with another obser

vation by Appleby et al. 4 that the use of a platinum (Pt) cathode does not 

produce excess heat during electrolysis. The radiative neutron capture cross 
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section, an,-y, for Pt isotopes is largest for 198 Pt (7.21% abundance), where 

an,-y = 3.7 ± 0.2b. 12
. However , the rate of photon product ion will be much 

smaller for comparable amounts of Pt to Pd, since an,-r( 12 ± 2b) and relative 

abundance (26. 7%) are larger for 108 Pd in reaction ( 1 ). Furthermore, a Pt 

cathode does not absorb D to become deuterated during elect rolysis . 

One way to check the chain reaction hypothesis for the FPH effect and 

to improve experimental conditions for achieving the self-sustaining chain

reaction, (1) ~ (2), is to use pure 108 Pd (rv 100%) as the cathode in elec

trolysis. Another possibility is to use a cathode metal which (i) can load 

deuterium as efficiently as or better than Pd, (ii) has a larger radi at ive neu

tron capture cross-section than Pd does , and (iii) produces photons with 

energies comparable with t he minimum atomic photoabsorption coefficients 

(photon energies of rv 3 t o 5M e V ). 14 Titanium is not a good candidate; 

the largest an,-y for Ti isotopes is that of 50Ti ( 5.34% abundance) with 

an,-y = 0.179±0.003 b 12
, which is substantially smaller than an,-y = 12±2b for 

108 Pd (26. 7% abundance). This is consistent with the observation reported 

by Wolf et al. 5 that their electrolysis experiments with titanium cathodes 

yielded negative results. 

There are many improvements which could provide more favorable con

ditions for achieving the self- sustaining chain reaction, (1) ~ (2) , in the 

experimental apparatus for the F PH effect. Some suggested improvements 

are: use an intense neutron source; use efficient neutron and photon reflec

tors in optimal geometrical arranw=~ment.fl ; 11SP. on opt.imrtJ CUffP n t. fl pnsit. ~r 

larger than or equal to the 512 mA / cm2 Fleischmann et al. used; use an 

optimal (larger volume and surface) size of the Pd cathode; use an oplirn al 

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 n+ 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 FPH 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 ratio 108 Pdf Pd. 

(b) 4 He generation (in solution and outside as a gas) as a function of the 

ratio 6 Li/7 Li for a given concentration of LiOD. 

(c) T generation (in solution and outside as a gas) as a. function of the 

ratio 6 Li/7 Li for a given concentration of LiOD. 

(d) n production (thermal energies to "' 2 MeV). 

(e) 1 production (energy spectrum::::._ 6.151\;f e V from 108 Pd( n, 1) 109 Pd). 11 

For (a), the excess heat generation is expected to vary as a function of the 

isotope ratio 108 Pdf Pd. This test can be used to distinguish between the 

chain reaction hypothesis and any chemical reaction hypothesis involving Pd 

since Pd isotopes being chemically identical are expected to produce the same 

amount of heat from any known or unknown chemical reactions involving Pd. 

It should be emphasized 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 at.t.r1huted to t.he 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 

9 



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 estimates 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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