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Abstract

The studies were conducted with the perovskite-type solid electrolytes based
on the strontium and banum cerates under hydrogen and deuteium atmosphere.
Anomalous effects were found manifesting themselves in the overbackground
ncutron bursts, excess heat release, phase composition and crystal lattice
parameter changes. At 200-750° C the regions of the temperature were
identified which accompained by significant heat evolution that was greater in the
deuteron conductors thanin the proton conductors.

1. Intoduction

It is known /1,2/ that the hydrogen and deuterium absorption and
transfer induced electrochemically in the solid oxide electrolytes is affended with
the "excess" heat evolution. In specific cases excess heat power has been ranged up
to several tens of percent. Meanwhile the poor reproducibility of these
experiments was observed. As a result there is no escape from the correct
conclusion concerning the causes of anomalous heat liberation. The calculation of
the power balance has been pointed to the possibility of the processes associated
with overstoichiometrical hydrogen and deuterium concentration in the crystal
lattice resulting in the cold fusion or other anomalous phenomena.

In order to obtain the valid data about the reasons of the phenomena
observed we carmied out the complex investigation of solid clectrolytes involving
the careful measurements of heat and radiation, the correct determination of above
temperature regions, the thorough research of the structure and phase
transformations.
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In this paper the results of calorimetric and radiometric experiments
with samples of Sr(Ba)CcO;3-type proton (deuterium) conductors doped by Dy-
and Nd-oxides during high temperature non-stationary electrolysis under D, or
H, atmosphere is presented.

2. Methods

Samples was produced as a tablet 10 mm of diameter and 1-2 mm in
thickness with Pd- or Pt-electrodes applied. The design of electrochemical cell
uscd 1s showed in Fig. 1. As calonmeter the metall cylinder was used. Two hole
was bored through its walls for fixing the termocouples. The inner plane heater
was placed under sample studied for calibrating calorimeter and providing the
temperature gradient through the tablet. The fixed temperature was supported
with the outer calorimeter heater. The electrochemical cell was connected with the
gas system. It was housed in two-ring neutron detector /3/. Multiple
measurements of the neutron background during 1-2 day period showed that the
maximum background counts did not exeed 8 pulses for the inner detector ring
and 9 pulses for outer detector ning per 16,77 s.

Before the measurements the cell was evacuated with the vacuum pump,
then it was heated up to initial working temperature the heat losses being
compensated. After this operation the gas was admitted into cell. The heating
regime provided a means for the establishment of initial constant temperature.
Then the calorimeter calibration was carried out at the several fixed power loads
(50, 100, 150 and 200 mW) on the inner heater. The calibrating curve is
approximated by equation W=f(dT) where W and dT are the heat power of the
inner heater and the after temperature of the calorimeter. In all cases the same
order of the principle steps in the experimental procedure was used.

I. After achicvment of constant temperaturc over the ccll the invanable
electrical potential was applied to the electrodes for producing the electrolytic
process. Within a few hours heat quasiequilibrium have been established.

II. Then the electrolysis was continued with the periodic sign-variable
/reversible/ electrical potential supplied.

III. When fixed thermal steady-state condition the sample was sharply
heated up to the cycling temperature Tcycl, the reverse clectrolysis being
contineed.

I'V. Further thermal cycling was conducted by means of the inner and outer
heaters in the range of temperature from 200 ° C to Tcycl. For the same sample all
above experimental stages has been repeated a few times. Troughout the whole
cxperiment the calorimeter temperature and that of sample surface was being
steadely recorded as well as the time distribution of the neutron counte rate
with digitization time of detection of 4 microsecconds. By means of crate CAMAC
all the data is stored in PC memory for subsequent processing. The heat power was
determined with the calibrating curves found for both stationary conditions and
non-steady-state ones. The typical examples of dT-t and W-dT dependences are
presentad in Fig.2 and 3.

A wariety of ceramic samples with the Pt- and Pd- electrodes was examined
under different gas atmosphere. It was recently shown / 4/ that the perovskite-type
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oxide electrolytes with about the same chemical composition as the ones stadied
by us has been transformated to the proton conductors under the influence of H-
gas or H,O-vapour medium. Therefore in the subsequent discussion we shall use
the terms "protonconducting” and "deuteronconducting" ceramic samples with
respect to the ones researched under H; or D, gas atmosphere.

Besides the additional investigations of heat releasing processes during the
electrolysis under hydrogen and deuterium atmosphere were carried out using the
scanning Calvet-microcalorimeter with the constant heating rate in the
temperature range from 200 to 750°C.

3.Results and Discassion

Deuteronconducting electrolyte (No.1).

Many-day experiment was being conducted in above consequence. Under
heating and cooling dopped SrCeOj3-sample the unknown phase transition was
found at the 445°C. All fortscoming operations involving current reversing and
heat cycling was conducted with special attention to the temperature changes and
neutron flashes close to the phase transition point. The runs were broken when
the current density at constant electrical potential sharpy diminished. This fact
was evidence of scaling electrodes off the oxide tablet.

Anomalous heat cffects and overbackground neutron bursts were found in
this experiment. They were observed with supplied constant electrical potential
about 10V. The heat power rcleased exceeded one expended for producing
electrolytic process by 10-1000% depending on way of electrical current loading.
Within 18 hours the six events emitting neutrons as the individual bursts out the
experimental errors were observed.

Deuteronconducting electrolyte (No.2).

In this run with unlike sample of deuteronconducting ceramics we were
deciding the problem to obtain additional information on the heat evolution
under non-steady-state heating or cooling regime as well as to fix temperature in
situ. Only distinction from the run No.l was the dynamical dT-t curves was
recording for every heat power given up to the stationary temperature. Besides,
inner surface of two-ring neutron detector was controlled thermostatically.

The results of these examinations were used to calculate excess heat
liberated during clectrolysis. To do this the value of heat power released (W ;)
compared with one expended (Weyp). When electrolyzing without thermocycling

Wexp=Wouter heatert Welectrn While when electrolyzing with thermocycling

Wexp=Wouter heatert Welectrt Winger heater Then the relative excess heat effect is

Wlibr'wexp
.......... x100%.
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In our calculations the imitial stationary temperature was taken as the
reference one. The heat power of outer heater was constant throughout every
experiment. [t was expended for the compensating thermal losses. The heat power
put in reverse clectrolysis was ecvaluated by maximum eclectrical current
observed. Its real magaitude could be not correctly found without using special
integrating recorder. This naturally decreased the real excess heat effect. The results
obtained is listed in Tabl. 1-4.

Table 1. The clectrolysis with time-constant eclectrical

potential,
+ Wouter | Wetectr wexp; Wibe | Wiibe 'Wexp
7777' heaterr | (maX), w W | e s
[
S 114.686 [0.1276 |14.813 |14.838 20
10 |14.686 [0.1150 |14.801 |14.823 19
20 |14.686 |0.1042 |14.790 |14.806 15
30 |14.686|1.0360 |14.789 [14.799 10
360 |14.686 [0.0790 |14.765 |14.738 29
Table 2. The electirolysis with reverse electrical load
u=10v)
t, Wonter Wclectr chpv Wibe | Wiibr 'wcxp
MiD | peater | (MAX), w A R ,
w w wrlmir

60 14.686 | 0.016 |14.702 [14.734 200
360 |14.686 | 0.015 |14.071 [14.732 206
24 14.686 | 0.014 |14.700 |14.763 450
hours

Table 3. The electrolysis with reverse electrical load
U=41YV)

t, Wauter | Wetectr Wcrp» Wiibe Wiibr "chp

min  |peatep | (MAX), w W | eeemmmmeacnanes

\"Y w Wetestr

30 [14.686 | 0.238 | 14.924]15.103 75
75 [14.686 | 0.238 | 14.924 |15.026 43
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Table 4. The electrolysis with reversing electrical load and

thermocycling
L, Wnuler Wl'tmcr wclectr wexpr wlibn Wlibr 'chp
min heaterr |heaters | (AX), W A B )
W W | w Wetetr

N1 5]14.686 [23.994| 2.11 |40.800 |43.300 118
N110|14.686 | 23.994 | 1.057 |39.737 |40.400 62.7
N2 5]14.686 [24.108 | 1.283 [40.071 |41.100 80.2
N210[14.686 [24.222 | 0.585 |39.490 |39.600 18.8

Total errors in finding heat power are + 10,5mW for electrolyzing regime
without thermocycling and = 154 mW for one with thermocycling. The
overbackground ncutron bursts of duration of 100 microseconds were observed
in ten hours from beginning the electro lysis. The eight exceeding events (Count
number is greater than 10 ) were registated within time interval 16.7 s dunng 32
hours. A half of them was found for direct electrolisis, while the others were
measured for reverse clectrolisis.

Protonconducting electrolyte

According to the above procedure the expenments were carred out with
the same ceramic probe under Hj-atmosphere. The thermal treatment and
cvacuation were brought about to remove residual D,-gas from the sample.

After control calibrating calorimetr and establishing heat steady-state
condition the ecxperiment was continued. The calculation showed the heat
power released was lower than omne for deuteronconducting sample. The
excess heat effect was not found in the case of the electrolysis with direct electrical
supply while one was fixed under reverse electrolyzing and thermocycling. The last
fell down for a short time the natural neutron background was not exceeded.

Microcalorimetric investigation

The studies showed three temperature regions with the anomalous thermal
effects for the both deuteron and proton conductors in the temperature range
from 200 to 750 ° C (See fig.4). The heat evolution for deuteron conductor is
greater than proton one. One can suppose the phase transition (I) are occured.
The cathastrofic change of the heat liberation can be associated to some processes
at phase transitions in the systems of ceramics - isotopic hydrogen. To clucidate
these phenomena the additional investigations ough to conduct.

The X-ray diffraction studies.

The X-ray examination with deuteron conducting solid electrolytes fixed
change of the phase composition and crystal lattice parameters after electrolysis.
In particular, for the samples with the significant excess heat release two separate
phasc was found including SrCeOj3-type phase and CeO;-type one. As a rule for
the samples under thermocycling the crack formation was clearly observed.
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fig. 1.

1 - Block of detectors S-19N.

2 - Neutron protective wdli (3% boron).
3 - Yacuum-pumping systerm fube.

4 - Tworings of detectars SNMO-5.

5 - Heat shield.
6 - Moderctor.
7 - Ventilator.

8 - The hedter.

9 - Thesample,
10 - The workdng cell.
11 - Two curent conductors and themmocouple.
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We registered the residual radioactivity of the cathode
foils (Pd, Ag, Nb and other materials) after irradiation at the
glow discharge. The. samples were irradiated by proton,
deuteron and argon, xenon ions with low energy. We consider
that main activity is beta emission from samples after
experiments /1/. Samples were placed in the contact with X-
ray films. Semiquantitative radiographic method with
measurement of the degree of blackening x-ray films by micro
photometer was used. We made the estimate of heta activity of
the samples . The x-ray film was calibrated with use of a tritium
beta source with activity of 4.1-109f.s-1(Ti implanted ). The
characteristic curve from this film was ge¢tten in.vacuum
chamber. The high energy radiation was compared with 90sr
radiation (Ep ~546 keV). Within ~-103 s after discharge
termination the second x-ray film exposure corresponds to
equivalent dose of {1.5-4.5)-1010 B/cm2 from ©CSr. Activity of
the isotope(s) with high radiation energy is estimated as
corresponding to 90Sr activity of ~(2-5)-104 [/(cm2:s).

Earlier we said that there were at least two isotopes with
different energy: first < 20 keV and second (0.1...0.5) feV /2/,
Now we would like to note that activity was not ob>served for ion
irradiated zones some times, when high ion’s density was at tha
experiments with compound cathode samples {put together. of
the 2-7 foils from different materials). In this case high energy
activity isotope was observed only in the second layer of the X-
ray film.

Activity of the irradiated surface in comparison with non
irradiated surface was less to 2-10 times (Fig.1,2). Encrease of.
the radioactive isotopes energy were registered after
experiment only during 2-4 hours (Fig. 3),

When we took other cathodes (Ag, Nb, Ti... instead of Pd),
its activity was less Pd to 10-100 times under equal conditions
of the experiments. Activity Ag,Nb, Ti was less 102-104cm-2s-1.
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Activity of the Pd films under Ag, Nb and others was more to

1035 -106 cm-2s-1 (Fig.2),

We observed increase of the sample radioactivity during the
first several hours after experiment and its decreasing later.
It means, that radioactive chains of the nuclzar cecay was
regestrated.

We did not observe activity of the Ag cathode after deuterium
ions and watched the Pd cathodes activity after Ar, Xe ions
under other equal conditions of the experiment. Thus we
registered the irradiation in the resuit of the blackening films
that was not the result of the formation tritium or chemical
interaction H, D, T with X-ray films.
We have to note the following main results:
sincrease of the sample radioactivity during the first several
hours after experiment and its decreasing later;
soresence of the radicactive nucleus with differcnt energy from
units to hundreds keV on the cathode |
» radioactivity of the samples after Ar, Xe irradiation prescnce.
As the result we can suppose that we observed radioactive
chains of the nuclear decay. It means that we have more
universal phznomenon than reactions in the system Pd-D
(passing nuciear process during and after irradiated iow energy
ions).
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Abstract

We watched the changing of some impurity elements on tft7;
Pd cathode (99,9 % purity) after proton, proton-deuteron and
deuteron ion's irradiation under the equal glow discharge conditions.

1. Introduction

Early we observed excess heat. weak neutron generation, 41-1e. x-
rays, weak gamma radiation. a - particle emission and other
charged particless emission /1-3/. Impurity increasing at the Pd
cathode (99,99 % purity) after the deuterium glow discharge we noted early
from units to hundreds times /1/. As published in /2,3/ that probable
mechanism may be "fusion" and "fusion--fission" reactions as follow:

46Pd  ---> (36Krio+Ne); (35Br+411Na) (34Se+12Mgq);

(32Ge +14Si); (30Zn +16S); (28Ni+1sAr); (1)
46Pd + 1d ---> (95-97mo+11B); (20Zr+14N). )
46Pd + 22d ---> (87Sr+22Ne); ("3Ge+388S). (3)
46Pd + 32d —--> (597Mo+19F), (38-104Ry+10B). (4)

2. Method

We used of the spark mass spectrometry method (SMS) in
the Testing Analytical Center GIREDMET. The sensitivity threshold of
this method is 1077 at % for masses 1-10 and >5.107% at % for masses
>100. Standard deviation was 0.15-0.20. was 20 mm? and a analyzed
depth was 10-20 micron. The second method was ions mass
spectrometry (SIMS), and third method was x-ray microprobe
analyzes, resolution 0.01%, analyzed area was 1 square micron, a
depth 1 micron.
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3. Results

New in confirmation above-state we reaffirm a host of new
elements by SMS and the tendency to changing of the natural isotopic
abundance for some elements and Pd.

We detected the 107 and 109 masses' contents on the
surface (layer ~ 10 microns), on the next layer (10 microns too) and on
the lower sample (non-irradiated) by spark mass-spectrometry. We
can see these data in Table 1.

Transmutation products concentrate near surface. There were
places with only Ag maximum (Fig. 1). For example, we found by
microprobe analysis), that Ag reached to 12-15%, Mo to 5-7%.
Concentration of such elements as As, Br, Rb, Sr, Y, Cd approach to
0,1-0.2 % (Fig. 2). Authors have never used such elements as As, Br,
Rb, Sr, Cd, in this discharge chamber. These spectrums were
observed as for points which might be localized melting places, so for
points without visible new formation (whiskers growth or micro
explosion). Similar results with Ag on the Pd had Duch et al. /4/. As can
see spectrum Pd have Ag, As, Br, Rb, Sr, Y, Cd after deuterium glow
discharge.Nb and Al was found after hydrogen glow discharge,
after Xe and Ar was found S and Al.

We found that 107 and 109 masses' contents increased near
surface (by SMS) up to 250 times for the most density current of
deuteron ions. On the second layer this increasing was only to 10
times (on the depth 10-20 micron). For the most density of the proton
ions changing of the 107 and 109 masses' contents was not
observed. Contents of the 107 and 109 masses for less current
density increased to 130 - 135 times for deuteron. 45-50 times for
proton and to 15-19 times for proton-deuterium irradiation. The
increasing of these masses on the second layer (10-20 micron from
surface) and the less current ions density was ~ 5; 4.5, and 3 times for
D; H and H-D environments, accordingly.

When we had maximum increasing of the 107 and 109 masses,
we observed the growth for other masses too: increasing 10 and 11
masses (B) to 4 - 20 times, 12 and 13 (C?) the to 10 and more times,
90 and 91 to 4-17, 79 and 81 masses (Br) to 6-20 times.

We observed the tendency to natural isotopic ratio changing for
some elements in the Pd cathode (Table 2) from results SMS. We
received the higher isotopic ratio changing for Ca with Ni
simultaneously.

We did not observe the great changing for the natural ratio
isotopes Pd (by SIMS) and presence the 111.112 masses, which
could explain formation of the masses 107 and 109 as the result of
the PdH and PdD experience at the cathode (Fig.3).
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The increasing of the masses 110 from 10 to 65 % and small
decreasing 104. 105 masses under was observed. It should be noted that
we observed Cd (by microprobe analysis) in the Fig. 1

There is change of the natural isotopic abundance for 109 and
107 masses by SIMS. We have got only mass 109 for four samples
under different conditions at the glow discharge and in three different
places for each one. We can explain this fact only by the formation
109 mass and change of the Ag isotopic ratio. It means that main
change took place at near surface layer to a depth of about 1 micron
(Fig. 2). Spectrum on the Fig. 4 (by x-ray microprobe analysis)
received from one sample.

4. Discussion

Formation of the new elements observed both at deuterium
glow discharge and at hydrogen glow discharge. This fact correlated
with gamma-radiation which observed during and after glow
discharge.

Spectrums with transmutation elements were observed as for
points which might be localized melting places (Fig. 5), so for points
without visible new formation (whiskers growth or micro explosion).

As the result the total sum quantity of the main nuclide
impurities was more 10'” atoms in the irradiated zone. Considering
that energy of the suggested nuclear reaction fission and (fusion-
fission) is 3-10 MeV /2/, registered quantity of the impurity
corresponded to output heat ~ 104-10% J /3/, In this case total dose
of the gamma-emission was 107-108 per experiment. It means that the
result of the most nuclear reactions was with stable nuclide
formation /2/.

Conclusion

The authors came to the conclusion made after deuterium and

hydrogen bombardment of Pd cathode in a glow discharge:

1. Formation of the new elements observed both at deuterium
glow discharge and at hydrogen glow discharge.

2. Greater changes in the element composition have been
observed after more intense deuterium ion bombardment.
Transmutation effect is higher for deuterium in comparison
with hydrogen to 10-100 and more times.

3. There is tendency to changing natural isotopic abundance. The
authors observed maximum effects for changing isotopic ratio
near surface in the lay a depth 1 micron and more (for
example, Ca and Ni).

It is difficult to explain detected increase 109 /107 mass's
to 5 and more times as a result of the interaction with H or D.
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This result confirms The presence of Cd On the cathode
surface after experiment (by x-ray microprobe, analysis) and
the growth 110 mass may be the result or the nuclear
reactions.

4. Increase of individual elements in the Pd cathodes up to 10000
times depends upon the experiment conditions. In some
cases this data may be the result of new structure formation
such as whi.-3kers or similar micro explosive structure. But
sometimes we don't watch this phenomena and watch the
surface without visible structure formation.

Change of the isotope ratio for individual elements up to 2-4
times for the following elements: B, C, Zr, Ni in the lay a
depth about 10 micron and Ag (5), 110 masses for a depth about
1 micron.

The quantity of the each isotope may be different in different analyses
zones.

Weak radioactivity of the sample and large impurity
concentration may be a result of "cold" nuclear products.

The results of the element and isotopic change in cathode
material reaffirmed to the earlier suggestion [3] that the
transmutation reason and the formation of elements and tendency to
the changing if the isotopic ratio for some elements in the glow
discharge experiments is fission and fusion-fission nuclear reactions in
the cathode materials.

The authors are grateful to Prof. A.A. Babad-Zahryapin for help
from outset and Prof. B. Ya. Guzovsky and P. Hagelstein for helpful
discussions and critical remarks.
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Table 2

NATURAL ISOTOPES RATIO CHANGING OF THE Pd CATHODE
AFTER GLOW DISCHARGE
(spark mass-spectrometry)

Isotope ratio after 11 13 61 62 44 90
experiment / / / / / /
10 12 60 60 |40 91
Current | Gas | Sample | Element | B C Ni Ni Ca Zr
mA number | Lay
25 H2 1670 lay 1 1.2 (112 |13 |17 |1.36
lay 2 1.8 |1.25 1.59
25 H2—- | 1668 lay 1 3.35 2.23
D2 lay 2 1.6 1.1
under 0.69 1.1
25 D2 1671 lay 1 22 |29 |36 |17
lay 2 1.46 0.7
35 H2 1667 lay 1 1.7 2.5
lay 2 1.12 0.83
under 3.3 0.58
35 D2 1666 lay 1 1 1.7 |16 |093 |15
lay 2 1 1.93 | 1.7
under 1 2.87

* Data are the bringing isotopic content to 100% content.

lay1 O

10 micron near irradiated surface

lay2 10

20 micron from irradiated surface

Under second sample

100 micron from irradiated surface
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Excess Heat Measurements in Glow Discharge Using
Flow “Calorimeter-2”

A.B. Karabut, Ya.R. Kucherov, |.B. Savvatimova
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Russian Federation

ABSTRACT

Experimental facts and results of heat and electric power
measurements (including nuclear products) are presented.
1. INTRODUCTION

Excoss heat was registered using a continuous flow calorimeter. These
measurements confirmed our previous results [1] obtained with a dynamic
calorimeter. The main limitations of the dynamic calorimeter were; non-
stationary conditions of the experiment, and low precision of heat power
measurements. A continuous flow calorimeter measured excess heat in the
glow discharge systom with better precision.
2. EXPERIMENTAL METHOD

Exporimental device “Calorimeter-2” consists of vacuum chambeor

having a volume of 1200 cm3, a gas pumping system, a water cooling
systom, a power supply and a measuring system. The vacuum chamber
consists of a quartz tube having a diameter of 56 mm and a length of 500
mm (Fig. 1). Two flanges of the cathode and anode assembly were mounted
on the top and bottom of the tube. Ancther quartz coaxial tube is put on the
vacuum tube with a gap of 0,5-0,7 mm. Thise gap is water cooled chamber
jaket. The cathode and anode assemblies have water conveyances to the
cooled surfaces of the cathode and anode. The design of cathode assembly
pormits placoement of samplos made of differont materials on the cooled
cathode surface.

The gas system provided a residual pressure of less than 10-5 Torr.
After ovacuation, the chamber was filled with gases such as Dy, Ho, Ar and
Xo at low pressure. The pressure in the chambere was controlled by
diaphragm micromanometer.

The cathode, anode and quariz discharge chamber of the discharge
device were cooled separately. The water cooled systoem consisted of three
soparate channels, which included two differential termoresistors. Two
termoresistors were placed in the cooling water inlets and outlets of the
anode, chatode and chamber respectively. The termoresistors were pairs of
silicicon KTS 394 transistors. The water flow rate was measured by the
volume control in each channel.

The time dependences of current I(t) and voltages U(t) were
rogistered by a shunt, voltages divider and digital oscilloscopa S9-27. The
discharge power Pg; was calculated using the equation.

Pol = JU(1) |(t) dt

The system for excess power heat measurement was calibrated as
follows. The electric heater was placed at the inlet of each cooling channel
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on the anode, cathode and chamber outlots. The electric heater was
powered by a requalated power supply. Uniform water flow rate Gw; was
used in calibration (index “i” means respectively cathode, anode or

chamber). The calibration results are presented in Fig. 2.

Anode
Gua=169/S

Water- ‘ ] uarlz |
-Cooted : ?uBes Ghamber
{0 GWCh={|59/S
Dy 2-10Torr
bwc ‘ il
\,\ ] ! 1 1 '
hermoresistors 0 20 40 60 80 af,
Fig. 1. Experimental glow discharge Fig. 2. Calibrated curves of heat
device “Calorimeter-2”~. power meoasurement system.

The cooling water temperature rise AT; was calculated as
ATi = Pei/(0Gwi-Cw )

The heat balance was calculated at given time moment as
Pen = (PHc + Pua + PHch) - Pal
Pri = Cw -Gwi AT

The heat efficiency n was determined by a reference experiment with a
silver cathode which was presumed to be inert on the basis of previous
oxperiments with glow discharge in deuterium and hydrogen as

n = (Puc + Pua + Puch )/ Pl

The cummulative measuring error was no more than 3 % .
3. EXPERIMENTAL RESULTS
The D/Pd loading ratio was determined by the measurement of D2 pressure
drop in chambere (Fig. 3). The loading ratio presented here is the average
through the cathode thickness. The loading ratio is probably much higher in
thin near-surface tayer.

Aproximately 30 experiments were conducted for the system D/Pd to
determine excess heat. The duration of a separate experiment was from 10
min to 1 hour. Excess heat power was ragisted in most expaeriments. The
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typical time dependence of the excess power is shown in Fig. 4. Tho oxcess
heat power increases as the current density increase (Fig.5). At the same
time, the efficiency of the process (ouput to imput ratio) goes down with
current density. In some of the experiments the efficiency was 170-180%.

Pw
16
e
0/Pd r
102 |-
e 8 N
¢ -0
. Ui
N
o+ ! 1 1 L 0 ot L t : 1
0 {000 2000 3000 4000 0 1000 °, 2000 ~ . 3000
T.s L,S
Fig. 3. Time dependence of D/Pd loading Fig. 4. Typical time dependence
ratio, curront density and D2 pressure. of heat power in “Calorimeter2”.
o i
| ~E{"/°“{20 Content
Ny § tmpurity
s 40"k
1o ol
5 I ‘
B L . Do el ‘: . lx L1 UI
05 10 02 wo

60 ,80 100
A mass nimber

Fig. 5. Dependence of excess heat power Fig. 6. Impurity in Pd-cathode
and officiency on curront donsity. after glow discharge.

> },mA/cmZ
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Note that the low power input region with a higher efficiency described
in our previous work [2] was not included in this work, because of
unsufficient accuracy of a flow calorimeter in this region.
4.DISCUSSION
The analyses of the impurities, appeared in pure palladium foil after glow
discharge treatment[2], give a satisfactory correlation between the quantity
of impurities (Fig. 6) and the registered excess heat, estimated on the basis
of mass defect from isotopic shift [4]. Gamma- and beta- radiation was
found to be very weak and is not the basis for explaining excess heat.

5. CONCLUSIONS

Summarize some of the experimental facts [1-4]:

1. Excess heat ( ~10 kJ per hour).

2. Gamma-radiation after glow discharge with intensity (103-104) s-! and

energy 0.1-3 MaV.

3. Boeta-radiation from cathode samples after glow discharge with intensity

(104-10%) cm-2 s-1 and energy 0.01-2.0 MeV.

4. Fast electrons-beamed radiation with intensity (108-1011) cm-2 in 10-€ s

bursts and energy 0.01-2.0 MeV.

5. Woeak neutron signals with intensity (10-10%) s-1 and energy 2-18 MeV.

6. Heavy charged particles registration (He,Li,B,C and other) with energy

more than 10 Mev.

7. Increase of impurities concentration in Pd-cathode up to 1018-101° cm-3,

8. Change of the natural isotope ratio for some elements (B,C,Ni and other).
These results provid good ground for developing glow discharge device

“Calorimeter -2” as a heat producing reactor.

List of Symbols

C - water specific heat capacity, J/(kg-°C); gwi -water flow rate, kg/s;
Pey -excess heat power in watts; Pg-discharge power, watts; Pyc, Pua,
Pnch -heat power of cathode, anode and chamber respectively, watts;

AT - water temperature rise,”C; 1 ~discharge current, A; U -voltages,volts;
n -heat efficiency.

REFERENCES

1. A.B. Karabut, Ya.R. Kucherov, |.B. Savvatimova, “Nuclear reaction on the
cathde in gas discharge”, Pisma v GTF (Sov. Tech. Phys. Lett.), v. 16,
release 12, 1990, p 53-57.

2. A.B. Karabut, Ya.R. Kucherov, |.B. Savvatimova, “Nuclear product ratio for
glow discharge in deuterium”, Physics Letters A, 170, p.265,1992,

3. I.B. Savvatimova, A.B. Karabut, Ya.R. Kucherov, “Cathode material
change after deuterium glow discharge experiments”, Proc. of the Fourth
International Conf. on Cold Fusion, December 6-9, 1993, Hawaii, USA, p.

4, A.B. Karabut, Ya.R. Kucherov, I.B. Savvatimova, “Possible nuclear
roactions mechanisms at glow discharge in deuterium”, Frontiers of cold
fusion, Proc, of the Third international Conf. on Cold Fusion, October 21-25,
1992, Nagoya, Japan, p. 165.

226



Fifth International Conference on Cold Fusion
9-13 April, 1995 - Monte Carlo, Monaco
[CCF5 ©1995

INFLUENCE OF PERFECTION OF SODIUM TUNGSTEN
BRONZE SINGLE CRYSTALS ON NEUTRON EMISSION

S.V.Vakann, A.L.Samgin, V.S.Andreev and S.A.Tsvetkov
Institute of High-Temperature Electrochemisiry,
Russian Academy of Sciences
S.Kovalevskaya 20
620219 Ekaterinburg, RUSSIA

Abstract

Correlation between crystal structure perfection and neutron emission has been
found. Positive result on neutron generation has been established only for crystals with
"specific” X-ray  diffraction pattern. This allows to Weat X-ray data as a selection
criterion. The crystals has proven to be rather perfect. Damage of perfection of the surface
layer results in absence of the effect .

1. Introduction

Tentative selection of single crystals as catode materiall seems to be the
most optimal way to reproduce positive results on cold fusion. Up to now no
experiments have been performed to find fitness criterion of crystals.

Thanks to X-ray analysis of a crystal structurc before and after cold
fusion experiments such criterion has been found for sodium tungsten bronzes.

2. Resnlts and discussion
X-ray measurements were done on a diffractometer DRON-3 at U= 20 kV,
= 10mA and Cu k radiation.

X-ray diffraction patterns of the crystals without the surface admixtures
(e.g. polytungstates, tungsten etc.) were chosen for analysis. However, it does not
mecan that there were no admixtures inside single crystals. Since the {100} planc
was exposed to X-rays, the patterns show four maxima corresponding to the (100),
(200), (300) and (400) reflections of different orders.

Intensities of the above diffraction maxima are seen to be high (Fig.1) for
the crystals with a positive result (1.c., neutron counters registered signals on the
level not less than 4c). Alternatively, for crystals without a positive result peak
intensities of the third and forth order (sometimes even of the second one) are
essentially lower (I/15< 50) (Fig.2). Similar X-ray patterns are observed for crystals
which loose their ability to generate neutrons during experiments (Fig.3).
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Such variation in the intensity of the diffraction peaks may, seemingly, be
attributed to the second extinction. In this case with X-ray penctration intensity
weakens in different mosaic blocks, resulting in damage of strict phase relations by
dislocations, point defects and subgrain boundaries.

Increasing number of microblocks as well as structural imperfections
occurming dunng tranformation from a "fitting" to "unfitting" crystal is supported
by the X-ray topograms. Surface topograms for "fitting" and "unfitting” crystals
arc shown, respectively, in Figs. 4 and 5. It is also found that a transformation
from "fitting" to "unfitting" crystal is accompanied by change for the worse in the
surface layer perfection, the reflection being smeared (Fig.6).

This allows to conclude that one condition to attempt a positive result is
a structure perfection of the working plane of sodium tungsten bronze. Damage of
perfection of the surface layers results in absence of the effect.

Probably, ncutron emission can take place during the change from perfect
to mosaic crystal, which, to a certain extent, supports the "accelerated" model
of cold fusion?.

Tentative evaluation of the crystal quality allows to give some
recommendations concerning crystal growth. For instance, it is of no sense to
keep on growing crystal from a "unfitting" seed since it will not be perfect enough
(Fig.7) as shown by our experiments,

To obtain a crystal with positive effect we recommend to grow it under
optimal conditions from the first moment of nucleation. Attempts
undertaken to prepare the working plane by polishing and etching have failed

(Fig.d).
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Fig.4. Typical topogram for the {100} planc of a cubic sodium tungsten
bronze single crystal before experiment. Positive
result at 4o.

Fig.5. Typical topogram for the {100} planc of a cubic sodium tungsten
bronze single crystal before experiment. No positive result.
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Fig.6. Topograms for the same {100} planc of a single crystal
before (a) and after (b) experiment.
Dunng the experiment the crystal stopped showing
neutron emission.
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Abstract

We describe the performances of an apparatus consisting of a cell containing a Pd
sheet loaded with D, in gas phase coupled to a high resolution Q-mass spectrometer.
The loading ratio o = D/Pd is increased by applying a constant electric field along the
Pd sheet. a is carefully measured by means of the electric resistance variation and of the
thermodynamic parameters. In one experiment a signal corresponding to “He
production was observed.

1, Introduction

Since 1989 our Group (TOFUS-INFN Torino) is strongly engaged in the search
of unambiguous signals of nuclear ashes from Cold Fusion devices. Our first effort
was oriented towards the design, construction and operation of a rather sophisticated
neutron spectrometer. The method we adopted to detect neutrons was double scattering
among two segmented hodoscopes of plastic NE110 scintillators (60 elements in total).
Time-of-flight and localization techniques allowed us to achieve an energy resolution of
1.0 MeV FWHM for 2.5 MeV neutrons, an efficiency of 2.5 10+ and a powerful and
reliable rejection of background due to cosmic rays and of environmental noise.
Performances and technical details are given in Refs. [1+4]. By means of this
spectrometer we studied the neutron emission from cells containing Ti and Pd shavings
loaded with D, in gas phase and submitted to thermal cycles. Temperatures, pressures
and loadings were adjusted in such a way to cross a phase transition line during a cycle.
2.5 MeV neutron emission was observed in different runs, with a maximum statistical
significance of 5o [5+6].

However, the measured neutron fluxes (from ~1 to ~0.1 neutrons/s-gr) were very
low, fully inconsistent with the excess power reported by several other experiments.
We decided then to concentrate our further efforts on the detection of 4He, which
seemed to be the nuclear ash produced at a rate consistent with the excess power [7+9].
To this purpose we designed and constructed an experimental device able to measure
on-line the 4He content of gas mixtures from Cold Fusion cells by means of high
resolution Q-mass spectrometry. We report in the following the performances of the
experimental set-up, the characteristics of the cell and finally the results so far obtained.
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2. Experimental set-up

Fig.] shows a sketch of the apparatus. The purpose of the design was to
perform all the operations (filling of the cell, use of calibrated volumes, H.and D:
reducton by means of Ti getter to enhance the *He percentage, gas spilling from the cell
to the spectrometer, ..) with one circuit. All the components were of Stainless Steel. In
such a way we reduced at minimum the possibility of contamination of “*He from
atmosphere, which seemed to be a critical point in other experiments [7,9]. Since we
had to operate with different parts of the circuit at once, pressures and temperatures
were monitored by several gauges (K-type thermocouples (£1°C), Pt thermoresistances
(20.5% in the range 0+100 °C) and cold cathode pressure transducers (£5%)).

TMP

Cell

Fig.l1 Scheme of the experimental set-up (p=pressure gauges, T=temperature gauges,
TMP=turbomolecular pump, S=leak valve, Q=spectrometer)

The volumes of the different parts of the circuit were carefully measured by
means of gas expansions from a 300 cc calibration volume. Error on each volume is
less than 22%. Vacuum in the circuit was maintained by means of a turbomolecular
pump (TMP), and was typically 10 mbar.

The Q-mass spectrometer is an ULVAC HI-RESOM 28M, able to analyze
masses of gases both in high resolution and low resolution modes. In the first mode the
mass resolution at M/e=4 is M/AM = 200 (10% P.H.). Fig.2 shows the peaks
corresponding to “He* and D,*, obtained with a calibration mixture. When used to
analyze the gas composition from a Cold Fusion cell, the D, (or H,) percentage, which
is overwhelming, must be drastically reduced before immission into the spectrometer.
To this purpose we used a getter pump, filled with 24 g of Ti sponge, well activated
under vacuum and at ~ 600 °C before use. We measured in several runs the efficiency
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of such a device and we found that after about 30 minutes all the content of D, (or Hj)
was absorbed, within the precision limit due to the residual pressure.
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Fig.2 - Peaks due to 4He* and D;* obtained with a calibration mixture.

3. The Cold Fusion cell

The cell was machined in Al. We used Pd sheets, supplied by Goodfellow

(PD000262, 99.95% purity), of dimensions (8-1-5¢10-3) cm3. At NTP, the maximum
loading ratio a = D/Pd that can be reached is 0.67. Among the methods suggested to
increase locally a beyond the thermodynamical limit, electromigration seems to be quite
effective. It has been in fact known since long time [10] that protons embedded in a Pd
lattice migrate and accumulate near the cathode when a weak electric field is applied
through the metal. To this purpose we clamped the Pd sheet among two massive Cu
electrodes and an intense electric current (up to 200 A) could circulate in the sheet. To
ensure a better electric contact and also in order to have a well defined surface barrier,
both ends of the Pd sheet were gold plated (6+15 pm thickness) for a length of 1.5 cm.
The effective surface of Pd exposed to the D, atmosphere was then 10 cm?. From the
value of the specific resistance of Pd at « = 0 it is easily seen that with a current of 50 A
circulating in the sheet the potential drop between the electrodes is 1.25 V,
corresponding to an electric field of 0.25 V/cm. Higher fields could be more effective,
but the temperature increase due to Joule heating of the sheet is prohibitive for
maintaining a high value of o. Thermal dissipation was ensured by clamping in contact
the free lateral surfaces of the Pd sheet with the lateral surface of the cell, cooled by a
thermostatized (£ 0.5°C) water flow on one side, by a massive Al heat dissipator on
the other side. Aluminum surfaces were anodized (~ 20 pum thickness) in order to
ensure a good electric insulation. The temperature at the center of the Pd sheet was
continuously monitored by a K-type thermocouple (1°C). The temperature of the gas
in the cell was continuously monitored by a Pt thermoresistance (£0.5% in 0+100 °C
range) and its pressure was measured by an absolute pressure gauge (£0.1% F.S.).
Fig.3 shows the increase AT of the Pd sheet temperature with respect to the
temperature of the water for different values of the circulating current. It can be seen
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that at 120 A AT is ~ 100 °C, and the Pd was rapidly desorbing D,. Following a long
experimental study, we decided to use currents not exceeding 70 A. The measurement
of ais of paramount importance in Cold Fusion experiments. It can be measured by
means of thermodynamical parameters of the gas (p, T, V), or by the variation of the
resistance of the Pd sheet. The ratio R(a)/R(0) at constant T is a bell-shaped function of
a, well parametrized by the fifth order polynomial: (1 + 3« - 15.13a2 + 44.16a3 -
49.1204 + 17.5805 ) [11].
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Fig.3 - Increase of the temperature of the Pd sample as a function of the circulating
current.
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We used both methods to determine o in our experiment. Fig.4 shows the
correlation between the measured values of R(a)/R(0) and those evaluated by means of
the polynomial, in which the values of o were taken from the thermodynamical
measurements. Within the errors, a satisfactory agreementis observed.

However we notice that both measurements provide o integrated over the full
volume of the sheet, including the gold plated ends. At present we do nothave direct
measurements able to ascertain local enhancements of . To this purpose a simple
model taking into account the absorption, the diffusion and the mobility under
application of the electric field of the deuterons into the Pd lattice was developed [12].
The prediction of the model was that a integrated was very slowly increasing with time
whereas locally a could reach values exceeding 1, at the cathode, after about one week.

An indirect proof of this behaviour was that two Pd sheets broke just near the
cathode, at high currents, and two others showed a local darkening, due to the
carbonization on a small Vetronite insulator in contact with the cathode, after long runs
at low current. For these four cases we had evidence for a local increase of temperature
near the cathode.

4. Experimental results

Table 1 summarizes the conditions corresponding to the different runs,
employing five different Pd sheets. The first three sheets were used mostly to study the
effect of the different parameters, in particular the electric field, on a. We reached the
following conclusions:

1) electromigration seems to be effective both in getting a faster loading of D, into Pd
below a=0.67 and in exceeding the above value;

2) the effect is more evident with the increase of the pressure;

3) the temperature of the Pd sample must not exceed 70°C;

4) surface treatment helps the loading of D,.

Pd Vol Surface Gold Run P Max Analysis 4He
Sheet LxIxd Treatm. Thick. Time Imm. o of Gas Excess
N. cm3 (hour)  (bar)
1 7.99x0.99 N Y 74.5 1.117 048 N
x47%104 15 j1m
2 7.99x0.99 N Y 91.5 1.566 0.67 N
x47+104 15 pm
3 8.0x1.0 N Y 1159 1.63 0.74 N
x52+10 6 um
4 8.0x1.0 N Y 504 1.696 0.67 Y N
x52%104 6 um
3 798x096 Y N 699 1.564 0.69 Y Y

x50%10%  HNO;
Table 1. Summary of the runs.
Fig.5 shows the results of two runs. In the first one (a) the application of the current

seems very effective in the last part of the run, after a short period during which we
performed some rapid variations of the electric field (not shown in Fig. 6a). However,
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aintegrated did not reach the thermodynamical limit of 0.67. In the second one (b) the
electric field was applied after a long time, during which the sample of Pd was loaded
up to o= 0.67. At this time, the application of an electric field of 0.25 V/cm produced a
constant increase of o, up to a final value of 0.75, corresponding to a Ao/At of
(6.940.2) = 10-4hour!. Ata certain ime (during a week-end) the acquisition system
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Fig.5 :a- Measured values of a (lower curve) and of the applied voltage (upper curve)
as a functions of time.

1 b - Measured values of a beyond the thermodynamical limit a= 0.67 (lower
curve) and applied voltage (upper curve) as a function of time.

went down, and we do not have the record. After restart, and switch off of the electric
field, o kept constant at 0.75 for more than two days.
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For the last two samples, we performed an analysis also of the “He content in the
gas of the cell after ~ 500 hours of run. The second sample showed at the end a signal
corresponding probably to the production of “He. Fig.6 shows the spectrometer scan
around M/e=4, before and after the immission of the gas from the cell. It can be seen
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Fig.6 - Spectrometer scan around M/e=4 before (a) and after (b) the analysis of the gas
sample from the cell.

that the peak corresponding to “He is increased by 25-30%, whereas the residual
pressure is lower by ~ 15%. We remind that in mass spectrometers the net number of
lons present is proportional to the ratio peak/(residual pressure). We may exclude
contamination from the atmosphere. Scans in the low resolution mode, performed
before and after the immission, showed that all the peaks corresponding to higher
values of M/e were at same level or lower. Apart the obvious case of D,*, “He* was
the only one showing an increase. However the circumstances of having a significant
background even before the immission is somehow disturbing.

In the hypothesis that the 25% increase of the peak is real, it would correspond to
~ 3*10'0 “He atoms in the analysis volume of the Q-mass spectrometer and to 7.5*10'¢
‘He atoms in the total volume of the cell, in the very semplified hypothesis that the
ratios of the partial pressure of “He to the total pressure in the cell volume and in
analysis volume are the same.
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The above number of the *He atoms must be considered as un upper value, since
the effect of the different pumping rate of the TMP for different gases (evena few
units) has not been taken into account. For this reason we have notquoted errors, and
we will notdoitin the following.

Converting the numbers of *He ions into power due to the reaction d+d ->
‘He+23.8 MeV, we obtain an average value of about 1 watt for three days, too weak to
be signalled by an increase of temperature of the cooling water of the cell. The average
specific power is 25 watt/cm3. However, since the profile of « along the Pd sheet is
expected to be peaked nearthe cathode, and we may quite reasonably expect that Cold
Fusion occurs in regions with high ¢, specific powers larger by at least one order of
magnitude may be deduced.

The neuwon spectrometer was active during these runs. No significant peak
corresponding to 2.5 MeV neutrons was observed. The upper limit is 0.4 neutrons s}
er! at 1 glevel. The raso *He/n is then larger than 102,

We stress again that all the above considerations follow from the hypothesis that
the observed increase of the *He peak is not an instrumental artifact, a possibility that
looks remote but cannot be excluded.

4. Conclusions

First round of runs of a novel Cold Fusion cell, with gas loading of D, assisted
by electromigration, looks very promising. The cell is directly coupled in vacuo to a
high resolution Q-mass spectrometer. In one experiment production of “He was
observed. Improvements on the cell design ( higher pressure of the loading gas, control
of the temperature at both ends of the Pd sheet) were performed and we intend to start
a new series of runs, both with H; and D», to confirm without doubts our observation.
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Abstract

The experimental results of the nuclear product registration are pre-
sented in this paper. In our previous experiments with glow discharges in
deuterium [1, 2,3] excessive heat release. neutron, gamma and charged
particle emission have been observed. New data on emission of radiation
(neutrons, gamma and x-rays, heavy charged particles, fast electrons} and
on electric processes near the cathode provide clearer understanding of the
specific nuclear processes involved into the reported observations. A
possible mechanism for the initiation of these reactions is suggastad.

1. Introduction

Two accepts of the research were important. There were authenticity of
experimental results, use various kinds of physical measurements, what is
important for to reveal possible mechanism of high energy process.

2. Methods

A glow discharge device (3] filled with deuterium, hydrogen or inert gases
was used. Cathodes were made of Pd, Zr, Nb, Mo and other materials. The
typical gas pressure in the chamber was 2-10 Torr, the discharge voltage
200-600 V and the discharge current 5-100 mA. A schematic diagram of the
experimental device is given in Fig. 1.

Gamma measurement

The gamma-measuring system consisted of a liquid-nitrogen cooled
Ge-L detector, amplifier and AMA-3 multiscaler on-line with a micro-
computer. Detector signals were accumulated by the multiscaler and then
recorded digitally. The measuring procedure included gamma background
registration before the experiments and gamma spectra registration during
and after the experiments. The registration time for one spectrum was 1094-
10° s, The system was repeatedly calibrated against reference sources
(24"Am' 238, 22Na, 89Co, 4CK, 208'“:,_

Recently we upgraded detector lead shielding significantly and focused
on the gamma counting over extended periods up to 65 hours after
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discharga termination. This approach excludes a noise frem elactric pick-
ups. provide meora counts for channeal. and, therefcre, battar signal-to-
background ratic,

It appeared that 80-C0 percent of radiation is emitted from the vacuum
chamber itself rather than from tha cathode. VWe measured this residual
inducad activity in two stems. First, gamma spectrum was registered after
discharge termination, and background was registered after 3 day (or more)
break in the experiments. Then all cocunts were summed over the ensrgy
rangs from €0 to 1500 keV. The obtainad results (Fig. 2) clearly indicate that
residual activity signals stand out above all background fluctuations for Pd-
D; system as well as for Pd-Hz, Zr-D;, Pd-Ar systems.

Long-term (15-85 hours) gamma measurements after discharge
tarmination were carried out in a variety of expariments. It was found that for
a number of the cathode materials the gamma emission intansity stands out
above background by 20-30% in the range of 50-1500 keV(Fig. 3a.b,c}. The
effect is well reproducible. The estimated intensity of the radiation is 102-10<
s-1 within 10-15 hours after discharge switch-off. This residual radiation
fades away in 2-4 weeks and the background spectrum goes back into its
initial state. The radiation of this type is not obsarved after runs with certain
cathode materials, for example Ag-D2 (Fig. 3d).Spectra, registered after
discharge in Pd-H2. Pd-Ar, Ag-H2 systems are presented in Fig. 4.

Spectra, registered in run-time and after discharge termination. were
processed by specially developed software. First, the spectrum was
converted into energy units and normalized to account for the transducing
efficiency of the datector and the geometrical factcr. Background, treated in
the same way, was subtracted from the spectrum. Randomly occurring
negative overshoots were set equal to zero. Steady repeated patterns were
considered to be gamma lines. In the background-correcte’d spectrum. lines
ware separated and selected by amplitude and width. Lines appearing at the
same points on the energy scale over several spectra (from experiments
with similar parameters) ware selectad. Then gamma lines were identified
against databases of gamma emitting nuclides. Onz database containgd a
large block of data over the whole Periodic table [4]. Lines with enarqgiss
close to the energies of exited lavels of Pd nuclides are observed in ali
registered spectra.

Following the method, reported in [7] for short-lived isotopes. we
censtructed possible nuclear reactions with £~ and ¢7 decays. Some of the
elaments (e.g.. Cd. In. Sb, Sn}. which could be involved into these reactions.

’

wera detected by direct methods [8].

Neutron registration

The results of the nautron registraticn were reported in our early works
[1,2]. The following methods were used: beta activation of Ag, nuclear
reactions (SHe and ‘B detectors), recoil proton registration in plhiotoemul-
sion.

In the recent experimants average values of neutron production were
registered over longer run-times of 10°-10% s. Four SHe detectors were
used. They were placed into the modzarator which thickness varied from 5 to
12 cm for different detectors. It appeared, that neutron signafs varied from §
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to 20 V. while the gamma signals from €€Co with E~1.3 MaV were about 1V.
To minimize the noise, the counter discriminated only signal abova 2.5 V.

The system was calibrated against a Pu-Be source (10%s ").Tha
average rate of neutron production stands out above a background noise in
a great variety of experiments. The experimental conditions with
corresponding values of neutron production are presented in the Table 1.
Increase in the neutron production within 10-30 minutes after discharge
tarmination is observed repeatedly in these experiments.

Tasie
NEUTRON PRODUCTION VS. EXPERIMENTAL CONDITIONS

Cathode Neutron production = 3n, s°!

material and

working gas 10-153 mA 20-30 mA 50-60 mA after switcn-ofi
Pd. Hy 8-10 10-11
Pd. D3 12-14 11-12 11-12 10-12
Zr, Hy 6-7 5-6 8-9
Zr, Dy 10-11 11-12 11-12 10-11
W, H> 8-9 O W

W, Dy 5-6 6-8 10-12 (100 ma) 5-8
Nb, Hs 5-6 0

Nb, D3 5-6 o-11 o-1 5-6

In some experiments with the specially designed cathodes the neutron
counter indicated values corresponding to the neutron production of 104 s-'
with short "neutron flashes” up to 107 s-'. But we are not sure yet that
neutrons are responsible for such signals.

Heavy charged particles registration

Previously we registered charged particleas by CR-39 polycarbonate
track plates and by SSB detector with a set of degrading foils [3]. Recently
we used two channel measuring system providing more reliable results. The
system included two semiconductive Si-Au detectors, one with 10 p Al
screen, the other with 18 p Al screen. The signals from the detectors were
fed into the system, consisting of two preamplifiers, two amplifies (BUI-3K),
~o multiscalers (AMA-3). The signals after amplifier were visually controlled
using an oscilloscope (S8-27). The signals were occasionally washed out by
the noise, when generation of high voltage pulses began under certain
conditions. We did not record the signals in this case. Control experiments
ware conducted to evaluate the influence of an optical and electric noise on
the signal. In these experiments the detector window was shielded by 2 mm
sapphire plate or 0.1 mm aluminum foil. Noise signals corresponded to
energies less than 300 keV for all experimental conditions.

Both channels register the signal simultaneously. Type and energies of
particles are determined by the energy shift between the t&o spsactra.

Judging by the recorded spectra, He, L, B, C nuclei with energy of £-6 MeV
are observed (Fig. 5,6,7,8).
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Registration of fast electrons

Ve used x-ray film RT-1V with varicus degrading screzsns to registar -

rays and fast electrons. The films weare exposed during run-timas ot 40G4-

5000 s. The film exposure was analyzed using a dsnsitometer. In our

experimants the film exposure can be caused by gamma. x-ray or fast

elactron emission. The results are still preliminary and tha contribution of

each specific component is not evaluated yet, but the results of the proba
measuremeants (see below) indicate presence of elactrons

The x-ray fims were placed inside and outside the vacuum chamber.
Inside the chamber the films were placed at the upper flange, at the bottom
flange and in the middle of the chamber, so that they faced the cathode. For
these films we applied as attenuating screens the following materials: 70-80
wblack paper, 6 w polymeric film coated with 2 . aluminum. aluminum (0.1, 1,
2, 3 mmj}, 2 mm lead. Outside the chamber films were placed on the bottom
and upper flanges, and on the chamber wall. For these films an attenuator
consists of 5 mm steel (chamber wall}.

Tha films placed inside the chamber show two types of exposure:
uniform exposure and local spots. The reason for the uniform exposure can
be diffusive emission of gamma rays or electrons. For the film with step
screen (aluminum plate with thickness of 1,2,3 mm) greater exposure is
observed under thicker layer of tha attanuator. This multiplication effact can
be associated with 200-300 keV gamma rays or with fast electrons with
energies up to 1 MeV. Intense diffusive exposure was found under
aluminum-coated polymeric film (2 . Al + 6 u polyester), with no exposure
under black paper. This is a good indication of the intense emission of x-rays
or 5-20 keV electrons.

The spot film exposure can be caused by electron beams. Energy of
the beams depends upon the cathode material and the working gas. The
beams pass through 100 u aluminum in the case of palladium cathode
{Fig. a). but the same screen stops the bsams completely, when Nb
cathode was used (Fig. Sb}. Such beams can be electrons with energy from
200 to 500 keV. In the case of Zr cathode the beams penetrate through 5
mm steel of the chamber wall, and 2 mm lead, placed behind x-ray films,
increases the film exposure significantly (Fig. 10). Such beams can consist
of electrons with energies ranging from hundreds of keV to units of MaV.

The exposure spots are clear and non diffused in spite of long-term
exposure (up to 150GC s). This indicates that quite intensive beams are
emitted within short-term intervals. The other peculiarity of the beams is
anisotropy. Most of the beams propagats upwards from the cathoda,
diverging in the 60° cone.

Electric probe measurements

Electric probe measurements were conducted to stucly high voltage
pulses of a short duration which are generated in the discharge area. The
consisted of Mo cylinder placed in quartz tube with one end open, the probe
was placed at 1 mm from the cathode. The spacing between anode and
cathode was 2-5 mm.

244



Probe, anode or cathode voltages were applied to a dual trace digital
oscilloscope ($9-27) through a low inductance voltage divider. Current in the
cathode circuit was moasured by the same oscilloscope with a low
inductance shunt. The maximum time resolution was 10°8 s,

The voltage divider was 490 KOhm metal-film resistors placed in serigs.
Dividers of the described type were mounted using insulators at the bottom
and upper flanges in the close vicinity of the probe, anode, cathods clectric
leads. Special tests were done to verify active character of the divider im-
pedance.

It appeared that high voltage pulses are generated during glow
discharge operation in most of the experiments. This effect is observed in
deuterium and other gases. Pulse generation starts when current exceeds
some critical value. Spontaneous separate pulses and batches of pulses are
observed. Tho batch typically contains 102 pulses. The generation rate and
the pulse amplitude depend on the cathode material. The pulse generation
rate increases with increasing current density and reached 10 pulses per
second in the case of Pd-D. The probe voltage reached 0.23.10% V in pulses
and corresponded cathode current bursts were tens of amperes. Leading
edge was 35-40 ns and independent of the sort of gas (H2,D2,Xe,Ar).

Discussion

Judging by the time dependence of probe and cathode voltages and
cathode current, the registered pulses are generated by the spontaneous
release of bunches of 0.01-0.23 MeV eclectrons. It is estimated that there are
108-1011 glectrons in a bunch. The line character of the probe voltage
spectrum indicates that electrons have fixed energies and can be conversion
electrons. "

Another evidence of fast electron presence is blackening of x-ray film
placed outside the chamber (Fig. 5). The part of the film covered by lead
shielding shows nonuniform blackening, while the rest of the film is not
exposed. It can be interpreted as multiplying of secondary gamma emission
in the lead due to the bombardment by fast electron beams.

The energies of the registered electron beams correlate with the first
nuclear levels, specific to the cathode material. For Nb cathode (E=30.4 keV)
the beams are completely stopped by 0.1 mm aluminum, in the case of Pd
(E= 280, 433, 511, 556 keV) they partially penetrate through the same
screen. For Zr cathode (E= 919, 834, 1760 keV) electrons pass through 5
mm steel.

A possible mechanism of conversion electron release may operate in
the following way. In a high density ion flux in a glow discharge, energy can
be transferred from low energy ions {0.1-100 &V) into nuclei in the cathode
material step-by-step in nonelastic collisions. It is necessary that nuclear
levels (from low levels of neutron resonance type with energies of tens of eV}
would have a lifetime longer than the period between two successive ion
impacts. The resulting metastable excited levels of Pd release their energy (-
500 keV) by conversion electrons and partially by a small amount of gamima
rays.

This suggestion is confirmed by expariments with Ar and Xe whare high
voltage generation and x-ray film exposure are also observed. By our
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estimation 0.1-10 per cent of the discharge power is transferrad according
to this mechanism. It maans that under a flux of 1077 jonsssc 1075-1074
excitzd to MeVs eneargy nuciei of Pd arise per szcond. Gthor possible variant
can be suggaested the phenomenon opposite to Mossbausr ¢ffect. Enery
of oscillations of atomic lattice in local part cathocle matzrial {about 10-¢
10+11 atoms) is transtered to ong nucleus at resonance.

Under certain concentration of the excited nuclai in the cathods
matzrial and dansity of implanted dsutsrium up to 1022 cm-< some nuclsar
reactions can occus, such as described in [S]. Earliar we supposed ths
possibilty of occurrence of nuclear reactions (5). But in expzsriments it fhas
cbserved very few gamma-radiation (10+7-10+8) and a large amount
(10+15-106+163 the impurities of individual glements (Na.Mg.Zn.Ni...) and
much of excess heat. Hypothetically it can be explained by two reasons: 1-
only stable isotopes are formed. 2- forming by-products transfsr the energy
and pulse some to atoms crystalline lattice of the cathode material (just as
in Mossbauer effact).

v
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Abstract

To enhance reproducibility of the phenomena taking place in deuterated palladium,
we studied in detail the change in surface temperature, electrical resistance, and D,
pressure during the release of D, from deuterated palladium in a vacuum. As a result, we
categorized the temperature changes into three different types that were independent of
coating materials. In almost all experiments, the resistance decreased and the D, pressure
initially increased briefly and then gradually decreased in the D, release process. We also
tried to simulate the temperature changes by calculating the balance between Joule heat
and heat dispersion.

1. Introduction

Nuclear products of d-d reactions, such as ‘He, and an increased temperature have
been observed when D, is released from deuterated palladlum by the vacuum method".
To make these phenomena more reproducible and to make the reaction mechanism clear,
we studied in detail the change in surface temperature, electrical resistance, and D,
pressure during the D, gas loading into palladium, as well as the release of D, from
deuterated palladium in a vacuum. Measurement of electric resistance during loadmg and
release of D, was confirmed to be useful in monitoring the loading ratio. We measured the
changes in surface temperature, electrical resistance and D, pressure during the D, release
process and found that the temperature changes could be categorized into three different
types. We also tried to simulate the changes in surface temperature by calculating the
balance between Joule heat and heat dispersion such as enthalpy of D, release, radiant
heat, and heat conduction.

2. Experiment
Figure 1 shows the samples preparation process. Samples were 30 x 30 x 1mm Pd

plates. They were slightly etched by aqua regia and preheated at 400 C for 2 hrin a
vacuum before being loaded with D, gas in a chamber at room temperature or an elevated
temperature. The loading ratio (D/Pd) was 0.60 - 0.65. One side of each deuterated plate
was coated with manganese oxide or silicon nitride, and the other side was coated with a
metal film (Au or Ag) . The sample was then placed in a vacuum chamber and heated by
injecting currents while the chamber was evacuated by a turbo-molecular pump. Sample
temperature, electrical resistance, and D, pressure were measured by thermocouples, the
four-point probe method, and a vacuum gauge, respectively, as shown in Fig. 2.

3. Results and discussion

Availability of electrical resistance measurement
Figure 3 shows typical curves of electrical resistance and D, pressure during loading
to Pd. Electrical resistance increases as D, pressure decreases during loading, and reaches
a constant value after loading. The end of loading process can be determined by
measuring electrical resistance. Figure 4 shows the dependence of the electrical resistance
ratio (R/R,) on the loading ratio (D/Pd) calculated from variations of D, pressure and Pd
weight. As shown in the figure, the R/R, increases with an increase of D/Pd, and the
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electrical resistance measurement was available to monitor the loading ratio in D, loading
and release process.

Change in surface temperature, electrical resistance and D, pressure
Figures 5 a), b), and ¢) show electrical resistance and D, pressure during D, release
caused by flowing electric current through the sample in a vacuum. In almost all
experiments, after current started to flow, the resistance decreased, while the D, pressure
initially increased briefly and then gradually decreased in the D, release process.
However, we found that the temperature changes could be categorized into three
different types and are independent of coating materials. In the first type, the temperature
increases exponentially with time and reaches a constant value determined by the balance
between Joule heating and heat dispersion. In the second type, the temperature rises
above the balanced temperature after remaining low for several hours and the pressure
simultaneously falls. This change is similar to that reported before". In the third type,
there are some peaks in temperature that do not correlate with pressure. After these
experiments, almost all samples were found to be bent. We also found that the surface
temperature of Pd without loading increases as a simple exponential function of time and
reaches a constant value, as shown in Fig. 5 d). This temperature change was the same in
almost all samples in reheating by flow of electric currents after D, release.

Simulation of surface temperature changing
To find an explanation for the temperature changes, we tried to simulate the surface
temperature change phenomenon by heat balance between Joule heat, enthalpy of D,
release, radiant heat, and conduction of heat . The heat balance in this case is expressed as
Eq. (1).

Cm(dT/dt) = LJoule heat] - [radiant heat] - [conducUon of heat] - [enthalpy of D, release]
= I’[R, { 1+a(T-T,) } (1+x)+R] - €6(T*-T,*)S - ko(1+10°>)(T-T,)
-cAH, (x /t,)exp( -E,/ kT ) (D

C: specific heat, m: weight of Pd, R: resistanceattemperature T,, a: temperature
coefficient of resistance, Rg: series resrstance in the circuit, €: emrss1v1ty, C: Stephan-
Boltzmann constant, T,: chamber temperature, S: surface area of Pd, k,(1+107):
temperature dependence thermal conductivity, AH,: enthalpy of release x: loading ratio
(=X, o Xdt), t,: gas release time, cexp(-E,/k;T): temperature dependence of release
process (c=1.48x10’, E,=0.434¢eV), kg: Boltzmann constant.

Numerical solution using the Runge-Kutta-Gill method was used to simulate the
temperature change. Figure 6 shows the typical results of simulation for changes of
temperature, loading ratio (D/Pd), and electrical resistance ratio (R/R,) under the condition
of variable initial D/Pd and enthalpy of release (AH,). It is found that the temperature
changes depend on initial loading ratio (D/Pd), although reached temperatures determined
by the heat balance are same, as shown in Fig. 6 a). In the case of Pd without loading
(D/Pd =0.0), the temperature change of Pd can be simulated, although the constant value
that was calculated was different from the experimental result (Fig. 5 d). However,
reproducing other temperature changes of deuterated Pd was difficult even though the D,
release process was added to the experiments. We cannot explain these temperature
variations. To make an accurate simulation, we must study the behavior of D, on the
surface and measure the contact resistance change between the Pd and electric current
probes in bending Pd. In addition to the above experiments, the same experiments should
be performed for H, and the results compared with those of D, .
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4. Conclusion

We studied in detail the changes in surface temperature, electrical resistance, and D,
pressure during the D, gas loading and D, release processes. As a result, we confirmed
that the electrical resistance measurement can be used to monitor the loading ratio in D,
loading and release processes. We also found that the electrical resistance and D, pressure
initially increased briefly and then decreased gradually in D, release process in almost all
experiments, while the temperature changes could be categorized into three different types
and were independent of coating materials. We also tried to simulate the surface
temperature changes by calculation of heat balance between Joule heat and heat
dispersion. We concluded that the surface temperature change of Pd without loading
could be simulated, but other temperature changes were difficult to simulate. We found
that to explain temperature changes, the contact resistance change between Pd and electric
current probes must be measured in bending Pd and the results of experiments for H,
should be compared with those of D,. We retained measurements of nuclear reaction
products during the release of D, for future studies.

Reference
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1. Abstract

The cross sections and branching ratios of d+d reactions were measured as a
function of deuteron energy by using low-energy deuterium ion bombardment. The
branching ratio of d(d,’He)n to d(d,p)t were found to be one to one at energies from
2.5keV to 20 keV in the CM frame. The reation rate of d(d,p)t at 2.5 keV was four
orders of magunitude less than that at 20 keV. These energy dependences were good
agreement with those extrapolated from measurements of the d+d reaction which was
derived by the high-enegy (mega-electron-volts) deuterium ion bombardments.

2. Introduction

E. Yamaguchi and T. Nishioka detected *He from deuterated palladium metals
by using an "in vacuo" method,” thus indicating the possibility of nuclear fusion
reactions occurring in condensed matter. However, the mechanism of the *He production
from palladium metals has not yet been clarified, because it is confirmed in the
high-energy region of deuterons that two reactions, d(d,p)t and d(d,’He)n, are dominant
in d+d reactions, and that the branching ratio (p) of d(d,p)t to d(d,’He)n was one to
one. Futhermore, the reaction cross section of producing ‘He is theoretically ( and has
been experimentally confirmed to be ) less than 107 of those for d(d, p)t and d(d,’He)n
in the energy range above a few tens of kilo-electron-volts. It is very important to
study d+d reactios in the low-energy region less than a few tens of kilo-electron-volts
to clarify the possibility of “‘He production from palladium metals. The energy
dependences of p and the cross sections in the low-energy region have not been
examined experimentally.

We therefore measured the deuteron energy dependence of the branching ratios
(p) and of the reaction rates by bombarding deuterated palladium metals with deutrons.

3. Experiment

The target sample was prepared by using the same procedures used in the
“He-detection experiments.” One side of the deuterated palladium plate was coated
with a 10-nm-thick MnO, film and the other side was coated with a 100-nm-thick Au
film in order to reduce D,-release from the sample in vacuum. The loading ratio (D/P,
) was about 0.65. The experimental setup is shown in Figure 1. We bombarded
deuterated palladium plates with deuterium ions (D*,D,*) accelerated by 5 to 40 kV.
The beam currents of D* and D," were about 10 pA and 17 pA, respectively. The
deuterium beam was bombarded on the MnO, side, and the beam diameter at the
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sample position was 3 mm. Si-SSDs (solid states devices) and TPS-451S (Aloka Ltd.)
were used for measuring charged particles and neutrons, respectively. The active
thicknesses of the two SSDs were 300 um and 100 pm, and the active area of each
SSDs was 300 mm?. The active area of the neutron detector was 20 cm® The conversion
rate of the neutron detector was 5400 counts/uSV. The branching ratio (p), and the
rates of d(d,p)t and d(d,’He)n reactions were measured, as a function of the deuteron
energy (E,) in the CM frame, from 2.5 keV to 20 keV.

4. Results and Discussion

The energy spectrum of the charged particles detected during the deuteron
bombardments at E=10 keV is shown in Fig. 2, and Figs. 3 and 4 show the energy
dependence of the branching ratio obtained by comparing the proton and triton counts
and by comparing the *He and netron counts, respectively. Each branching ratio was
one to one throughout the deuteron energy range from 2.5 keV to 20 keV.

Figure 5 shows the energy dependence of the reaction rate (I, (E,), which
corresponds to the cross section (GP(Ed)) of d(d, p)t. This reaction rate I'_ is propotional
to the number of protons produced by d(d, p)t reaction at the incident deuteron flux of
1.0x107 counts/s, and at E,;=2.5 keV is four orders of magunitude less than that at
E,=20 keV. Note that this energy dependence can be achieved by the extrapolation of
d-+d reactions in the high-enegy region®.

Figure 6 shows the deuteron energy dependence of d(d,’He)n-reaction cross
section. The cross section was estimated in the assumptions that the distribution and
concentration of deuterons in the palladium metal were uniform and that all incident
deuterons reacted in the region from the surface of the palldium to the deuteron
penetration-depth at the energy. The cross section at E;=5 keV is two orders of
magunitude less than that at E;=20 keV. This energy dependence of d(d,’He)n cross
section corresponded to the energy dependence of I, .

Open circles and open triangles shows the experimental results obtained by
using D* and D, beam, respectively in Fig. 3, 4, 5, 6. There was no difference
between the experimental results for D* and D," bombardment if the incident deuteron
energy was identical. The cluster effect,”so-called "cluster impact fusion," related to
the bombardment of D," was not observed in the present work.

In conclusion, we investigated the d+d reaction driven by the deuteron
bombardments with ion currents of a few tens of microamperes in the deuteron energy
range above 2.5 keV. The cross sections and branching ratios of the fusion reaction
did not differ from the values extrapolated from higher-energy bombardments. The
new nuclear phenomena observed in condensed matter, however, remain to be studied *”
We have to continue investigating d+d reactions in dense matter in the low-energy
region (E; < 2.5 keV). Accompanying high-resolution/high-sensitivity detection of
*He/neutrons will give futher information on these reactions.

References

1. E. Yamaguchi and T. Nshioka, 1993, Frontiers of Cold Fusion, 170.

2. A. Krauss, H. W. Becker, H. P. Trautvetter, C. Rolfs and K. Brand, 1987, Nucl.
Phys. A465, 150.

3. R.J. Beuhler, G. Friedlander, and L. Friedman, 1989, Phys. Rev. Lett. 63, 1292.

4. J. Kasagi, K. Ishii, M. Hiraga and K. Yoshihara, 1993, Frontiers of Cold Fusion,
2009.

5. S. Ichimaru, 1993, Rev. Mod. Phys., 65, 255.

256



SSD

Active area = 300 mm?

Sensitive depth = 100, 300 tm

L=5cm

D* =10 pA

1076 torr
Dy*= 17 HA o o o

Beam diameter = 3 mm

3He Neutron Detector
Aloka Lid: TPS-451S

Ln=20cm

coated with MnOx and Au

[Deuterated palladium (D/Pd = 0.65)
MnOx =10 nm, Au = 100 nm

Figure 1. Experimental setup.

Deutéron en'ergy ='10 ke\}
[ Live time = 600 sec

Proton
Triton

samiedallsbea s d il PO | a

100
— [ 3 Hellium
P I
c
3
8
-~ 50 }
=y
(7]
c
i
£
o Lt
0

1 2 3 4
Energy ( MeV )

Figure 2. Energy spectrum in d+d reactions.

2 1 1] 1 1
= O 2He (cnts)ftriton (cnts) for D*
=2 & ®He (cnts)itriton (cnts) for D, * |
>
B A
=1L Ao 2 % o @ o .
o=
=
)
ik
B

0 1 L el !

c 5 10 15 20 25

Deuteron energy ( keV)

Figure 3. Energy dependence of the branching ratio obtained from
proton and tritoncounts.

257



o(d(d,n) *He)/ o(d(d,t)p)

0

i

O 3He (cnts)/proton (cnts) for D*
& *He (cnts)/proton (cnts) for D,*

A

A

L

U [ i

A

a

@]
O o ]

]

0

5

10 15 20
Deuteron energy ( keV )

25

Figure 4. Energy dependence of the branching ratio obtained from
*He and neutron counts.

105 r T T T i 3
= 104 r 5 8 1
O 43}t o
i
. f
S 10%k 8 E
@ E
c 101 [ . . + ]
L y O Proton intensity for D*
00L& 4 Proton intensity for D,* ]
10‘1 F TP T PP PP IS NI ST T .
0 5 0 25

10 15 2
Deuteron energy ( keV )

Figure 5. Energy dependence of the reaction rate T,.

10°
10"
102
107
10

1078

o(d(d,n)3He) cross section (b))

10°1

0

O o(d(d,n)3He) cross section for D,* ?
I8 o(d(d,n)3He) cross section for D} !
o A 1
1 S N ]
 ge” |
1 |
5!L 1b 1‘5 2IO 2‘5 30

Deuteron energy ( keV)

Figure 6. Energy dependence of the cross section.

258



Fifth International Conference on Cold Fusion
9-13 April, 1995 - Monte Carlo, Monaco
ICCF5 ©1995

Neutrons Observations in Cold Fusion Experiments

Lino DADDI
Accademia Navale - Gruppo Fisica
LEGHORN - 57100 Italy

Abstract

This report is a review of the most convincing observations of neutrons in Cold
Fusion history up to recent experiments in which neutrons were so numerous and long-
lasting so as to allow activation of thermal detectors. Lately neutrons were observed
also by using natural hydrogen. A more complete review is published elsewhere [!].

1. Introduction

In the experiments conducted with deuterium, the measurement of neutrons,
attributed to the reaction

D +D=3He+n (1)

and therefore with energy of 2,45 MeV, has presented difficulties since the very first
experiments in 1989 due to the scarcity and/or irregularity of the emission.

The fact that the neutron emission is weak even when the excess heat is rather high
compels us to suppose that (1) holds true, however, in a minority of reactions; it seems
therefore necessary to consider separate the cause of the heat and that of the neutrons.

The reaction could be different from (1) : Takahashi[?] has measured neutron
emissions at energy between 3 and 7 MeV; Karabut [3] has obtained neutrons with
energy up to 17 MeV from glow discharge in deuterium and, recently,
Manduchi/Mengoli[*] have observed neutron emission (of energies >2.45 MeV) from
application of d.c current to Pd deuteride. In the electrolysis of D,0 in presence of
tritium Stukan[’] has observed hard neutrons ascribable to the cold fusion T+D.

Although experiments have been reported in which the emission appears constant
in time [®°], irregularity is the most frequent characteristic of neutron production in
cold fusion: the neutrons are often grouped in bursts of varied composition and
duration.
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2. Neutrons 1989-1995

Subsequently to the first communications of 1989 many groups have detected
neutron intensities well above the background. We limit ourselves to an
exemplification of experiences in which neutron generation is many times the statistical
error oz on background.

ELECTROLYTIC LOADING

Measurement of reaction neutrons - Neutron spectrometry presents difficulties with
this type of loading, because the electrolytic solution and the possible thermostatic bath
slow down the neutrons. However, Takahashi[?] in pulsed electrolysis with a heavy
water LiOD solution has measured neutron emissions at 2.45 MeV (butalso at energy
between 3 and 7 MeV).

Measurement of neutrons after thermalization - Sanchez[10], during heavy water
electrolysis with a T1 cathode has measured for several hours, with a BF; detector,
counting rates up to 103 n/s . Palibroda[!'!] has worked in electrolysis with a palladium
cathode and a solution with an addition of thiourea; various neutron emissions have
been recorded which, after thermalization, reached 300 times the background and lasted
up to 12 hours. Fujii[!2] has worked with a 0.1 mol/dm3 LiOD solution in heavy water.
Utilizing 3He counters he has found neutron bursts up to 135 o,

GASEOUS LOADING

Measurement of reaction neutrons - Botta/Bressani[!3] have applied a time of flight
spectrometer to the Ti/D system; neutrons of 2.45 MeV energy have been found in the
excess of 5 oy compared to the background. Manduchi/Mengoli[!4] have utilized the
technique of gaseous loading of deuterium on Pd with decreasing temperature from
900°C to 20°C. The neutron measurement was effected with a NE213 ( 100 cm?3)
spectrometer; significant quantities of neutrons have been observed especially in the
temperature intervals in which the deuterium was more actively absorbed by the metal.
Neutrons also are produced following loading with natural hydrogen.

Measurement of neutrons after thermalization - Manduchi/Mengoli[!] have, among
other things, sought confirmation of Scaramuzzi's experiment of 1989, by producing
many cycles of deuterium charging and discharging on titanium: for about two weeks
they periodically found neutron emission, measured as thermals, for approximately 10
times G

ELECTRIC DISCHARGES IN DEUTERIUM GAS

This type of experiment, already begun in 1989[!6.17] appears efficacious in the
production of neutrons, but the reaction rate is not in general sufficient to produce a
measurable excess heat. Only in the work of Kucherov[!#], favorably characterized also
by the maximum neutron emission (with activation of ©7Ag and !09Ag ) related to
the minimum d.d.p. employed (<500 V), have 50 W been appreciated.

Long[!?] experimented with the glow discharge between Pd-deuterated electrodes,
obtaining reactions in the metallic film deposited on the glass of the bulb. The
neutrons, measured with a recoil-proton scintillation detector, reached the average rate
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of several hundred per second. With metals other than Pd the neutrons were more

numerous (104 n/s) and long-lasting, so much so as allow the radioactivation of indium
and iridium.

DIFFERENT TECHNIQUES AND / OR MATERIALS

Lyakhov[?°] has found that the combined action of cavitation and electrolysis on a
titanium surface determines a reproducible neutron emission (0.6 n/s) with bursts of 103
n/ms.

Bittner[?!] employs a mixed method, in that it involves electrolytic deuteration of
palladium and subsequent degassing through heating; the emission of neutrons (of
approximately 2.5 MeV) took place mainly during the degassing phase, at high
temperature, for about an hour.

The Piantelli's technique [22:23], which uses natural hydrogen, allows a generation
of >106 n/s (radioactivity was induced in Au,In and Mn) besides of significant
anomalous excess heat. Then this "Siena experiment" [2425.26] is to be considered as the
most sure acknowledgement, up to date, of the nuclear cold fusion hypotesis.

Manduchi-Mengoli [4] have founded strong neutron emission (30+40 n/s) correlated
with the migration of deuterium; the energy was > 2.45 MeV for 80% of the total.

Wada[?7] reports emission of 2.45 MeV neutron bursts with temperature rise from
palladium by means od simple exposure to D, gas in a closed glass bulb.

3. Transmutations

The finding of particular nuclides might be an indirect signal that neutron
generation has taken place.

Coupland([??] reports that in the superficial layers of Pd electrodes the isotopic ratio
6Li/’Li appeared very reduced (from 0.08 to less than 0.05) after having been used by
Pons and Fleishmann. The anomaly may be interpreted as the consequence of reactions
of the®Li with thermal neutrons whose cross section (n,o), as is known, is very large
(945 barn).

Other nuclides are presumably created by the transmutation of species originally
composing the crystalline lattice. Rollison[??], in mass-spectrometric observations of the
deuterated Pd, has found an increase (from 27 % to 40 %) in the abundance of the 196Pd
isotope (1°°Pd abundance undergoes a corresponding reduction).

Karabut [3] has measured a y-ray emission attributed to 19°Pd (T,,= 4.7 min).
Recently the production of silver has been observed, in particular by Dash[3°], who
believes that the '9Pd (n,y)'9°Pd capture has taken place followed by decay into stable
19Ag  with half life T, = 13.7 h. Obviously also the original impurities (for example
Ag, Au and Pt) as well as the Pt of the anode, transferred in part onto the cathode in the
course of experiments of electrolytic loading, may undergo transmutations[3!]. In
particular 196Pt (relative abundance 25.3% in the natural element) through reaction (n,y)
would give place to 1°7Pt which would become stable 1°7Au after beta decay.
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4. What activates the neutron channel ?

The examination of the works mentioned so far does not seem yet to furnish a
final evidence about what could be the modes which activate the neutron channel, but in
many cases non-equilibrium conditions appear necessary; the temperature seems
important.

Loading ratio - 1t is known that many experiments indicate for Pd a loading ratio
x = 0.85 as the threshold for the production of excess heat; for neutrons some authors
have reported as useful decidedly inferior values. Shani[3?] sealed the Pd sample
destined to emit neutrons when the D/Pd ratio had been brought to a value of .6. In
addition Long has indicated the condition x > .3, while from Bittner's graphs[2!]
neutrons still seem to be emitted when, during degassing, the ratio had been reduced to
about .66. Iwamura[33}, who with 3He detectors observes neutron emission during
degassing, claims to load to the maximum value of x = .66, while Nakada[34] recognizes
a requisite value of x=.77 and, lately, Garg[??] has indicated useful x values from 0.4 to
0.7 in a variety of gas loading experiments.

For D/Ti systems Alguero[3¢] recommends the critical value x=1.95, which is attained
in only a thin layer close to surface (few microns) during D,0 electrolysis.

Stratifications - In the Iwamura's and Alguerd's experiments the phenomena seem to
concentrate on the deposited superficial layer. Other experiments, as well, seem to
indicate that the generative processes of neutrons are produced in correspondence to
thin stratifications. Nakada[37] has proved that the formation of Pd-Li layers in the
surface region favours the anomalous deuterium accumulation, with neutron emission.
Catalytic hypotheses - Some researchers affirm that the stochastic character of the
emissions of neutron bursts suggests a catalytic nature, for which such episodes may be
induced by neutrons or by other particles of the environmental background. From such
a viewpoint the experiment described by Shani[3?] seems interesting: in a high-
neutron background environment ( 0.05 counts/s/cm?) a 2.45 MeV neutron peak was
observed, while in a low background environment (0.0002 counts/s/cm?) there was no
peak. The idea of catalysis is sustained also by Gluck [*%] and by Kozima[3°] who
adduces as a clue the fact that the phenomena of cold fusion appear markedly less
frequent in heavily shielded environments.

S. Conclusions
Neutrons were observed in many laboratories. The most frequently measured
neutron energy is 2.45 MeV of the D+D reaction; reported higher energies need further
confirmations. The isotopic shifts would also deserve careful examination.
Experiments seem to support the firm belief that excess heat is generated by
principales nuclear events accompanied by less frequent reactions which produce
neutrons.
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Abstract

This talk consists of three parts: the first on the “pathological” nature of
Cold Fusion (CF) phenomena, the second on a wide theoretical effort based
on the new ideas of QED coherence in matter, and the third replying to
explicit criticisms to my work.

The “pathological” Science of Cold Fusion

Six years after the momentous announcement of March 23, 1989 the world
of Science is still divided: a large majority that regards Cold Fusion (CF) an
eminent example of “pathological” science, a small battered minority that
still carries on with very limited means, both financial and, alas, intellectual,
struggling for the survival of the grandiose dream that Fleischmann and
Pons (FP) brought to mankind that now distant spring day of 1989.

Why did it go this way? Why a phenomenology! that has found so
many diverse confirmations by several different experimental groups, has
failed to convince such a large number of scientists, that have turned their
back on this fascinating field?

I believe we must try to give an honest answer to these important ques-
tions, for if we fail to understand why so many of our colleagues perceive
CF as a pathological form of science, we are doomed to remain marginal
even if we will able, as in fact we are doing, to make substantial progress.

It seems to me that the basic reason why CF is almost universally consid-
ered “pathological”, is that it is so at odds with deeply rooted expectations
based on the generally accepted picture of condensed matter and nuclear
physics, that it requires the established scientist an almost heroic effort even

IThroughout this talk I shall confine myself to the Pd/D system pioneered by FP, i.e. [ shall
not attempt to overcome the “Pd/D barrier” of CF.
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to bring himself to look into such a bizarre set of physical phenomena (the
situation is of course different for the scientists that live somewhat at the
margin of Academia, and this has been part of the problem of CF).

Without a well defined frame that can accomodate the strange looking
facts of CF, indeed its “miracles”, the natural reaction of scientists is at
best to ignore those facts, at worst to believe them the result of some
kind of fraud. And, of course, we have seen all that. But, instead of
moralistically condemning such attitudes (which in truth have caused us no
minor suffering), as I have just stressed, we should try to put ourselves in
the shoes of the many colleagues with whom, before that fateful day of the
spring of 1989, we had a perfectly reasonable kind of relationship.

Confronted with the experimental landscape of CF, what do they see?
The following “monstruosities”:

1) the deuterons, that are well known to crowd a Pd cathode in a heavy water

electrolytic cell, and to accomodate in the octahedral sites of its lattice, are
supposed to undergo nuclear fusion at rates hundreds of orders of magnitude
higher than what one expects in the Dj;-molecule, where the deuterons are
located even closer.

ii) not only do the deuterons (supposedly) fuse, defying all known condensed

matter physics, but they would do so following a nuclear physics path, that
is completely at variance with the known path, for which the two reactions

D +D — n (2.45 MeV) +° He (0.82 MeV) (1)

D+D — p (3.02 MeV) +*H (1.01 MeV)

have each a branching ratio close to 50%.

Countless papers, books, sermons etc. have been written and uttered to
admonish us all about the senseleness of what the CF scientists pretended
to have experimentally demonstrated, and how their refusal to repent and
recant jeopardized, indeed discredited the whole scientific community. By
the way, the tones and the practices of the keepers of scientific orthodoxy
in the CF debate have been remarkably close to those of the critics and
enemies (mostly churchmen) of the Renaissance science, who finally saw
the better part of Bruno, Galilei and their followers. And indeed, in the
present frame of understanding both condensed matter and nuclear physics,
there is no way to reconcile the above two “monstruosities” with the huge
body of knowledge that is based upon the dominating paradigm. Thus, let
us make a little investment in philosophy (a most abhorred and derided
intellectual enterprise by the normal scientist? of today) and try to char-
acterize the deep roots of the paradigm, for without it not only are we

2I am using this term in the technical sense of T. Kuhn [1].
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condemned to a permanent and futile warfare and misunderstanding with
our colleagues, but we will also remain unaware of the remarkable revolution
that the “monstruosities” of CF are bringing about in modern science.

[f one wishes to characterize with a single concept the paradigm, 1 believe
the best of all is : Asymptotic Freedom (AF). The concept of AF, as far as
I know, was first explicitly discussed in 1973 [2] within the then consolidat-
ing Standard Model (SM) of particle physics: it denotes the property of a
non-abelian gauge theory (Quantum Chromo Dynamics (QCD)) to become
(almost) free from interactions when probed at space-time distances which
become asymptotically negligible with respect to the sizes (~ 107! cm) of
the strongly interacting particles (the hadrons). This peculiarity, which was
proven within perturbation theory, has become enormously influential, due
to the apparently natural solution it engenders of the unexpected simple
structure of the cross sections of highly inelastic scattering of leptons off pro-
tons and neutrons (Deep Inelastic Scattering (DIS)). Besides its seemingly
high predictive power in DIS, I believe that AF owes its universal accep-
tance to what appears to me as an unconscious psychological attitude, that
pervades our advanced societies, which has to do with the jealousy for our
privacy: the wish to become “asymptotically free”, when we choose to go
far from the “madding crowd”; the final triumph of the individual over the
constraints of collective life. To see this now highly popular dislike of col-
lectivism supported and corroborated by a rigorous result in (perturbative)
Quantum Field Theory (QFT) must have certainly enhanced the belief that
perturbation theory is a very good tool to describe the interactions among
different levels of reality, involving far away space-time scales. The irony of
all this, as I thoroughly pointed out in the last several years [3], is that just
within the theory (QCD), that has led to a rigorous perturbative demon-
stration af AF, there has arisen the most spectacularly paradoxical notion
of all modern physics, that of the confined quark. For those who are not
very familiar with all this, let me only point out that the quark is the only
known constituent of (hadronic) matter that is essentially inseparable
from the matter it constitutes, i.e. nobody has ever been able, by any phys-
ical means, to take the quarks out of the particles (hadrons) of which they
are, allegedly, constituents. It so appears that, as far as the quarks are
concerned, they are not asymptotically free, in the sense that under no
circumstances can we realistically talk of the individual quark, for unless
a quark finds in the close environment partners to compensate its colour
charge, it is condemned to disappear in an all embracing, sticky (recall that
the quanta of the colour fields are called “gluons™) vacuum. Thus the phys-
ical reality (or better unreality) of the quark discredits the notion of AF,

just in the theoretical framework where this concept was first introduced
and perturbatively proved.

But as far as condensed matter physics is concerned, within the pre-
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vailing electrostatic picture of interactions, that we may call the “Electro-
static Meccano”, AF is a true property of the QFT describing it, and its
expectations coincide with those of the physics community. Thus according
to AF it does not make any sense that the nuclear physics of deuterons, with
its space-time scales six orders of magnitude smaller than the space-time
scales of the lattice, be any different in vacuum than in the Pd-lattice. Any
attempt to concoct, through some quantum-mechanical trick?, an explana-
tion of the CF phenomenology that stays within the tenets of the paradigm
must necessarily fail, for AF is deeply rooted in the paradigm — I daresay
it is the paradigm — and there can be no doubt that AF rules out CF
altogether.

[ believe that it is the poor understanding of this general implication
of the paradigm that is responsible on one hand for the criticism of the
majority of the scientific community of the “pathological” nature of CF,
and on the other of the inanity, worse the outright falsehood, of most of the
many theories of CF that have been proposed in the last six years.

But before introducing a new paradigm that avoids the narrow confines
of AF (which I shall do in the next Section), I wish to conclude this Section
with a small observation on “pathological science”. As well known CF has
been associated in its “pathology” with another subject that caused a scien-
tific scandal in the seventies, the “polywater” affair. Unlike the discoverers
of CF, the discoverer of “polywater” — Deryagin — finally recanted, con-
ceding that the water that is found in very thin quartz capillaries is not a
new strange phase of water but some kind of gel containing a sizable fraction
of solved silica. This admission was hailed with relief and the deep reward-
ing feeling that scientific rationality had finally triumphed over unsound
scientific claims and deductions. But, should it have really been so hailed?
I doubt it, for, if not “poliwater”, Deryagin had discovered the incredible
fact that pure water (a collection of small, rather featureless molecules) is
able to attack and dissolve a material that can stand the strongest chemi-
cal agents. Is this understood within the paradigm? A reply to this simple
question would be highly appreciated.

Curing the “pathologies”: QED coherence in matter

In the introductory Section I have tried to explain that the “pathological”
nature of the science of CF, as perceived by the large majority of the scien-
tific community, lies in fact not in the wide experimental body of knowledge

3 Another unhappy aspect of the dominating paradigm is the subjectivism of the Copenaghen
interpretation of Quantum Mechanics, imbibed of irrationalism. Irrationalism that very often
is played against whoever asks embarassing questions about the physical bases of universally
accepted but extremely obscure quantum mechanical developments (such as, for instance, the
BCS “theory” of cold superconductivity and the Mdssbauer effect).
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that reproducibly has been accumulated throughout the world in the last
six years, but rather in the intellectual framework — the paradigm — that
dominates not only in physics, but in chemistry and biology as well.
When dealing with condensed matter phenomena the normal* scientist
is led by the paradigm to expect that the constituents of condensed matter
(atoms, molecules) are bound together by the same kind of forces that bind
the elementary building blocks of molecular physics, namely electrons and
ions/nuclei. As we know well, these forces are all of electrostatic nature,
and have the fundamental property of extinguishing themselves at distances

larger than a few A’s. This property stems from the well known fact that

condensed matter at scales of just a few :1’5 is neutral. Thus the long range
part (1/r) of the Coulomb interaction® is ineffective (Debye screened) at
distances that exceed a few atomic radii. The mental picture of condensed
matter, that the paradigm suggests to the normal scientist, is that of a huge
electrostatic Meccano, where the electrostatic two body (local) interac-
tions are the nuts and bolts that keep the pieces of the Meccano — atoms
and molecules — glued together to form the enormously complicated struc-
tures of condensed matter: crystals, glasses, hydrogen-bonded liquids etc.
In this picture macroscopic order, that we contemplate often with marvel
in matter, both living and inanimate, is the outcome of the juxtaposition
of the pieces of the Meccano through the holding action of the electrostatic
nuts and bolts. But just as the Meccano picture supports, with the aid
of properly designed blueprints, the possibility of building meaningful, or-
dered structures, when all this is cast in the necessary quantum mechanical
framework, where all nuts and bolts must be somewhat loose, in obeyance of
the Heisenberg principle, it becomes highly implausible that such looseness,
compound over about 10%* (the Avogadro number) elementary systems may
result in macroscopic structures with the kind of stability and strength that
we observe in condensed matter. And as a matter of fact, I know of no solv-
able theoretical model that achieves macroscopic order through short range
interactions®.

But there are more specific reasons not to believe in the electrostatic
Meccano; just to mention a few: the Mossbauer effect, ferromagnetism,
superfluidity, superconductivity, catalysis, experimental realities for which
there exists only “kinematical” theoretical frameworks, based on “self-consistency”
, the deep “dynamical” reasons being always postponed to some demiurgical

isee footnote on page 4

5Tt is thus very surprising to find that the most popular theory of the quantized Hall effect is
based on a Hamiltonian for the electrons’ system whose interaction term is the pairwise Coulomb
interaction.

SThe usual objection that I hear to this contention is, of course, in terms of the Ising model.
However (i) the Ising model is formulated on a lattice, thus on an “a priori” ordered structure,
(ii) T know of no successful application of the Ising model to any realistic system.

269



future computation/simulation.

It is for the keen unsatisfaction with the present state of affairs that
a few years ago (1987), having completed a long and difficult analysis of
the Quantum Chromo Dynamics (QCD) ground state [4], in search for an
explanation of the peculiar confinement property of quarks, I started on
a research programme to investigate the possibility that also for QED in
condensed matter systems the ground state (the vacuum) show the highly
non-trivial structure that in QCD explains the paradoxical confinement be-
haviour of quarks. This research quickly met with unhoped for success,
and, as I explained in a series of lectures already in February 1989 (5],
the idea” that the transverse electromagnetic field in the ground states of
condensed matter is well described by an infinite set of quantum harmonic
oscillators in their minimum energy states (the perturbative vacuum) is
just simply wrong, for it is based on an approximation (the slowly vary-
ing envelope approximation) that, though fully valid in Laser physics, is
totally inapplicable in systems that are cold and dense enough. And if the
ground state of the e.m. field in condensed matter is in general the pertur-
bative QED ground state, this must mean the doom of the paradigm, for
it systematically ignores an important, indeed a fundamental actor of the
dynamical drama of matter. And if the ground state of a piece of matter,
as the paradigm envisages, is not the loose structure where the elementary
matter systems and the e.m. field each perform their zero-point quantum
oscillations chaotically and independently, what is it, really?

The answer, as widely and thoroughly discussed in a book that is due
to appear soon (7], is disarmingly simple: it is a laser-like state where
matter and field oscillate in phase on a frequency that is characteristic of
the particular atomic/molecular species that make up a particular piece of
matter. But there are two fundamental differences:

1) the laser-like state, being the ground state, is accessed spontaneously with-
out any pump nor optical cavity, when it is below a critical temperature and
above a critical density;

i) no e.m. radiation can escape from such a state for, being it the ground state,
this would violate energy conservation.

It turns out that with the kind of “oscillator strengths” (matter - e.m.
couplings), and the kind of densities ((%) ~ 10?2 + 10 cm™3) typical of
the atomic/molecular systems of condensed matter the critical tempera-
tures are usually very high (~1000 K) and the critical densities are usually
well below 10*® cm™. Thus such states are predicted by QED to occur
very frequently, as indeed they do! It should be abundantly clear, at this

7As forcefully argumented by P.W. Anderson in an influential book on condensed matter
physics [6].

270



moment, that the doom of the paradigm, implied by such new develop-
ments, demands that it be replaced by the new approach, that is based
on a solid (through well defined approximations) analysis of the ground
states of QED in condensed matter systems [3]. We may call this new
approach the electrodynamic Network (EN), for it involves the multi-
tudes of atoms/molecules of a macroscopic piece of matter in an intricate
dynamical interplay mediated by a large amplitude (classical) e.m. field.

One of the basic aspects of the EN, that being very conterintuitive is
most difficult to visualize, is the peculiar behaviour of the matter systems,
which comprise well defined quantum wave fields, the matter wave fields.
When we concentrate our attention upon the elementary matter systems it
seems completely natural to think that when in the ground state they are
in the lowest state of excitation, for this appears to be a straightforward
consequence of energy minimization. This. in fact, turns out to be generally
wrong for, due to the phase coherence between the matter field and the e.m.
field, energy is minimized when both the electromagnetic and the matter
fields are in an excited state, the (negative) interaction energy being suffi-
cient to bring the value of the total energy below that of the perturbative
ground state, where both e.m. field and matter are indeed in their ground
states.

As I have stressed [8,9] time and again to the CF community since the
first paper published in May 1989, the ground state of a piece of matter,
say a Pd rod, is so crowded with large coherent e.m. 'fields that the idea
that AF should hold there does not seem at all reasonable. Indeed one
should carefully evaluate (and this has been done in successive steps {9]) if
and in which way the expectations of AF are violated. However, one thing
can already be said with certainty: AF is not a general property of the
coherent ground states of QED in condensed matter. Thus, from a purely
conceptual standpoint, in the new approach the “pathologies” of CF are
completely cured, for they are all based on a general property, AF, that
does not hold in a large class of physical solutions of QED, the coherent
ground states (CGS). At this point one may conclude that the “ pathology”
of CF is in fact in the eye of the beholder!

In an article written together with M. Fleischmann and S. Pons [10] an
articulate discussion was presented of the strange behaviour of Hydrogen
in a metal matrix such as Pd, arguing that, even ignoring the phenomena
of CF, what is well known since long about the way Hydrogen enters and
diffuses in Pd is totally at odds with the paradigm, and its qualifying AF.
In particular, the high potential barrier (~ 30 eV) that a D,-molecule must
overcome before entering the Pd-lattice (where, according to a series of fas-
cinating experiments of A. Coehn [11], Hydrogen is found in the ionized
state) is something that within the paradigm has never found any sensible
explanation. This and the many other mysteries that still remain to be un-
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raveled in the Palladium/Hydrogen system, as we have argued in Ref. [10],
should be another warning signal that one does have to go beyond the
paradigm, even ignoring (but how?) the dry and reproducible facts of CF.

Let me now devote the rest of this Section to paint a possible scenario
of the Pd/D system at high loading (z =Pd/D), where the CF phenomena
are known to occur. I shall do this in the framework of the new approach,
whose conceptual bases have been described at length above, and whose
calculational details have been worked out in several previous talks and
reviews [12,13)®.

The Pd-lattice (a face centered cubic lattice) is the locus of several
coherent dynamical processes, that give rise to coherent, collective plasma

oscillations of the different elementary systems. Those in which we shall be
mainly interested in are:

i) the coherent plasma of the Pd-ions;
ii) the coherent plasma of the d-electrons;
iii) the coherent plasma of the conduction electrons.

These plasmas realize an energetic gain with respect to the (mono)atomic
high temperature gas, and such gain constitutes the previously ill-recognised
“raisond’étre” of the crystalline structure of the metal. When the Pd-lattice
is entered by the Hydrogen (and its isotopes D,T) atomis one finds that the
electrons go to augment the conduction band, and the (partially screened)
nuclei arrange themselves in particular sites (octahedral and tetrahedral)
(See Fig. 1), where they perform coherent, collective plasma oscillations.
Again, it is the energy gain that is associated with the latter plasma oscil-
lations that justifies the incorporation of Hydrogen by the Pd-lattice, that
in fact turns out to be exothermal (~ 15 Kcal/mole). Thus in the Pd/H
system there is another all important plasma:

iv) the coherent plasma of the (partially screened) H (D,T) nuclei.

As explained in Ref. [13] there are two types of H plasmas, according
to the sites the H-ions occupy: the B-plasma in the octahedral sites, and
the y-plasma in the tetrahedral sites. I have shown (and a more refined
calculation [14] confirms it) that for z € z, (z, ~ 0.7) it is the O-plasma
that realizes the ground state, while for z > z, the y-plasma possesses the
minimum (free) energy. Thus on a purely theoretical basis it was concluded
that a (second order) phase transition (from the B-phase in the octahedral
sites to a new phase, called y-phase, in the tetrahedral sites should occur for
z ~ z,. This prediction has now found many confirmations ranging from

8This reasonably exonerates me from repeating what can be found in easily accessible
literature.
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Figure 1: The octahedral sites (left) and the disks of the tetrahedal sites (right)

in the (1,0,0) plane of the Pd lattice.

the measurement of the z-dependence of the diffusion coefficient [15], to
the peculiar resistivity curve of the Pd/H system, which shows a maximum
at ¢, ~ 0.7. The explanation of this latter well known fact is in the new
approach quite simple and natural: the extra resistivity that, due to H
incorporation, rises up to z, and falls to zero for z — 1,.reflects the different
scattering cross-sections that the H-ions have for the conduction electrons;
in particular the decrease for ¢ > z, indicates that in the y-phase the H-ions
are in a tightlier correlated state.

In the talk I have given at the ICCF4 [13] I posed two sets of questions,
relevant to the H-loading of Pd (a) and to the CF phenomena proper (3).
Let me recall them.

First the questions about Hydrogen (D) loading:

(1) Why and how does the process
Dalgas = D+ Dliattice
proceed?
(az) why and how, in the lattice
Dltartice = D¥ + €7,
D* and e~ enjoying a different, independent dynamics?
(aa) why is D* so mobile at high z?
(cq) what are the phases of Pd/D?
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Figure 2: The steps of D, absorption by the Pd-lattice.

(a5) what happens during electrochemical loading?
(ag) why one observes “Heat after death” [16}?

As for the mechanisms of CF in the highly loaded Pd/D system, the
relevant questions appear to be:

(B:) how can one overcome the Coulomb barrier?;

(B2) which is the main DD-fusion dynaLmics?;

(Bs) can we understand rarer processes: n,T,X-rays...7
Let me now briefly recall the answers.

(a1) The process consist of two steps (see Fig. 2):

(i) the Dz-molecule is brought in contact with the Pd-surface; this step is
governed by the gas chemical potential:

T 3 T | p
kD, = =7 19.3+Zlogi:—log;; , (5)

(i1) the Dp-molecule interact with the evanescent e.m. field associated with
the different Pd-plasmas. It is the dispersive interaction of these co-
herent e.m. field that causes the tunneling of the D;-molecule through
the high barrier (=~ 30 eV) that separates it from the “shattered” state
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(a2)

(013, 04)

(2D* + 2e7) in which it starts penetrating the Pd-lattice. Incidentally,
the same kind of interaction must be at work when the coherent e.m.
field of water [17] induce the NaCl (ionic) molecules of a crystal of salt

to tunnel through their barrier (about 5 eV high) to become ions: Na*t
and Cl-.

The D*’s and the e™’s of the “shattered” deuterium surface state penetrate
(almost) independently the Pd-lattice, for they belong to different plasmas,

and there is an energetic gain to be part of the plasmas instead of remaining
in the atomic configurations.

It all depends on the different phases a- 3- and 4- the D*’s are in with
increasing z. The a-phase is a disordered (gaslike) phase existing at z < 0.1;
in this phase the diffusion coefficient is expected, and found, very small (see
Fig. 3). The 3-phase is an ordered (coherent) phase with the D*’s oscillating
in the octahedral sites. The (calculated [14]) z-dependence of the chemical
potential x for the 8- and the y-phase (the D*’s in the tetrahedral sites) are
reported in Fig. 4, which shows a cross-over at about zg, implying that for
z < z¢ the stable phase is the J-phase, while for z > z; it is the y-phase to
be stable. Recalling now that the diffusion coefficient is given by

D= axg—l;, (6)

where ¢ is Einstein’s mobility, from Fig. 3 we may understand two major
features of the D*’s mobility in Pd:

(1) its fast increase with z;

(ii) its sharp discontinuity for z ~ z,.
These deductions answer (a3) and (a4) completely. I should also remind you
that the existence of the v-phase, whose evidence is becoming compelling,

was actually predicted on the grounds that CF cannot take place in the
[J-phase for:

(a) the D*’s are too far away;
(b) only the tetrahedral sites can accomodate more that one D*;

(c) only in the tetrahedral sites can the d-electrons of Pd effectively screen
Coulomb repulsion.

This is another good example of the fact that the remarkable oddities of CF
have just shed interesting light upon the dynamics of an ancient, well known
system such as Pd/H.
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v-phase, as a function of .
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Figure 5: The different fates of D*’s arriving at the Pd-cathode.

(as, ag) The description of electrochemical loading that our approach affords takes
off from the three possible fates (depicted in Fig. 5) of the D*-ions once they
arrive at the cathode. How many of them will be able to enter the Pd-lattice,
and load it at high z (the fundamental prerequisite for CF phenomena to
occur), it depends on:

(i) how many D-atoms will combine on the Pd-surface and leave the premises
as Dp-molecules, forming the well visible gas bubbles;

(ii) the chemical potential of the D’s left at the surface.

In order to minimize the number of D-atoms that bubble out as D,-molecules
some kind of “muck”, that forms during the electrolysis upon the surface, is
certainly useful, for it hinders the free traffic of D-atoms on the surface and
its consequent high recombination probability. As for the surface chemical
potential a fairly detailed analysis of the ponderomotive effects due to the
evanescent e.m. flelds of the various plasmas of the Pd/D system has been
presented at ICCF4 [13], showing interesting autocatalytic aspects. In fact,
the surface, as well as the bulk chemical potentials acquire negative terms,
whose absolute values increase with z, thus leading to large equilibrium z-
values, quite far away from thermodynamical equilibrium.

As for “heat after death”, the subtle interplay of surface and bulk chemi-

cal potentials at high z is capable to account for the strange observations
reported by S. Pons at ICCF4 [16]
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Figure 6: The electrostatic potential as seen by the D*’s along the tetrahedral
disks

Getting now to the CF phenomena in the highly loaded Pd/D system,
1 will now sketchily® answer the questions posed above.in order.

(81) The screening that the plasma of d-electrons provides in the tetrahedral sites

has been determined by calculating the electrostatic potential generated by
them, which is reported in Fig. 6.

Introducing such screening potential in the Gamow barrier penetration am-
plitude (1 = Z2 is the reduced mass of the D-D system)

NG ~ exp {__(2“)1/2 /ro dr,[v(rl) _ E]l/?} , (7)
N
yields
nG(Pd) ~ 107%2#1, (8)

some thirty orders bigger than the amplitude in the Ds-molecule 7g(DD) ~
1051, This very strong screening is enough to yield rates for the purely
incoherent processes (the only one that takes place in vacuum)

Tine = Ingl*Taver, =~ 10(z — 1) fusions/sec cm?, (9)

where the (z — 1) factor takes into account the threshold at z = 1, a strict
prediction of this approach.

SAgain, extended answers are found in the ICCF4 talk [13]
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(B2, B3) The main fusion path is not, of course, the incoherent one, that is the only
fusion mechanism in the vacuum, and would be the only one in Pd as well,
should AF hold, as dictated by the paradigm.

The new approach, in fact, predicts that the strong e.m. fields that crowd the
lattice, once the barrier is penetrated, couple the extra D-nuclei (i.e. those in
excess of £ = 1) to the wave-field comprising all deuterons within a coherence
domain’?, of the size of a few microns. Due to the N¢p factor, arising from
coherence, and the strength of the e.m. fields, the nuclear dynamics becomes
strong and fast, leading to the nuclear ground state *He with high probability
and in a very short time. This is why:

(1) the main fusion channel is
D* 4+ D* —* He + energy in Pd;

(i1) the energy released to the Pd-lattice brings the various coherent fields
in excited states that relax with their particular times (3%, w is the
oscillation frequency) in various forms:

a) e.m. radiations of all frequencies,

b) exotic nuclear photo-reactions, including neutrons from the photofis-
sion of D,

c) heat, i.e. phonons.

(iii) in regions where the coherence is partial, we may have different, weaker

and longer pathways (Fig. 7), which may explain the odd (%) ratios
that have been observed.

(iv) a (semi)quantitative calculation of the main fusion channel on the case
of “minimal” coherence (i.e. coherence over only one CD) yields for
z ~ 1.1 rates of the order of kXW/cm® Pd. Much higher rates are
expected for higher z-values and more extended coherence.

To conclude this Section, I believe I may state with confidence that on

the basis of the accumulated body of observations and of the theoretical
work done so far:

(a) agood, predictive, sound theory of the “pathologies” of CF can be based on

the general laws of QED, liberated at last from the crippling constraints of
Asymptotic Freedom;

(B) the science of CF is just in its infancy, other promising systems, besides
the Pd/D are now coming to the fore and even in the Pd/D system there

10A5 I have explained, almost “ad nauseam” on several different occasion, the minimum space
domain in which the matter and the e.m. fields are coherent is the Coherence Domain (CD),
whose size is the wave-length of the e.m. field.
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are large areas of experimentation where a new chemistry, a new condensed
matter and a new nuclear physics are very likely to emerge, fostered by the
power and the simplicity of the new, coherent approach.

What’s wrong with this?: a reply to my critics

[ may concede that I never, since my long scientific militance in the camp
of CF, expressed so explicitly to this community the need for the drastic
paradigm shift that the CF phenomenology demands. The new approach
— QED coherence in matter!! — just realizes such paradigm shift by iden-
tifying in the neglect of the transverse e.m. field in condensed matter a
fatal drawback of the dominant paradigm and of its fundamental conse-
quence: Asymptotic Freedom. In hindsight this was a mistake, for very
few scientists (fortunately Fleischmann among them) have perceived the
logical cogency of the various deductions that form the body of an in prin-
ciple (to go from principle to practice will require substantially more work)
complete theory of CF, both with regard to the fascinating problems of
Hydrogen loading in a metal matrix such as Pd, and to the CF phenomena
in such metal/D systems.

As a matter of fact what in my work most people have incorrectly under-
stood, and criticized, is a collection of more or less “imaginative” models to
fix the various “miracles” of CF, that to a closer scrutiny within the frame
of prejudices and constraints of the paradigm end up (is it so surprising?)
to violate one or other of its tenets.

[ shall illustrate this important point by analyzing and answering the
most explicit critiques'? that have been levied against my work, which ap-
pear in the ICCF4 Proceedings (18], and in a review article published in a
recent issue of the International Journal of Theoretical Physics [19].

The hostile attitude of the authors toward my work is betrayed by their
complaint that Dicke, the inventor of Superradiance, is never mentioned
in the CF papers. As mentioned in a footnote above, though Dicke’s Su-
perradiance leads to ordered quantum states of matter and radiation that
have some common feature with those of QED coherence in matter, their
distinctive feature of producing coherent e.m. radiation (like in a laser) is
just orthogonal to the e.m. field trapping within matter, that gets realized
in the new approach when the density of the atomic/molecular systems is

In a first stage I gave this approach the name of Superradiance, as a due homage to the
pioneering work of R.H. Dicke. This was a mistake, for my generosity has been maliciously taken
as a plagiarism. But more of this in a moment.

1276 be fair, I should credit these critics the basic honesty of speaking out their disagreement:
a practice that is less and less popular in the contemporary scientific world, for it exposes the
critic himself to critiques. The more frequent and safer practice makes use of gossips and of
anonymous referee reports.
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large enough and their temperature low enough. It is just for these reasons
that Dicke has been fully mentioned in other papers and lectures, his work
being totally unrelated to the subtle phenomenology of CF.

Their hostility is further displayed in their accusing me of conceptual
errors, that they do not care to argue, and of “a number” of numeric and
analytic mistakes, of which they discuss only a minor one (about a factor
of 5 in a Gamow amplitude ~ 1072}, whose evaluation can clearly not be
more accurate than one order of magnitude!).

But, enough with such pettiness; their really strong critique has to do
with the large screening potential (V,ieen ~ 100 eV at the bottom of the
well) derived in Ref. [9], and further refined in subsequent calculations [14].
Incidentally, without such screening there is no (known) way to understand
how CF phenomena could happen.

Having taken the original calculation to mean that the Z electrons of
the Pd atom surround the D*-ion at distances of the order of the Fermi-
Thomas radius for a Z electron atom, they conclude that all this violates
basic physics, for “a solid would collapse if such close equilibrium screening
were possible”.

Their turn of arguments would not be blatantly incorrect if the screening
electrons (only the d-electrons, as realistically done since march 1990 [9])
were in static orbits around the Pd-nucleus. But, as stressed time and again,
such electrons comprise a plasma performing wide plasma oscillations, that
realize an energy gain. In such state, due to the strong correlations among
them, the electrons do not behave incoherently and individually, as they
do in the atom, but follow their collective dynamics, which endows them
with much sharper localization properties, as if their effective mass (their
inertia) were in fact larger than in the “asymptotically free” limit. For the
sake of visualization only, one may think that the electrons tend to mimic
the physics of u-catalysis. Clearly, the misunderstanding has its origin in
the critics’ lack of perception that QED coherence in matter does change
the paradigm, whose conceptual schemes are totally inadequate to penetrate
collective behaviour, that, instead, is at the root of the new approach.

Finally the critique [18] that I violate the laws of physics “in trying to
insure a large enough time for the existence of a large charge density on
the sides of a crack”. Again it is their poor understanding of the paradigm
shift that is realized by the new approach that blurs the critics’ perception
of what I am trying to do in the different field of “fractofusion”. The
coherent e.m. fields that in the form of evanescent waves fill the crack of
a mechanically stimulated solid may have rather large lifetimes, and it is
they, and not a large density of electrostatic charges that are responsible
for the acceleration (under appropriate conditions) of the charged particles
that move across the cracks.

These are the only critiques that I find in the literature to the body of
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my work on CF, and so my reply should end here.

But, in the CF community, there are other more serious critiques, or
better (worse!) the widespread belief that we do not, after six years, possess
the correct intellectual means to understand CF. This refrain occurs over
and over in all published literature, which most of the time ignores all that
has been done in the new approach since March 1989. What kind of answer
can I give to such vast majority of believers of CF, but skeptics of CF
theory? I have thought a lot about ths problem, that I have always seen as
a major obstacle to quick progress in this fascinating field. Philosophy, or
better epistemology, clearly has not worked, for the conceptual superiority
of the new approach should have convinced my colleagues to invest some of
their time to try and understand it, and contribute better critiques to the
development of the associated research program. The discussion it affords
of general different and subtle mechanisms that give a completely coherent
picture of the CF phenomena in the Pd/D system also has had little impact
due, I presume, to the philosophical barrier just described. Let me try a
new (though at this time subliminal) way. I can tell you with a reasonable
degree of confidence that proceeding on the road built by the new approach
through CF land one should be able to reproducibly achieve powers in the
order of 100 kW/cm?® Pd.

It is reasonable that all this will be common knowledge by the time of

ICCF6.
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Abstract

Five experimental evidences show that the excess heat is from a nuclear source
with a life-time of 10* seconds. This life-time is shown to be related to the barrier
penetration number, 6, in terms of the resonance penetration theory. The boson nature
of the deuteron ion (D), and the deuteron energy band structure in lattice play the
critical roles in filling the corresponding narrow resonance energy level. Prof. J.
Huizenga’s challenge of three miracles! is answered, and “excess heat” without strong
nuclear radiation is a reasonable phenomenon. It predicts: (1) there must be a critical
loading ratio; (2) the greater the grain size and the activation energy are, the better the
reproducibility.

1. Introduction

After six years of studies on the “cold fusion” phenomenon, two facts are
established: (1) Under certain conditions there is “excess heat” of several watts per cubic
centimeter of palladium; (2) There are no commensurate neutrons, tritons, or y-radiation
in parallel with the “excess heat” which is of non-chemical origin. The regression is that:
instead of using the neutron signal to convince people to believe there is any nuclear
reaction, we attempt to explain that these two facts are due to the existence of a long
life-time nuclear resonance state inside a lattice.

Early in 1928, Gamow proved that the life-time of an a-radiation nuclide, 1q,
was determined by the Coulomb barrier penetration number, 6. At that time the a-
particle after disintegration was a free-moving particle , and Tqc 6% Now the
penetration of the Coulomb barrier happens in a reverse direction and in a different
environment: the lattice confined deuteron penetrates the Coulomb barrier and enters a
resonance state. The life-time of this resonance state, T, is determined by the 6 again,
but tmoc 8. Now Ty, is linearly proportional to the 6 due to the discrete nature of the
energy level of the lattice confined deuteron which is different from the continuum of the
free-moving deuteron.
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We will start from the experimental evidences of this long life-time state (section
2); then, we calculate this life-time based on the nuclear resonance theory (section 3). In
order to fill this resonance state, this theory requires a critical loading ratio which is
another well-established experimental fact in the past five years (section 4). Finally, we

discuss the famous challenge of three miracles (section 5), and the conclusion (section
6).

2. Evidences for Long Life-time State

The strongest evidence is from the “heat after death”.®! The boiling-to-dry
electrolytic cell was kept at about 100 °C for three hours without any power input. It
clearly showed that the “excess heat” source was inside the palladium deuteride. The
reliable calorimetric calculation proved that the energy released in this 3 hours was 20
times greater than the heat of combustion possibly released by the deuterium stored in
this system. This was a nuclear active state with a life-time of 10* seconds.
» I The SRI electrolytic cell was

The second evidence is from the “heat after life
a closed cell. It was not driven to boil. However, when the electrolysis was shut down,
and input power was zero, the system did not cool down as a source-free system. The
flow-calorimeter clearly recorded that there was an energy source inside the system. The
first peak of the “excess power” was about 100 mW (the accuracy and the precision of
that experiment was 10 mW), and the width of that peak was about 3 hours again. The
energy released in these three hours was also about 10 times greater than the heat of
combustion possibly released by the deuterium available in the palladium electrode. This
was again a nuclear active state with a life-time of 10* seconds.

During the ICCF-5, J.P. Biberian’s “excess heat” data ©* showed that after the
shut down of the input power, the “excess heat” continued for 3—-4 hours. Although
there was no palladium lattice, an AlLaQ; single crystal provided the lattice confined
deuterons. Once again the life-time of that “excess heat” source was of the order of 10*
seconds.

In the “Critical Review of the ‘Cold Fusion’ Effect” ') E.Storms talked about the
replacing time of the palladium deuteride. When he put the deuteron-loaded electrode
into the light water cell, he observed the “excess heat” continuing for the first several
hours. He called this time the replacing time, because he considered that when the
deuteride was replaced by hydride, the “excess heat” was supposed to stop. From
another point of view, this showed that the life-time of the nuclear active state was again
of the order of 10* seconds.

After my talk in ICCF-5, M.Eisner of the University of Houston was so kind as
to give me his 1989 data for the “excess heat”."! It clearly showed that the width of the
first “excess power” peak after the shut down of the electrolysis was once again of the
order of 10* seconds.

It was not realized that the answer to Prof. J. Huizenga’s challenge of three
miracles has been indeed implied in this long life-time of nuclear active state.

3. Theory of Resonance Penetration for Lattice Confined Ions
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The life-time of a quantum mechanical state, 7, is related to the width of its
energy level, I, by the uncertainty principle:

h
N 1
TR (1)

The width of the energy level can be expressed by the imaginary part of the wave
number, k’, through the identity:

hZ
F=ImU=—%k%k 2)
m

Here ImU is the imaginary part of the potential well U, k" and k' are the real and ima-
2
ginary part of the wave number £, respectively. k*= h—T(E —-U). E is the total energy

of the relative motion of the two deuterons. When the energy E coincides with the
energy level inside the nuclear well, (k"a)=~O(1) . Here a is the size of the nuclear
well. However

lk'a|~ 0@ 3)

for this resonance. Here @ is defined as

0= exp[]. ﬁl—'z”(U - E)dr] 4)

and 6 ? is just the famous Gamow barrier penetration factor. Equation (3) has been
rigorously proved for the square well case, ® and for the arbitrary potential
configuration.®”) Here we just explain why the imaginary part of the wave number, k',
should be such a small number in order to have a resonance penetration. As we know,
when k' <0 , k' determines the damping of the wave function. The wave e will

be damped by a factor of exp[—|kia|] when the wave propagates through a length of a.

On the other hand the Coulomb barrier suppresses the amplitude of the penetrating wave
function by a factor of 6 '. In order to use the resonance effect to build-up the wave
amplitude to its initial value in terms of the constructive interference between the
reverberating wave and the penetrating wave, we need at least £-times reverberation

before the wave is damped. So we need [k’ (6a)| <0 , or [t'a|<0(67).
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Consequently, sustituting k" and &' in eq.(1) and (2), we have the life-time for
“excess heat”

ma 2

6 ©)

Txh ~

For the d+d interaction, m~10%'g., @ ~10™ cm, 8~ 107, """ we have 1, ~ 10* sec.

The theory just gives the correct order of magnitude of the life-time of the nuclear active
state.

4. Bose Condensation and the Critical Loading Ratio

Such a long life-time state corresponds to a very narrow energy level in the order
of 10 V. This is the reason why we could not observe this resonance level in any low
energy beam-target experiment.!'” Because the beam energy distribution is much wider
than the width of the resonance energy level, it is an analogy to using a screw driver to
detect a tiny crack in a brick wall. The crystal lattice assists in observing this narrow
resonance in two ways: (1) the trapped deuteron ion in the lattice well is sitting on a
discrete energy level with very narrow width also; (2) the periodical structure of the
lattice well creates an energy band for the trapped deuteron ions. Then, we have a bunch
of needles to detect the single tiny crack on the brick wall. The number of the energy
levels (needles) in this band is determined by the grain size, L (i.e. the size of the
periodical structure, or the coherent length), and the size of the primitive cell in the

palladium lattice, & (i.e. the size of the PdD molecule). When &~ 3.2\ , L~ 60L, we have
roughly (L/8)*~10" energy levels inside a deuteron energy band. On the other hand the
deuteron energy band width, I'p, is determined by the size of the primitive cell as:

B 1)
s 2] i ;
BS55 107°eV (6)

Thus, the energy difference between each neighboring energy level inside the band is
about 10" eV. Hence, if the whole band is occupied by the deuterons; then, the whole
population has the chance to be in resonance penetration of Coulomb barrier, as long as
the energy band is adjusted to a level in resonance with the nuclear energy level. When
(L/8)*<<10" , we have much less chance to have resonance penetration of the Coulomb
barrier due to the difficulty in matching the narrow nuclear energy level with the lattice
energy level.

Now the question is: how can we populate the deuterons into this energy band ?
We need the Bose-Einstein condensation. Experiment has shown that hydrogen solved
in palladium acts like an ion,!"*! so deuteron should act like a boson. If the deuterons are
totally free-moving particles like a gas inside the palladium; then, the critical density for
Bose-Einstein condensation is about!*
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%
kyT
n, =2.612('" 8 ) ~8.5%10* cm™

27th? @)

It is much higher than the
maximum possible deuteron density
inside the palladium (=6.8x10% cm™).
However, the experiment has also
shown that the hydrogen solved in
palladium is not a free-moving gas. In
order to explain the anomalous diffusion
behavior of the hydrogen in the palla-
dium, we must assume that there is a Energy Band
component of trapped hydrogen ions Fig.1 Energy Band Structure in

(localized)."” If we assume an energy Palladium Deuteride lattice
spectrum as that in Fig.1,

then the critical density for Bose-Einstein condensation would be

E,
=n, exp(——— %, T ()

Using ncgz6.8><1022 cm” (corresponding to critical loading ratio~1), T=300 K, we have

E:

®)

this number is very close to the activation energy for hydrogen in palladium."*

In fact this condensation model gives a good reason for the critical loading ratio.
If the deuteron density is lower than this critical density ng, then, there will be no enough
population in the low lying energy band, and less chance for resonance penetration.

5. Nuclear Surface Absorption and 0°—0" Forbidden Transition

The low energy beam-target experiments have established a fact that the strong
interaction will annihilate the penetrating deuteron wave after several reverberations.
When one assumes the reaction rate

A = Al@O)f (10)

low energy experimental data show that 4=15x10"%cm®sec™ ."® Considering that

the volume of the deuteron-deuteron nuclear interaction is the order of 10*° cm®, we
know that the life-time of the deuteron-deuteron strong interacting system is the order of
10 se, i.e. the order of the reverberation time. Then, one may ask the reason why the
built-up wave function in the resonance case is not annihilated by this strong interaction .
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In fact, the strong absorption in the nuclear well is concentrated on the surface
region as suggested by the nuclear optical model.!"”? The reaction “constant”, A, is not a
constant inside the nuclear well; hence, the reaction rate, A, should be

A= Ix(r)l\lf(r)lzd3f :Ixy O, () d°F +I As (NN ()| 7 (11

Here, the subscripts, V and S, denote the volume and surface, respectively. Ai{r) is much
smaller than A(r) by a factor of 8. When there is no resonance, I‘Ir’,, (r)| ~ ITS (r)| ; then,
the reaction happens mainly in the surface region of the nuclear well, and the life-time is
the order of the reverberation time. When the energy reaches the resonance level, the
wave function, ‘¥, (r), builds up due to the constructive interference between the

penetrating wave and the reverberating wave. I‘*I‘,, (r)l zel‘Ps (r)| >> I‘{/S (r)l .Hence,

hols o ar < [r,owofar > holtefar (12)

The life-time of the state is determined by the core part of the wave function, and is
greater than the reverberation time by a factor of 6.

In other words, the strong interaction annihilates only the deuteron wave near the
nuclear surface. The deuteron wave function can still be built up inside the core of the
nuclear well where the absorption due to strong interaction is weak. Physically, the
absorption (i.e. deuteron loses its identity) only happens in the region where the nuclear
force (the derivative of the nuclear potential) is large. Inside the nuclear core, although
the nuclear well is deep, the nuclear force is weak there. So the deuteron wave can
survive inside the core of the nuclear well.

In contrast to the short range of the nuclear force, the electromagnetic
interaction is a kind of long range force. One may ask the reason why the
electromagnetic force does not annihilate the long life-time state . This is due to the
symmetry of the system. The symmetry of the wave function of the d+d system is
determined by their orbital motion and their spin motion. At the low incident energy,
only the S-wave (orbital angular momentum | = 0 ) is dominant inside the core of the
nuclear well. So the symmetry for the orbital motion is symmetric about the exchange of
the two deuterons. Then, the spin motion part of the wave function should be symmetric
also in order to keep the symmetry of the total wave function which is necessary for a
boson-boson indistinguishable particle system. The spin for each deuteron is 1, the
resultant angular momentum may be 0,1, or 2. Since the state of resultant spin 1 is anti-
symmetric about the exchange of the two deuterons, it is not an allowable state. The
resultant spin should be 0 or 2.!"® Consequently, the possible total angular momentum
and parity for the d+d system is 0, or 2°. If the resonance state takes the 0%; then, it
should be stable against the electromagnetic interaction. Because the ground state for
d+d system is 0" (helium-4), and the spin for photon (the electromagnetic quantum) is 1,
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it is forbidden to have a 0*—0" electromagnetic transition due to the conservation of the
angular momentum.

What we have to figure out is the mechanism through which the excited d+d
system transfers the energy to the lattice system in a slow time scale.

6. Conclusion: Thunder without Lightning is OK

Based on above-mentioned discussion, we have seen that the long life-time
nuclear active state may be created after the resonance penetration of Coulomb barrier in
the d+d system in terms of the lattice confined deuterons. This is a resonance state which
cannot be observed in a low energy beam-target experiment. This resonance state will
not emit strong nuclear radiation (neutron, triton, or y radiation). This is just the answer
to Professor J.Huizenga’s challenge of three miracles. Only the chemists have a better
chance to discover this nuclear active state in terms of calorimeter, because there is no
strong nuclear radiation.

Although it is a long life-time slow reaction, it is still a practically useful energy
source. Even if only one thousandth of the deuterons inside the palladium are involved in
this state, the “excess power” is of the order of 1 kW per cubic centimeter of the
palladium. This is about the same as that in a fuel rod of a fast fission breeder reactor.

In these two meanings, we say that thunder without lightning is O.K. This
theory predicts that if we could produce the palladium with greater grain size and greater
activation energy, it should be easier to reproduce the “excess heat” experiment.
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List of Symbols

a=size of the nuclear well, cm

A=experimental bulk reaction constant,
cm’sec’!

b=classical turning point of Coulomb
barrier, cm

d=deuteron

E=total energy of relative motion, erg.

h=Planck constant divided by 27, erg-sec

k, k' and K=wave number, its imaginary
and real part, cm’

ks=Boltzmann constant, erg-K

L~=grain size in crystal, cm

m=mass of deuteron, g

nc=critical density for Bose condensation
of free-moving particles, cm™

ne,= critical density for Bose conden-
sation of particles with energy gap in
spectrum, cm™

r =radial coordiante, cm

T=temperature, K
=potential energy, erg

ImU=imaginary part of the potential
energy, erg

I'= width of energy level, erg
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I'e=width of energy band, erg G=square root of the reciprocal of

d=size of the primitive cell of a crystal, Gamow factor

cm 1=life-time of an energy level, sec
A=reaction constant, sec’ ta=life-time of the resonance state re-
Ay=reaction constant in core region of the leasing “excess heat”

nuclear well, sec™ Y=wave function, cm™?

As=reaction constant in surface region of
the nuclear well, sec™
A=reaction rate, sec’
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Abstract

We examine uncertainties of conventional theoretical estimates for low-
energy nuclear fusion cross-section ¢(F) and fusion rate {ov). Using new for-
mulations based on the optical theorem and the radial distribution function, we
derive new improved formulae for o(F) and {(cv). Our results of the optical the-
orem formulation for ¢(F) indicate that a near cancellation of the Gamow factor
can occur if the imaginary part of the effective nuclear interaction in the elastic
scattering channel has a very weak component with a long finite interaction range.
Uncertainties of conventional estimates of the electron screening effect for o(E) are
also examined and a new alternative formulation is proposed. Finally, based on a
solution of three-body Schrddinger equation and the optical theorem formulation,
we derive a new formula for three-body fusion cross-section and rate and compare
its predictions with conventional estimates and also with the recent experimental
data for three-deuteron fusion reaction.

1. Introduction

In this paper, we examine uncertainties of conventional theoretical estimates
and propose new improved formulations of low-energy nuclear fusion reactions.
Since the 1989 announcements of nuclear fusion at room temperature in palladium
(Pd) (1] and titanium (Ti) [2] electrolytic cells using heavy water (D,0), there
have been persistent claims of observing the cold fusion phenomena. Most of the
reported experimental results are not reproducible at a desirable level of 100%
[3]. However, there are a few experimental results which appear to be 100% re-
producible [4,5]. There have been many theoretical models proposed to explain
the cold fusion phenomena. Most of those theoretical models claiming to have
explained the phenomena appear far from having accomplished their claims [6,7].

In section 2, we present a new alternative theoretical formulation of low—
energy nuclear fusion reactions based on the optical theorem [8], which is much less
model-dependent than previous theoretical approaches. In section 3, we describe
and compare our new improved formula with the conventional one for the fusion
cross-section. In section 4, we show that some of the cold fusion phenomena may
be justified theoretically if the imaginary part of the effective nuclear interaction
in the elastic channel has a very weak component with a long finite interaction
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has a component with a long finite range. A new modified general formula for
nuclear fusion rate in high-density plasma is derived in section 5. In section 6, we
discuss uncertainties of the conventional theoretical estimates of low-energy fusion
rates due to electron degrees of freedom. We propose an alternative formulation
for investigating the electron screening effect, which avoids this difficulty. In sec-
tion 7, we show that there is a very serious difficulty associated with non-square
integrability in the conventional formula. In section 8, we describe a derivation
of a new formula for three-body fusion cross-section and rate, and compare its
predictions with the conventional estimates and also with the recent experimental
data for D+ D + D — p+ n+*He reaction [5]. Section 9 contains a summary and
conclusions.

2. Optical Theorem Formulation of Fusion Reactions

For the elastic scattering cross-section o(*¥(E), we introduce the partial
wave expansion o9 (E) = 25(22+ 1)o§t where o(¢? is related to the elastic partial
wave scattering amplitude f,el) by o (el) = | f(d)l2 where f(el) f§ + ¥ f, Ned)

with f, ) = (Se —1)/2ik and the Zth partial wave S—matrix given by S,. Hence,

afd) can be written as

Ift(e‘)IZ _— O' + a,lnt. + O.N(Cl) (1)

where 0§ = |f§|? = 4msin®6§/k? (Rutherford scattering), oi** = —27Re (S, —

1)(e% —1))/k? (interference term), and or 9 = |fN)2 = 7r|S, 1|2/k? (nuclear
scattering).

For reaction cross-section, we have ¢(") = ¥,(2¢+1)0{" where ¢{" = n(1-
|Se|?)/k2. Using o{” + o'? = 2x(1 — ReS,)/k?, and ImfM? = (1 — Res,)/zk,
we obtain the optical theorem for two-potential scattering case as

[ k T €.
ImfNed = 4_”(0() + o) (2)

which is a rigorous result.
For low energies, f, ) e~ [k and hence aN(el) |fN(e’) |2 oc e4m/k2.

Since o{” « e~2"/k?, we have o) >> g} )
write eq. (2) as

at low energies, and hence we can
ImfNE o B o 3)

which is still a rigorous result at low energies. We note that egs. (2) and (3) are
for non-radiative nuclear reactions and need to be modified for radiative nuclear
reactions.

In terms of the partial wave T-matrix, T}, the elastic nuclear scattering

amplitude, £ = (S, — 1)/2ik, can be written as

£OE) = — e (uiTilw) (4)
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where 5 is the ¢th partial wave regular Coulomb function and p is the reduced
mass. Using the low energy optical theorem eq. (3) with eq. (4), we obtain the ¢th

partial-wave (fusion) reaction cross-section o,(E)(= agr)(E)) as
oB) % o [ Wil Uidr, i) drar ()

where E = h*k%/2u and Uy(r,7') = —Im{r|T,|r’) with T; representing the fth
partial wave contribution of the T-matrix operator. The total cross-section o(E)
is given by o (E) = 2.(2¢+1)0,(E). It isimportant to note that our optical theorem
formulation of nuclear reactions, eq. (3), can be applied to both non-resonance and
resonance reactions using the T-matrix given in eq. (4). In reference [8], we have
shown that U(r,r’) has a separable form for the case of two open channels (elastic
and fusion).

3. New Fusion Cross-Section Formula and the Effective
Potential Range

It is shown in reference (8] that Im(r|T;|r’) for £ = O case and hence Uy(r, ')
in eq. (5) are separable for the two-channel case. Therefore, for estimating the S-
wave cross section, oo(E), for the two-channel case, we can parameterize Up(r, ")
in eq. (5) by two parameters A (strength/length) and 8! (range) in a separable

form as
Uo(r, ') = Ag(r)g(r') (6)

where ) is expected to be a slowly varying function of £ for the non-resonance
case. (For the case of resonance reactions the energy dependence of A can be
parameterized by the Breit-Wigner expressmn) For g(r) = e#7/r, the integral
in eq. (5) can be carried out analytically using eq. (6) and the exact form g(r)
= Co(n) My 1 (2ikr)/2i, where C2(n) = 2nn/(e*™ — 1) and M, _: is the Whittaker

in,3 1
function. The result is

4 . e~2¢m —1)2
ao(E) = [/ drig(r)e - /r] = RB((e27rn — 1)) e (7
which for the low—energy case reduces to
~ aon
oo(B) = SUEVETT 2y (8a)
E

with 2.2 .

et®n — b S
exp [40: - ( p )ta.n (B)] (8d)

where ¢ =tan~1(k/B) and So(E) = 4n2ARp with R = h%/(2uZ.Zse?). Since the
energy dependence of V; and 3 is expected to be weak, So(E) depends weakly on
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energy. Numerical results of eq. (8b) will depend on the unknown range parameter
ﬁ“ which needs to be determined either from experimental data or from reliable
microscopic calculations.

The use of g(r) = e leads to

472\
ERpg

00(E) = 2o (87 + K2) 7 (7 = 1) et (9)

while, for g(r) = ref", we obtain

oB) = g eRa8 + 107/ (6 + ) | (1) e a0

The use of a more general form for g(r) = e™#" (Ef‘ioc,-r") in eq. (6) also leads to

the same enhancement factor e*®". Therefore, the enhancement factor e*¢? is inde-
pendent of shape of the separable function g(r) used in eq. (6). The enhancement
factor e*¥" can be applied to both light nuclei reactions (small Z, and Z;) but
also to heavy ion reactions (larger Z, and Z;) such as sub-barrier heavy ion fusion
where €47 can be very large.

Our derivation of eq. (8a) is the first derivation of the Gamow factor based
on the optical theorem, and is much more rigorous than other previous derivations,
most of which are based on the barrier transmission coefficient derived in the WKB
approximation. Our new extra exponential factor, e!*7, eq. (8b), in eq. (8a) is
obtained together with the Gamow factor from our derivation and can be regarded
as a modification of the Gamow factor affecting it only at low energies, or as a
part of the S-factor if we still wish to keep the conventional formula eq. (11).
In any case, the new exponential factor has a sound theoretical foundation as the
above nearly model-independent derivation clearly shows. Furthermore, the energy
dependence of this new extra exponential factor depends on the range parameter,
inverse of beta (6~1). If the range is small, this factor is nearly energy independent
as experimental data for some low-energy reactions show. If the range is longer,
the new extra exponential factor can provide an enhancement of the “S-factor”
or the cross-section over the conventional values at low energies, and thus could
give a reasonable explanation of the experimental data referred to below [9-12).
Therefore, it is important to determine the range of the imaginary part of the
effective potent1al in the elastic channel for each nuclear reaction from experiment
and/or from reliable microscopic calculations.

For non-resonance reactions, it is customary to extract the S—factor, S(E),
from the experimentally measured o(E) using the following formula

oG(E) = %-6'2’”’(3’ (11)

where 9(E) = Z,Z,e?/hv, e~277(E) is the Gamow factor representing the prob-
ability of bringing two charged nuclei to zero separation distance, and S(E) is
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expected to be a slowly varying function of E. Recent results for o(£) from labo-
ratory beam experiments for nuclear reaction involving light nuclei at low energies
(> 3 keV) show that the extracted S(E) increases toward lower energies instead
of being a constant extrapolated from higher energy data, indicating a possibility
of the importance of the electron screening. However, recent theoretical calcula-
tions [13,14] of the electron screening effect yield limiting values which are much
smaller (by ~ 1/2) than those extracted from the experimental data for reactions
SHe(d, p)*He [9,10], °Li(p, a)*He, ®Li(d, @)*He, "Li(p, @)*He [11], }°B(p, @)"Be, and
1'B(p, @)"Be [12]. This discrepancy between the experimental data and the the-
oretical estimate for the electron screening effect is not understood at present.
Because of the importance of accurate low-energy cross—sections for bare nuclei
needed for astrophysical problems, it is very important to understand and resolve
the discrepancy. If we identify Sp(F) in eq. (8a) as S(FE) in eq. (11), e*¢7 in eq.
(8a) is a new enhancement factor for S—factor S(F) in eq. (11).

Since ¢ = tan~!(k/B) = 7/2 and e**" = €**" in the limit of 8 — 0, a (near)
cancellation of the Gamow factor e 2™ can occur if the interaction range 87! is
large (or B is small). Therefore, it is important to investigate a possibility that the
interaction range is finite but large (i.e., long finite range). One example is a long
range potential which can arise from Coulomb interaction as an electric polarization
potential in the real part of the effective potential in the elastic scattering channel
at low energies due to the electric polarizability of the target [15-19].

The effective potential V' for scattering of a charged projectile from a target
with an extended charge distribution can be written as

V=VS4VCyyr (12)

where V¢ and VS are Coulomb and strong interactions, respectively. The polar-
ization potential in the adiabatic approximation is given by

a.e?

2R3T4 ’

VPl(r) = r>> Rp (13)

where a, is the electric polarizability of the target and Rp is the Bohr radius of
the target plus the projectile, Rg = h*/(212,Zse?). If we denote the S—factor, S,
corresponding to the case of no polarization potential (V?% =0, and V = V5+V°)
and the polarization S—factor, S,, for the case including V7 (V = VS +VC+VPol),
perturbation calculations [15-18] yield |S,/S — 1] < 1073, and show that V?° has
negligible effects for fusion reactions involved in stellar nucleosynthesis [19].” Even
though V7 has a long range, it is the real part of the effective potential, and hence
it does not contribute to the enhancement factor e*#7 in eq. (8a) which is due to a
finite range interaction in the imaginary part of the effective potential.

Using the observed value of the deuteron polarization @ = a./Rp = 0.63
fm® [19], we can show that V?!(Rp) = 10 eV. To obtain an upper bound of
|Sp/S — 1|, we can use the following expression

Sp(E)
S(E) ~

1’ < e2x(n(E+Vpol(RB))'n(E)) - 1' . (14)
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For the d +d reaction with £ = 2 keV, eq. (14) yields [S,(E)/S(E)—1| < 1072, In
laboratory beam experiments, the electron screening effect needs to be taken into
account using the screening energy, which is known to be larger than V?'(Rg) = 10
eV. Therefore, the effect of the polarization potential may be negligible for low-
energy fusion reactions. This example shows that the contribution of the real part
of the effective potential to the reaction cross-section behaves drastically different
from that of the imaginary part of the effective potential.

Interaction range of the imaginary part of the effective potential in the elas-
tic channel for nuclear fusion reactions at low energies has not been investigated
previously, although there are some examples of the imaginary part of the effective
potential with a long finite interaction range involving Coulomb excitation. When
inelastic channels due to Coulomb excitation of the target nucleus to excited states
become open at higher energies, a dynamic polarization potential results from the
long-range Coulomb potential. For the case of a quadrupole excitation, the dy-
namic polarization potential has an imaginary part with an asymptotic behavior
of 73 at large distances [20]. For nuclear fusion reactions involving charged nuclei,
rearrangement or fusion is involved in the exit channel, and hence it may be rea-
sonable to expect that a long range interaction may result as an imaginary part of
the effective potential due to the long-range Coulomb potential involved in nuclear
fusion reactions. Therefore it is suggestive that the imaginary part may also have
a component with a long finite range interaction for some nuclear systems at low
energies. If the imaginary part of the effective potential or g(r) in eq. (6) has a
form

g(r) = e P [r 4+ Ae Py (15)

with 8 < B;, the second term could be dominant over the first term even if A << 1.
In the limit of 8 — 0, ¢ = tan~}(k/B) = /2 and e*¥" = ¢?™" which can cancel
the Gamow factor e=2"7 in eq. (8a). Although at present we have not succeeded
to prove theoretically the existence of a long finite interaction range (8 =~ 0)
for Ae=P" from our quantum mechanical derivation of the imaginary part of the
effective potential [8], the possibility of the existence of term Ae=#" with 3 ~ 0 and
hence a near cancellation of the Gamow factor at low energies cannot be ruled out
theoretically. A near cancellation of the Gamow factor at low energies may provide
an explanation for anomalous fusion products (new isotopes and enhanced isotope
abundances) reported in some recent experiments [3]. Therefore, it is important
to investigate both theoretically and experimentally the possibility of existence of
the long finite range (6 ~ 0) interaction for the imaginary part of the effective
potential.

4. Possible Scenarios for Cold Fusion

Since we cannot rule out the possibility of (near) cancellation of the Gamow
factor e~2™ by the enhancement factor e*®” in eq. (8a), we investigate possible
scenarios for cold fusion based on such hypothetical near cancellation of the Gamow
factor. We examine d + d, d + Pd, and p + Pd as examples in this section.

For the observed neutron counting rate of (4.1 £ 0.8) x 1073s~! claimed by
Jones et al. [2], the fusion rate is 0.41 s™! after neutron detection efficiency of ~
1% is taken into account for 3 g of Ti. Since the T density is 4.5 g/cm? and its
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molar weight is 47.9 g/mole, the observed fusion rate is
J 3 ~ _ 3¢9
R, = 0.615/sec — cm"(deuterons) ~ 1.0/sec — cm”(d's) (16)

where we have assumed the deuteron density np to be np = nr;/2 = 2.83 X

10%2/cm® ~ 3 x10??/cm3. The observed fusion rate claimed by Fleischmann and

Pons is larger than RZ,, by a factor of ~ 10,

Ré';’; ~ 1.0 x 10'*°/sec — cm®(deuterons) . (17)

To include the electron screening effect, we assume E = F,. where E,. is the
screening energy given by Thomas-Fermi model [21]

1/2
e

E,. =30.72,2,(22° + Z}7*) " eV . (18)

For d + d reactions, F,. = 43.4 eV, while F,. = 5.25 keV for d + Pd and p + Pd.
Corresponding velocities, (v/c) = \/2E/p = \/QE,C/u, are 0.3 x 1073, 2.4 x 1073
and 3.3 x 1073, for d+d, d + Pd, and p+ Pd reactions, respectively. The observed
fusion rate, Rexp, is related to the cross-section o(E) by Rexp = nans{ov)/(1+6as).
For E = E,. = 43.4 eV or 5.25 keV, (ov) can be approximated by (ov) = ov and

hence Rexp = 1ans0v/(1 + 8ap) 0r 0 = Rexp(l + 623)/nansv. Using o(E) given by
eq. (8a), we obtain

AetMe271 o (1+ 6‘“’)}.{“"“02 (3) (19)
QTLQTL(,CSQ(E) c

where we have used g(r) given by eq. (15) with 8 << (3,. From the extrapolation
of higher energy d + d fusion data, S(0) in eq. (23) is known to be S(0) =~ 50
keV-b for D(d,p)*H or D(d,n)*He reactions. For d + d reactions with Sy(E) =~
S(0) = 50 keV-b, we obtain 0.2 x 1073° and 0.2 x 10~2° for Ae*®"e~%*7, with
R}, and REP, respectively. For d + Pd reaction, assuming So(E) =~ 50 keV-
b, we obtain 1.6 x 1073 and 1.6 x 10~2° for Ae**7e=2"7 with R} and REF

exp exp?
respectively, while for p + Pd reaction with the assumed value of Sy(E) = 50
keV-b, Ae?*¥7e=2™ = 1.2 x 10~%° and 1.2 x 10~2, respectively, for R _ and RE?

exp exp*

R], and REL can be explained if we can assume large values of ~%. The

use of very small value of A = 10~* will preserve the conventional description of
nuclear fusion reactions at higher energies greater than 1 keV for d+d and greater
than 1 MeV for d + Pd and p + Pd. To obtain the claimed value of R;’xp with
A =10"", we need 7! = 1633 fm, 693 fm, and 686 fm, while 3~ = 4275 fm, 1881
fm, and 1845 fm for d + d, d + Pd, and p + Pd fusion reactions, respectively, are
needed to obtain REE. Larger values of 87! for d +d case compared with smaller
values of 37! for d + Pd and p + Pd cases imply that d + Pd and p + Pd fusion
reactions may be more favorable than d + d fusion reaction. Another interesting
aspect of d+ Pd and p+ Pd reactions is that the final fusion product can be unstable
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with a finite lifetime, which may help to explain “heat after death” phenomenon
[22] and absence or lower level of X-rays and bremsstrahlung radiation.

The anomalous large ratio of T/n from D(d, p)T and D(d n)3He claimed by
many authors [3] can be e*cplamed by assuming that 3! for the D(d, p)T channel
is larger than B! for the D(d, n)*He channel. However, since bremsstrahlung
radiation and other expected effects are not observed in many of the electrolysis
fusion experiments (3], D(d,p)T and D(d,n)3He may not be occurring in these
experiments. Other possibilities are now numerous, since our results with the
electron screening effect using F,. (eq. (18)) show a surprising result that the
fusion cross—section for nuclei with larger values of Z can be comparable or much
greater than that for nuclei with smaller Z, contrary to the commonly accepted
belief otherwise. There are many possible candidate fusion reactions involving
Pd with different Q values which produces no neutrons. For #Pd(d,p)?*Pd, Q
values are 5.21 MeV (A = 102), 1.48 MeV (A = 104), 7.72 MeV (A = 105),
3.71 MeV (A = 106), 7.27 MeV (A = 107), 6.88 MeV (A = 108), and 3.08 MeV
(A =110). For tritium producing 4 Pd(d, t)*~! Pd reactions, Q values are 2.55 MeV
(A =105) and 0.32 MeV (A = 107). If X-rays and/or bremsstrahlung radiation
are not observed or are at a very low level in the electrolysis experiments (3], all
of the above fusion reactions involving Pd isotopes are ruled out except possibly
197Pd(d, t)!% Pd reaction which have a small value of Q@ = 0.32 MeV, and hence we
need to look for other candidate fusion reactions with small values of @, including
those involving impurity isotopes in electrolysis experiments. Examples of other
possible fusion reactions with small Q values are °2Pd(7Li,°Li)}®Pd (Q = 0.531
MeV), 18Pd(1N,15N)%"Pd (Q = 0.102 MeV), *°Pd(°Li,5Li)!'!Pd (Q = 0.089
MeV), 110P4(1°B,!12B)!%Pd (Q = 0.254 MeV), and 1°Pd(}°F, 2 F)!%8Pd (Q = 0.136
MeV). Other possibilities with different sets of nuclei in the initial and final states
are to be explored.

If the claimed results of excess heat with no accompanying radiation are
confirmed at a level of ~ 100% reproducibility, and if there are no candidate
fusion reactions with @ values small enough to be consistent with the radiationless
results, then we may need to investigate some unconventional mechanisms [3,6,7)
involving collective excitations of Pd clusters and/or Pd crystals, in addition to the
near cancellation of the Gamow factor discussed in section 3. The radiationless
results may turn out to be independent of and decoupled from the mechanism
described in this section and section 3.

5. New Modified Formula for High-Density Plasma
Fusion

In this section, a new modified general formula for the high density nuclear
fusion rate is described. For a given relative velocity v = v;; = |; — 7| between the
ith and jth particles and fusion cross—section o(v,J) the fusion rate per unit volume,
Ry, is expected to be proportlonal to P(r,, ¥;; 75, Uj)vijo (vij) where P is the proba—
bility of finding the ith particle at 7; with #; and the jth particle at 7; with ;. For a
given one—body phase space (densﬂ:y) dlstrlbutlon, p(ge, pe) = p(7:, mi¥;), one pos-
sible choice for P i is, suppressing m;, P(7,vi; 75, U;) = p(7%,v;) p(75, U;) which s valid
for a collisionless ideal or low- —density gas but may not be valid for a high—-density
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gas. The separability of the phase-space distribution p(7;, 7;) = n(7) f(%) is as-
sumed, where f(¥;) = (m;/27kT)%? exp(—m;v?/2kT) is the Maxwell-Boltzmann
(MB) velocity distribution for a system in thermal equilibrium. With the above
assumptions, we can write Ry as

1 oo o
Rf = (mm/d3r,-/dsr,-/dsv,-/dsij(r,-,v,-;rj,vj)v,-ja(v,-j)

= (—11271,—2 [&ri [ @ [@u [ @on(@En(E) @) @)vso (5)
(20)

where V; is the system volume.

After transforming the ith and jth particle coordinates into the relative and
center of mass (CM) coordinates, and integrating the CM coordinates, eq. (20)
reduces to (r = |7; — 7|)

o nny

el v R KT QHORCD (21)

using the assumption that the pair number density n(7;)n(7;) is related to the radial
distribution function g(r) by n(7)n(7;) = ninjg(r) with n; and n; representing the
average number densities. g(r) is defined as the number of particles, on the average,
in the volume 4772dr centered about a given particle divided by the number that
would be in the same volume if the system behaved as an ideal gas [23]. g(r) can
be calculated from a molecular dynamics simulation [23].

Since o(vp) is experimentally measured with v, representing the asymptotic
relative speed vy in the potential free region (V(r) = 0), we must use voo(vo)
instead of vo(v) in eq. (21) where vp and v are related by the total pair energy’
(Eo) conservation, Eg = pvd/2 = pv?/2 + V(r) with the reduced mass p.

For a collisionless ideal gas (V(r) = 0), we have vo = v and ¢(r) = 1, and
hence R}%”, eq. (21), reduces to the conventional fusion rate formula: R}’ —
RP™, where

conv __ Ty 3
R; T+ 65 /d v f(D)vo(v) . (23)

R} becomes substantially different from Ry at lower temperatures.

6. Uncertainties for the Electron Screening Effect

We investigate non-adiabatic effects in the quantum mechanical description
of the electron screening effect for nuclear reaction rates. At low energies, the
fusion reaction cross-sections of charged nuclei can be also written as

9(E) = G(E)l¥s(0)I*/v (24)
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where G(F) is the so-called astrophysical factor, which embodies the nuclear as-
pects of the process, E and v are the collision (kinetic) energy and the rela-
tive nuclear velocity, respectively, ¥g(0) is the wave function at the origin, and
[¥£(0)]* = (2mac/v) exp(—2mac/v). At low energies, the behavior of o(E) is
dominated by Coulomb repulsion between the nuclei. In cold fusion and labora-
tory beam experiments the ion is incident on a target consisting mostly of neutral
atoms or molecules, and hence incident ions can recombine, partially or totally,
with the electrons they encounter while moving through the target. As a conse-
quence, the final nuclear collision, which leads to nuclear fusion, occurs while the
nuclei are surrounded by one or several electrons. These electrons become more
deeply bound in the Coulomb field of the unified nuclei, and transfer kinetic en-
ergy to the internuclear degree of freedom. Therefore, the cross-section measured
in the laboratory beam experiments are not equal to the cross-section for bare
nuclei. Recent results for o(F) from laboratory beam experiments for nuclear re-
actions involving light nuclei at low energies (> 3 keV) show that the extracted
S(E) increases toward lower energies instead of being a constant extrapolated from
higher energy data, indicating the importance of the electron screening. However,
recent theoretical calculations [13, 14] of the electron screening effect based on
the adiabatic Born-Oppenheimer approximation (the united atom model with the
screening energy, 15.7 Z%/* eV) yield limiting values which are much smaller (by
~ 1/2) than those extracted from the experimental data for reactions *He(d, p)*He
(9,10}, °Li(p, a)®He, °Li(d, )*He, and "Li(p, «)*He [11]. This discrepancy between
the experimental data and the conventional theoretical estimate for the electron
screening effect is not understood at present.

We will now examine the united atom approximation for low-energy d + de
reaction. For this case we need to calculate

[eOF = [ [Ws(7, APddrmo - (25)
For the total d + de energy € = E — |Ey,| = (E —13.6 eV) where 7 = 7y, — Ta,, 0 =

Te— (74, +74;) /2, we assume that (7, 5) in eq. (26) is the solution of the Schrédinger
equation

n? R? e?
__Ar _ —_ T = 26
( o 2n%Ap+1h+Vbnm)¢ e, (26)

where

- e? e?
-3 lo+5
and p is the reduced mass of deuteron, p = My/2, with the deuteron rest mass
Mjy.
Let us introduce an operator H,

. K? 2e?
F=_p,_ 2 28
e == (28)
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and the eigenfunction ¥,(p) satisfying

We expand the solution of eq. (26) in terms of ¢, (p) as
Y(7,P) = 3 Fu(¥a(p) (30)
where F,(7) satisfy
2
-f‘— AF, (F)+—F () + 3 VamFm = (6 = En)Fa(7) . (31)
For the case of L =0, ¢, = ¢, =0, we have
h? d?F,
~2n @ + 2 F + Z VimFm = (e — E,) Fn (32)
where
- - - 0, p>r1/2
Vam = (9alVlm) . V(rp) = 262{ L S (33)
p T’ -

If we restrict to the case of n =1 and m = € (continuum state) and neglect Vn;
and Ve, eq. (32) reduces to

h2 d*Fy

~ + Vi Fy + / VieFede + ’; VinFn = (e— E1) R (34a)
h? d?F.
2# FE} + V51F1 + F (E —€)F, . (34b)

In terms of solutions, F; and F¢, of eq. (34), the probability integral in eq. (25)
can be written as (see Appendix A)

A

r=0

s = [ [¥s(F A dplrm0

(35)

r=0
where |Fy(r)/r|?_, corresponds to the conventional united atom approximation

3 (r)

r

A OIS (36)

r=0

while the other term [ |F;(r)/r|?de|,o corresponds to the non-adiabatic correction

term. For the low—energy case of E < 10 eV, our estimates of egs. (35) and (36)
using solutions Fj and Fg, of eq. (34) yield the ratio (see Appendix A)

[¥£(0)?

B R 37
WEAOF e
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which indicates the importance of the non-adiabatic contribution for the electron
screening effect. We are extending our calculation of the ratio, eq. (58) to higher

energies, E < 10 keV.

7. Non-Square Integrability for the Electron Screening
Effect

In this section, we show that there is a very serious difficulty associated with
the conventional formula for nuclear fusion rate in the presence of electron degrees
of freedom due to non-square integrability of the probability integral |1 £(0)|* in eq.
(24), which has been ignored in previous theoretical calculations. The probability
integral in eq. (24) is written as |¢g(0)|? = (2rac/v) exp(—2rac/v) representing
the probability of bringing two charged nuclei to zero separation distance in the
absence of electrons. We will consider 3H(d, n)*He reaction for simplicity and use
the three-body d + e+ 3H (det) initial state. The probability integral |1)£(0)|? i
eq. (24) for this case is

[Ye(0)? = fWe(F, 5)[*d®p|r=0 (38)

where ¢g(7, p) is the det wave function with ¥ = 7y — 7, and p = 7. — (mgra +
m7e)/(mq + m;). We demonstrate that the integral in eq. (38) is not square-
integrable over p, when ¥ g(7, ) is the exact solution of the three-body rearrange-
ment scattering problem involving more than three bodies (five bodies, d, e, t,
“He, and n for 3H(d, n)*He reaction) and more than one channel in the final state.

If Yg(7, p) in eq. (38) is replaced by an approximate adiabatic representa-
tion as customarily done in previous conventional theoretical estimates, then the
probability integral in eq. (38) may be square-integrable. However, the square-
integrability of eq. (38) with use of an approximate solution for ¥ (7, 5) is mean-
ingless, if eq. (38) is proven to be not square-integrable when the exact solution
for yg(7, p) is used.

For 3H(d,n)*He reaction, d+(e~,t) — (e™,*He)+n+Q and d+(e~,t) —
e~ +*He + n + @, Schrédinger equation and Hamiltonian can be written as

(E-B)ld) =0, E:(E 0 ) H-:( Haet Vda,cmm)

0 E+ Q ‘/e‘Hen,det He‘Hen
(39)
with Hgee = T, + T+ Vg + Vet + Vdg and Hemen =Ty +Ty+ Voage+ Vagen. T's are
kinetic energy operators T =fg— T 7' = To—Tage, p = T, — (mgTa+ m,7e) [(mg+
my), and p’' = Te — (MnTn + Mg Ty, l(mn + may,). Hger and H,y,, are the

channel Hamiltonians for the det and e*Hen channels, respectively. For p — oo
and r < b (b is the nuclear interaction range), eq. (39) can be written as

[E+ &+ fa + 2 = Valr)]baeelr, p) =

rp f dQFdQﬁ%et,e‘Hen (F’ T ,) 1i!’e‘Hen (F ’1 ﬁ)di: !

From behavior of the asymptotic solution 14.(0, p — 00) of eq. (40), we show the
non-square-integrability of eq. (38) in the following.

(40)
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We can show (see Appendix B)
Yaet(0,5) = £ Crry(p) (41)

where ¥(p) = p [ dQses1en (0, p) and C, are constants. Therefore, if ¥,4pq(0, 7) is
not square-integrable, then ¥4 (0, 7) is also not square-integrable due to eq. (40).
To show 1,4y1en(0, P) is not square-integrable, we use the following approximation,
Yettien (0, 2) = €% (D7), where ¢z(5) is the (e, *He) Coulomb function for positive
energy hlk? /2me, ke = m.v, and v, is the recoil velocity of 4He as calculated from
the momentum conservation. We have

lim o0 ¥(p) ~ Tz Em(—1)%e¥
X sin (kp - 5,} —nén2kp + 62) sin (ker - %)nm(ice)}q;n(fc) .

Because any d?"y(p)/dp®" is a linear superposition, only two functions g;(r) and
g2(r) are needed

L = Mg, (p) + B g () (42)
where

91(p) = 2 Tym(—1)*e* sin (kp — § ~ nen2kp + &) sin (kep — ) Vi (k) Vi (F)
and

02(p) = & T (—1)%€ cos (kp — & ~ nén2kp + &) cos (kep — &) Yem (ke) Yim (E) -

(43)

For p — oo, we obtain the final result 14.(0, p) = agi(p) + Bg2(p) which leads to
the non-square-integrability of eq. (38).

Since the conventional definition o (£ given by eq. (24) has difficulties asso-
ciated with non-square integrability of eq. (38), we introduce an alternative formu-
lation. For the previous example of *H(d,n)*He, we need to solve eqs. (39) under
the boundary condition in e*Hen channel [1],

¢64Hen ~ Zﬁ T(ﬁ)¢ﬁ(Fe‘He)U+ (Xﬁv ﬁ) (44)

for R — oo where r 4. (R) is the relative distance between e and *He (e*He and
n). Ut is the outgoing wave between (e, 4He) and n, with a momentum Kp, and
B indicates the quantum numbers of (e,*He) atomic states including continuum
states. T) is given by

—iK3R — —ik:R —
T = <€ o 1¢ﬁ(re‘He)|Ve‘Hen,detl¢det> + <e IKBR) ¢5(T5‘He)lv‘ﬂen I¢e‘Hen> .
(45)
Since it is very difficult to calculate T given by (45), we use some approximations.
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(i) The coupling interaction V,sy,, 4. may be replaced by Viye, 4 (bare nuclei)
since electrons are not expected to affect the nuclear rearrangement process signif-

icantly. For example, we can use some sets of the interaction {Vd,, Viten, th'..Hen},
which reproduce the experimental data.

(ii) From (45), we see that 1),sy,, is needed only for ' < b (where b is the range
of *He — n interaction). For this internal region of 1/, 9,4y, may be expanded in
terms of some basis functions.

With these approximations, we can define ¢ as

o~ Tg (T (46)

We are using this alternative formulation for investigating the electron screening
effect.

8. Three-Body Fusion Reactions

Recently, energetic protons (< 17 MeV) and « particles (< 6.5 MeV) have
been observed in experiments in which deuterated Ti target is bombarded with
150 keV deuteron beam [5]. The observed proton and a-particle energy spectrum
cannot be explained with existing two-body fusion reactions but is consistent with
a three-body fusion reaction, d + d + d — p + n + *He [5]. The observed rate
R® is ~ 1075R® where R® is the observed fusion rate for D(d,p)T with 150
keV deuteron beam, i.e., R®/R?) = 10~5. However, the conventional theoretical
estimate for R®/R® is ~ 1077 [5] or much less, and hence the observed value of
1078 for R®/R® is anomalous. In this section, we describe the 3d fusion cross-
section 0@ (E) and rate R®)(E) based on the optical theorem and a solution of
three-body Schrédinger equation.

The scattering problem for three particles (3 — 3) has been investigated in
the context of the formal scattering theory [25-29]. The hyperspherical harmonics
(h.h.) expansion method was first introduced in 1935 by Zernike and Brinkman
(30] but has not been used until 1960 for the few-body bound-state problem [31-33].
More recently, it has been used for the (3 — 3) scattering problem [34-39).

For the 3d fusion reaction, we consider two-channel case,

d+d+d

p+n+?He (Q=2162MeV). (47)

d+d+d— {
Three-body Schrodinger equation in the elastic channel is (we suppress the spin

and isospin degrees of freedom for simplicity)

_% (Vi+ VU, 9) + VI §) = EY(E,7) (48)

where & = /3(72 = 73), 7 = 2 [}(F2 + 7%) = 71, V = VO+VS = (V§ + V§ + V)
+ (Vﬁ, + V3 + Vfg) with V5 = V3, —iV;3.. We introduce the hyperspherical har-
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monics expansion for ¥(Z, ) as

‘I’(.’L‘ g-) Z ‘IJl;l,LM( )(I)l;l LM( ) (49)

Ktt,
where p? = 22 + y? (hyperradius), and
EMQ) = S (LM |lamatym,)di™™(Q)

mzmy

with $E9 ™ (Q) o Yaum, (2)Yeym, (§). If we write Uiz () = U™ (p) /o2,
eq. (48) reduces to

QUEYM(p) | [2mE (K +3/2)(K+5/2)] . 00in :
kde +|L RE 2 JUK (P) = g Vicw " Ui
(50)
where 2ty Lt
VK v ((I)[,szMIVl(I)l',t;LM> (51)

For K = 0(¢; = 0,4, =0, L = 0) case (known as “true” (28] or “democratic”
state (35]), eq. (50) reduces to

d*U 15/4 2m -~
‘315‘2"-%(102 g )U——VU, (52)

where V = VC + VS with V = V. For V = VC(i.e. VS = 0), the solution of
eq. (52) is
UC(p) = Ckp)*/2e~ %o M (g — 1,5, Zikp)' (53)

where M is the Whittaker function and C = 23/26"’”’/211’(3 + in)[/P(S).
In terms of T-matrix, the K = 0 elastic 3d nuclear scattering amplitude,

3‘;5’, can be written as

(et) _

3B < h2k7/2 (UClTIUc) (54)

Using the optical theorem [39], o, = \/21r(7r2/k5/2)1 m( §§)), and eq. (54), we
obtain the following expression for the 3d fusion cross-section,

oO(E) = 0~ n®Vam [ U)W (o, §)U° (o )dpds’ (55)

h2 kS

2m e, 00, 8, LM

(0)

where W (p, p') = —Im(UC|T|U°€) . If we parameterize W (p, p') = —Im(UC|T|U°) =

Xg(p)g(p") with g(p) = e™P7p%?, we obtain

o (E) ~ )\———»'frgx/_“(’)’2 (ﬁQ(i)kgﬁewﬂa (56)
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where

9 1 e~
2= -~ )= 57
CI" = 35(4 +T’3> (4 +n3)1+e‘2"'73 ' (57)

Other quantities in egs. (56) and (57) are ¢ = tan~!(k3/B3), ks = (2mE/k*)'/?

M =1/(2kRy), RE’ = h*/(2mZesse?), Zesy = 16/(n/2) ~ 3.6, and A = Vo/a*.
We note that 0(3)(E) in eq. (56) has a dimensionality of the 5th power
of length [L®] since £ has a dimensionality (L%/?] expected from the solution,

T(p) = ef? + f(d) e [p5/2 while two-body fusion cross-section o(®(E) has a
dimensionality of [L2]. For comparison, we use eq. (11) for the 2d cross-section

c®(E) ~

(2)
e (58)

Since Kasagi et al. [5] observed energetic protons and o pa.rtxcles indicative
of d+d+d — p+n+ *He reaction only when deuteron concentration in the T¢D,
target reaches £ > 1.2, we can assume that some fraction f of deuterons in the
TiD, are mobile when z becomes greater than 1.2 with mobile deuteron number
density fnp = fnri/2 = f(3 x 10%2)/cm3. For these mobile deuterons fnp, the
number of deuteron pairs we can form with mobile deuterons per unit volume is
(fnp)?/2+ f(1 — f)n%/2 = fn% /2. The incident deuteron can now interact with
one of these deuteron pairs and can form a “true” or “democratic” three-body

state, leading to d + d + d — p+ n+ *He fusion with the cross-section described
by 0(3)(E) eq. (56). The 3d fusion probability P®® is then given by

£ o(5Q)

PO(E) = f "%/o |dE/dz]

dE (59)

compared with the 2d fusion probability P(?) given by [40]

Es g)( E(2))

|dE/dz]

where dE/dz is the stopping power for d in the target T; D, and Ej is the labora-
tory kinetic energy of the incident deuteron.

To make an order of magnitude estimate for the ratio (P(3) / P(z)), we ap-
proximate the ratio as

P(Z)(Ed) =MnNp A dE (60)

PO(E) . oO(EQ)

= PoE) ~ " )

(61)

where E®) = (2/3)E4 and E@) = Ey/2. In eq. (56), A (or V; and a for A = Vp/a%)
and f are parameters to be determined from theory and/or experiment. In the
following, we assume Vp &~ 10 MeV, a =2 fm, and 8 = 0.065 fm~(3~! = 15fm).
For the 2d fusion cross-section o(®(E), we use eq. (58) with S®(E) =~ Sy = 50
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keV-b. For f = 0.1, we obtain the following results for R. R (in units of 107°)
= 0.40, 0.42, 0.42, 0.40, 0.38, and 0.36 for £; = 100, 110, 120, 130, 140, and 150
keV, respectively, which is comparable with the results of Ry, = (1 — 3) x 1078
within an order of magnitude.

It is known that the asymptotic behavior of the real part of the effective
potential is 1/p> [41]. However this long-range asymptotic dependence does not
apply to the imaginary part. Therefore, the use of a small value of 8~ = 15 fm
is reasonable.

The quantum number K is closely related to the impact parameter. In terms
of classical orbits, a large value of K implies that three particles cannot come close
together. For K = 0, all three particles seem to converge to or diverge from a
scattering center [42]. Therefore the K = 0 “true” (or “democratic”) three-body
state is important for the three-body fusion reaction.

If the experimental data of Kasagi et al. [5] is conclusively determined to be
due to d +d +d — p +n+ *He fusion by future p—*He coincidence measurements
by Kasagi et al. and independently by other groups, the experimental result and
its theoretical understanding based on “true” (or “democratic”) three-body state
may have very important implications for nucleosynthesis and stellar evolutions,
since there are possibilities that other three-body fusion reactions may be involved
in astrophysical problems, such as pycnonuclear triple-alpha fusion [43-45].

9. Summary and Conclusions

We have examined uncertainties due to many approximations made in the
conventional theoretical formulations of low-energy nuclear fusion reactions, and
presented new improved formulations which avoid some of these approximations.
Some of the new formulations lead to unexpected results. One striking result is
a possibility that a near cancellation of the Gamow factor (or “Coulomb barrier
transparency” (CBT)) can not be ruled out completely at present. Another sur-
prising result is that the large value of the 3d fusion rate recently observed in the
laboratory beam experiment {5] may be justified theoretically in terms of a solution
of the quantum mechanical three-body problem. Since there are still a great deal of
uncertainty and absence of reliable reproducibility at a desirable level of ~ 100%
for reported anomalous effects 3], it is at present premature to make definitive
tests and comparisons of the predictions of our new improved formulations with
the experimental data (3].

Appendix A

Let us rewrite eq. (34b) in an integral form

F(r) 2u

Fi(r)

_ X(r) 1=
=0 =t n) g [T Y Va2 Brr (A1)
where 7, is the Sommerfeld parameter for (d+4d)
1 €— E1$ -F
Ne = ___258 y ke=2p T (A2)
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Rp is the Bohr radius Rp = 14.4123 fmfor (d + d), and X(R) and Y (r) are the
Whittaker functions

X(r) = e‘k"(2ker)1\/1(1 + N, 2, 2k,T)
and
Y(r) = e * 2k U1 + 1., 2, 2k.7) . (A3)

We assume Fj(r) to be the regular Coulomb function with energy E + E, where
E,. is the screenmg energy. We will integrate (Al) from r = 0 to r = p,, where
ps = 0.529 - 1078cm. If k?p,Rs << 1 and k¥p,Rp << 1 for kZ = (2u/A%)(e —
Eis — E) and k% = 2u(E + E,e)/h?, we can use the following approximation [46]

X(r) (ke 7‘)2
0w Lo+ B (a8)
T(1+ 7)Y (r) = Hy(r) - %kerBHg(r) (45)
Al _ C’[Ll (r) - 2 Lz(r)] (46)
where
ICI” = ﬁ% y NE= 2k:R3 , (A7)
T n/2 T 1/2
La(r) = n! (E) I,,(z(z) /) (A8)
and
r O\ -n/2 r\1/2
) = () K (2(5) ) (49)
Using eqs. (A4)-(A9),
1 V2me  [p, /lﬁp) N
¢e(P) n (pB/2)1/2 Jl( pB (fOI' ER 0) (A].O)
and
wis(o) =2(22) el (A1)

we can calculate Vi (r) in eq. (Al) which we can integrate over € from € = 0 to
€ =10 eV to obtain F(r)/r|,—o from eq. (Al). (Egs. (A4) — (A10) are valid for
€ < 10 eV.) Our numerical estimate yields

KA
0 T

r—0

de ~ 6.4]C?| . (A12)
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Using eq. (A12) and the following relation for ¢ = 10 eV
F(r)

T

z

r

9

2 oo
de < /
r=0 0

F(r))?
—

r=0

de

we obtain eq. (37) for the very low-energy case of k>p, Rp << 1and kkp, Rg << 1.

Appendix B

Consider a set of functions ¢, (r) satisfying

2

2 dr?

[ erhemtr)ir =t w0t [ 6305 5 *+ Vo) Jonlr)dr = Euf

where E, are positive numbers.
We can represent the solution of the equation (64) in a form

":bdct(T? p) Z ‘l,bn(P (Pn(r)

Using (40) and (B1) we obtain

2 2

where B is a sufficiently large distance in the asymptotic region and
o= 2 [ a7 ) - 2
with k2 = 2u(E — E,)/hk*. Let us introduce a Green'’s function satisfying
(kz + aé;,- + 2”2) (pp)=8(p~p) .
The solution of (B4) is given by

(f1(p) + 62 f2(p)) f2(P), 0 < 0

G(p,p') = z\n{
[i(p)(fr(0) +6afa(P), 0 < 0

(B1)

(B2)

(B3)

(B4)

(B5)

where ), is defined in terms of f;(p) = Go(p) +iFp(p) and f2(p) = Go(p) — iFo(p)

as (Fo(p)(Go(r)) is the regular (irregular) Coulomb function)
Aalf1(p) (f1(0) + 62f2(P)) = F1(P)(f1(2) + 6nf3(0))] =1
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and &, is determined by boundary conditions at p = B. The solution ¥, (p) of eq.
(B3) can now be written as

¥(0) = M [u(0) [ (F(6) + 8 fole)u(e) '+
(B7)
(f1(p) + 6nf2(p / fl(p)y(p)dp]

For r > B with a large value of B, we can obtain asymptotical expressions for

fi(p) and f(p) as f 1(p) = een? ~Salntknptn) and fo(p) = e=iknp=SntnZns ) where
Imk, >0, S, = 2€%/hvn, v = fikn/p, €% =T(1 +1S,)/T(1 —iS,)

For large values of p and B, we can rewrite (B7) as
9n(p) % 6.0 £10) [ 2:0)u0)de + 5:6) [ Hohue)an|  (B8)
B ,
Using fi(p) = 7= fi(p) and fa(p) = — 5= f3(p), we obtain

£10) [ 1206)u(0)de + 1ale) [ l)ulA)de

%—i%ny( )+—-(f1(p / fz(p)y"(p)dp +f2(P/ fi(e) "(p)dp) (59

for p — oo. Eq. (B9) leads to the following generalization,

£10) [} 220 W™ dp + 1ale) [ AWV

~——E—y‘”)(p)+ (fl(p / £2(0")y™ B (o )dp +f2(P)/ A1) y(”“’(p)dp)

& (B10)
From (B2), (B8), (B9), and (B10), we obtain eq. (41).
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Abstract

We have previously explained!-3 how the occupation of ion band states by
hydrogen (H) and deuterium (D) in palladium deuteride PdD and possibly Ni can result in
radiationless fusion. The explanation includes a number of assumptions about the
governing conditions associated with the process. As a consequence of these assumptions
we predicted!-3 important excess heat phenomena (loading requirements, by-products, etc.)
of Cold Fusion (CF) that were subsequently observed4S. Although the governing ideas
are based on mainstream solid state physics ideas, the underlying theory "seems" to have
"evaded" a number of potential problems that have bothered many people concerning CF.
As we have explained recently5.7, as a result of these solid state physics effects,
discontinuous changes in momentum and singularities in the effective kinetic energies
associated with H or D that may occur through the occupation of ion band states provide a
means for eliminating the phenomena that seemingly are omitted by the theory. In this
paper we clarify the origin of these effects and their relationship to questions that have been
raised associated with our treatment of the Coulomb barrier.

1. Introduction

The 1on band state theory of radiationless fusion, which is based on mainstream
many-body physics of the solid state, "seems" to have "evaded" a number of potential
problems that have bothered many people concerning CF. An important reason for this is
that the theory is based on the conventional assumption of solid state physics that all of the
charged particles in the problem are forced to occupy a finite volume of space. Asa
consequence, the particles are bound to the solid, and the rules of bound (as opposed to
unbound) state quantum mechanics apply. Important consequences of this fact include the
possibility of discontinuous changes in momentum (through wave function cusps, for
example) at points where electrostatic repulsion or attraction becomes infinite. Immediate
consequences of this result include the possibility of large variations in deBroglie
wavelength over small spatial domains (since the momentum may become discontinuous),
significant particle-particle overlap at isolated locations by same charge charged particles,
and the breakdown of the rules and underlying mathematics of conventional Gamow
tunneling theory.

The paper explains, using a concrete example, the solid state physics rationale for
dealing with the Coulomb barrier, based on energy minimization, in the particular context
in which ion band state occupations may occur. Because in a realistic solid periodic
symmetry plays an important role in defining kinetic energy in ion band states, and because
electron screening requires that all ions be neutralized not only within each unit cell but
effectively outside a small screening volume, in such a situation, in determining the
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minimum energy of potentially interacting ion band state (IBS) deuterons (D*), the
Coulomb repulsion between two IBS D+'s is altered by the crystalline environment. In
particular this repulsion is reduced by a factor 1/Nce)), where N¢¢j = the total number of
unit cells within the crystal.

A second important point brought out in the paper is that the underlying symmetry
that results from periodic order, which is responsible for this dependence on crystal size,
also plays a pivotal role in defining the potential avenues for reaction, once IBS D's
overlap. In particular, in any potential nuclear reaction, the potential stable channels for
reaction are directly coupled to the requirement that periodic symmetry be maintained. This
leads to the additional requirements that predominantly only ground state to ground state
nuclear transitions be allowed in which the location of each initial or final state nucleus is
described by an ion band state, and that potential reaction products be released in regions
outside periodically ordered domains (for example at cracks, interfaces and surfaces of
heat-producing crystals). These requirements also explain why high energy particles are
not released and can be used in a self-consistent manner to explain a number of materials
preparation procedures: e.g. the choice of host material, loading requirements, the choices
of crystal size, and the role of temperature in the generation of excess heat.

2. Mainstream Physics

The 10n band state theory of radiationless fusion is based on mainstream many-
body physics. Experimental/theoretical support for the theory is provided by Puska et al.8
and Astaldi et al.9, where it is have shown that the excited surface states of H and D on Ni
and Cu are ion band states. In Nature magazine Nieminen states that "What is good
enough of electrons is good enough for protons, their chemical counterparts 2000 times
more massive" 10, Cassella!! invokes 3-dimensional band states to explain neutron
scattering results in NbH oo3.

There is a thermodynamics rationale!2 for populating ion band states in PdDy as
x = 1. A major component of system chemical potential is lattice strain energy 13. Ideally,

when an ordered compound such as low temperature PdD is forced to take on additional D,
the added D must either force a localized expansion of the lattice or go into a band state.
Forcing a localized lattice expansion is a highly endothermic process. Thus ion band state

occupation is thermodynamically favored over a range of & in PdDj, at low temperature.

However, too large a value of 8 increases the energy level of the band state, which can lead

to a two phase PdD + Pd3(vacancy)D, superlatticel4. At ambient temperature, occupation
of ion band states can be expected at values of x somewhat less than 1.

3. How Band States Form

One expenmental situation that leads to band state occupation in PdDy is illustrated
schematically in Fig. 1. Fig. 1 is a 1-dimensional pictorial representation of the Pd lattice
in which the valleys represent the octahedral sites for interstitial D atoms and the hills are
the saddle points separating the stable locations. The figure illustrates conditions presumed
to exist after prolonged electrolysis has created a polarized surface passivation barrier
through which D+ ions have been plated so as to raise the D chemical potential of the
electrode. The figure shows ~90% of the interstitial sites occupied by localized "chemical”
D occupations. However, at the above-equilibrium chemical potential it is postulated that a

small 10-6 - 104 fraction (= the value of & in PdD, ) of the ions are excited to higher
energy states that are able to rapidly tunnel through the saddle points that separate locally
confining potential wells. The ions then see the lattice as a whole. The new boundary
conditions enable the ions to assume lattice symmetry. They become band state ions. The
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ion band state theory says that radiationless fusion involves only interactions between band
state ions, i.e.. none of the chemical interstitials or lattice ions serve as nuclear reactants or
products.

Overpotential Deuteride:

Energy Level
Escape Bamer\ / Band State

Fig. 1 Representation of PdDx under conditions that enable D* band state occupation.

4. Unbroken Lattice Symmetry

Why does being 1n a band state make a difference? One answer is found in the
insights of P. W. Anderson!5, Anderson presents a hierarchy of scientific disciplines, with
each discipline distinguished by the physical laws or processes that play a major role within
the discipline. In solid state, many-body physics, the important processes are dominated
by a requirement of periodic order (unbroken lattice symmetry). In contrast, in all chemical
processes within a solid, lattice symmetry is broken. Reactions between band state ions are
governed by unbroken lattice symmetry. We now show how this principle when combined
with electron screening leads to a reduced Coulomb barrier to fusion.

5. The Coulomb Barrier in Bound Systems

To understand how being in a band state can affect the Coulomb barrier, it is first
necessary to understand how the Coulomb-barrier is expressed in confined particle
systems. By a confined-particle system we mean a system in which the particles are bound

by having negative energy, i.e. they cannot escape to ®. Such systems are described by

wave functions y such that y - 0 as r -+ . The physics of the Coulomb barrier problem
is contained in the 2-particle problem, as discussed below.
Consider the 2-ion-in-a-crystal problem. The stationary state wave equation is

{-n22m [V 24V 2] + 2y + Vlauice(l‘l,l‘z)} Q(ry,r)) =E O(ry,r) (D

where ¢(r},r;) is a 2-ion wave equation in 6 variables X, y1, Z1, X2, ¥2, Z, and the

derived variable rj; = |r;-rol = separation between ions. We have assumed no electron
screening. To study the barrier problem it is necessary to change coordinates to

Fem = (r1+12)/2, 112 =Ir;-rol. When it is assumed that the electrostatic interaction
between the lattice and the center of mass motion of each pair is very different than the

comparable ion-ion electrostatic interaction Viagice(r1,r2) = Viatice((r1+12)/2). (For
metals in which screening lengths are considerably less than the lattice spacing, this is a
good approximation) Then, itis permissible to write ¢(r;,r2) = ¥(rem) g(ri2), and Eq. 1
becomes

{- n22m [12V2r,_ +2 V2] + e¥riz + Viagice) ¥(rem) 8(12) = E ¥ (rem) g(112) -(2)
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Here, ¥(r¢y,) defines an amplitude at each point in the crystal and g(r;») is a "dimming"

function which decreases the amplitude of ¥(r¢p,) as rj2 = 0. rem, and )2 are independent
degrees of freedom. With suitable normalization g(r3) can have values between O and 1.
If g(r12) = 0 asryp = O, there is a total Coulomb barrier against ion-ion overlap, which

precludes nuclear reaction. If g(r;;) remains finite as rj; = O, then wave function overlap
exists and fusion is allowed.

The role of the dimming function in determining overlap is illustrated by the well-
known two-electron solution of the helium atom!6. In Fig. 2 we show how the amplitude
of the 2-electron wave function varies as rj; = 0. Fig. 2 shows the case where both
electrons are equidistant from the He nucleus. When the electrons are on opposite sides of

the nucleus, © = 180° or -180° and g(r;3) = 1. When the electrons are on top of each

other, ® =0%°and rj = 0. g(r;2) then has its minimum value. Since g(ry2) = 0, there is

finite wave function overlap. If the electrons had the nuclear property of deuterons, they
would fuse.

6. Cusp Condition

Fig 2 also illustrates an important property of charged point particles. The rj2
dependency of the 2-particle wave function has a cusp at rj = 0. The helium atom wave
function (assuming infinite nuclear mass) is

{- n22me [V 12 +V,2] + €212 + Veenuat fiera} @ (ri,r2) =E O(ri,r2).  (3)

The singularity of €2/r; at rj3 = 0 must be canceled by a singularity in the kinetic energy
term if the equation is to be bounded, as required by the right hand side. This requires that

WAVE FUNCTION DENSITY/DENSITY AT 180°
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Fig. 2 Amplitude of helium ground state 2-electron wave function on the surfaces of 2
spheres for which s = constant. Values have been normalized with respect to the peak values,
which occur when the 2 electrons are on opposite sides of the nucleus. Nature uses a cusp at
r12= 0 to compensate for the infinite electrostatic potential existing at this condition. The
values at 8=0measure the degreeof electron-electron overlap.
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d/dry ¢(ry,r2) must be discontinuous if non-zero, and the discontinuity in slope must have

the proper value to cancel €2/r15. This condition is called the cusp condition. The
amplitude b of the cusp shownin Fig. 2 is determined by system energy minimization.
The variational method used by Hylleraas, which minimizes kinetic energy plus potential
energy, determined the amplitude of b for the two cases shown in Fig. 2.

7. Principles Determining Wave Function Overlap

Two pninciples combine to effect a reduction in Coulomb bamer for band state
ions. The first principle is that of unbroken lattice symmetry. The second principle is that
of electron screening. The principle of unbroken lattice symmetry requires that each unit
cell of a crystal must be equivalent, i.e. the 2-ion wave function must have the same
amplitude distribution in each unit cell. Functions meeting this requirement are Bloch

functions ¥ such that I{(r + Rpravais)! = IP(r)l, where Rprayvais 1S any lattice vector R;. The
Bravais lattice vectors locate sets of periodically equivalent points of the lattice. Electron
screening is a property of metallic conductors. In metals there are itinerant electrons, which
have much higher mobility than theions. As a result, each ion present in the lattice is
always surrounded by negative charge provided by the electrons, such that the ion's
Coulomb field is always canceled outside a small partially screened volume. As a result,
ions in different unit cells of a crystal do not repel each other.

The eigenstates of band state ions are spatially distributed wave functions which
contribute a fractional charge e/Nc to each unit cell of the host crystal, where N is the
number of unit cells in the crystal. Itis, however, possible to expand Bloch wave
functions in terms of a sum of virtual (i.e. short-lived) states called Wannier functions!®.
These virtual states can be viewed as snapshots of the system and show undivided ions
located in randomly selected unit cells. The time independent eigenstate can be calculated
as the average of all the virtual state snapshots. This procedure provides a picture of the
effect of electron screening. Sometimes the snapshots show both ions in a single unit cell.
Under these conditions the unit cell occupations are of the form

0000002000 ...... 0000000

(Here, O's represent "er.npty unit cells, while the "2" represents a doubly occupied site.) In

this case the Coulomb repulsion potential between band state ions is €2/rj. However,
most of the snapshots show the ions in different unit cells,

00010000...00100..00000

In this second case the Coulombic repulsion potential is 0. The average-over-snapshots

Coulombic repulsion potential is €2/(r}2 Ngey). This snapshot-averaged potential is that
which applies to the electron-screened-ion-in-a-lattice problem.

8. The Eigenstate

We can now write the stationary state wave equation for 2 screened D* ions in a
periodic lattice,

{-n22m [V 2 +¥,2] + €2/(r12 Neen) + Viattice) ®(r1,r2) =E Q(ry,r2) C))
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This equation is consistent with unbroken lattice symmetry. The resulting wave function
has both unbroken lattice symmetry and cusps at equivalent locations in each unit cell.
Each point-particle interaction occurs simultaneously at periodically equivalent points. The
solution is time-independent and describes the stationary state of the system.

We have carried out an energy minimizing variational analysis of a cusp-containing
wave function describing the 2-ion casell. The value of b that minimizes the sum of
kinetic and potential energy at large N is

b=2/x (mD/Ine) (rsc/ Qo) 1/ Neell ©)

The analysis shows that the cusps have negligible amplitude at large Ncejj (Neen = ~109)).

As a result the D*pang + D*pang interaction has no Coulomb barrier against fusion. Qg is the
Bohr radius.

9. Relation to QEDCM

The ion band state theory is consistent with the QEDCM!7 picture of a non-
perturbative ground state (NPGS). This idea, which also has been applied in the study of
critical phenomenal8, is based upon the notion that the ground state has preferential length
scales associated with it which distinguish it from asymptotically free states (associated
with higher energy) where preferential length scales are not present. In fact, the ion band
state theory, as well as the more general problem associated with the physics of bound
charged particles in a periodically ordered system, is governed by a self-consistent quantum
field theory called Local Density Theory (LDT), in which the length scales and boundary
conditions are all treated on an equal footing, governed by a single requirement: that
energy be minimized, based upon the known rules of quantum mechanics.

In practice, the associated theory is also similar to the QEDCM picture in that the
ground state does exhibit coherence at periodically equivalent points. However, the
associated coherence does not result from the inference of the QEDCM plasma-like
oscillations that result from variations in the zero of energy. In the ion band state theory,
the coherence occurs as a natural consequence of unbroken lattice symmetry, particle
exchange, and the properties of the many-body wave function. A fundamental difference is
that the wave functions for the particles associated with the QEDCM plasma are described
using the Gamow tunneling factors and formalism and do not incorporate particle-
exchange, while the ion band state theory wave functions, which do incorporate particle-
exchange, are derived by minimizing the energy in a situation that incorporates the
boundary conditions of bound particles. As a consequence, the ion band state theory does
allow for the possibility (through wave function cusps and other discontinuous changes in
the momentum) of changes in kinetic energy that not only are not possible in the QEDCM
plasma but which are dictated by the rules of Quantum Mechanics. A second important
pointis that the starting point of the ion band state theory, LDT, is a well-tested, self-
consistent Quantum Field Theory that has been applied quite well for accounting for the
electronic structure and dynamics of charge transport in transition metals and for PdD in
particular, and that a key element in the success of this theory has been a treatment of
Kinetic energy that incorporates these kinds of discontinuous changes in momentum.

10. Reaction Possibilities: Guiding Principles

Band theory was invented to explain important anomalies associated with charge
and heat transport in ordered, metallic solids. In particular, during the early days of
quantum mechanics, it was discovered from conductivity measurements in these kinds of
solids, that the effective mean free path of electrons between collisions is many orders of
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magnitude larger than the one appropriate in classical, semi-classical, and even quantum
mechanical (free electron approximation) modeling of conductivity. Beginning with Bloch,
it was discovered that by including periodic order in the kinematics and statistics associated
with quantum transport, these anomalies in mean free path not only could be explained, but
that meaningful parameterizations of electronic structure, based on the notion of energy
bands, could be applied to a large range of problems associated with ordered solids, in
general, including insulators, semi-metals, and semi-conductors, as well as metals.

Beginning in the early 1960's, important computational and formal developments
occurred, which have provided a means for relating macroscopic phenomena associated
with charge and heat transport to a considerably more detailed, microscopic theory, from
which these transport phenomena are deduced as a natural, semi-classical limit. In terms of
understanding reaction possibilities in general in solids, and the associated implications for
cold fusion, these facts have important implications: 1) the presence of periodic order may
significantly alter the manner in which charge "moves" within a solid, 2) the locations of
individual "particles" within a solid may be altered in manner in which the reaction site may
appear (depending upon how the locations are measured) to be in a number of seemingly
impossibly different locations at once, and 3) the kinetic energies and momenta of the
"particles" may discontinuously change without altering their energies.

Beginning in the 1970's, through the use of LDT and modern computational
methods, and by making comparisons of calculated results with application of modern
experimental spectroscopic techniques (ultra-high-vacuum photo-emission, x-ray
photoemission, etc.), we have obtained a quantitative understanding at a very fine level of
detail of the underpinnings of the microscopic theory, and means for quantifying our
kriowledge of the role of kinetic energy in particular in the microscopic theory.
Specifically, considerable progress has occurred in our understanding of most of the
ordered metallic lattices, and in particular, in the study of PdD and Pd, and in the study of
3d and 4d transition metals. In the process of accomplishing this we have obtained an
understanding of three important factors: 1) the rapid screening of charges in the local
electrostatic environments present in these materials by electrons, 2) the presence of
periodic order, and 3) (from a calculational viewpoint) the importance of obtaining self-
consistent results. Extremely important points are that each of these factors plays an
important role in determining the kinetic energy of the individual "particles", that the kinetic
energies of "particles" that occupy band states are very different than the kinetic energies of
non-band state "particles", and that when particles occupy band states, the reaction
possibilities are strongly affected by kinetic energy.

An important assumption of our application of these ideas to the ion band state
problem and the potential nuclear reaction possibilities, is that the associated situation is
adequately described within this context. As a consequence, throughout, it is assumed that
the dominant electrostatic problem is described using "self-consistent", single-particle
theory, in a manner that does not invalidate the assumptions that govern the validity of this
approach. As we have discussed elsewhere, the underlying dynamics of the many-body
system is initialized by the single-particle band states. An important point is that from this
starting point, the limitations of the single-particle representation provide constraints on the
many-body physics. In particular, a form of "Bom-Oppenheimer" separability is always
required, in which the motion of the center of mass of each ion band state nucleus (either
H, D, 3H, or 4He) is always constrained to be independent of the motions of the individual
nucleons contained within each nucleus. In practice, this constraint restricts considerably
the potential channels for nuclear reaction. However, not only is this requirement
consistent with the underlying assumptions that the potential modes of interaction are the
result of relatively "small" perturbations of the ground state, it also is consistent with a
potentially more important result: in the crystal lattice, ion-band-state-mediated reactions
occur in a manner in which it becomes impossible to identify either in the initial state or in
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the final state the precise location where the center of mass of the reaction is located. A
second important consequence is that potential nuclear reactions cannot significantly disrupt
the underlying crystalline environment, either by destroying periodic order, or by requiring
that energy be transferred to the solid in such a large amount locally that the underlying
assumptions of the band theory and associated theory of transport phenomena become
invalid. A final important point is that these assumptions not only can be quantified but
also provide a rationale for understanding a number of results: 1) why4He is the
predominant reaction product (which we predicted prior to measurements), 2) why the 4He
should be found at low-energy outside heat-producing crystals, 3) the role of loading and
electronic structure in radiationless fusion, and 4) why no high energy particles are released
in the phenomena. Elsewhere3, we have provided a detailed discussion of each of these
predictions. It should be emphasized that each of these results follows from requirements
that make the underlying picture valid, not as a consequence of theory. In other words, the
assumption that ion-band-state-mediated reactions are at work requires that each of these
effects be present, not the reverse.

In particular, implicit in the ion band state picture are the ideas of the "time-
averaged" picture associated with the Bloch state picture and the occupation of Bloch states
in a manner that minimizes energy. Important consequences of this are that: to minimize
energy, a macroscopically small number (much less than N¢ey) of ions occupy ion band
states, and the resulting possibilities for nuclear reaction do not perturb the environment in
a significant manner. When it s in fact impossible to determine the location of the center of
mass of a particular nuclear reaction because the center of mass of each initial state and final
state nucleus is in a band state, on the average, as we have previously discussed?3, each
reaction occurs at all of the periodically equivalent locations in the solid. Heat release is

then fractional: each D+D—*4He reaction releases an amount of energy Q=23.8 MeV/N,¢)

(=0.23 eV, for Ngey=10°) in each unit cell. In the remainder of the paper, we will quantify
anumber of factors related to the point conceming the reasons that 4He is found outside the
crystals at low energy. To understand these factors, it is necessary to examine a number
of points associated with ion band state transport.

11. Band Transport Theory

Modern Band State transport theory is based upon applying the Greens function
methods derived by Kadanoff and Baym?20, which were extended by Langreth and
Wilkins2! to the many-body physics associated with the single-particle, band state
solutions that are appropriate in a solid. A fundamentally important point is that the
relevant many-body physics of charge transport is converted through this procedure from a
Greens function that describes the evolution of charge in the microscopic theory, to a semi-
classical limit in which a Boltzmann transport equation such as

Je(x) = e/h X gxki) VKEK)

can be used to quantify the relationship between the underlying microscopic dynamics and
the macroscopic properties. Here Je(X) is the current density, x is macroscopic position
vector, which extends over the whole solid, g(t,x,k) is the Boltzmann "particle"
distribution function, K is the wave vector, and the €(k) are the energy eignevalues. To

understand the role of periodic order in this process it is important to recognize its role in

the underlying microscopic theory, as expressed in the solutions of the single-particle band
state equations.
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In modemn band state theory, these solutions most often are derived based upon the
single-particle LDT !9 band theory. In practice these equations are derived as a subsidiary
step in the problem of minimizing the total energy of the solid. In particular, in LDT,
energy is minimized as part of a two step procedure in which, first, the charge distribution
of all the electrons and nuclei is calculated self-consistently, based upon a prescribed choice
of geometry, and then the geometry is varied until the minimum energy is obtained.

The single-particle (Kohn-Sham) band theory equations are used during the process
of calculating the self-consistent charge density. Specifically, the initial charge density is
used to construct a potential Vj,yice based upon the trial geometry, which is defined by the
spacing and orientation of the collection of periodically positioned nuclear centers. The
band theory equations in turn are used to determine the density. With respect to the
transport problem, important points are that V) ice: 1) includes all of the electrostatic
interactions from electrons and positive nuclear centers, and 2) is a periodic function of
each of the Bravais lattice vectors Ry, that separate any of the periodically positioned
nuclear centers. Because Vjuyice 1S periodic, Viaice(r+ Ry) = V(r). Using this potential,

the eigenstates (¥), and eigenvalues (g) of an effective Schroedinger equation (the single-
particle, Kohn-Sham equation) are constructed. In solving this problem, important
simplifications are made possible by assuming that the geometry is periodic. The

significance of this symmetry is that it means that each eigenstate ¥ may be selected as a
Bloch state Wy, defined by the wave-vector k and the Bloch condition

W, (r+R,) = el KRn () . (6)

Each eigenvalue (also called a band energy) is also a function of the wave vector k,

namely, € = (k). This provides a method for solving the effective single-particle
Schroedinger equation, which for electrons is

HepWk(r) = [- h2/2me V2 + Vigiee(r)] Wk(r) = (k) Wi(r) 7

Once these equations are solved, the density p(r) is constructed!®. It is important to note
that because Vj,yice is @ periodic function of R,, its Fourier transform is defined by a
discrete set of vectors (called reciprocal lattice vectors)Gy, such that R;Gy, is an integer

multiple of 2x, for any values of m and n. As a consequence of this, g(k) = e(k+Gp,),
for any value of m. An important result of this fact is that during any interaction involving
Bloch states, it is possible for discrete values of momentum, given by hGy, to be
transferred to and from the lattice without effecting the energy of the individual states,
while preserving periodic order. These energy conserving processes in which momentum
is changed, which are called UmKIlapp processes, were first identified by Peierls?2 as
being important in the low temperature behavior of electrical conductivity. Because they
provide a means for allowing a non-zero momentum-change interaction between different
forms of quasi-particles that possess lattice symmetry (band state, phonons, etc.), at low
temperature, they also provide a means for coupling surface phenomena with bulk
phenomena in which minimal disruption of periodic order occurs.

Important points are: 1) the kinetic energy is treated in a manner consistent with the
underlying boundary conditions, 2) the charge distribution and the lattice geometry are
allowed to vary in a manner consistent with minimizing the energy, subject to the constraint
that periodic order is maintained, and 3) exchange and correlation effects associated with
the effects of occupying particular portions of the underlying many-body wave function are
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treated in an approximate manner that becomes exact in the limit of small electron separation
(a limit that applies quite well in transition metals).

Because the LDT energy is constrained to be stationary with respect to variations of
the electron density, it follows that when small numbers of deuterium ions (and their
electrons) are injected into any periodic host, the resulting energy may be constrained to be
stationary with respect to variations in the densities of either injected ions or electrons
provided both the ions and electrons occupy band states and variations in ion band state
density are constrained to be independent of electron band state density, and provided the
ion band states are derived using the negative of the Coulomb potential associated with Eq.
7 and the approximation that ion band state-ion band state exchange effects are negligible.
The basis for the argument follows from continuity of the total energy with respect changes
in density, and the fact that infinitesimal variations can occur when macroscopically small
numbers of charged particles occupy band states.

We have previously summarized the underlying many-body physics that makes
possible overlap between ion band states23. The potential for overlap follows from the
fact that the many-body state is constructed by forming the product of occupied single-
particle band states, each of which has overlap (as a consequence of Eq. 5) with every
equivalent lattice site in the crystal. An important point, however, is that overlap alone
does not provide a means for understanding how reaction can occur. To understand how
reaction might occur, it is important to understand how reactions occur within solids.

Here, an extremely important point is associated with the manner in which charge and
energy are transferred within a solid and the significance of the Kadanoff-Baym procedure.

. In particular, Kadanoff and Baym (as shown by Langreth and Wilkins) observed
that there exists a natural procedure for relating the angular frequency representation G, of
the single-particle Greens function associated with an arbitrary single-particle Hamiltonian
H;p and the comparable Greens function G to a macroscopic quantity, called the Wigner
function, Gw, which, in the case of ordered solids, asymptotically approaches the solution
of the Boltzmann equation that is used to describe charge and heat transport. In particular,
G, is directly related to solutions of the Kohn-Sham equations through the relationship

oy T(mW*(r)
Go(r,r',z) = k% hz-e(K) s ®

where z is any complex frequency and the sum is over all wave vectors k and all bands A
The corresponding equation describing G is

_—agw + 12 vaw =0 , (9)

where

k =-V,&(K) + external forces ) (10)

Here, Gw may be interpreted as the probability of a charged particle occupying a band state

with energy e(k ) at the position x. In the general periodic solid case including disruptions
in period order, x is any integer multiple of any Bravais lattice vector. In the case of G,

where order is assumed, the differentiation of g(k) with respect to x only alters the
eigenvalue through changes in the wave function at the boundaries of the lattice where
periodicorderis lost. When additional effects (phonons, additional lattice imperfections,
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and additional many-body effects) are included, the resulting expression for the single
particle Greens function analog of G, solves a "Dyson's equation” in which time-
dependent modifications, through collision processes, are required. These effects in turn
can be related to a Boltzmann equation in which an additional term of the form

x V4G
is added to the left side, where
x =Viek) ,

and a complicated hierarchy of terms are included on the right side. The important point is
that all of the many-body physics can be captured in G and G.

A second important point, however, is that in the case of Eq. 9, an avenue exists
through modifications of the eigenvalue at the boundary of the solid for changing the
Greens function associated with a particular charged species (be it electrons or ions in band
states) without significantly altering the underlying periodic order within the solid. A

second important point is that the quantities k and VxG may change discontinuously

through Umklapp processes. These are processes in which the wave vector changes
discontinuously by a reciprocal lattice vector, and physical momentum is transferred to the
crystal as a whole.

We believe that a potentially dominant mode for reaction at low-moderate
temperature involves the situation in which the energy release of Dyang + Dpand = “Hepand
results in a shift of the electrostatic zero of the solid and an accompanying Umklapp-
process-mediated momentum transfer (through lattice recoil), manifesting itself through a
shift in the chemical potentials of ion band state 4He and D. Because a constant shift of the
potential is a periodic function and because all of the initial and final state contributions
occupy band states, the densities of each are periodic and the perturbations to the
electrostatic potential are all periodic functions, and are all small on a per unit cell basis. In
such a situation, the dominant modes for interaction will be through effective neutralization
of “He with boundary region electrons. These will manifest themselves through variations

both in Vxe(k) and in gradients of the chemical potential at the boundaries of the crystal
through the quantities k and VyG.

12 WHY Cusps and Discontinuities in Momentum Invalidate
Gamow Theory

In the 1-dimensional Gamow approximation the r); dependence of the two particle
wave function can be represented by ¢(rj3) & exp(i¢(ry2)), in which

ra 2m
d(r2) = J k(x) dx , where k(x)='\/ 17 (E-V(X) . (11)

Away from the classical tuning point (defined by k(x)=0) this formula is valid provided
Idk/dx| << Ik(x)I2, while near the turning point a relationship between the second and first
derivatives is used to identify the appropriate (connection formula) forms of the wave
function that apply asymptotically far from the tuming point, based on the premise that
k(x)!”2 is continuous and continuously differentiable on either side of the classical turning
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point. When the first derivative of ¢(r12) becomes discontinuous, k(r;2) is discontinuous

so that Idk/dx|—eo. Then, Eq. 11 is not valid for any value of k. Also, because k is

neither continuous nor continuously differentiable at a cusp, one cannot identify an
appropriate form of the wave function that matches the Gamow function in the vicinity of
the cusp, nor apply the conventional connection formula.
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Abstract

We discuss progress in our studies of two new basic physical mechanisms that
may be relevant to recent experiments that exhibit anomalies in metal hydrides
and deuterides.

Anomalous energy transfer from phonon modes to the constituents of a lattice
may occur through frequency-shifting phonon modes that are highly excited. The
energy transfer is AE = Nhéw, where NNV is the number of phonons in the modes,
and éw is the frequency shift of the phonon modes. A phonon laser can provide a
large N; a finite frequency shift can be produced in a lattice with a phonon bandgap
and with impurity vacancy modes that occur in the phonon bandgap. We propose
that exothermic desorption in a metal hydride pumps a surface phonon laser.

We propose that neutrons can hop in a lattice, by analogy with electron hop-
ping. Neutron hopping in crystalline silicon has been analyzed, and found to be
unobservable; neutron hopping in lighter nuclei should lead to observable gamma
emission. Neutron hopping in lighter nuclei, combined with anomalous energy
transfer, is a candidate route to account for anomalous excess heat and tritium
production.

_1. Introduction

We have considered a number of possible theoretical approaches over the that
past several years that may be relevant to a description of the anomalies that
have been reportedly observed in metal hydrides and metal deuterides.!? The pri-
mary experimental claims at this point include: [1] excess energy production in
electrochemical experiments at a level that could not possibly be chemical (with
essentially no associated radiation); [2] tritium production, without secondary neu-
tron emission (the tritium, if real, must be born nearly stationary); and (3] neu-
tron emission. There also exists claims of experimental evidence in support of
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‘He production, host lattice activation, x-ray emission, gamma emission, and beta
emission.

Many involved in the experimental efforts mentioned above hold that the exis-
tence of the anomlies is now proven; many involved in mainstream physics research
(and most of the scientific community) hold that none of the anomalies are real.
This difference of opinion appears to be a stable feature of the field, and there ap-
pear to be no prospects to resolve the differences any time soon. In our research,
we take the experimental claims for which the evidence seems to be strongest, and
study theoretical mechanisms that appear to be relevant. While the nature of the
experimental claims excludes many possible mechanisms and reactions, they un-
fortunately do not generally make positive statements that would clearify reaction
pathways or underlying mechanisms.

For any theory to begin to be relevant to claims of this sort, two fundamental
issues must be addressed: [1] there must be a mechanism that allows for the
transfer of a large amount of energy from the atomic scale to the nuclear scale;
and [2] there must also be a mechanism that will allow nuclei to react in the most
general sense. The second point is usually cast in terms of overcoming the Coulomb
barrier, but in light of the discussion in the present work, this is too restrictive. Our
studies have consequently focused on mechanisms for anomalous energy transfer,
and also on new nuclear reaction pathways involving charge neutral reactants for
which no Coulomb barrier problem occurs.

2. Anomalous Energy Transfer

We have considered during the past several years the possibility of anomalous
energy transfer with the phonon modes in ‘a lattice. Basic energy transfer mecha-
nisms with vibrational modes in molecules and solids were understood in the 1930s;
the creation and destruction of phonons in a lattice was described by Lamb? and
later by Mossbauer®; frequency-shifting of phonon modes in the molecular case was
described by Duschinsky®. Anomalous energy transfer through the creation and
destruction of phonons does not appear to be feasible; instead, we have examined
energy transfer by frequency shifting phonons that are already present.® In this
case, the energy transfer is

AE = Nhéw (1)

where N is the number of phonons present, and where éw is the associated fre-
quency shift.

For this energy to be anomalously large, we require a large number of phonons
N to be present (which could be developed by a phonon laser, for example). We
also require a lattice with special properties: it must have a phonon spectrum
that contains a band gap, and phonon modes must jump a band gap due to a
modification of the lattice at a single site. Many metal hydrides contain a band
gap between the acoustic and optical phonon modes; the basic theory for how
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phonon modes are altered due to mass or force constant changes at a single site
was studied by Dawber and ElliottS.

This mechanism alone appears to be capable of producing anomalies if the
appropriate conditions can be met. For example, phonon gaps may be produced
in metal hydrides if host lattice vacancies occur at impurity levels. In this case,
processes that alter the number of host lattice vacancies can mediate anomalous
lattice energy transfer. We have computed decay rates for this general process for
a variety of recoil and nuclear decay channels.” For example, lattice-induced recoil
of deuterons will lead to dd-fusion reactions with predicted neutron production
rates that are in the general range of those claimed in experiments. This gen-
eral mechanism could in principle produce anomalous alpha and beta decays; the
associated reaction rates are reported in Ref. 7.

3. Proposed Surface Phonon Laser

Anomalous energy transfer through the route described in the last section pre-
supposes the existence of a large number of phonons per mode N; we know that
this could be produced by a phonon laser. Phonon lasers are known, and phonon
lasing on acoustic modes up to 0.87 THz has been reported in the literature.® The
energy exchange mechanism that we are interested in requires the existence of an
optical phonon laser that operates near 6-8 THz.

Phonon lasers are in many ways analogous to optical lasers, as both require the
development of a population inversion (or else the development of parametric gain).
There exist few proposals for driving an optical phonon laser, although it would
be reasonable to expect that optical pumping of impurities in a low temperature
transparent crystal could be extended to optical phonons. Such techniques are not
readily extended to metal hydrides, and the requirement that gain be developed
at room temperature makes the problem far more severe since the optical phonon
lifetimes are expected to be quite short (on the order of a picosecond) under these
conditions.

We have recently proposed that exothermic desorption of a metal hydride can
be used to drive a surface phonon laser.® If we consider the potential for molecular
hydrogen near a clean metal surface,!® we note that molecular hydrogen is not
stable at the surface and is in fact pushed away (see Figure 1). Hydrogen in
the metal can be either at lower or higher energy than the molecular energy. In
the case that the energy is higher, so that the desorption is exothermic, then the
situation becomes in some sense a phonon analog of an excimer laser.

Phonons can stimulate the desorption, and some of the desorption energy will
go into the phonon modes that initially caused the desorption; in the event that
the desorption is exothermic, then there exists the possibility of stimulated phonon
emission and phonon gain. The hydrogen desorption from PdH probably becomes
exothermic near a loading of 0.83; the situation is expected to be similar for
desorption from PdD.
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Figure 1. Schematic energy of H, minimum potential energy surface near a metal
hydride surface.

Quantum desorption models have been studied in the literature (see for example
Ref. 11). A basic description relevant to the present discussion could be developed
starting from

H=Y eblbi+ Y extlix + 3 hwqetl ,aqe + 3 | Visx(a, at)ekbid;
i k 7.qQ igk

This model includes hydrogen atoms at site ¢, free molecular hydrogen with mo-
mentum K, phonon modes indexed by q and &, and phonon-dependent desorption
and adsorption terms. A linearization of the desorption potential in the phonon
mode operators results in a Hamiltonian that can describe a one-phonon laser
amplifier.

Perhaps the simplest quantitative estimate for the desorption flux required to
sustain such a phonon laser comes from a balance between surface phonon creation
and destruction; net gain is present when more phonons are generated than de-
stroyed. If we imagine that a surface phonon mode is initially very highly excited,
so that a significant fraction of the desorption power is converted to stimulated
phonon power, then the threshold condition is equivalent to the statement that as
many phonons are generated as destroyed. For surface optical phonons modes, the
number of phonons required in this example is perhaps on the order of unity per
atom participating; consequently the number of phonons destroyed per unit time
is the product of the mode volume V, the relevant density n, and the destruction
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rate 1/r. The number of phonons generated per unit time is the product of the
exothermic desorption flux Jae,, weighted by the number of phonons generated per
desorption event N, and mode surface area A. We obtain

— nV

Ny, A = - (3)
The required desorption flux for normal surface optical phonon modes obtained
from this argument is very high, on the order of 10?® molecules/cm?ec. Such
a desorption flux is not sustainable, even on a microscopic timescale, either by
conventional diffusion or by thermodynamically-forced diffusion.!?
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Figure 2. Estimated desorption energy for PdH versus loading.

Inspection of equation (3) indicates that the constraint on the desorption flux
in the case of an impurity mode can in principle be lower by a dilution factor.
For example, host lattice vacancies at the per cent level has been proposed to lead
to an “impurity” optical phonon band within the PdD phonon band gap. The
participating deuterium atoms are those within a cell containing a vacancy, which
occurs at a reduced density; consequently, the threshold desorption current should
be considerably less (on the order of 10%® molecules/cm?®sec). If a dominant mode
of release of molecular deuterium from the surface of a highly loaded cathode is
through local explosive exothermic desorption events that last on the order of a
nanosecond, then such events may be sufficient to drive an optical phonon laser
on dilute impurity modes.
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The existence of such a mechanism would be critical for the operation of the
physical mechanisms under discussion in section 2, and in the following sections.
In addition this type of mechanism appears to be consistent with recent correlation
of excess heat with flux discovered recently by the SRI group.!®

4. Neutron Hopping

While there have been several proposals for mechanisms that may lead to en-
hanced screening of the Coulomb potential between nuclei, we have abandoned
fusion reaction mechanisms generally (as candiates for heat and tritium produc-
tion) in the belief that the amount of screening required is nonphysical. Our
deliberations have driven us through a string of relatively exotic reactions, finally
reaching a new class of reactions that may all be classed under the generally head-
ing of “neutron hopping” reactions.!* It is well known that electrons hop in solids,
and the basic model that describes this hopping can be applied almost directly to
examine the possibility of neutron hopping.

The neutron mixed valence Hamiltonian that describes the coupling between
bound and continuum neutron states is

7= Sl b+ Seadhdio + 30 S iiotics
k.o i,0 i,0

+ Z Vke—ik.R.' é}t('aji.o + Vk-eik-R,’J‘f’aék'a (4)
i.k,o
Neutron hopping is only expected in nuclei with s-wave valence neutrons and
two neighboring stable isotopes; elements which satisfy this requirement include:
hydrogen, helium, silicon, cadmium, tin, tellurium and xenon.

We recently investigated neutron hopping in silicon, in the hopes of developing
an experiment that would exhibit the effect cleanly. The basic idea is that 2s
neutrons from 2°Si would hop among neighboring ?8Si nuclei, and from time to
time be captured by 2°Si to make 3°Si; this capture process would lead to a gamma
at 2.1 MeV. Crystalline silicon has a diamond lattice structure, which consists of
two interpenetrating FCC lattices. Virtual neutrons originating from one FCC
sublattice are Bragg scattered by the other and delocalized; the gamma emission
rate for this structure is obtained from fourth order perturbation theory

9 - . . . X .. . .
I'= Y Im<V,3V32(E — H)) W3 Vay(E — Hy) M WViaVao(E — Hz)_lv23v31> (5)
D _ .

In this formula, state 1 refers to a °Si valence neutron on the first sublattice,
state 2 refers to a 2°Si valence neutron on the second sublattice, state 3 refers to a
free neutron, and state 4 refers to a gamma captured *Si neutron; the interaction
potentials V; are of the form of given in the neutron mixed valence Hamiltonian.
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This gamma emission rate can be evaluated approximately (after much algebra);
we obtain in the high temperature limit

I VPNgy

29G; ehbels

where Vj is the volume-averaged nuclear matrix element (about 20 meV), Np is the

number of Brillouin zones contributing (about 30 near the melting point), v is the

capture rate for a free virtual neutron (about 2.5 sec™?), ¢p is the neutron binding

energy (8.47 MeV), and éeps is the lattice energy transfer in the Mossbauer limit

(uncertain, but perhaps on the order of 1071 eV). The f factors are fractional site

occupation probabilities. The exponential factor comes about from destructive

interference of the continuum Bragg waves, limited by the requirement that the
virtual neutron scattering generates no phonons; the effective energy barrier is

f[’ZSSi]f[ZQSi]e—Ac/kT (6)

kT 2IMa*(kO,,)?
~ — >
< |ul®> 9h
where a is the lattice constant (2.715 A), < |u|* > is the mean square thermal

center of mass displacement, M is the nuclear mass of #Si, and ©,, is the Debye
temperature (about 325 K). This relation may also be written as

Ae

~ 22eV (7

1
Ae ~ §Mw§a2 (8)

where wy is the characteristic vibrational frequency.

The gamma emission rate in this case is unfortunately too small to be observ-
able. The emission rate is highest near the melting point (1683 K); the prefactor
is respectable (~ 10713 sec™!), but the exponential (due to destructive interference
of the Bragg waves) reduces the rate by more than 60 orders of magnitude.

Consequently, we turn to the question as to whether the effect would be ob-
servable in other systems. Upon inspection of the various factors that make up
the effective energy Ae for the diamond lattice structure, it appears that only two
quantities are of importance: the nuclear mass and Debye temperature. Lighter
nuclei could exhibit in principle a much greater effect. Of the candidate elements
with outer s-wave neutrons, by far the most interesting candidate is hydrogen: vir-
tual neutron originating from deuterium have the best chance of being delocalized
by Bragg scattering from nearby protons in an ordered lattice. This argument
assumes that the relevant nuclear matrix element (which we have not yet com-
puted for deuterium) is of comparable magnitude. For example, the vibrational
frequency wp for the deuterons in PdD is roughly the same as for the silicon nuclei
in crystalline Si (the lattice structure is that of NaCl, so that a somewhat different
proportionality may occur); the barrier energy Ae in this case should be much less.

If these arguments are correct, then we would expect that a metal hydride
that is loaded with a mixture of deuterium and hydrogen would exhibit neutron
hopping if heated suddenly, as a thermally-induced bulk effect, with an effective
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energy on the order of an electron volt. The presence of the effect should be
observable through gamma emission. Computations of this process are ongoing.

5. Neutron Hopping Coupled with Anomalous Energy Transfer

For the past several years we have examined various approaches to the problem
of neutron hopping to an inequivalent nucleus coupled with the lattice energy
transfer mechanism. A neutron hopping onto a nucleus generally will lower the
phonon mode frequency, which leads to an energy transfer that has the wrong
sign for heat production. We proposed that impurity modes due to host lattice
vacancies could shift up through a recoil upon neutron capture that reduced the
number of vacancies. While it seemed to be clear that the energy transfer through
frequency shifting could be driven by a neutron transfer in principle, the frequency
shifting mechanism leaves the latticein a state which cannot use the same phonons
for subsequent energy transfers.

This problem is in general serious. If phonons were used only once then lost,
then the maximum efficiency would be much less than one; the experimental claims
for heat production are larger than this. We have proposed earlier that the phonons
could be frequency-shifted back down by a Raman process, and replaced when
lost by phonon gain. While this may be possible in principle, it is by no means
compelling.

Here we propose a speculative alternate solution that may have some advan-
tages. We propose to couple an exothermic neutron hopping reaction with an
endothermic lattice-induced decay process, and then require that the phonon dis-
tribution not be changed significantly during the combined process. Such a mech-
anism could be repeated without a loss of phonons; it has the additional advantage
that the reaction rate for the coupled process will be faster than the rate for the
neutron hopping part of the reaction alone, since the lattice-induced processes are
so fast.

For example, we consider a virtual neutron that originates from a deuteron,
resonantly Bragg scatters off of nearby protons in a metal hydride, and then lands
on 28Si with enough recoil to dislodge it so as to change the number of host lattice
vacancies. If the process were conservative so far, then the lattice would be highly
excited and unstable against a rapid decay of the host lattice, the fastest of which
would be lattice-induced alpha decay of a low Z nucleus. Since the lattice decay is
so fast, it is reasonable to couple it with the preceding reaction as a second order
process,” which need not conserve energy in the intermediate state. The associated
decay rate of a deuteron through this route can be computed from

I'= Theb A2 52Im<V13V32(E—H2)‘1%3V34V45(E—Hs)"’V54V43V32(E—H2) 1V23V31>
(9)

In this formula, Aey, is the energy excess determined by the difference in neutron
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binding energies of the donor and acceptor nuclei, taking into account the energy
transfer with the lattice:

Aer, = |ea| — lep| — Nhéw (10)

and state 5 includes the results of the lattice-induced decay.

This mechanism is currently the focus of our theoretical investigations. While
we have not yet evaluated this rate in detail, certain aspects of the reaction rate
appear at this point to be plausible. We expect the total reaction rate to be
perhaps of the form

V.

b ~ S DTS e (1)
The prefactor here is reduced from that encountered in the last section by V&/AeZ;
the fractions f can be on the order of unity; the effective energy Ae ought to be
less than 1 eV. The probability that the appropriate recoils occur, and that the
coupling between the initial, intermediate and final lattices is phonon conservative,
will appear as an exponential damping factor (taken to be e~? here, the magnitude
of which is presently unknown). Finally, the lattice-induced decay gives rise to a
very large rate v; (on the order of 102° sec™! for each nucleus 7 in the lattice that
is capable of causing a useful phonon mode gap jump; this results in a potential
increase in thé total rate over the results of the previous section.

One interesting feature of this type of theory is that it does not require that
the lattice actually has the very large number of phonons required for a complete
exchange of the reaction energy. Since the intermediate state is now virtual, and
the final state lattice does not have the reaction energy (it is in the fast alpha in this
case), the requirements on the lattice are now much reduced. Two requirements
are seemingly apparent however: (1) given the combinatorial number of available
phonon states, the lattice states with frequency-shifted phonon modes had best
have large coupling matrix elements and be well separated in energy to avoid
destructive interference effects; and (2) given the fast (psec) decoherence time
of the optical phonon modes, unless phonon gain is present on the gap jumping
modes, the number of atoms that can take place in the final alpha decay process
will be limited. Further study of this mechanism will determine the applicability
of the theory to experiments reporting heat and tritium production.

_6. Conclusjons

We have reviewed key aspects of our theoretical approach to account for anoma-
lies claimed in recent experiments with metal hydrides. We have focused on two
new physical effects: [1] lattice energy transfer by frequency shifts of phonon
modes, and [2] neutron hopping. Neither of these mechanisms has been proven
experimentally, yet we contend that both effects are predicted from quantum me-
chanics.
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Specific results that are new since ICCF4 include: [1] a proposal for a surface
phonon laser driven by exothermic desorption; [2] that neutron hopping should
lead to second order gamma emission as a thermally-induced bulk effect; (3] the
observation that Bragg scattering of virtual neutrons by the internal unit cell
structure is important (especially for nuclei with outer s-wave neutrons); [4] the
conclusion that the primary donor or acceptor nuclei for heat or tritium production
must involve outer s-wave neutron orbitals; [5] that neutron hopping should work
much better with light nuclei; [6] that the energy exchange with the lattice during
a neutron hop in the Mossbauer limit is nontrivial and must be included properly.
The formula for second order gamma emission, as well as the theory outlined in
section 5 constitute new theoretical results.

We conclude that there exist routes within conventional theory both for anoma-
lous energy transfer and for a new class of reactions based on neutron hopping.
The theory outlined in section 5 describes excess heat and tritium production
mechanisms, perhaps similar to the experimental claims; further calculations and
comparisons with experiment are required to determine whether it is correct in
detail. The phonon laser route to energy transfer outlined in sections 2 and 3 can
result in neutron, alpha, beta and gamma production, also perhaps relevant to the
experimental claims. The neutron hopping/gamma emission process outlined in
section 4 is a bulk effect, and may be more easily verifiable experimentally.

Quantitative predictions specific to the various metal hydrides for thermally-
induced second order gamma emission will soon be available; these predictions can
be tested experimentally, and can be used to prove or disprove a major part of the
present theory. Heat production according to the theory of section 5 a neutron
transfer from deuterium to silicon, and a low Z alpha decay; this can be proven
or disproven through measurements of silicon isotopic ratios, and detection of the
alpha decay products.
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Abstract

The author's ECFM ("Electron Catalyzed Fusion Model") first presented at the ICCF-4
is re-examined with special reference to the production of tritium and neutrons. The model is
of some interest in that it is the first model to fit excess power-vs-loading fraction data of
McKubre et al. (SRI International/EPRI) and, independently, that of Kunimatsu et al. (IMRA).
Of special note is that the peak of the theoretical curve of tritium production versus loading
fraction, which is related to that for neutrons by a branching ratio scaling factor, is found to
be at a fractional D/Pd loading of approximately 0.825, which is in good agreement with the
empirical value of 0.83 announced at the ICCF-5 by Iwamura et al.(Mitsubishi) for both
trittum and neutrons. It is of interest then that this theoretical ECFM tritium production curve
arises essentially from purely statistical mechanical considerations involving the deuteron
occupation of the three-dimensional interstitial lattice, rather than arising from the details of
a specific nuclear mechanism. The model shows why tritium is ordinarily not observed when
excess heat 55 being observed. For the neutron-to-triton branching ratio a theoretical lower
limit (/R)12 results (r is the protonic charge radius and R is the deuteronic cglarge radius.)
yielding a value of 2 x 10" in agreement with the empirical value of 2 x 10-? for the
neutron-to-triton branching ratio.

1. Introduction: Review of the ECFM

The author's ECFMO("Electron Catalyzed Fusion Model") employs collapsed electron
orbits catalyzing genuine cold fusion reactions between deuterons within the Pd. The orbital
collapse is hypothesized to be the result of the weakening of the zero point field induced bzy
the cathodic_environment, as explained in reference (6). It is based upon work of Boyer!s
and Puthoff3 according to which, on the basis of "stochastic electrodynamics” (SED), the
electronic ground state of an electron in an atom is a dynamic state in which the energy
radiated away by the accelerating electron is compensated for by stimulated absorption from
the zero point electromagnetic field. The ECFM has been highly successful at fitting data on
excess power versus loading fraction, S, for the data of McKubre et al.4, (SRI
International/EPRI)]as shown in Fig. 1, and for the data of Kunimatsu et al.3 (IMRA)].

Fig. 1 Fig. 2
Compurtms of ECT Model oih Datn of McKubre et ol (SRI.EFRI) Relative Tritium Production
Rate vs Loading (ECFM)

o Peak fegresents approa. 1.56 blion
wiore/cs of Pdisac,

Relative Tritlum Production Rate

o
o r—r—y—r—r—
w0 02 04 o8 (] 0
8 (tractional loading)
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2. Statistical Mechanical Picture: Tritium /Neutron Production
vs Heat Production

Much of the dependence in the ECFM of the formulas for power or particle
production upon S (fractional loading) arise from strictly statistical features of the deuteron
occupation of the interstitial lattice. To that extent the S-functionality is independent of a
specific nuclear mechanism and therefore exploitable. Thus, the experimental corroboration
of such nuclear mechanism nonspecific behavior would provide additional proof that the
phenomenon is genuine.

Consider a 1-dimensional interstitial lattice configuration:

(Key: e represents an interstitial D, o represents an empty interstitial site.)

o ° o e o ° o ° o ° o.... etc. (1)
(1) represents a hypothetical one dimensional lattice configuration for which no cold fusion
occurs due to a lack of nearest-neighbor D's.

Clearly, then, any expression for excess power will contain a factor that is a function of
loading fraction, S, and arises strictly from the statistical mechanical picture accounting for
the different possible interstitial lattice configurations that can contribute to cold fusion.
Quoting from ref.(6) we make the distinction in the context of the model between the
situation for heat production and that of triton production (At this stage we merely note that
neutron production is linked to triton production in th% ECFM via a branching ratio.): "We
hypothesize that the cold fusion reaction D + D -> He ™ + 24 MeV occurs for lattice
configurations with nearest-neighbors on either side to produce a "sideways charge
polarization" of the D's with protons directly opposite neutrons so that collisions are highly
"guided" (lattice assisted anti-Tokamak regime):
O ©¢ ¢ e 0O+0e © ¢ ¢ O+0e © © @ ©¢ 0O+ .... etc. 2)
3 4 S
(S) (S) (S)
Thus, each D near the center of these configurations sees a nearest-neighbor D on either side.
It is further hypothesized that tritium and neutrons result from the opposite’situation; viz. the
oscillatory collision of two nearest-neighbor D's isolated from their neighbors for which
charge polarization favors neutronic components of the D's facing each other, thus heavily

favoring tritium production via D + D -> T + p + 4.03 Mev as an Oppenheimer-Phillips type
nuclear reaction :

Oe €0 + 0O e0e ©¢0 + Oe @e0e® @0 6@ o O +....etc. 3)
2 2 3 4 ' 4 6
(1-S) S (1-S5) S 1-5) S
For He4 production the configurations in (2) yield a sum of probabilities (dependent
upon fractional occupation, S): 3 4 5
p=S +S +S +.. et “4)

that, when combined with other considerations, leads to an expression for excess power
production given by

3 1 [23.6-(24.774) 5112
P, . =(260) {[(2-8)(1-9)] spe T 1yLo ) ]

©)]
3. Tritium Production on the Basis of the ECFM
From (3) the sum of the probabilities is
34 46
p=(1-8)S +(1-S)S +(1-8)S + ... etc. (6)
Ref. ( § shows that this leads to the following
12 2-3 . . s /R
S.T) = (6;789x10 )-S(ES)(1 - (+5)S] @ @/ T yLol236- (24779 S 77 ™
nfons/cm3/sec)
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Fig. 2 shows a graph of triton production rate (tritons/cm3 of Pd-sec) based upon (7) for a
temperature of 60C showing a peak value of about 1.6 x 109 tritons/( cm3 of Pd.sec.). A computer study
of the S-dependent part of (7) shows that the peak of the production curve is located at about S=0.825.
This is of some interest since it was reported by Iwamura et al.’ (Mitsubishi) at the ICCF-5 that tritium
production was maximized at about S=0.83. (Presumably the uncertainty in their experimental result would
put this in reasonable agreement. with $=0.825.) Ina second ICCF-5 paper Iwamura et al.8 reported that
neutron emission was also maximized at about S=0.83. This feature is of special interest here since the
ECFM simply relates neutron production to triton production via a branching ratio; i.e., the theoretical
neutron production curve is simply a uniformly scaled down version for that of tritium.

In their abstract, Iwamura et al.7 note that they had "previously reported that neutron emissions
and tritium production were observed even with low deuterated palladium metals (D/Pd = 0.66). It is
expected that the yield of nuclear products will increase using highly deuterated palladium metals (D/Pd =
0.8), since it has been widely recognized that anomalous nuclear effects are related to the D/Pd ratio." In
this regard, note from Fig. 2 that the theoretical tritium (or neutron) production rate at S=0.66 would be
about half of what it is at the peak of about S=0.83. Additionally we note from Fig. 2 that the curve
plunges more steeply with S to the right of the peak than to the left. It is this latter feature that accounts
for two general observations: (1)Tritium production is rarely observed simultaneously with excess heat
production [Recall that excess power grows with increasing values of S above about 0.8.] (2)Neutron
emission decreases as excess power increases. With regard to (2) note that Takahashi et al. 9 (Osaka
University) in their ICCF-5 abstract state that "the neutron emission rate was about 2n/s at most and
appeared to decrease when the excess heat rates increased, as was the case for our 1922 experiments.” The
present author10 has reported observing a decrease in the emission rate of thermal neutrons as excess heat

increases. Finally the neutron emission rate reported by Takahashi et al.9 of about 2n/s is apparently in
reasonable agreement with the prediction of the ECFM, which is now shown: Note from Fig 2 the value
of 1.55 billion tritons/ cc of Pd.sec. Multiplying this by the theoretical branching ratio of 1.64 x 109
given in the next section yields a neutron production rate of about 2.54 neutrons/cc of Pd.sec. [In reference
(6), Fig. 8 shows the theoretical tritium production vs S (ECF Model) for three different temperatures

(100C, 600C, and 1200C) and emphasizes that the production peak does not shift with temperature, but
remains fixed at about $=0.825.]

4. Neutron Production

Based upon the ECFMS, neutron production is given by N in (7) multiplied by an appropriate

branching ratio highly favoring (T,p)-production over (He3.n)—production. The author!! has derived an
extreme limiting branching ratio based upon charge polarization considerations, which reduces to a good
approximation to

12
BR =(r/R) ®
where r is the protonic charge radius, and R is the deuteronic charge radius.
-13 -13
Substituting r = 0.8x10  cm, and R =4.31x10 cm, from DeBenedettil2, yields
-9

BR= 2x10 ", )]

which compares well with the best experimental value!3 for the smallest branchingratio given by about

(BR)exp = 2x 107, (10)
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Abstract
A theoreticalz model describes impurity promotion and inhibition of the heavy water! and

light water3:4 excess heat effects of cold fusion based upon the influence on the magnetic
properties of Pd and Ni, respectively, of alloying with different metals. For Ni (light water case),
promoters, in increasing order of efficiency, are predicted to be Cu, Zn, Al, and Sn. Inhibitors, in
increasing order of efficiency, are predicted to be Co, Fe, and Mn. Ag, Au, and Cu are indicated
as promoters in the case of Pd (heavy water case). Empirical evidence impacting the model will be
presented in another paper (ref. 5) in these Proceedings.

1. Introduction: Basis for the Promotion-Tnhibitor Model for the Light Water
Excess Heat Effect

Let us hypothesize that cold nuclear reactions have cross-sections highly sensitive to the
relative spin orientation of the two reacting particles. In particular, if the product particle has a
smaller spin than either of the reacting particles, an anti-parallel configuration of the spins of the
approaching particles is hypothesized to be relatively favorable for the reaction as compared to a
parallel spin configuration. Thus, an applied magnetic field and magnetization of the Ni cathode
material, both of which tend to align the reactant particle spins, tends to diminish the light water
excess heat effect. [An important exception to this would be in those cases where the excess heat
effect is enhanced via magnetic resonance. Thus, if the excess heat effect is stimulated by
employing microwave radiation in the magnetic resonance method to produce spin flips (e.g. Letts®
and Piantelli & Focardi’ with Piantelli's experiment as a variation of the Letts experiment), then the
presence of a magnetic field with concomitant magnetization of the Ni is necessary.)]

We additionally hypothesize that promotion or inhibition of the magnetic susceptibility of the
Nican be achieved by adding impurities suggested by band theoretic considerations for magnetism.

2. Promotion of the Excess Heat Effect:

Band theory shows that the ferromagnetism of Ni in the solid state is associated with holes,
i.e. vacancies, in the electronic d band, with the number of holes in the d band of Ni producing a
saturation moment per atom of 0.6 Bohr magnetons per atom. (In this, and what follows, the
treatment of the magnetic susceptibility of the transition metals such as Ni, Fe, Pt, and Pd, follows
that presented by Mott and Jones8.9:10in their classic reference, The Theory of the Properties of
Metals and Alloys.)

Thus, suppose that Cu is alloyed with Ni, where Cu has one more electron per atom than Ni;
Mott and Jones8 point out that Cu-Ni alloys possess "a face-centered cubic lattice with no
superstructure for all compositions," so that "if a nickel atom is replaced by a copper atom in an
alloy, we may suppose that the lattice is unaltered except that an extra electron is added." Since,
band theoretic considerations show that the d band density of states is much greater than the s band
density, this extra electron annihilates one of the holes. Thus, for the case of a 60% alloy, all the
holes are filled and Ni's ferromagnetism should disappear. So, for an alloy fraction f of Cu with
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Ni less than 0.60, the number of holes, N, in the d shell for the solid is given by
Nh(f) =0.6-f (M

The figure, which is based upon one in Mott and Jones?, portrays this situation with the
atomic moment in Bohr magnetons per atom shown as 0.6 for a 0% alloy falling to 0.0 for a 60%
alloy. [The plotis equivalent to plotting Nh(f) in (1) versus f.] (Of course, it is not clear that 60%
would be the optimal percentage "impurity" to use because of the fact that Ni is known to be a better
absorber of hydrogen than Cu.)

Atomic Moment vs. Percent Impurity
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0.0 ! —» ¢ |
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Cu has an excess of electrons per atom of +1 over Ni. For the general case of the number of
electrons per atom outside that of an inert gas given by ne, the formula in (1) is generalized to the
following:

Nh(fne) = 0.6 - (ne- 10)f, (2)

where ne = 10 is the number of electrons for Ni outside the closed Ar shell. Thus, for ne greater
than 10, we have the impurity promoters of excess heat as portrayed in the figure and in order of
increasing effectiveness as Cu (ne = 11), Zn (12), Al (13), and Sn (14). Of these, Sn, with the
largest ne value should be the most effective per percent of alloy with Ni. Thus, it would be
interesting to try a 15% alloy of Sn with 85% Ni corresponding to f = 0.15 and the theoretical
extinction percentage of 15% for the curve for Sn in the figure.

3. Inhibition of the Excess Heat Effect:

If the metal to be alloyed with Ni has fewer than 10 electrons (Ni case) outside an inert gas
shell, the value of (10 - ne) in (2) will be negative and the magnetic susceptibility enhanced.
Examples are Co (ne = 9), Fe(8), and Mn(7). Curves for Co and Fe are shown in the figure, and
clearly these are predicted by the model to be impurity inhibitors of the light water excess heat effect
in the case of Ni.
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4. Application to the Case of Palladium as a Cathode Material:

According to Mott and Jones!0, the strongest paramagnetism of Pd is quenched for about a
55% alloy of Au in terms of numbers of atoms, which gives evidence that there are about 0.55
holes per atomin the 4d band of Pd producing the paramagnetism in comparison to the 0.6 holes in
the 3d band of Ni. Au, Ag, and Cu, all of which have one more electron outside of a closed inert
gas shell (the Xn shell for Au, The Kr shell for Ag, and the Ar shell for Cu) than does Pd, are,
thus, predicted on the basis of the model to be approximately equally effective impurity promoters
of cold fusion. (For this same reason, Au and Ag might function about as effectively as Cu as
impurity promoters in the case of Ni, assuming that the lattice considerations introduce no major
complexities in alloying with Ni.) In support of this, the curves of magnetic susceptibility versus
% alloy for all three metals with Pd have been found to be very similar. (However, Ag would have
an additional advantage since, as is well-known, Ag functions also to prevent "microcracking" of
Pd under the influence of deuterium. The latter process is known to be able to significantly reduce
the stoichiometry of the deuterium by leaking it to the surface.)

Additional evidence that there are about 0.55 holes per Pd atom in the 4d shell, and that these
produce the strong paramagnetism of Pd, is the fact that the magnetic susceptibility of Pd drops to
zero for a deuterium, or hydrogen, stoichiometry of about 0.55. Thus, since hydrogen is absorbed
much more strongly by Pd than it is by Ni, it appears that while the impurity considerations of this
model (hydrogen not taken as an impurity) may be significant for Pd, they are probably much more
important for the light water case of Ni. (Absorbed hydrogen would, of course, also reduce the
ferromagnetism of Ni since presumably the hydrogen becomes ionized when it enters the lattice

with the one electron per hydrogen atom free to fill a hole in the 3d band associated with the Ni
lattice.)

Conclusion

Recent experimental findings at Cal Poly (Pomona )provide strong preliminary support for
the author's model. In this regard, please see the Proceedings contribution of reference 5.

Finally, this phenomenon of excess heat effect promotion and inhibition elucidated by band
state theoretic considerations sheds an additional light on the entire area of cold fusion research.. It
provides dramatic additional evidence for the excess heat effects first elucidated by Fleischmann and
Pons! , by Mills3, and by the author?.
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Abstract

Results are given of detailed calculations of 1) probability of channeling for par-
ticles generated in n — d and n — p fusion reactions, 2) fusion probability of a triton
generated in n — d fusion with a deuteron and 3) fusion probability of a deuteron
accelerated by n — d elastic collision with another deuteron. A lot of neutrons are
generated in a successive reactions of d — d fusion reactions triggered by a trapped
thermal neutron enough to explain experimentally observed anomalous excess heat,
neutron bursts and tritium anomaly in optimum situations. The results confirms
the preliminary estimations used in the previous works.

1. Introduction

There has been observed Cold Fusion Phenomenon in various materials. Those
materials are divided into two categories; (1) Materials containing mainly a lot of
deuterium (let us call them “deuterides” hereafter) and (2) Materials containing
mainly a lot of hydrogen (”hydrides”).

We had proposed a model (Trapped Neutron Catalyzed Model for Cold Fusion,
TNCF model)!~*) to explain cold fusion phenomenon and the model could give a
consistent qualitative understanding of experimental facts in the phenomenon even
though not quantitative.

The reactions having connection with the model are written down as follows:

n+p = d(1.33 keV) 4+~ (2.22 MeV) (1)
n+d = t(6.98 keV) + v (6.25 MeV) (2)
p+d = °*He (5.35 keV) + v (5.49 MeV) (3)
d+d = 3*He (0.82 MeV) +n (2.45 MeV) 4)

= ¢ (1.01 MeV) +p (3.02 MeV) (5)

= *He (76.0 keV) + v (23.8 MeV) (6)

t+d = *He (3.5 MeV)+n (14.1 MeV) (7
d+3*He = p(14.68 MeV) + a (3.67 MeV) (8)

Here, it is useful to give attention to a fact about the difference of fusion cross
sections of Res. (1) and (2). The cross sections of these reactions depend on the
energy E of the thermal neutron and increase as E-'/2 with decrease of the energy.
This fact means low temperature is advantageous to realize Cold Fusion for the same
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density of trapped thermal neutron. Fusion cross section of Re. (1) for a neutron
with the energy 25 meV is about 3 x 107! barns and that of Re. (2) for the same
energy is about 6 x 1073 barns®. So, a thermal neutron is easier to fuse with a
proton than with a deuteron by a factor 50.

Some characteristics of the Cold Fusion phenomenon in deuterides and hydrides
are pointed out as follows.

(1) Cold Fusion in deuterides.

Once Re. (2) occurs in deuterides between a trapped thermal neutron and a
deuteron in the sample, the generated triton and photon will give several effects on
the sample. The attenuation lengths ell,;; of 6.25 MeV and 2.22 MeV photons in
relevant metals are given as follows: 8.0 (Ti), 3.4 (Ni) and 2.2 (Pd).

If the sample is large enough to attenuate the photon (2 cm for Pd metal), the
sample will be heated drastically as observed by rare experiments®. In samples
with smaller linear dimensions, the photon will come out from the sample” and
excess heat will be resulted from other particles generated in reactions induced by
the triton. In Ti/D system, however, the attenuation length is too long (~8 cm)
to heat usually used samples drastically and no remarkable excess heat has been
observed hitherto.

The triton generated in Re. (2) will be observed in the remains as tritium®®. In
an optimum situation, the triton will make fusion reaction with a deuteron in the
sample to generate *He and a high energy neutron with energy 14.1 MeV according
to Re. (7). *He generated in this reaction will be observed as helium atom!®'Vor
as alpha particle.

The high energy neutron will have two effects; the neutron itself will be observed
coming out from the sample™!?!3) or the neutron will make predominantly elastic
collisions with deuterons in the sample. A deuteron accelerated by an elastic collision
with the neutron will obtain enough energy to make a fusion reaction with another
deuteron in the sample by Res. (4) or (5) (Detailed calculation will be given later).

When the neutron generated in Re. (7) loses almost all its energy by the elastic
collisions with deuterons, the neutron contributes to Re. (2) together with the
neutron generated in Re. (4). In an optimum situation where Res. (2), (7) and (4)
occur successively (a chain reaction), there will be generated a lot of neutrons!¥) and
a neutron burst will be observed”~%!%) (Detailed calculation will be given later).

(2) Cold Fusion in Hydrides?.

Once Re. (1) occurs in hydrides, a deuteron and a photon are generated. The
generated photon can heat the sample effectively when it has enough dimension to
attenuate the photon!®1”), The deuteron also contributes to heat the sample losing
its energy by elastic collisions with charged particles in the sample. The deuteron
can make fusion reaction Re. (3) to generates *He which will contribute to heat the
sample and also be measured in hydrides.

The larger cross section of Re. (1) compared with that of Re. (2) is favorable for
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stationary heat generation for hydrides. It is possible to say that we will obtain ex-
cess heat generation linearly depending on the number of trapped thermal neutrons
in a sample. This prediction should be checked experimentally.

On the other hand, the successive reactions feasible in deuterides are absent
in hydrides. It is possible to conclude that there are neither neutron bursts nor
explosive excess heat generation in hydrides by TNCF mechanism.

(3) Direct evidence for the effect of thermal neutrons in Cold Fusion

Recent private communication'® reported interesting observation in KD,PO,
single crystal. When background neutrons were increased artificially to 100 times the
natural one, the enhancement factor (No. of neutrons in the transition region/No. in
others) increased from 4 to 25. This result shows that the effect of thermal neutron
is nonlinear to its density suggesting a productive effect (chain reactions).

Similar effect of thermal neutrons have been investigated several times until now.
The first one was done in 1989'®). Others were done after then with much care'®2%),

Inexistent results of the Cold Fusion phenomenon?!) were also obtained including
Kamiokande experiment in 1992 (in Japan) showing that there are no Cold Fusion
without background neutrons.

These data clearly support TNCF model directly.

(4) Irreproducibility

Irreproducibility of Cold Fusion phenomenon (especially gigantic excess heat,
neutron burst and tritium anomaly), the remarkable controversial problem throwing
a big question to all scientists, had been explained in TNCF model as a result of
stochastic processes working in samples to realize the optimum condition to make
feasible the Cold Fusion (trapping of thermal neutron, realization of chain reactions,
etc.).

The direct supports from experiments with controlled thermal neutron!3%:2°) and
the self-consistent interpretation of the whole experimental results except absence
of high energy photons show that something true is in TNCF model. The question
about the absence of the high energy (6.25 and 2.22 MeV) photons might be related
with a fact that the absorption coeflicient of a photon in many materials has a
minimum at a range from 1 to 10 MeV of the photon energy. A critical review of
experimental data given by E. Storms?? is useful to overlook whole range of the
Cold Fusion phenomenon.

We will give some detailed calculations about nuclear processes in TNCF model
in this paper.

2. Neutron Méossbauer Effect and Neutron Band

Among the mechanisms responsible neutron trapping, the neutron Moessbauer
effect is the one concerned with individual nucleus. As explained in a previous
paper®), a nucleus with a mass number A and even atomic number Z around 26 in a
crystal lattice is responsible neutron Méssbauer effect, which works as a mechanism
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to confine neutrons effectively in the lattice (M-mechanism). The trapped neutron
by this mechanism is free from its short life time about 900 seconds of the isolated
neutron.

The momentum change of the nucleus in the emission and absorption of a neutron
is pertinent with the lattice, while the difference between energy levels in the nucleus
with (A + 1) and Z is pertinent with energy levels in the nucleus.

A neutron with an energy 5.33 eV has the same momentum as that of a photon
with energy 100 keV which corresponds to photons usually used in the Mossbauer
resonance technique. Thus, ordinary crystal can give rise to the neutron Maossbauer
effect for neutrons with energies less than 100 keV including the thermal energy
(0.025 eV). The neutron Mossbauer effect is legitimated by analogy with the photon
Mossbauer effect.

This mechanism of neutron trapping depends on the dynamic character of the
local lattice around the pertaining nucleus. In an inhomogeneous material where
the Cold Fusion occurs, the dynamical characteristics of the lattice varies place to
place. To keep the M-mechanism effective, the size of the locally homogeneous region
should have a minimum value. On the other hand, to have a long trapping time T
of the neutron in the material, it is desirable to make the total volume of the locally
homogeneous region as large as possible.

A compound nucleus (A+1,Z) has another effect on the neutron trapping — a
neutron band in the crystal. A Bloch state composed of individual nuclear state
(real and virtual) just like the exciton band in oxides or 4f band in rare earth metals
will be formed to trap neutrons effectively with an elongated life time.

3. Channeling

There is a propagation of a neutral or a charged particle through crystal without
energy loss, i.e. the channeling??%). The channeling occurs when the de Broglie
wave length of the particle is short compared with the lattice constant of the crystal
and the propagation vector makes a small angle with a crystal axis or a crystal
plane?). In our case, it occurs when the propagation is around a specific crystal
direction (OHS line) through interstitial sites (a channeling axis).

Once a thermal neutron makes a fusion reaction with a deuteron or a proton
in an material occluding it, particles generated in the reaction have appropriate
energies to channel through the material where the crystal lattice is ideal. High
energy triton or deuteron generated in Re. (2) or (1) makes collision with deuteron
or proton effectively to fuse with it, shown as follows.

A charged particle can propagate through a channel with a radius 7o when the
angle 1 between its momentum and a channel axis is smaller than a critical angle
Yer. The 9, for a particle with an energy E and a charge Ze through a lattice
composed of atoms with nuclear charge Z,e is given by following formulae:

2Z1Z262

Yei = \|—pg— (B> E), (©)
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d)cr.Z - \/gd ) (E < E )) (10)

where E' = 22, Z,e*d/a%p, C =~ v/3 and the Thomas-Fermi atomic radius azr for
this case is given by

arr = 0.8853a5(Z)” + 2,/%) 7.

The parameter d in the above formulae is a distance of matrix atoms along the
channel axis.

For the triton with an energy of 6.98 keV, E/E' < 1 and ., = 0.105 rad.
A triton which is generated by Re. (2) can propagate along one of twelve main
channels through the site where was a deuteron with a probability of 3.3 %. On the
other hand, the deuteron which is generated by Re. (1) can propagate along one of
twelve main channels with a probability of 7.6 % according to similar estimations.
Those probabilities increase with the decrease of particle energy.

Now, we proceed to individual reactions between particles.

4. Tritium Production Rate in Deuterides

As is explained in Section 1 and is well known in the neutron physics®®, the
fusion cross section of a neutron with a deuteron increases rapidly with the decrease
of the impinging neutron energy ¢, while the elastic scattering cross section remains
constant about 3.2 barns under € = 1 MeV. The ratio of two cross sections is about
10" at e = 10° eV and is 107% at ¢ = 1073 eV.

To interpret rare experimental results where observed tritium anomaly, we must
be aware of a fact that detections of neutron and tritium are usually not simultane-
ous. So, we may assume in this case that one or other trapping mechanisms are very
effective and a lot of neutrons are trapped in the sample. Then the fusion reaction
Re. (2) will occur to produce a lot of triton which will make an effective collision
to accelerate deuterons when propagating along an OHS line or to lose energy by
the Coulomb interaction with charged particles in the lattice and to remain in the
sample.

By the head-on elastic collision of a triton with a static deuteron, the triton
lose its 12/25 of the initial energy. The accelerated deuteron makes a collision
with another deuteron. If a deuteron with an energy of (12/25) x 6.98 = 3.35 keV
propagate along an OHS line in a cylinder with a cross section 772, it induces about
two d — d fusions in 10™* second with occluded deuterons generating one triton by
the reaction Re. (5) in an infinite sample® in an optimum situation, where 7¢ is
the radius of the channel. At the same time, the deuteron generates one neutron by
Re. (4). Considering the average fusion length of about 8 x 10® cm, we obtain 10*
neutrons per second in a sample with a size 1 x 1 x 1 cm® with 8000 reactions Re.
(4) per second.

This mechanism results in two effects: 1) When the trapping mechanisms work
effectively for higher energy neutrons in a sample with enough inhomogeneity, the
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neutrons lose energy effectively and are trapped as a warm or cold neutrons to fuse
with deuterons according to Re. (2) and many tritons are generated. 2) When the
trapping mechanisms for higher energy neutrons don’t work well, the 2.45 MeV neu-
trons propagating along an OHS line to make sequential neutron-breeding-process
generating many neutrons to be observed (as discussed in the next section).

In some experiments®?>?%) the first mechanism would be predominant and the
tritium is generated by a chain reaction Res. (4) and (5) interposed by the t—d, n—d
and d — d elastic collisions. In the experiment?®, a part of neutron bursts preceding
the tritium emission would be stored effectively as trapped neutrons in the sample.
After a neutron burst, the sample became the second type by effects of the fusion
products including heat and the trapped neutron could worked to initiate the chain
reaction generating a lot of tritium to give t/n ~ 10°. In the other experiment?®,
there was no neutron burst above the background and the trapped neutrons would
be the initiator of the chain reaction to generate a lot of tritons of the order of
t/n ~ 10

5. Neutron Breeding Rate

The neutron breeding rate is calculated starting from one neutron with an en-
ergy 2.45 MeV (or 14.1 MeV) emitted along a OHS line (channeling direction). The
neutron makes collisions with deuterons on the line and the recoiled deuterons gen-
erate five (or six) neutrons by Re. (4) in 107® seconds in an infinite sample. In this
calculation, simplifications were made assuming 1) the particles always propagate
on an OHS line and 2) an amount of energy transferred by elastic collisions is that
of the average one with rigid spheres collision model.

It is also assumed arbitrarily that one out of five (or six) neutrons with energy
2.45 MeV generated in Re. (4) is possible to start another propagation along an OHS
line to produce five (or six) neutrons again to continue the reaction forever. In this
optimum situation, one n — d reaction generates neutrons about 10® per second and
the neutrons are emitted from the sample if the trapping of high energy neutrons is
not effective. This is a story only occurs in an optimum situation achieved very rarely
in samples and corresponds to very rare, irreproducible events giving experimental
results with neutron bursts®!%).

6. Conclusion

It is difficult to prove the occurence of the Cold Fusion phenomenon in materials
from the first principles because the physics in it include statistical property. The
estimations given above illustrate a possibility of the occurence of the Cold Fusion
phenomenon in the presence of abundant thermal neutrons in materials pertinent
with the phenomenon and possibilities of the existence of many neutrons in ap-
propriate materials had been shown in the preceding papers'~%. The photon with
energy of 6.25 MeV (or 2.22 MeV) has been measured rarely”) and should be a target
of future enthusiastic experiments.
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‘Abstract

In this paper is studied the behaviour of ions confined by means of quadrupolar
electro-dynamic containment around palladium lattice tetrahedral sites. Ion confinement in
a quadrupolar trap is known to be strongly influenced by the initial conditions and trap
parameters. The considered system is a lattice ion trap for deuterons, supposing that over
a certain concentration they occupy the tetrahedral sites. The electron motions seem to
have a dominant role in the dynamics of two deuterons moving around such lattice sites.
A mathematical model allows us to describe, with a computer simulation, the deuteron
dynamics and reveals an approach mechanism that could strongly decrease the mean
distance between two positive charges embedded in a lattice.

1. Model description

Over the past forty years, several authors have investigated electro-dynamic con-
tainment of charged particles in a quadrupole trap [1-3]. Our intention in this paper is to
develop a preliminary classical study of the dynamics of two deuterons moving within the
Pd lattice space around tetrahedral sites, by considering a remarkable similarity between
the above mentioned quadrupole radio-frequency traps and the palladium lattice structure.
Several features of the palladium-hydrogen system indicate that the hydrogen isotopes
(e.g. deuterium) exceeding the atomic ratio x=D/Pd=0.8 have a distinctive kind of interac-
tion with the host lattice. Experimental data [4] indicate that above threshold (x=0.8) the D
diffusion coefficient increses steeply by almost two order of magnitude. A suddenly in-
crease of the diffusion coefficient is expected if the energy barrier between two allowed
positions decreases. The decrease of the energy barrier could be due to deuterons
moving, for x>0.8, from the octahedral sites to the tetrahedral ones. In the following we
will assume that over the threshold x=0.8 at least a fraction of deuterons moves from
octahedral sites to tetrahedral ones [5,6]. In the proposed model the authors suppose that
the alternating signal of a lattice radio-frequency trap can be generated by the motion of
electrons close to te Fermi energy. The electron motion can be traced back to an oscil-
lating electronic cloud that produces an electric field. Fig. 1 shows the palladium lattice
cell. The octhaedral sites are in the middle between the vertex of the cubic structure. The
tetrahedral sites, that could be available for deuterons above x=0.8 [5,6] belong to the in-
tersection between the (101) and the (101) planes. We can imagine a similarity between a
quadrupolar ion trap and the system shown in Fig.1. It can be shown [5] that the e.m.
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Fig.1 Palladium-Deuterium lattice cell.101 plane and its orthogonal plane (101) (dashed
area). A similarity can be envisaged between the quadrupolar ion trap and the system shown
in the figure. Cylindrical symmetry of the "lattice ion trap"

coupling of oscillators minimize the energy, i.e. the collective motion of N identical oscil-
lators is amplified if compared with to their incoherent interaction. We start considering
electronic clouds oscillations having the same phase and the same orientation in both
planes (in their coherence domain). For simplicity's sake we consider that the charges act-
ing in the (101) plane are the midway between Pd atoms 1 & 2, and 3 & 4 (see Fig.1)
and the charges acting in the (101) plane are just the atoms 5 and 6. A simplified
two—dimensional representation of the system can be carried out considering the projec-
tion in the w-y plane of the spatial electronic cloud oscillations around the Pd atoms. We
see that their displacements in both (101) and (10 1) planes are oscillations of the charge
density (see Fig.2a, 2b) producing an alternating potential difference that generates an

electric field. Then E'%' and E'°! in the [101] and [101] directions respectively, are the
effective components of the electric field for ions dynamics. If we suppose that the elec-
tron clouds move at random, then as the oscillation direction moves away from the plane
direction (see Fig. 2b) the oscillating charge density decreases within the plane and there-
fore also the signal across the plane is reduced. This effect can be described by intro-
ducing a random factor (ranging between zero and one) in the peak signal. The electric
field in each plane acheives its maximum value when it is minimum in the other one and
vice-versa because of the orthogonality between the planes: the maximum value of the
peak signal for one plane is obtained when the oscillation takes place along the plane
direction itself, as can be seen in Fig 2a. Such a situation leads to sinusoidally time varing
forces whose strengths are proportional to the distance from a central origin. The trap can
be considered to have cylindrical symmetry as shown in Fig.1. The expression for the al-
ternating signal can be derived from the circular symmetric potential distribution [1]. For
the system under consideration the field intensities can be obtained by differentiating the
potential distribution (and introducing both the coefficients taking into account the effec-
tive value of the peak signal in both planes due to the oscillation direction and the possible
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Fig. 2 (a,b) Two-dimensional representation of the alternating signal
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where V.. and V acz are the r and z ([10 1] and [101] directions respec-tively) peak

values of the alternating signal having angular frequency Q, rg is the trap characteristic
length (the radius or the length from the simmetry point that are equal in this case), r and z
are the relative coordinates of two deuterons moving in the trap, o is a random number,
ranging between O and 1 taking into account the direction of oscillation, and ¢ is a random
phase shift that is equal to zero if we imagine collective organized oscillations of the elec-
tronic clouds (o and ¢ can also change after a time interval of the order of the oscillation
period).Considering both the coordinates, and introducing the following dimensionless
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where e is the electron charge. The terms on the right side of Eq. (2) are due to the
damping force, the Coulomb interaction and to the trap force respectively. The damping
force could be evaluated as the gradient of the energy barrier whose shape is unfortu-
nately unknown. Therefore in this preliminary description the damping term in the
Eqs.(2) is simply evaluated as average gradient of theenergy gap AEy, / r (being AEy,
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the energy barrier,~0.2 eV). The initial conditions have to be included to describe the
relative position of the two deuterons, travelling towards the trap, and their initial
velocity. The frequency of the alternating signal can be evaluated by means of the
approximation to an ideal electron plasma [5]. In this calculation we shall assume, as
mentioned above, that only the electrons close to the Fermi level (4d-5sp bands)
partecipate to the oscillations (n = 6.8x1023). The peak value of the alternating signal can
be calculated on the basis of the electric field, in the classical approximation, associated

with the plasma oscillation: V.., = 47me1)2; where 7 is the maximum distance between
the positive and negative centres of charge during the oscillations: i.e. the distance

between the Pd atoms (here 1 =2.83 A and Vaer 7~ 103 V).

2. Results and Conclusions
The computer simulation allows us to investigate the system'’s sensitivity to the

initial conditions and to obtain a preliminary correlation between the lattice state and the
collision between two deuterons. The lattice cell parameters used in the simulation have
been obtained from the lattice constant for the B phase. The Fig. 3 shows the evolution
of the distance between two deuterons versus the dimensionless time o=constant and

- =0. Fig 3a shows the situation when it is considered a Coulomb interaction, whereas
Fig. 3c shows the analogous by considering a Thomas-Fermi screened potential. The
closest approach, within the investigated time interval is ~0.1 A but after one collision one
of the particles escapes from the trap. Fig. 3b shows the distance evolution (assuming a
Coulomb potential) with a different choice of the initial conditions. In this case no
collision occurs. Figure 4a shows the evolution of distance between the two deuterons
vs the dimensionless time by assuming the same conditions as the case described by
Fig. 3b, whereas the Fig. 4c shows the situation by considering an electron plasma
density reduced of 10%. We can see (in the enlargement of the collision region) that
because of the reduction of the plasma frequency and of the peak value of the signal (see
Eqgs (6) and (8)) the minimum distance of approach increases. This effect is not negligible
in terms of nuclear interaction probability. Thus this analysis reveals that an increase of
the Deuterium/Palladium loading ratio, with an associated increase of the electron plasma
density plays an important role in the collision event. Fig 4b show the situation with the
same initial condition of the case described by Fig. 3b but assuming a T.F interaction
potential. From the numerical calculations it results that, under the same conditions, the
minimum distance between deuterons increases if the electron clouds oscillate with a time
dependent orientation (even if it is always of the order of 0.1 A). The components of the
electric field (1) are still valid in this case because the time domain has been divided in
sub-intervals where a is constant. In this case the integration is carried out taking as initial
condition for each sub-interval the final condition of the previous one. Even if the
calculated distances between the deuterons can only be considered indicative, the model
gives the interesting result that, the deuterons, because of the electronic oscillations within
the Pd lattice, can approach each other up to distances of the order of a fraction of one
angstrom; therefore overlapping deuteron wave functions can be obtained at low energy
in condensed matter under a variety of scenarios and hypotheses concerning the trap
mechanism. Also, the calculations show that the two nucleus remain close together for a
time long compared with the nuclear reaction time (~10-15 s against ~10-2! s). In addition
to the cases discussed here, several other boundary conditions have been used giving
similar behaviour of the deuterons. The combined effects of the trap force, the trostatic
interaction, non linearity, and the damping produce, under proper conditions, an
interesting effect of collisions between the particles. Besides it is possible that a nuclear
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deuterons (a=constant, =0). Fig 3a (Cou- two deuterons (conditions of Fig. 3c),
lomb interaction), Fig. 3¢ (Thomas-Fermi whereas the Fig. 4c shows the situation
screened potential). In both cases the initial with an electron plasma density reduced
dimensionless coordinates are r(t=0)=0.001, of 10%. Fig. 4b show the situation with
z(t=0)=1.1, and the initial dimensionless the same initial condition Fig. 3b but
- relative velocity components are r'(t=0)= assuming a T.F interaction potential.

=0.001 and z'(t=0) =0.12. Fig. 3b shows the
distance evolution (assuming a Coulomb
potential) with a different choice of the
initial conditions: r(t=0)=0.001, z(t=0)= 1.1,
r'(t=0)=0.125, z'(t=0) = 0.12.

reaction could proceed in matter differently from in vacuum, if coupling with a radiation
field in the nuclear transition probability is taken into account. Furthermore we observe
that the condition for close approach between two particles is produced by proper values
of the plasma electrons density, cell trap geometry and lattice state; therefore it is not im-
possible that a similar dynamics can be obtained by using host materials different from
palladium. The model highlighs that a face centred lattice plays a fundamental role in
deuteron confinement and dynamics. It should be observed that the proposed mechanism
is not necessarily a bulk mechanism but can take place also in a material region very close
to the surface, within several hundred angstroms. Quantization should be carried out
among the future developments.
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It is now a well established fact that in Cold Nuclear Fusion (CNF) only a small
portion of heat results from nuclear reactions, therestbeing of a mysterious origin.
In this connection Prof. Peter Hagelstain writes in [1]: "Some say that this heat can
be explained easily by elementary chemical reactions, phase changes, or battery-like
storage effects. I have trouble with these explanations". For instance, nickel
electrolysis in light water produces the same amount of energy as that of palladium in
heavy water. Besides, we have to consider a no less mysterious phenomenon of
sonoluminescence, that was discovered in Russia in 1933 by S.N.Rzhevkin. At first
sight these phenomena seem to bear no correlation. But Julian Schwinger, the Nobel
Laureate and profound research worker, has drawn parallels between cold fusion and
sonoluminescence in his continuous technical publication on both topics. He notes in
[2]: "Like Cold Fusion, sonoluminescence "should not exist", but it does. This now well
established phenomenon occurs when ultrasonic sound, beamed into liquid, causes
bubbles to oscillate stably - to expand and contract regularly - and also to emit regular
pulses of light".

But one is positively struck by the heat generator built by Dr.Yu.S.Potapov
(Kishinev, Moldavia), which produces in water cavitation bubbles, generating 12
kWt of heat on 4 kWt of electric energy.

This is achieved by the aid of a centrifugal pump that runs light water thought
a tube with a number of special attachments. Similar, though less effective results, have
been obtained in the USA by James Griggs [3]. The reactions taking place in the
abovementioned cases can be explained neither in chemical nor in nuclear terms.
Moreover, Potapov's system is now in production and used for heating homes. There is
no doubt that the described phenomena can be viewed as "new physics" and it is
impossible to describe them within the laws of conventional science.

Below it will be shown that Unitary Quantum Theory (UQT) allows one to
explain all these seemingly unrelated effects. UQT was developed in 1970-1988 and its
validity is proved by the fact that at a limited number of cases the theory results in both
the Dirac's  equations and  the relativistic equation of Hamilton-Jacobi.
Moreover, the solution of approximate UQT equation has yielded the electric
charge value and that of the fine structure constant with reasonable exactness, the
result being achieved for the first time in theoretical physics [6-14].

The solution allowed to formulate one more approximate equation for the
oscillating charge particles model which gives promising results in dealing with the
deutons interaction problem (the basic CNF problem) [4,5] .
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Let us consider more closely, as it was done in [4,5], the particle's behavior in
a potential well. The equation describing this process can be expressed in the following
way:

x = GRAD U(x) COS2(t x 2/ 2 + x x + f0) (1)

where U(x) is a potential and x, x, t, fO - a coordinate, velocity, time and initial
phase correspondingly. This equation manifests a number of peculiarities. Having
integrated it once, we arrive at

x2 =2W(x,t) ()

where W(x,t) is some time-dependent complex potential not amenable for analytical
expression even for the simplest U(x). Therefore nothing can be said about the
integrals of motion. Equation (1) behaves very peculiarly in translation -
invariance conditions. It doesn't exist in common case but manifests itself at
translations divisible by . That means that 2 classes of solutions are available: for
the first class the laws of energy and momentum conservation are valid, while for the
second class they are not.

Numerical computation for the parabolic well yields solutions of 4 types that
result from different initial conditions. Similar results can also be obtained for other
potentials [4].

1. The stable standard periodic solutions are obtained only for definite
discrete energy E values equal to (n+1/2)hw at n=0,1,2... and at definite values of x,
x, f0. Trite solutions of the same kind are available in conventional quantum mechanics
and will not be analyzed in this paper.

At other initial conditions 3 more types of solutions arise:

2. The particle performs complex oscillations of a diminishing amplitude.
Sometimes at certain x, X, fO values the process starts at an increasing amplitude with
its consequent decrease. At this point the particle charge and mass approach zero and
after some rather long period of time the former ceases to existaltogether. This is not
surprising because in UQT the particle is defined as a periodically emerging and
disappearing wave packet. Its complete disappearance means that the packet's harmonic
constituents have scattered so far from each other that the packet itself ceased to exist,
its energy given away to the vacuum, smeared out throughout the entire space,
manifesting itself only in the form of vacuum fluctuations. Let us call this solution "a
crematorium".

3. The particle performs complex oscillation with an increasing amplitude,
yet sometimes the process can develop with an initial short-time decrease in the
amplitude. In doing so the particle's energy can increase indefinitely, if the potential
well's parameters do not change. Physically this means that the particle takes energy
from vacuum fluctuations but the mechanism of this process, of how it does so can
be deduced only from equation (1). Let us call this solution "a maternity home".
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4. There is also a diffusion solution, in which the particles tunnel into the
potential gap wall. This solution is similar to that of the particle's behavior at the
potential step, whence the particle in the course of considerable period of time can
penetrate deep into the step. Periodic and irregular oscillations determine the energy
discrete and continuous regions, respectively.

From a purely esthetic point of view it is desirable that the quantity of energy
(matter) disappearing in the "crematoria" should be equal to that emerging from the
"maternity homes". But I am not yet in a position either to prove or disprove it.

Solutions 2 and 3 are incompatible with conventional quantum mechanics,
whence solution 4 corresponds to exponentially decaying (damping out) wave
function tail at large x values.

If the system contains a number of identical wells, all the decisions of type one
will be identical for them and that's the reason why the discrete energy levels are
easily traced out in the experiment. But there will be no discrete levels for
solutions of type 2 and 3 because each individual decision will possess its own
peculiarities. The availability of these solutions can be perceived only through
integral effect - either the energy release or drastic charge, or mass variation in the
system, being in itself a very specific phenomenon.

Let's take a more close look at intriguing solutions 2 and 3.

I was aware of them as far as 2 years ago, which can be seen in [5, p.98]. But
I was afraid to discuss the matter in my publications in the absence of reliable
experimental data. Even now I am in mortal fear lest my reasoning turns out to be
erroneous. But the situation has since changed and one can say now with certainty,
that within UQT in quantum processes the energy and momentum conservation laws
have grown from local to a global one, i.e. in individual processes the energy and
momentum are not conserved, but may be taken from or given away to the vacuum.
Nevertheless there exist some range of phases when the energy and momentum are
preserved locally. Being summed up throughout all phases for a large number of
particles the resulting energy and momentum. turns out to be conserved as is shown
by calculations in [5, page 93].

The experiments show, that in individual quantum processes at high energies
the local energy and momentum conservation laws and conservation laws for the
lepton and barion numbers are well observed. Butthe same is not true at small energies
at least on account of ambiguity correlation [7,14]. Nevertheless the idea of global (not
only local) energy conservation law is invisibly present in all quantum mechanics,
it is by no means a new one. From physical viewpoint it simply means that in
steady-state solutions with fixed discrete energies, the velocity of a particle
reflected at the wall is equal to that of the impinging one. If the particle speed
decreases upon each reflection this corresponds to the "crematorium" solution, in case
it increases we face the "maternity home" alternative.

The "crematorium" solution should not be confused with the familiar
phenomenon of particles' decay - it is an absolutely new and very slow process taking
place at small energies. It possesses no analogs in conventional quantum physics.
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The "maternity home" solution (3) has been proved by reliable experimental
data for any small cavity in a metal or ceramics-made sample, or likewise a water
bubble with enclosed free particles and can be viewed as a well. This can explain
both sonoluminescence and the emission of heat in nickel, palladium
and ceramics. The theory allows for the samples to crack because of the ressure
exerted on their walls due to energy growth, the energy generation being immense
in the installations of Dr.Y.S.Potapov and J.Griggs. It would be extremely helpful
to create an electrically isolated system emitting great amounts of heat in order to
measure its charge, which is expected to vary in the course of energy generation.
This would serve as an additional proof of the picture of the phenomena described
above.

Thus the excessive energy is taken from the vacuum, but this does not occur for
nothing because in the neighboring wells some part of the matter would disappear. In
other words, one is under the impression that a new mechanism for the direct
conversion of matter into energy has been discovered. This energetic phenomenon is
entirely pollution-free and thousand times more effective then that of nuclear reactions.
It is for the future to prove it.

Now let's take a bit of philosophy. The Local Energy Conservation Law
(LECL) in individual processes follows directly from Newton's equations under the
condition of uniformity of time. It would be naive to think that his local definition
will remain unchanged. The trend in modern physics now is to treat the LECL,
especially in theory, as a conclusion of secondary importance from the motion
equation (integrals of motion). Some physics confine LECL within the limits of
the first law of thermodynamics others as D.Blokhintsev maintain that "it is highly
probable that the development of new theory will make LECL change its form" [15].

F.Engels wrote in "Nature Dialectics" "...no physicist regards essentially the
LECL as an eternal (ever-lasting) absolute law of Nature, the law of spontaneous
transformation of matter motion forms and the quantitative stability of this motion
throughout all its transformations". But many research workers are of a different
opinion as M.P.Bronshtein [16] who wrote; "The ECL is one of the fundamental
laws of Newton mechanics. Yet, Newton himself had never ascribed to his law the
uniform character, which it possesses in reality. The reasons for such erroneous
treatment of the ECL on Newton's part are extremely interesting...".

The idea to treat the ECL in quantum mechanics equally with the second law of
thermodynamics as a static law, being true only in average cases and unsuitable to
individual acts, goes back to [15] E.Schrodinger , and later to N.Bohr, H.Kramers,
I.Slater and G.Gamov. L.Landau had called it "a beautiful Bohr's idea" [15]. Yet,
later it was rejected by the authors themselves. It should be noted that this idea did not
follow from the quantum theory equations. But the brilliant idea still remains one,
even being reject by the person to whom it had occurred. In fact, it may simply turn
out to be premature. Eventually,all the cosmologist's dream of having a process
explaining why throughout the entire Universe there are some places where
energy emerges, being extinguished in the others. It is interesting that solution 3
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gives one an opportunity to set a very small initial fluctuation, which then will
accumulate energy and turn into a particle.

One has to accept the truth regardless of it's source. Therefore I will conclude
with the words of F.Engels. "But when the solar system completes its life-path and
shares the fate of everything finite, when it falls victim to death. What then? Thus we
come to the conclusion that the heat emitted into world space should have an
opportunity by some miraculous way, which it will be the task of future science to
define, to turn into some other form of motion, in which it can accumulate again and
start functioning. In this case the main difficulty becomes obsolete, the one obstructing
the reverse change of dead suns into a red hot nebula".

One can expect that having read this paper some high-brow theoreticians will
assume attitude of persons being witness to some childish tactlessness. But in the
course of physics' development it was experimentation that had always been the main
judge.

I'd like to express my gratitude to N.V.Famina, the attractive translator of the
article. I am equally thankful to Drs. F. Jager, O.Finodeyev, V.A Boichenko,
O.I.Kasakov, I.V.Kulikov, F.Mair and Yu.G. Rudoy for taking part in the discussion
and practical help in my work.
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Abstract

Progress has been made in the production of excess heat from a cold fusion
generator based upon the combination of deuterium ions within a metallic matrix.
Drawing from fundamental considerations, this paper identifies for optimization those
quantities and methods which would tend to increase the heat production. An analogy
to hot fusion is presented, followed by theory of the PONS cell. Methods to increase
fusion output are introduced with a detailed theoretical analysis of the effective kinetic
temperature generated for deuterium ion under an electric field in a porous material.

1. Introduction: Similarity to Hot Fusion

In a light ion hot fusion reactor, deuterium (D) and tritium (T) are magnetically
bottled and interact together to form helium (He) and its isotopes. Two major forces
are at work: a electrostatic repulsion force between the two protons, and a short range
strong nuclear attraction force between all protons (P) and all neutrons (N).
Considering the P and N as "hard balls", the minimum separation distance between
nuclei is two times the P radius. The net force is attractive until a larger unstable
equilibrium distance and is repulsive after that distance. The quantity of work required
to bring the two nuclei together is simply the force from the equilibrium separation
distance to infinity integrated over distance. This work is derived from the initial
momentum of the ion, which is a function primarily of temperature. Thus, when two
ions are on a collision course, fusion will occur when their initial relative velocity
exceeds a certain minimum which is sufficient to overcome the electrostatic repulsion
force mediated by the strong nuclear attraction force. Clearly, the nuclear attraction
force increases linearly with the number of possible nuclear interactions: If a P-P
interaction force is arbitrarily set at "1", then a P-D interaction would be set at "2", D-
D interaction would be set at "4", D-T at "6", and T-T at "9". As the total amount of
charges remains constant, the interaction temperature decreases as the atomic number
increases. For example, a D-D reaction may occur at approximately 3x108°K, a D-T
reaction at 3x107°K and a T-T reaction at 3x106°K.

2. Theory of Electrolytic "PONS" Cell

The objective of cold fusion is to experience these types of reactions at 300°K. In
the PONS type electrolytic cellREF 1| D gas ions form on the surface of palladium
electrode and diffuse into the metal lattice. When two D ions coexist in one metal
lattice cell at the same time, and their relative velocity is sufficient to overcome the net
electrostatic barrier, then fusion occurs. It is noted that the velocity of the ions in the
gas follows a Boltzman probability distribution of velocity curve. Intrinsic in this
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design is the realization that the electronic fields of the metal lattice shield a major part
of the natural electrostatic repulsion of the two ions. That some shielding occurs is
undisputed; the extent of the shielding is difficult to calculate and is disputed to be
sufficient for the fusion process to occur at essentially room temperature. REF 2

3. Methods to Increase Fusion Output
To increase the rate of nuclear fusion increase the probability of reactant contact per
unit time or for each reactant contact and/or increase the probability of reaction.REFS3
3.1. To increase the probability of reactant contact, one may:
A. Increase the local density of reactant.

1. One method would be to increase the pressure of the entire system.
Practical considerations are the strength of the reactant vessel.

2. A second method would be to preload the metallic lattice with D ions
until the ratio of ions to lattice cells reaches a certain fraction.REF 4 While this method
will cause reaction initiation, the D ion concentration will decrease in the steady state.

3. Another method would be to increase the net velocity of the ions
through the lattice. Physically increasing the temperature would increase the binary
diffusion rate, producing this result. The practical limitation in the PONS (wet) system
is not to exceed the boiling point of the water. In a D gas--metal system, one could
operate at much higher temperatures, radically increasing the diffusion rate and hence
the local density of reactant,REF 5

B. Decrease the presence of any nonreacting interfering species

1. The system must be purged of all non-reacting chemicals. The lattice
may be internally cleaned of absorbed hydrogen by thermal vacuum outgassing and
other methods. The surface of the system must be cleaned continuously with no
biological or physical coatings impeding the diffusion of the deuterium ions.REF 6

C. Increase the presence of the most highly reacting species. ,

1. As T is more reactive than D, methods to increase the density of T

within the lattice would tend to increase reaction rates.
3.2. To increase the probability of reaction, one may:

Given two charged ions, the major obstacle to combination is their mutual
electrostatic repulsion. Thus, either decrease the repulsion or give the ions sufficient
velocity to break through the repulsion barrier.

A. To decrease the repulsion, surround the positive ion with a dense
electronegative field.

1. The field could emanate from the metallic lattice. Thus, selection of a
metallic lattice which tends to have a high local electronegativity or high dielectric
constant would increase reaction rate.REF 7 I attices of palladium, titanium and nickel
have been shown to produce excess heat. A lattice of perovskite ceramic have been
successful by some researchers.

2. The field could emanate from a singular unusual charged cloud, such
as a mu-meson. REF 8 The mu-meson, an atomic entity with the charge of an electron
and 200 times its density, closely surrounds the ion, allowing sufficient shielding for
proven fusion at room temperature. However, this atomic entity is short lived and takes
more energy to produce that is derived economically from the fusion reaction.
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3. The field could emanate from point defects in a metallic lattice. Local
defects show a remarkable concentration of electric field which could lead to local
fusion generation at that point. However, the immense quantity of local heat generated
by such fusion events would tend to cause disruption of the point defect, and self-
extinguishment of the reaction. Perhaps this method could account for some of the
irregular times of occurrences of fusion reported by some authors. Selection of a metal
with many point defects and grain boundaries may enhance this method of increasing
reaction rate.

4. The field could emanate from an artificial external source.

A. An electron cloud could be generated similar to that in old-
styled radio tubes and the D gas would be placed within that cloud.

B. Selective bombardment of D within the metal lattice with high
energy focused electromagnetic waves would increase the field density.

B. To increase the velocity of contact, certain steps could be taken.

1. Increase the individual temperature of the ion. There is a severe
limitation on this method by the wet ion-metal system over that of gas ion-metal
system.

2. Accelerate the ion by placing it within an electric field.

A. The electric field could be placed across the metal or ceramic
in a binary gas-metal/ceramic system. From electron transport theory inside a metal,
consider the movement of an ion of charge "Q" along a free path across a pore
diameter "A" under the influence of an electric field, "E". Consider that the ion's
velocity at its point of origin at the entry to one side of the pore is zero, and that the
ion subsequently loses all electric field induced momentum by impaction at the other
side of the pore. Letting "V¢" be the final ion velocity, "m;" being the mass of the ion,
"tf" be the total flight time, "a" being the acceleration, "Ty" being the effective kinetic
temperature, and "k" being Boltzman's constant. The effective kinetic temperature
"Tk" is defined conventionally as the equivalent gas temperature of a set of ions
moving at an average velocity "V¢". The equations governing the motion of this ion
would be:

Q E=mi+a, A=5-a‘t,, v,=a-t,, .5-m-vV.=15k T, T =
Question: For an electric field of 5x10 Volts/meter, and a pore size of 10

microns, what would be the effective kinetic temperature?

_2:107%-1.6:107*-5-10°
x 3-1.38-107%

=3.9-10°K

This magnitude of electric field cannot be supported in a metal. It can be
supported in a semiconductor with the properly chosen material properties. Even
allowing for other inefficiencies in the accelerating flight path due to field interaction
with the lattice ions, an electric field could produce, at room temperature, an effective
kinetic temperature, which, magnified by shared lattice electronegative field, would
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allow light ion fusion. Like the electron beam hitting the interior of a television tube,
the total quantity of energy transferred to the ion is small compared to the overall
thermal energy of the lattice, and therefore that overall lattice temperature does not
substantially rise due to the electric field alone. Certain researchers have observed
transient fusion effects which are difficult to repeat. These effects could well be due to
lattice defects, which are themselves lost due to the intense local energy generated at a
point at the site of ion fusion. Current research in our laboratory utilizes an apparatus
with these electric fields.

Placement of any electric field across a metal is difficult as its resistivity is low,
leading to excess current flow. Alternatively, an electric field could be placed on an
insulator, essentially creating a capacitor. One might construct an ion-insulator system.
In a capacitor, there is a large surface charge and no movement of electrons within the
material. The insulator may not be able to provide the proper amount of local electron
sharing required to local electrostatic shielding, although some research groups have
noted positive results for certain high temperature ion-ceramic systems.

B. The electric field could be placed upon a semiconductor. Thus, one
would have a ion-semiconductor system. Many natural materials, such as germanium
and silicon, are semiconductor by nature, and may allow both the presence of the
electric field and the proper amount of internal electrostatic shielding for fusion to
occur.

C. The electric field could be directly acting upon the ion.

1. One method is to produce deuterium ions by electric or X-ray
ionization and then accelerating them in an electric field in vacuum, letting them impact
a metallic lattice system. The ion would gain sufficient velocity but only at the surface
of the metal, as the ion would transfer much of its kinetic energy to the lattice upon
contact, essentially losing all of it within a few atomic layer depths. Further, the impact
itself would tend to damage the surface of the lattice.

2. Another method is to accelerate the ion by electric field and
increase the ion density through magnetic pinch effect to increase the reaction rate.

4. THE PROOF IS IN THE PUDDING

The public will accept cold fusion as a viable energy source when they can see a
totally closed system producing usable power. It is good for individual researchers to
produce sophisticated calorimeter results of excess heat production, but unless this heat
can be translated into usable power, and the power utilized to prime, sustain and power
the instrumentation for the reaction, the public will remain skeptical.

We have experimented with a novel design to extract heat from a boiling reaction
chamber and convert it directly to electricity. In this design, a matched heat pipe is
connected to a metallic thermal reservoir, itself connected to thermoelectric modules
with cooling fins. At present, the unit efficiency is low, on the order of 1.5-2%, but
better convection cooling, a higher reaction temperature, and a lower cooling
temperature will increase this figure substantially. Obvious advantages are no
observable moving parts, no danger of overload, and no necessity of continuous
adjustment or calibration.
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1 Introduction

An enormous literature has developed on the subject of the abnormal mobility of protons in aqueous
solutions. Eigen and De Maeyer in 1958 [1] may have been among the first to observe that "The
proton transport in hydrogen-bonded media is completely different from normal ionic migration and
corresponds more to electronic transport processes in semi-conductors. ... Phenomenologically, the
ice crystal may be considered as a 'protonic semi-conductor’ with an intrinsic (thermal) distribution
of the charge carriers (protons) between a 'valence’ band (H-bonded H20) and a 'conduction’ band
(excess protons fluctuating in H-bonds). As an elementary particle the proton has much more in
common with the electron than any other ion, the radii of which are of completely different order
of magnitude.”. Eigen and De Maeyer describe a ”protonic rectifier” based on "The combination of
two crystals, one doped with a proton donor (HF, F~ being almost immobile) and the other one
with an acceptor (LiOH, N Hs, Li* or NH{ being immobile)...”.

The bond structure of ice (and to a large extent liquid water as well) involves two protons
(hydrogen atoms) per oxygen atom in a 3-dimensional, approximately tetrahedral structure, i.e. the
oxygen atoms occupy the corners of a tetrahedron while the hydrogen atoms form the bonds between
pairs of oxygen atoms along the edges of the tetrahedron.While each oxygen atom is surrounded by
four hydrogen atoms, each primitive cell of the lattice is occupied by an H20 molecule as expected.
Similar to the electrons in conventional semiconductors, in pure water almost all of the hydrogen is
in the "valence” band state. Each oxygen atom has two loosely bound hydrogen atoms which form
hybrid hydrogen "orbitals” with four tetrahedrally coordinated neighboring oxygen atoms. Defects
in this structure are classified as L-defects (empty hydrogen bonds, expressed in molecular terms
as the hydroxyl ion OH~) and D-defects (doubly occupied hydrogen bonds, expressed in molecular
terms as the hydronium ion H3O%). An L-defect can also be described as a "proton hole” in the
valence band, while a D-defect corresponds to a proton in a conduction band.

Thermal disruptions of the lattice structure give rise to a small number of defects in this structure.
In some cases two hydrogen atoms may occupy a single hydrogen-bond creating a D-type defect. In
pure water, each D-type defect is accompanied by a corresponding L-type defect. It is the movement
of these defects which give rise to the protonic conductivity of water.

In the case of substitutional impurities such as ammonia NHj3 the N atom is an H-donor. The
extra H atom does not fit into the regular hydrogen bond structure and there is therefore an excess
of D-type defects. The result is that these extra protons are relatively free to hop from one already
occupied hydrogen bond to the next In the case of substitutional impurities such as hydrogen fluoride
HPF the F atom is an H-acceptor — introducing "holes” in the structure. One of its structurally-
expected hydrogen bonds is empty and there is therefore an excess of L-type defects over pure water.
It is now the absence of a proton in a hydrogen bond that moves throughout the lattice.
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Water with an excess of D-defects is called a D-type electrolyte (analogous to N-type electron
semiconductor). Water with an excess of L-defects is call an L-type electrolyte (analogous to P-type
electron semiconductor). Both L-type and D-type electrolytes are good proton conductors. L/D-type
junctions produce proton current diodes with properties similar to their electron counterparts. In
particular such diodes display rectification (unidirectional current flow), high values of thermoelectric
power, and may display luminescence under forward bias due to recombination of L and D-defects.
Such effects as thermoluminescence of ice following irradiation [10] and sonoluminescence of water
(9] may be related to L/D recombination.

These structural considerations when applied to ice seem straight forward [5]. It also turns out,
however, that liquid water to a very large extent retains this tetrahedrally coordinated structure
locally. In fact, both ice and liquid water depart from this ideal 3-dimensional structure in fairly
subtle and random ways that give rise to the beautiful fractal patterns of snow flakes and frost. It
may well be appropriate to treat water as a substance with a ”fractal” fractional dimension with
liquid water having a dimension between 1 and 2 and ice having a dimension between 2 and 3. In
the simplified calculations in this paper we will, however, use only 1-dimensional models.

2 Band States

The detailed structure of the periodic potential that the hydrogen nuclei encounter is the result of
the overlap of electron orbitals and Coulomb interactions. Due to the electronic structure of the
oxygen atoms, the electrons are all very tightly bound to the oxygen centers. In comparison to the
protons, the electrons are not free to move and do not appreciably take part in electrical conduction.
Because both the oxygen and hydrogen nuclei are so much more massive than the electrons we can
neglect the motion of the electrons and approximate the interaction between hydrogen and oxygen
simply in terms of the generalized Morse potential [7]. Analogous to the treatment of electrons in
conventional solid state physics, we can describe the quantum motion of hydrogen in many solids
and liquids as solutions of the many-body wave equation which take the form of energy bands. In
any situation in which a particle moves in a periodic potential, the energy states of that particle
are constrained to occur in ”"bands”, i.e. groups of closely spaced discrete er;ergy levels separated
by ”gaps” or forbidden energies. Each band contains the same number of states - equal to the total
number of unit cells in the "lattice”, i.e. the number of potential wells in the periodic structure.
The gaps between bands arise from Bragg scattering conditions applied to the De Broglie waves of
the particles. This has significant implications for the mechanical, thermal and electrical properties
of hydrogen-bonded materials.

The lowest energy band is called the valence band. It is the valence band that is responsible
for the structural stability of the material. Since protons are spin 1/2 particles, Fermi’s exclusion
principle allows two such particles (in opposite spin states) to occupy each energy level. In the case
of water each unit cell (molecule) contributes two protons to the valence band. Therefore, as in
the theory of electronic semi-conductors, we can see qualitatively that at absolute zero temperature
water should be a proton insulator. All the potentially mobile protons would be in the valence band
and this band would be full - a moderate potential difference is not able to change the energy level
of (that is, to accelerate) these protons. At 0° K, the higher energy bands (the conduction bands)
are allempty. As the temperature is increases, a small number of the protons from the valence band
can be excited across the energy gap into the conduction bands.

As a first step in looking at the structure of water from the point of view a protonic semi-conductor
we will estimate the magnitude of the energy gaps between the first few energy bands.
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3 Morse Potential

Ignoring the detailed motions of the electrons, as in the theory of diatomic molecules, we can
approximate the interaction between an excess hydrogen atom and a structural water molecule in
the lattice in terms of the Morse potential (3]:

Ur(r) = —Do + Do(1 — e{~elirl=re))2

where Dy is the energy required to completely dissociate the H2O — p bond, a is the asymmetry
parameter and 7(e] is the equilibrium value of 5, the distance between the p and the centre of mass
of the H,0 in H30%.

We will consider the movement of a proton along a linear chain of water molecules. Taking
account of the overlapping potential from the five nearest neighbors of each water molecule, the
approximate potential energy barrier along the chain can be written as

5
F(z)= Y U +kdoo)

k=-5

where dpo is the mean Oxygen-to-Oxygen distance along the chain.

Bockris and Reddy(3] give the value of Dy as the total hydration energy of a proton or about
266 kcal/mole or 11.543eV. From spectroscopy studies, r. for water (liquid) is estimated as 0.98
Angstroms and the oxygen to oxygen spacing is approximately dpp = 2.92 Angstroms. By an
iterative numeric procedure we can determine the value of the asymmetry parameter a = 1.29455,
such that we obtain the approximate observed value of the cohesive energy of water.

It can be shown using these parameters that there is a significant departure of the potential F(z)
from the commonly employed harmonic oscillator potential. It is this difference which gives rise to
the particular distribution of the hydrogen band gaps in water discussed below.

4 Band Gaps

In the "almost free” approximation, the size of the energy gap between the proton valence and proton
conduction bands is given by degenerate perturbation theory as twice the value of the corresponding
Fourier coefficient of the lattice potential (Burns, p257 [2]). The coefficients of the discrete Fourier
transform of the lattice potential are given by

doo/2 (_gi.n_n_r_)
F(r)e 400 /) dr
T(n)= -doo/2 ( )

doo

forn=0,1,2,..
T = [-4.8185,11.297,6.6585, 3.6722,2.2436, 1.4942, 1.0607, .7898, .61, .48492, .39449)
(The first band corresponds to 7 = 1).

Gosar and Pintar [6] estimate that the width of the energy bands as 2.2 x 1073 eV which is much
narrower than the band gaps. Note, however, that due to the asymmetry of the lattice potential,
the width of the band gaps drops quickly as the energy level increases.
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It is interesting to compare the spectrum of light emitted during sonoluminescence with the
width of the proton band gaps. One speculative theory on the origin of sonoluminescence is that
the alternating compression and de-compression cycles induced by the sound waves excite protons
into the upper proton conduction bands. These protons lose energy and relax back to the valence
band in quanta determined largely by the size of the band gaps. If this is the case, a cut-off in the
luminescence spectrum will be found in the ultraviolet region at approximately 22.6 eV, that being
the size of the lowest and largest band gap.

5 Two-Dimensional Proton Conductors

Stern and Howard (8] describe n-channel Metal-Oxide-Semiconductor Field Effect Transistors (n-
MOSFET) in the following terms:

An n-type inversion layer is produced at the surface of a p-type semiconductor when the
energy bands near the surface are bent down enough that the bottom of the conduction
band lies near or below the Fermi level. This band bending can be introduced by applying
an electric field to the surface, in a configuration like that shown in FIG 1, ...

The electric field associated with an inversion layer is strong enough to produce a po-
tential well whose width in the z direction, the direction perpendicular to the surface, is
small compared to the wavelengths of the carriers. Thus the energy levels of the electrons
are grouped in what we call electric sub-bands, each which corresponds to a quantized
level for motion in the z direction, with a continuum for motion in the plane parallel to
the surface.

One of the aspects that makes this configuration interesting and useful as a amplifying device
is that the density of charge carriers in the inversion layer can be controlled by the intensity of
the electric field. The carrier density, in turn affects how the valence and conduction bands are
populated as well as the Fermi energy. When the Fermi level is at or above the bottom of the
conduction band, protons become highly mobile.

We would like to suggest that it is possible to produce a protonic semi-conductor analogue of
this device. Further, as for a two dimensional electron gas, the density of energy states is a constant
and the Fermi energy is proportional to the hydrogen atom density. Therefore, hydrogen density
in the inversion layer increases with the strength of the applied potential and the kinetic energy
of the hydrogen atoms increases more rapidly than Coulomb potential energy. It may therefore be
possible to "tune” the occupation of the conduction band states so as increase the possibility of
inelastic scattering due to matching lattice and nuclear states such as suggested by [11] in relation
to a possible theory of the ”cold fusion” phenomena.

The same two-dimensional effect is also expected in the so-called electrical double-layer central
to much of electrochemistry. Bockris and Reddy (3] provide a detailed discussion of the structure of
the electrical double-layer at the electrode-electrolyte interface. It may come as a surprise that there
is considerable similarity between the charge distribution in MOSFETSs and the structure of the
double-layer. As a result we expect that the protons trapped in the approximately linearly varying
electric field of the double-layer will have dynamics similar to the two-dimensional proton gas.

Good two-dimensional proton conduction and possible cold fusion effects have been reported in
some crystal structures such as sintered oxygen deficient oxides SrCeo.95Y b0.0sO3-a [12], hydrogen
uranyl phosphate HUO, PO, - 4H,0 (HUP), and hydronium ("-alumina. Hydronium $”-alumina
[4] is prepared by ion exchange in concentrated sulfuric acid with sodium 3”-alumina. Despite the
B"- designation, 3”-alumina is not new crystalline form of alumina, rather it is a compound in which
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consists of a structural backbone of close-packed Al — O "spinel blocks” connected by Al— O — AL
columns with intervening ions suchs a Na* or H30%. Sodium $"-alumina is also a good sodium
ion conductor.

6 Conclusions

The possibilities for constructing devices that utilize the protonic semi-conductor properties of water
and similar materials seem numerous. In particular, the quantum mechanical properties of hydro-
gen nuclei confined to a two-dimensional surface created by a potential gradient may give rise to
novel proton/deuteron transport properties. These might include the possibility of matching lattice
resonant states with nuclear states resulting in cold fusion.

The close analogy between electronic semi-conductors and protonic semi-conductors (as exem-
plified by aqueous electrolytes) makes it possible to transfer much of the enormous literature and
theoretical results on semi-conductors to the behavior of protons in solution. This may well be a
new and very fruitful area of research.
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1. Abstract

The controversy about Cold Fusion "CF" depends on the fact that the phenomena
discovered are not in agreement with present physical theories, like QM and QED. The aim
of this paper is to show that a. Time-Space-Oscillation "TSO' connected to matter is a
physical perspective able to explain CF and the Particle-Wave-Duality, even able to propose
technical means for further development. According to this perspective a particle -even at
rest- is joined to a real, centripetal TSO, a 'de Broglie oscillation', instead of a mathematical
Schrodinger wave functionl). This TSO-field propagates with velocity ¢ toward a focus,
where the particle is created as a flickering wave vertex, that can push an instrument trigger.
Particles and nuclides including their Coulomb barriers, thus become endowed with p%mse
dependency and a centripetal wave field, that can interfere in slits. This explains the Particle-
Wave Duality and why the Coulomb barrier can be tunneled under certain phase conditions..
This TSO-perspective further hints at nuclear reactions of a 'centripetal' kind different from
those based on 'translational collisions', described by present high energy physics. It is worth
consideration because it gives accurate accounts for physical constants, particle masses and
charges, while the nuclides appear as focal resonance-shells, able to arrange acc. to
Mendelejev.

2. Introduction

Present physics has been successful in accounting for its own mathematical images of
matter, as uaris and gluons. But it has failed in accounting for real matter, for the nuclides.
Various efgorts to solve their wave functions have not given a useful image of matter. Neither
has physics explained the riddle at its heart, the Particle Wave Duality nor Cold Fusion. Thus,
the search for a more powerful physical perspective is justified in order to unveil the riddles
of time-space-matter. }%he one presented here is not a new whim. It is in fact the very first
scientific idea of time-space-matter, expressed by the Pythagoreans (Parmenides and Zenon
of Elea) 2500 years ago. They considered time-space-matter as a. unified manifestation,
caused by an oscillation between "the spheres" of time and space, that caused matter,
including life and mind, to condense at the foci. This idea was not understood outside the
P}}flthagorean esoteric sect, but it was scornfully rejected bBAristotle and finally eradicated as
a heinous gnosticism by the Church in the 4th century AD 2.

3. The Universe - A System of 'De-Broglie' Time-Space-Oscillators.

If this out-cast-idea is considered in the light of present physical knowledge and
experiences, a. remarkable, consistent world view appears. It yield}; causal and accurate
accounts; 1) for Relativity and QM, 2) for our physical constants, 3) for all forces as phase
shifts between time and space and 4) for an incessant 'gentle fission' of neutrons into protons
and electrons with correct masses and charge only by aid of the TSO-arnplitudes plus c and
nut simple arithmetic relations ”. See Table.

The consideration of particles and nuclides as focal resonance-shells endows them and
their Coulomb barriers with a phase dependency (f=10* s™), due to which barrier-tunnelin
becomes possible for particles, when close to the phase of 'non-existence'. Huge translationa
velocities and extreme temperatures may not be Nature's only means to break the Coulomb
barrier and cause nuclear fusion. Particl{:s and nuclides can exchange energy and even fuse

ently, if their centripetal TSO-waves are close to coincide and they are in the same phase.

hen there is no initial translational energy and momentum to be conserved, which results
in less active by-products (gzamma-photons and neutrons) ¥. The consideration of nuclides
as focal resonance shells enables the elaboration of a Mendelejev Periodic Table for nuclides,
based solely on geometric principles. A Pauli exclusion principle is not required. In this way
light is shed on present CF-phenomena, and those elements are identified (Pd, Ti, Ni, Be?),
W%ﬂch can serve as Coulomb-shields and catalytic templates in CF.
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4. Hidden Variables and Geometric Relations Revealed by TSO.

If Reality is described as a multitude of "De Broglie"-TS-oscillators ?, one has to specify
the inherent energy of the unit oscillator, its wave length and amplitude components A and
Aw. Considerations show, that an oscillator energy Fo, identical to the mass energy
Em=mnc” of the neutron, yields the most accurate description. So we can depart from tﬁe
known equations for mass energy and for harmonic oscillators acc. to (1a) and we then obtain
the values given in (1b).

Em=mnc2=hc/A=Eo=maePAL2f2 (w=2nciA) (1)
A=h/imc=13,19595x1016m eand Ar=Af{nv2=h{m (nev2)=2,970134x10-6m  (1b)

So the cosmic TS-oscillation toward the focus can be described by X the Compton wave
length and by AL a longitudinal constant amplitude component of 'time' here expressed in
meter. But a transversal width or space component Aw is also required, forming a time-space-
amplitude ALAw. Aw has to start at the horizon as a space quantum (Aq=2,226x10>°m, Eq.
13) and grows along the path by transfer of time quanta until it at the focus reaches its
maximum Aw=A;, forming a 'square’ Ao’= A Aw. Inside the nucleus, Aw is finally
transmuted to a time empl. AT, creating the conf'ugate realm of space - and of QM! The
assumption that Aw~A;~2,971x10"° is correct on yto3 digits.

In order to endow quantum limitations to the 'classical oscillator' used here, the Planck
length LP and time TP are introduced, Ecﬁs 8-9). At first sight the Planck length seems not to
have any connection to TSO. However, Eqs 10-11) show, that there exists a, profound not
yet uncovered geometric relation between A and the Planck length LP, Also the oscillative
torce Fo, Eq. 3) a {)f:ars as a geometrical phase shift it-2. By aid of this numerical relation the
value of Aw 22,9}; 48x10™'° finally obtained, Eq. 4 ). These surprising numerical relations are
the very key to a 1[‘)lhysics based on the TS-oscillation. They seem to violate our dimensional
rules, but in fact they bring us into a physical system, where only time (inverse spacet:) appears
as the fundamental unit and dimension. In Eqs 15-20) some further implications of T' 8 are
displayed, which show that our physical constants are geometrically related by recurrent
factors (ncyZ) and (n’c), and that Ap. (ime) and Aw (space) are differently related to mass,
Eqgs 1b & 4). It is surprising that the constants we know with least accuracy, G and h plus the
size of 'universe' (the TS-oscillator) Y, apé)ear with highest accuracy, Eqs 21-23) because they
are determined by 7, c and Ao®=ALAw= ,825700)(1(% M’ Eq. 6).

5. Centripetal Nuclear Reactions - versus Translational Ones.

The fact that the mass relation m,/m.=1838,4 "without reason" appears in Eq. 12) as a
factor A:1024(7c\/c)’1:1838.4 (10"Ly) has special bearing upon CF. At heart, it tells us that
protons and electrons can be incessantly formed by centripetal fissions of neutron-oscillators

" —p e ). But where is the mass difference 0,76 MeV, the neutrino and the gamma-
radiation, required by present }l)hysics? And what about conservation of angular momentum,
spin, parity, etc? Here the problem must be called in question. Do centripetal, catalytic nuclear
transmutations incessantly occur at the nuclides without showing the conservation nuts and
the reaction signs we are used to observer

In the TSO-perspective it is plausible, that the phenomena connected with a centripetal
neutron fission to g)roton and electron depend on a reorganization of the time-space-
amplitude AwA; before the Aw-component is transformed to time inside the nucleus. It can
in simplified terms be described as follows. First a "strip" 1,4(10"Lyw) wide and 1838.4
(10Lpr) long separates from the space amplitude Aw and adds to the time amplitude A;,
which there%y increases to Arp=1839,8(10"Lp)=2,97239x10"m, Eq. 14), while Aw
decreases to 1837(10'°Lpw), an integer of the quantum. Then a second strip 1(10"°Lpw) wide
and 1839,8(10"Lpw) long separates, forming the electron with charge. As mass depends on
Aw, Eq. 5) the neutron mass is based on the unchanged Aw=1838,4(10"Lsw), Eq. 15-16),
the electron on Aw=1(10"Lpw), Eq. 17), the proton on the residual 1836(10"Lpw), Eq. 18-
19). Thus the first dissociated strip 1,4(10"Lyw), directly transferred to time Ay, never appears

as mass. As charge depends on A, Eq. 20), it instead causes an increase of AL = A 40d
causes chatges to appeat. So in a centripetal TSO-perspective not even E=mc” seems always
to be true!
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6. Conclusions

In the TSO-perspective, CF is a centripetal fusion of deuterons or protons, a
concentric super-position of their time-space-waves, when they mutually are in the same
phase and subject to an intense centripetal pressure, but free from any intense translational
momentum. A translational or linear momentum will probably destroy the symmetry,
necessary for a centripetal nuclear reaction, while an oscillative centripetal pressure may be
of advantage, because it contributes to minor phase adjustments of the reactants. A bold
prediction is that centripetal nuclear reactions will be favoured at temperatures close to 0°K,
when thermal movements cease. Perhaps the world exists as it does due to en equilibrium
between centripetal and translational energies. At low temperatures centripetal nuclear
reactions are favoured and at extreme high temperatures translational ones, while in between

P
only the gentle and incessant nuclear reaction occurs around complex nuclides (™ =p ¢

The phase and symmetry conditions thus required for CF, can be achieved by a
symmetrical and 'Coulomb shielding' adhesion of two deuterons to a heavy 'template nuclide'
having a radius of maximal 4 wave-lengths (the N-shell) and the utmost shell with 4 free
positions for adhered deuteron-units. The Mendelejev nucleon matrix indicates that such
nuclides are Pd, Ti, Ni and Be?. Then the heavier nuclide can function both as a. Coulomb
shield and a catalytic template for fusing two symmetrically adhered deuterons. A
requirement is that the two deuterons are exactly in the same TSO-phase and opposite ()
to that of the template-nuclide. Only then they can overcome the phase dependent Coulomb
barrier to the template nuclide, only then the template nuclide can shield them from each
other, and only then the fusion product (*He) can separate from the template, as it is © out
of 1}l)hase to the template nuclide and can not fuse permanently with it. This phase-accordance
will occur occasionally, but will be difficult to reproduce and control technically.

Another way to achieve these phase and symmetry conditions would be to use the sono-
luminescence technique, i.e. to apply ultrasonic sound to gas microbubbles in water or heavy
watet, preferably in a "capillary” equipment. Also here we meet the requirement on phase
unanimity, that makes the process occasional. But with an immense amount of bubbles in
a limited reactor volume it seems possible to keep the reaction continuous. A test with ultra-
sound applied to a capillary reactor continuously supplied with a liquid helium-hydrogen
mixture at <0°K is proposed.

7. Cosmological and Futurity Aspects.

In CF-articles, the idea of halo-neutrons, virtual- and di-neutrons has frequently
appeared *”. As the unit TSO-oscillator is based on the energy of the neutron, a justified
question is if TS-oscillations are possible, which are not focused and thus not appear as mass
at certain points in space. This seems possible, if two neutrons are 'destructively’ superposed
on each other with a phase difference of n. But then they do not 'exist' according to present
physical teachings!

This is true as far as we can not know of them, they do not emit light, and without energy
focused to a point in space, we can not detect them. Nevertheless they and their energy may
exist, non-localized and distributed over whole our universe. They are then identical to the
missing, dark, matter of the universe and the cause of the zero-point energy. In fact their
energy 1s nowhere and at the same time everywhere. It appears as real however, at every
Elace, where a. centripetal focusing can be arranged. New matter with detectable mass is

orn once a di-neutron is centripetally focused in space. When a gamma-photon is
transmuted to an electron-positron pair at the surface of a heavy nuclide, we observe a similar
centripetal focusing of energy to a. point. The energy of the gamma photon is originally
translational, not focused, but due to the centripetal action of the heavy nuclide the photon
is focused to a point and thus materialized.

The technical path to the energy of the future may be our ability to arrange centripetal
focusing of energy and particles, not our ability to achieve huge translational velocities by
means of immense accelerators or extreme temperatures. The centripetal fusion of deuteron
around Pd-nuclides may thus be e. first step on a new evolutionary path. The discovery of
CF by Fleischman and Pons in combination with the pathological scorn showered upon
them by the physical establishment may in the long run be of acf%rantage. These events have
made tge future path more discernible to us.
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Units and symbols used.

m=mass. mn=1,67495x10-27 kg TIn, Mp, Me = MASSES N, P, €

¢ = 2,997925x108 ms-! A, Ao, AL, Aw, ALE= amplitude components
G=grav. const.=6,672x10-11 Nm2kg-2 ALAw =A0? = "time-space-amplitude”

h = Planck const. =6,6262x10-34 Js AwlAL=k="3pace-time-elasticity"
A=Compton wave-length =13,19595 10-16m acc=Aw?=0scill. acceleration (w=2mcfi)
Leo?=CN2ncd= 261 ,1378:10 722 Fo=oscillative (strong) force Fo=mxacc.
Lro=16,1597%10%m the Planck length Tro=Lrofc="5 3503x10*m

Aq=(Lpof2m)2{Aw=quantum ampl.of trensfer  D=1016Ao{Lpo=dissociation. n = p++ ¢
Y=A02{(LPol2m)? "size" of oscillatorfuniverse e+ = elsmentsry charge

Physical units and relations revealed by the TSO-perspective.

Em=mc2=hc/A=Fo=mu2AL2(2 A=13,19595x10-16 [m)] (18)
AL = hmn(rcv2) AL=2901341016[m]  Ar=Allc (1%
W2=(2ncld)=2c21 A2 acc=Aw=2c2A/A2= 2c2Aw | 2)
Fose =i x tor =21 c¥Aw=0,1013211x107 Fose=107/{n2) ! (3)
Aw=10""mn {ncv'2)2 Aw=2,971480x1016 [rn)] @)
Poaw2=Fohw (eff) =mc2=107Aw/2(n2)  m=107Awl{ncy2)? (5)
Al Aw=b0=10-7h (nev'2) [m) boP=B FSTIN032 A2 JR0KICIS [m)  (6)
k=bwlAL=10-7 m2(nev2)3fh =1,00044  vk=AolAL=1,00022 (kel=1,00050) (7)
Leo>=Ch/2ncd=261 13784 072[m2) Leo=16,1597%x10%[m]  (Tro=Lro{c) )
Lpw= vkLpo =16,1633x10-3%[m] LpL=Lpolvk=16,1560x10-3 [m) 9)
A2=1048 LpoTro/{ M2)=1018 Lpo2/(M2%c)  LrL=10-24AL{1nvc) (10)
Ao2fLpo2=108/(T12C) As2{Lpo2=0,033797104x1040 (11
10164/1 p=108/(nv'c)=D (n-fission) D=108/{n+c)=1838,40 =mu/me (12) |
Ag= (LPLIZM)3 Aw Aq=2,2260x10-56 [m) (13)
ALE=1016LpLIBH S=1032LpU/ 163 n2C)  ALB=2,97239x10-16[m] (14)
mufkg)=107Awi(ncy'2)2 mn=1,674952x10-27kg (1 f74553) (15)
ma(MeV)=1019 Awf+10 approxim. ma=939 65 MeV (939 56) (16)
me=101 Ao(r/c)(ncv'2)? me=0,91090x10-0 kg (0S1091) 1an
mp=10-! Aw]836(nve)(nev2)? mp=1,67275x1027 kg (1,6725) (18)
mp=(MeV)j=1019 Awl836(rnv/c){+10 mp(Mev)=938,4 Me¥ (938,28 (19)
ex=10%041 E Tro=1016AL BATUVE) e2=16,0221x100 As  (16,0219) (20)
h =107 A Awl(nev'2)=10782(ncv2) h=6626164:10-% Js (6622 )
G=10-5%(nevz)3(ne?) = 1037 Aqc 0=6,671882x10-11 6,672 (22

Y=Ao2(Lel2n)2=10484 {c (= ALA) Y=1,334256x1010 () 1761108 [m]  (23)
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ABSTRACT

Electrolytic hydrogen and deuterium loading into Pd and Pd-Rh
alloys have been investigated applying various modes of surface
modification: thiourea on Pd and Pd-Rh, Pd black on Pd and Pd-Rh
and Pd-Rh deposit on Pd. From these systematic data role of the
bulk and surface properties of the cathode in determining the
maximum loading has been discussed. The cathode loading is
improved for Pd and Pd-Rh with a surface modified by thiourea
and Pd modified by Pd-Rh deposit, while reduction of the cathode
loading was observed when the surface of the Pd-Rh alloy cathode
was modified by Pd-black. These results show clearly importance
of controlling the surface catalytic property of the cathode in
controlling and improving the maximum cathode loading. It has
been found that D/Pd = 0.95 can be achieved reproducibly in
electrolyte solutions containing thiourea at high concentrations.
However, electrolysis in solutions containing thiourea can be
conducted successfully only when the anode and cathode are
separated by an ion exchange membrane in order to avoid the
consumption of thiourea by anodic oxidation at the anode.

Application of partial deload/reload cycles to a Pd cathode in
IM-LiOD has led to improvement of cathode loading to the value
between 0.9 and 0.95, but i1mplication of such effects is not well
understood yet in terms of the bulk and the surface properties of
the cathode.
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INTRODUCTION

Despite the well referred importance of attaining and
maintaining high cathode loading in the generation of excess heat
in the Pd/Li10OD systems, no reproducible ways to achieve D/Pd>
0.95 has been known to date. It has been believed that there are
some good Pd materials, the nature of which is unknown, which
would guarantee such high loading under certain electrolysis
conditions. While nature of such materials are scarcely
understood, optimization of electrolysis conditions which leads to
the highest loading for a given Pd material hasbeena target in
the investigations of certain research groups. The effects of
ordinary electrolysis conditions such as current density, cathode
overvoltage and temperature, the difference between the acidic
and alkaline solutions, isotope effect observed between the light
water and the heavy water systems, cation effect observed in
LiOH, NaOH, KOH and (CH;).NOH, and surface modification by
catalytic poison such as thiourea at its low concentrations have
been fairly well understood [1].

Optimization of such ordinary electrolysis conditions, however,
has been still unsatisfactory in achieving cathode loading higher
than 0.95. The cathode material and its preparation as well as
pretreatment is probably a key area to achieve successful loading.
The issue is closely related to a fundamental question: “ Is the
successful loading determined by the bulk property of the
palladium or the surface characteristics ? ” The well known
pretreatment of palladium samples by vacuum annealing followed
by chemical etching in aqua regia has been successful in achieving
cathode loading higher than 0.9 [2, 3, 4, 5]. But such combined
pretreatment may change both the bulk as well as the surface
properties of the palladium sample, and it is difficult to elucidate
the role of the surface and bulk properties separately.

The purpose of the present report is to give some answer to the
above question as to the respective role of the surface and the bulk
property of the palladium in determining the high cathode loading.
For this purpose we have conducted experiments to determine
cathode loading of palladium and palladium-rhodium alloy in
either 1M-LiOD or 2.8M-H.SO. and 2.8M-D.SO. by modifying their
surfaces in various ways. The surface of the cathode was modified
by thiourea, Pd/Pd deposited film and Pd-Rh deposited alloy film
and their effect on the cathode loading was monitored. The results
were interpreted in terms of the respective roles of the surface and
the bulk properties on the cathode loading.
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EXPERIMENTAL

Measurements of the cathode loading were conducted either in
fuel cell type closed cells by monitoring the gas (D.) pressure as
described elsewhere [6] or in open cells by monitoring the
electrical resistance change of the Pd cathode. The resistance
change is defined as ratio R/R: where R and R. are the cathode
resistance with and without absorbed hydrogen or deuterium
respectively, and they were measured by AC four terminals
method using a NF or HP milli-Ohm meter with 1kHz AC probe
current of ImA amplitude. The relation between R/R. and H/Pd or
D/Pd to convert the measured resistance change to cathode
loading were determined in a series of experiments in fuel cell type
closed cells measuring simultaneously the cathode loading from
gas pressure and the resistance change.

The surface modification by thiourea was possible in the limited
concentration range only below 0.6 mM in fuel cell type closed cells
due to its poisoning action on the fuel cell anode at higher
concentrations [1]. In open cells, however, thiourea in the
electrolyte is electrochemically oxidized at the platinum anode and
its bulk concentration is reduced during electrolysis. The effect of
surface modification is no longer maintained under such
conditions. We have developed electrolysis method to separate the
anode and the cathode compartments by an ion-exchange
membrane which is practically impermeable to thiourea during a
certain electrolysis period. It has been found that the cation
exchange membrane Nafion can be successfully applied for such
purposes in acidic electrolytes. We have conducted H(D)/Pd
measurements of a Pd foil, 5mm X 20mm X 50 £ m, in 2.8M-H.SO.
and D.SO. with up to 1M-thiourea in a Pyrex glass cell separated
to two compartments by a Nafion membrane which is held on a
glass flange as shown in Fig. 1. The Pd foil was annealed in
vacuum at 850C for 2 hours and then etched in freshly prepared
H.SO/HNO: mixture for ten minutes.

The surface of the Pd rod electrode was modified in two ways
either by electrodepositing Pd-black or by forming a thin film of
Pd-Rh alloy in order to see the effect of surface catalytic properties
of Pd on the cathode loading. A thin film of Pd-Rh alloy was
formed on the Pd surface by electrodepositing rhodium followed by
alloying the surface region for 4 hours at 800°C in a vacuum oven.
The Pd-Rh alloy was sclected because of its high electrolytic
loading of deuterium at the rhodium concentration between 5-
10%. It was thought that the results of electrolytic loading into
such Pd cathode with a modified surface will answer to two
questions: Is the good loading of the bulk Pd-Rh alloy due to its
bulk property or the surface property ? Can we improve the
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loading characteristics of Pd by adding a new surface with better
catalytic properties ? The answers to such questions would be
very useful in establishing the respective roles of the surface and
the bulk of the cathode.

Modifying the cathode surface by Pd-black would be also useful
in knowing the role of the catalytic property of the surface for the
cathode loading. The deposition of Pd-black was conducted in 1M-
HCl containing PdCl.. A relatively smooth surface and rough one
were prepared by controlling concentration of PdCl., and the
surface area of the deposits were measured by conducting cyclic
voltammetry between 0.4 V and 1.5 V(RHE).

RESULTS AND DISCUSSION
1. Cathode loading and the resistance change

Figures 2 and 3 show the relation between resistance ratio,
R/R., and the cathode loading , H/Pd and D/Pd, measured for a #
2mm X50mm Pd rod( 99.99% up, Johnson Matthey) in fuel cell
type closed cells in 1M-LiOH and LiOD containing 0.6mM-
thiourea. The low cathode loading region was investigated
potentiostatically allowing the loading process to reach steady
state in order to avoid building up of non-steady state distribution
of hydrogen/deuterium which affects the measured resistance of
the cathode. The high cathode loading region was investigated
either galvanostatically in 1M-LiOH or potentiostatically in 1M-
LiOD after the potentiostatic measurements in the lower cathode
loading region. Figure 4 presents a set of data recorded in 1M-
LiOD with 0.6mM-thiourea to show the sequence of the applied
overvoltage, current response, resistance ratio R/Ro and D/Pd
measured from the gas (D.) pressure in the curse of an entire
measurement which took for this case over 5 months. The Pd
electrode was set at 800mV/RHE to avoid deuterium absorption as
well as electrochemical oxidation of thiourea at the palladium
electrode before onset of deuterium loading which was initiated at
200mV/RHE for 10 days. The overvoltage was lowered to 100mV,
50mV and OV spending 40, 20 and 30 days at each value to allow
the absorption to reach equilibrium. As seen in Fig. 4, however, the
absorption equilibrium was not reached in these time span at the
positive overvoltages, but only at 0 mV the resistance ratio and the
D/Pd reached steady value of 0.75 which is indicative of absorption
equilibrium at the reversible hydrogen electrode potential under D.
gas of ca 6atm. In the negative overvoltage region, however, the
resistance ratio as well as D/Pd reached their respective steady
value, and decrease of the resistance ratio accompanied by
increase of D/Pd was observed up to the current density of
120mA/cm:=.  Although the absorption equilibrium was not
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established at positive overvoltages, we can assume that there is
little concentration gradient of absorbed deuterium inside the Pd
electrode in view of the electrode diameter, 2mm, and the time
span spent during the measurement. This is an important point as
such concentration gradient (decrease) from the Pd surface to its
interior could give rise to a lower resistance than the value
corresponding to homogeneous deuterium distribution in the Pd
electrode [7].

The present results thus obtained spending 5 months are almost
in agreement with the previous data reported by various groups
[8, 9, 10, 11] as shown in Figs. 2 and 3. Because the data of the
cathode loading was available up to H/Pd and D/Pd around 0.9 in
the present study, curve fitting was applied by using a fifth order
polynomial to obtain the relation between R/R. and the cathode
loading between 0.9 and 1.0. The extrapolated curves are almost
consistent with the data reported by Baranovsky et [10] al under
high pressure of hydrogen and deuterium. It is important to
mention the difference between the R/R., vs D/Pd relation to be
employed in our study and the similar relation frequently
employed by the group at SRI [12, 13, 20]. Figure 5 compares the
three curves to show the R/Rovs D/Pd relation, which show that all
the three curves almost coincide at D/Pd=0.9, below which our
curve gives higher D/Pd than other two curves reported by SRI,
while lower D/Pd by a few percent would be obtained above
D/Pd=0.9. It is confusing a little bit for different groups to apply
different calibration curves in the calculation of -D/Pd from the
measured R/Ro, and it is necessary to keep this in mind when
interpreting cathode loading data obtained by resistance
measurements.

2. Effect of surface modification by thiourea

Figure 6 shows a series of R/R. data for a Pd foil in 2.8M-D.SO.
containing thiourea, (NH.).C=S, of 0, 0.3mM. 3mM, 30mM, 300mM
and 1M measured at 20C for a series of applied electroly51s current
density up to 500mA/cm: Upon addition of thiourea the initial
peak of R/Ro becomes more prominent with its increasing
concentration and the R/Ro value becomes lower for a given
current density. Magnification of the initial change of the R/Ro for
the series of concentrations at 30mA/cm: shown in Fig. 7
demonstrates the marked effect of surface modification by
thiourea. Figure 8 shows dependence of D/Pd on current density for
a series of 2.8M-D.SO. containing up to 1M-thiourea, and it
demonstrates marked effect of thiourea to give D/Pd of 0.96 at
500mA/cm: in a solution containing 1M-thiourea. Dependence of
the cathode loading on the concentration of thiourea at a constant
current density, 500mA/cmz:, is shown in Fig. 9 both for H.SO. and
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D.SO. solutions, which shows a systematic effect of surface
modification by thiourea on the cathode loading, and H/Pd of 0.99
can be achieved according to this data. The current dependence of
H/Pd is shown in Fig. 10, which again demonstrates marked
improvement of the cathode loading upon addition of thiourea in
2.8M-sulfuric acid.

The data presented in Figs. 6-10 to show the marked effect of the
surface modification by thiourea strongly suggests that the
cathode loading can be controlled primarily by modifying the
surface property of the cathode. Although we do not know the
microscopic mechanism of the surface modification, deactivation of
the Tafel step to recombine two adsorbed deuterium atoms to form
a molecule 1s certainly what happens upon addition of thiourea.
This is understood in terms of the overvoltage of the Tafel step, 7 »,
which is related to the chemical potential of absorbed hydrogen
atoms according to the relation;

M Habs) = & He 2F n ..

Existence of the second term in the right hand side of the above
equation demonstrates advantage of the electrolytic cathode
loading compared to the gas phase loading for which we have the
first term, chemical potential of the hydrogen gas, only. The
advantage can be interpreted in terms of effective pressure or
fugacity of the hypothetical hydrogen gas which is in equilibrium
with the absorbed hydrogen to have the chemical potential given
by the above equation [14].

Pu.”/ Pu. = exp(—QF 7 2/RT),

where Pu. and Pu:" are the actual pressure of the hydrogen gas in
the electrolytic cell and the effective pressure operating under
cathodic polarization.

It should be mentioned that thiourea acts as a catalytic poison
of the Tafel step by adsorbing on the cathode surface, and the
adsorption appears to be reversible, i.e., not chemisorption upon
which adsorbed molecules usually decomposes to form a strongly
adsorbed species. This is inferred from the fact that effect of
thiourea cannot be maintained if the anode and the cathode
compartments are not separated by the ion-exchange membrane.
The Fig. 11 shows a typical example to show the gradual loss of the
effect of thiourea during electrolysis in a cell which has the anode
and the cathode in the same compartment. The decrease of the
resistance ratio R/Re after passing through the maximum upon
applying electrolysis current, 50mA/cm: 1is followed by the
gradual increase due to desorption of absorbed hydrogen, which is
more prominent in the sulfuric acid containing thiourea at lower
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concentrations. Thiourea is electrochemically oxidized at the
platinum anode leading to deterioration of the bulk concentration
which causes desorption of the adsorbed thiourea molecules and
simultaneously desorption of absorbed hydrogen atoms.

3. Surface modification of Pd-Rh alloy cathode by Pd-black

Pd-Rh alloy has better electrolytic hydrogen/deuterium loading
characteristics than palladium as we reported at ICCF4. We have
tried to find if the better cathode loading of the alloy is controlled
by its bulk or the surface property. For this purpose we have
conducted experiments applying surface modification by Pd-black
to see if the cathode loading of the alloy could be maintained with
a thin layer of the Pd-black on its surface. Measurements were
conducted in a fuel cell type closed cells as described elsewhere.
Pd-Rh(10atm.%) was selected for the experiments in view of its
highest cathode loading characteristics of all the Pd-Rh alloy
cathodes investigated up to 30atm% Rh [15]. A thin layer of the
Pd-black was deposited in either 0.1wt% or 2 wt% PdCl. in 0.1M-
HCI at 12.5mA/cm: for 15 min., the former being for obtaining high
surface area and the latter smooth Pd-black deposited layer. In fact
surface area of 429.2 cm: and 6.4 cm: were obtained in this manner
for the geometrical surface area of 2.7 cm:(% 4mm X20mm), which
were determined by conducting cyclic voltammetry between 0.4 V
and 1.5 V in 0.5M-H.SO.. After loading experiments, however,
these surface area changed to 150cm: and 12cme, respectively, i.e.,
the rougher surface became a little bit smoother and the smooth
surface rougher.

Figure 12 compares the dependence of D/M(Pd+Rh) on
overvoltage for Pd, Pd-Rh(10atm%), Pd-Rh(10atm%)/Pd(150cm?2)
and Pd-Rh(10atm%)/Pd(12cm:). Addition of the Pd-black layer on
the surface degrades the loading characteristics of the alloy
cathode according to these data, and D/M of the alloy with modified
surface lies between Pd-Rh(10atm%) and Pd. The difference in the
surface roughness of the Pd-black on the alloy surface has not
caused significant change in the loading characteristics. It is
Interesting to note that dependence of the cathode loading on
overvoltage presented in Fig. 12 show tendency to saturate at high
overvoltage, i.e., higher than ca —800 mV. In other words, the
increase of the total cathode overvoltage in this region is not
contributing to increase in the cathode loading. This is interpreted
In terms of the constituent overvoltage of the Tafel step which is
almost invariant at high current densities despite the rapid
increase of the total cathode overvoltage.The Tafel lines recorded
for these cathodes simultaneously with the cathode loading are
shown in Fig. 13, and indeed the slope of them become steeper at
high current densities. The steep increase of the cathode

389



overvoltage is caused not by the increase of the overvoltage of the
Tafel step but of the discharge step of the hydrogen evolution
reaction in the alkaline solutions, which is discharge of water
molecules combined with d1scharge of Li* ions according to the
post-surface analysis of the Pd electrode as described later.

The data presented in Fig. 12 suggests clearly that the cathode
loading is strongly influenced by the surface property of the
cathode but at the same time the bulk property is still a key factor
to determine the cathode loading.

4. Surface modification of Pd by Pd-Rh alloy film

We then tried to add a thin film of Pd-Rh alloy on a Pd surface
to see if the loading characteristics of the Pd could be improved by
modifying its surface with a Pd-Rh alloy film, which was formed by
depositing Rh on the Pd surface in 0.5M-H.SO. containing 1mM-
Rh.(SQ.).at 12.5mA/cm: for 15 min. followed by annealing /alloying
at 850C for 2 hours in vacuum. Figure 14 shows the Auger depth
profile of Pd and Rh before (A) and after (B) the annealing
treatment. Sputtering rate is 6 nm/min and 13 nm/min before and
after 300 min, respectively. According to the depth profile the
thickness of the Rh deposit is ca 600 nm, while alloying extends
into the Pd substrate up to 3.1 « m after the annealing treatment
with continuous change of Rh concentration from ca 30% near the
surface to several % in this region. Figure 15 shows dependence of
D/M on overvoltage for this Pd electrode with the modified surface,
and we can see that the loading characteristics is greatly improved
at high cathode overvoltage compared to Pd electrode, but is not as
good as Pd-Rh(10atm%). The data presented in Fig. 15 again
demonstrates importance of the surface catalytic property as well
as bulk property of the cathode substrate to accommodate
absorbed deuterium.

5. Egé%ce modification of the cathode by electrolysis products in
1

It has been frequently recognized that the cathode surface is
subjected to in-situ modification or contamination by electrolysis
products such as Li or platinum deposits during electrolysis in
LiOD. In many experiments conducted in cells made of pyrex glass
the dissolution of the glass components inevitably leads to
accumulation of such materials on the cathode and the anode
surfaces. Effect of these in-situ modification of the cathode surface
has not been understood to any satisfactory extent due to absence
of systematic studies.

We have conducted a series of XPS and SIMS analysis of the
surface and near surface region of Pd samples which have been
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subjected to a long term loading experiments in 1M-LiOD in quartz
cells at 20 C, D/Pd having been monitored by resistance
measurements and tried to relate the cathode loading data and
the results of these surface analyses. Figure 16 presents a set of
XPS spectra for a Pd sample taken after various sputtering times
by Ar*: 0, 60 and 300 sec, respectively, which shows almost no sign
of Pd but strong Pt bands for the unsputtered sample. But as
sputtering proceeds the Pt bands intensity decrease drastically
with development of Pd bands dominating the entire spectrum.
The ratio Pt/Pd on the surface was determined from the narrow
spectra of Pt and Pd for six Pd samples, O-1 to O-6, and is
summarized in Table 1. The ratio varies from sample to sample,
the largest and the smallest values being 50.4 and 0.6, respectively.
The data indicates that the surface of the Pd cathodes are heavily
contaminated by platinum, the origin of which being most likely
the platinum anode or the four Pt leads welded to the Pd cathode
for the resistance measurements. It is possible to relate the large
variation of the surface Pt/Pd ratio of the samples to their
electrolysis history if we classify the samples to two groups: one
having the Pt/Pd ratio smaller than 1 and the other with the ratio
larger than 10. All the samples were initially subjected to cathodic
polarization at 300mA/cm:, but the following electrolysis history
was quite different between the two groups of samples with the
large and the small Pt/Pd ratio. Figure 17 presents typical
electrolysis history of the two groups as represented by the change
of cathode resistance ratio with the applied current.density during
electrolysis which lasted for nearly fifty days. The group of the
samples with the large Pt/Pd ratio was subjected to repeated
load/deload cycles as shown by A while the other group of Pd
samples underwent an unexpected resistance increase around
25th days which is indicative of deloading and did not experience
the repeated load/deload cycles as shown by B. Dissolution of
platinum from the Pt anode would depend on the total length of
time of electrolysis at 300mA/cmz:, which is in fact almost the same
for the electrolysis histories A and B as shown in Fig. 17. This
suggests that dissolution of platinum from the Pt anode cannot
explain the large difference of the surface Pt/Pd ratio, while
dissolution of platinum from the Pt leads welded to the Pd cathode
during the repeated deloading conducted by applying +1.5 V to the
cathode is more likely responsible to the larger surface Pt/Pd ratio.

Figures 18 and 19 show the depth profile of Li and Pt respectively
observed by SIMS for the six Pd samples described above.
Comparison of the depth profile of the Pd sample before
electrolysis, O-7, with the others, O-1 to O-6, clearly demonstrates
that these depth profiles of Li and Pt deposits have been developed
near the surface during electrolysis, although the quantitative
_difference of these depth profiles among the six samples is not well
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interpreted in terms of their electrolysis history. We can note that
both Li and Pt concentration drops sharply within 20-30 nm from
the surface and that their depth profiles are closely related to each
other if we take samples O-1 and O-7 for example. The
quantitatively close relation, however, is not well understood at the
moment. The apparent presence of a maximum in the Li depth
profile near the surface around 10-20 nm 1is probably either an
artifact in the SIMS analysis due to adsorbed oxygen, as the
primary ion being O.*, or due to loss of the surface Li upon washing
by water after the electrolysis.

All the data shown in Figs. 16 and 19 and in Table 1 are
indicative of heavy contamination of the surface region of the Pd
cathode by L1 and Pt deposits as previously reported by other
groups [16, 17, 18], but interpretation of the loading data in terms
of the surface contamination is not straightforward.

In the case of Li, however, comparison of the cathode loading
data in 1M-LiOH and 1M-(CH.).NOH, which is alkali metal free
alkaline solution, clearly demonstrates, as shown in Fig. 20,
however, that presence of the lithium deposit in the surface layer is
not contributing to improving the cathode loading since the data
observed in the lithium-free system i1s as good as or even better
than the cathode loading in LiOH [1].

The platinum deposit which accumulates on the cathode surface
during electrolysis has been considered to reduce the cathode
loading since it would catalyze the Tafel step to enhance hydrogen
desorption out of the palladium cathode. Comparison of the loading
data observed in the open cells with an Pt anode and fuel cell type
closed cells is interesting in discussing the role of the surface
contamination by Pt since in the latter cells the surface Pt/Pd ratio
1s much smaller than in open cells as shown in Table 2. Figure 21
shows results of such comparison of the cathode loading data for
the JM Pd(99.99%up) pretreated by the same procedure:
mechanical polishing, degassing in vacuum at 200C for 3 hours,
and chemical etching in freshly prepared HNO/H.SO. mixture for
10 min. The results show, however, that D/Pd in open cells is a
few % higher than in the fuel cell type closed cells, i.e., the less
contaminated system by platinum gave rise to lower cathode
loading. We can conclude that the surface contamination by
platinum is not playing a key role in the series of present loading
experiments. Presumably there is some other unknown factors
which are playing more important role in suppressing the
maximum Joading level than the surface contamination by
platinum.

6. Improvement of the cathode loading by load/deload cycles
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Improvement of cathode loading by repeated load/partial deload
cycles was reported recently for Pd wires with palladized surface
which were subjected to preloading in gas phase before electrolytic
loading [19]. But because determination of the cathode loading was
conducted volumetrically by using water filled manometer, two
possible sources of error are envisaged: firstly, the apparent
increase of cathode loading detected volumetrically may be due to
hydrogen or deuterium trapped in internal voids or micro cracks
created by the load/deload cycles, secondly contamination by H.O
from the manometer the rate of which was estimated as 0.13% a
day could contribute to the apparent D/Pd increase during the
load/deload cycles which lasted for 1-2 weeks.

The effect of repeated deload/reload cycles was also indicated for
a Pd rod of 3 mm diameter with a smooth surface more recently by
applying resistance measurements [20], although the detailes of
the study was not reported.

We have conducted similar measurements to see the effect of
applying load/deload cycles on the cathode loading in open cells
made of quartz glass. In order to avoid the problems described
above, however, the cathode loading was monitored by resistance
measurements which would not be affected by increase of absorbed
hydrogen or deuterium trapped in the internal voids or micro
cracks, while the cell was kept purged by dry boil-off nitrogen
above the electrolyte solution to avoid H.O contamination the level
of which was determined by NMR before and after the loading
experiments.

Figure 22 presents a typical example to show the resistance
change of the JM Pd(99.99%up) cathode and electrolysis current
during the entire period of experiment to see the effect of
load/deload cycles. The current density was increased in a step
wise manner up to 1 A/cm: and then decreased to zero at which
deloading proceeded for 5 days until D/Pd decreased down to 0.572,
and then reloading was conducted at 0.3 A/cm: By this first
deload/reload cycle the D/Pd at 0.3 A/cm: reached 0.919 while it
was 0.893 before applying such cycle. The cycle was repeated for
several times as shown in Fig. 22 and further improvement of the
cathode loading was recorded. Figure 23 presents result of such
deload/reload procedure for two samples, which shows that the
effect of such deload/reload cycles observed for the two samples
almost saturated after applying two cycles. The effect of the
deload/reload cycles and the tendency for the effect to saturate was
commonly observed for other Pd materials with different purities
ranging from 99%up to 99.99%up and with different heat
treatment, 1.e., either cold worked or annealed at 850 C, from other
sources, and the maximum D/Pd achieved after applylng the
deload/reload cycles lies between 0.90 and 0.95 which varies from
sample to sample. The fact that the effect of deload/reload cycles is
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commonly observed for Pd materials with different bulk properties
especially with different heat treatments suggests that the cycle is
giving rise to some change in the surface catalytic property to
control the desorption of absorbed deuterium.

Because this was confirmed by the resistance change of the
cathode the observed improvement of the cathode loading is not
caused by trapping of hydrogen/deuterium in the internal voids or
micro cracks possibly created in the cathode upon applying
deload/reload cycles.

The deloading in the above experiments was conducted simply
by switching off the electrolysis current for a few days, during
which period the D/Pd decreased to around 0.6. We then tried to
find effect of degree of deloading on the improvement of the
cathode loading after reloading at 300 mA/cm: The degree of
deloading was adjusted either by controlling the time at zero
current before the reloading or by applying anodic current to the
Pd cathode for a given time to enhance deloading. Figure 24
presents a set of data obtained for ten JM Pd samples which shows
the relation between the D/Pd before reloading and the D/Pd after
reloading at 300 mA/cm: The data suggests that it is necessary to
deload the Pd cathode below D/Pd=0.6~0.7 for the effect of
deload/reload cycle to develop and that the effect appears to
increase as the cathode is more deloaded until D/Pd=0.40~0.6 is
reached. What these findings mean is not clear at the moment, but
it looks as if it were necessary for the cathode to go into the a8
transition region during the deloading process for the effect of
deload/reload cycle to start developing.

There is a problem in interpreting the data corresponding to
complete or near complete deloading in Fig. 24 that Pd cathodes
sometimes undergo irreversible change in its size when it is
subjected to such heavy deloading. The estimation of D/Pd from the
resistance measurements is no longer reliable when such change in
the cathode size is accompanied with the deloading process. We
checked actual size change of the cathode as a function of the
cathode loading by measuring the change in the cathode length
during the load/deload processes. Figure 25 presents a pair of data
of two experiments using JM Pd rods(¢ 2mm X40mm, 99.99%up)
to show % change in cathode length with respect to the original one
during the load and deload processes. We can note that the
cathodes become longer as loading increases with different rates
for a unit increase of D/Pd below and above D/Pd =0.58 : 1% and
3.8%, respectively, while the cathode length is reduced almost
linearly during the deloading process at the same rate, 3.8%, until
the complete deloading. There is a marked hysteresis in the size
change below D/Pd=0.58 and this would give rise to irreversible
resistance change of the cathode if the cathode is deloaded below
this level. In view of this results all the data presented in Fig. 24
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for D/Pd before reloading below 0.2 would be suffering from the
irreversible size change and the D/Pd after reloading for this
region would be actually lower than plotted by at least ca 1.6 %.

The region above D/Pd=0.58 corresponds to the so-called A
phase, in which the change of the cathode length 1s completely
reversible as demonstrated in Fig. 26 for the three consecutive
load/deload cycles above D/Pd=0.6. Apart from the reversible
change it is interesting to note that the cathode becomes longer
accompanied by increase of D/Pd as the cycle is repeated. This is an
independent proof obtained by the monitoring of the cathode
length to confirm the effect of deload/reload cycles on the loading.
The rate of the length change in the A phase region is 3.8 % with
respect to an unit increase of D/Pd, and this is close to the rate
4.4% predicted from the lattice constant data [21] assuming an
uniform lattice expansion in the Pd cathode, as shown in Fig. 25,
while the rate experimentally observed durlng the loading process
below # Ehase region which is considerably smaller than the rate
In the phase suggests strongly that the cathode expands
originally much more along the radial direction than the direction
along the rod axis.

Finally NMR analysis of the 1M-LiOD used in the above
experiments was conducted to see the level of contamination by
light water which might affect the long term resistance
measurements in the electrolytic cells as increase of H/D in the
cathode would contribute to lowering its resistance, which will be
interpreted misleadingly in terms of apparently higher cathode
loading. Figure 27 shows a set of data to show the NMR analysis of
1IM-LiOD before pre-electrolysis, after pre-electrolysis, after
electrolysis in open cells, and after electrolysis in fuel cell type
closed cells. The atomic ratio H/D in the electrolyte becomes
slightly smaller after pre-electrolysis, but is markedly reduced
after prolonged electrolysis in open cells, while no such reduction
in H/D was not observed in the fuel cell type closed cells. These
results confirm effectiveness of pre-electrolysis and electrolysis in
open cells in reducing the light water level in the electrolyte due to
the preferential hydrogen evolution at the Pd cathode, while in the
fuel cell type closed cells no such reduction is to be expected as the
evolved hydrogen goes back to the electrolyte by electrochemical
oxidation at the fuel cell anode. In conclusion the improvement of
the cathode loading by applying the deload/reload cycles i1s not an
artifact caused by light water contamination during the long term
electrolysis.

Practically it is very important to maintain the improved
cathode loading at high current densities as the high D/Pd at high
current densities is the necessary condition for the excess heat
generation according to the previous data of various groups [13, 22,
23]. Figure 28 presents an example to show the dependence of
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D/Pd on current density before and after the improvement of the
cathode loading by applying the deload/reload cycles. The improved
cathode loading is maintained at high current densities giving rise
to a new dependence of D/Pd on current density. Addition of 100
ppm Al appears to improve the cathode loading at higher current
densities as reported before [20].

In conclusion the improvement of the cathode loading by
applying the deload/reload cycles could be an effective way to
establish the necessary condition for excess heat generation.

7. Cathode loading in 1IM-LiOH

We conducted H/Pd measurements in IM-LiOH in order to
understand the problem encountered in achieving the high cathode
loading in 1M-LiOD is really specific to the heavy water system.
Two experiments were run for this purpose in similar cells made of
quartz glass using JM Pd(% 2mm X40mm, 99.99%up) cathodes
which were mechanically polished, cleaned, chemically etched, and
degassed in the same procedure as described already. Figure 29
presents a pair of data to show change of the cathode resistance
ratio with the applied current density. Electrolysis was initiated at
30 mA/cm:, upon which the resistance ratio goes through a sharp
maximum as predicted from Fig. 2 and becomes a steady value
around 1.5. With further increase of the current density the ratio
goes down continuously, which is indicative of further increase of
the cathode loading. Figure 30 presents dependence of H/Pd on
current density determined from the data in Fig. 29. H/Pd 0f 0.97 is
achieved at 500 mA/cm:, and it is very likely that higher loading
would be achieved at higher current densities as there is little
tendency for H/Pd to saturate.

The data in 1M-LiOH strongly suggests that the difficulty
encountered in the cathode loading in LiOD is really specific to the
heavy water system as reported before [3].

8. Conclusion

There are still unknown factors related to the bulk and/or
surface properties of the cathode to control its maximum loading
by deuterium. We have found out at least two systems which
guarantee the cathode loading higher than 0.95, the one being Pd-
Rh alloys containing 5-10 atm% rhodium and the other Pd in
2.8M-D.SO. containing 1M-thiourea. The deload/reload cycles
certainly improves the cathode loading to get it higher than 0.9 but
less than 0.95.

The results reported in the present study strongly indicate that
the surface property of the palladium cathodes essentially controls

396



the maximum loading level apart from modifying the bulk property
by alloying with rhodium. The detailed picture of such surface to
enhance the cathode loading, however, is not clear yet at the
molecular level.
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Table 1 Surface Pt/Pd ratio determined from the XPS
narrow spectra of Pd cathodes(JM 99.99% up, ¢ 2mm X
40mm) after prolonged electrolysis in 1M LiOD in open
cells made of quarz glass.

O-1 0-2 0-3 0-4 0-5 0-6

Pt/Pd | 50.4 | 11.6 0.8 11.0 | 12.7 0.6

Table 2 Surface Pt/Pd ratio determined from the XPS
narrow spectra of Pd cathodes after long term
electrolysis in 1M LiOD in fuel cell type closed cells.:

I"-1(white spot) | F-I(black spot) | F-2(white spot) | FF-2(black spot)

Pt/Pd 0.27 0.05 0.19 0.02
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r
Various palladium cathodes have been studied to determine the influence of
metallurgy and surface treatment on deuterium loading. In this paper we apply a
numerical solution to the appropriate differential equation to calculate the time
dependent local deuterium concentration inside the plates. We use experimentally
determined deuterium coefficients for the o, B and yphases [1].
We find the highest concentration gradient in the case of oxidized samples.

n ion

The aim of this work is to find correlation between local deuterium
concentration and bulk and surface characteristics of the cathodes used in pulsed
electrolysis. A high peak current (about 15 A) and very short pulses (800 ns) generator
has been used to perform electrolysis in 0.3 N LiOD-D;0 solution.
We tested pure palladium, palladium-silver, palladium-cerium and palladium-yttrium
alloys, to see if a higher hardness (Ag) or the addition of a rare earth (Ce, Y), that has a
high capability of absorbing deuterium, could be useful for increasing D/Pd ratio.
We also tried to verify if a surface oxidization treatment [2] influences the local
concentration of deuterium. In fact, during the electrolysis, the PdO reduces and the
area of active surface increases because of the formation of nanocrystals of
palladium([3]. The flow calorimeter used for this experiment and our method to measure
in situ the deuterium absorption rate in the metallic plate (25x25x1 mm) have already
been described elsewhere [4],[5]. We used absorption rate data to assign boundary
conditions of the diffusion equation. The numerical integration of this equation allows
us to figure the time dipendent concentration profiles of deuterium in the plates.

2, Methods
We described the deuterium motion in metal as due to the diffusion only and we
integrated [6] the parabolic partial differential equation in one space variable:

AU(x,1) =i[ D Uiy WD
ot ox ox
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where : U = D/Pd value, x = space, t = time ,'D = diffusion coefficient . D (U) is
obtained fitting data from experimental measuraments of the diffusion coefficent.
For the boundary conditions we have chosen :

J(®) = D(UK,1) U
ox

where J(t) is the deuterium current flowing through the plate surfaces. We calculated
this current as the number of moles entering the plate for second for square centimeter.
In the following we compare the results of these measurements for pure Pd and
oxidized Pd, for PdgoAg10 and oxidized Pd9oAgi10, for PdCe (Pd 99.9x %,Ce 0.0x %
) and oxidized PdCe, for PdY (Pd 99.9x %, Yttrium 0.0x % ) and oxidized PdY-

As conceming as the concentration profiles obtained by our numerical method we show
the D/Pd ratio vs the thickness for each plate at different time steps of the loading
process. It has to be noticed that for Pd alloys and oxidized samples we can show just a
qualitative trend because we used the same values of the diffusion coefficent we used
for pure palladium.

3. Results

Palladium plates

At the beginning of the loading the absorption rate of oxidized palladium shows
a plateau that is absent in the pure one (fig. 1a). Only after 15 X104 s the PdO
absorption rate values become less than for Pd. Meaning of this trend is that the loading
efficiency is higher for treated palladium.
The difference between the values of the concentration profiles in the two samples (fig

1b) is not very evident. Absolute maximum value of loading ratio is the same (~1.1) for
both plates.

PdAg alloy plates

As for the PdO, the oxidized PdAg sample shows a higher 1dading efficiency
respect to the not treated PdAg (fig. 1¢).The initial value of its absorption rate is higher
thanin PdO. After 7X10% s the PdAgO absorption rate become less than for the PdAg.

A consequence of this trend is that the concentration profiles of PdAAg and PdAgO
become less and less different (fig. 1d).
Absolute maximum value of loading ratio is the same (~0.8) for both plates.
PdCe alloy plates

The deuterium loading efficiency of not treated plate is the least among all the
samples. The absorption rate of the oxidized sample is very high at the beginning of the
experiment (fig. 2a) and after 13X104 s it becomes equal to the PdCe.
The D/Pd ratio is higher near the surface during the first hours of the experiment
(fig.2b).
Absolute maximum value of loading ratio is higher in oxidized palladium alloy (~0.9)
than in not treated one (~0.6).
PdY alloy plates

Also in this case the treated sample shows an initial high absorption rate but
without any plateau (fig. 2c). After 17X10% s the PAYO absorption rate becomes less
than the PdY.
The difference between the behavior of the concentration profiles of the two plates is
less than in the case of the PdCe samples (fig. 2d).
Absolute maximum value of loading ratio is the same for both plates (~1.1).
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The oxidization surface treatment is determinative to obtain a high loading
efficiency. In PdCe the difference between treated and not treated sample is very clear
also in the concentration profiles. In the case of PAYO we obtained high value of
absorption rate but for the shortest time, while in PdO the value of the absorption rate
has remained high for the longest time. The oxidized palladium sample has also reached
the highest final value of D/Pd rate.
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fig. 1a : Absorptionrate (in moles per unit area per second) versus time for Pd (full line)
and Pd oxidized plates (broken line).

fig. 1b : Concentration profiles vs the depth of Pd (full line) and PdO (broken line)
plates (at 45000, 88000, 166000 s after the beginning of the experiment ).

fig. 1c : Absorption rate (in moles per unit area per second) versus time for PdAg (full line)
and PdAg oxidized plates (broken line).

fig. 1d : Concentration profiles vs the depth of PdAg (full line)and PdAgO (broken line)
plates (at 45000, 88000, 166000 s after the beginning of the experiment ).
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fig. 2a : Absorption rate (in moles per unit area per second) versus time for PdCe (full line)
and PdCe oxidized plates (broken line).

fig. 2b : Concentration profiles vs the depth of PdCe (full line) and PdCeO (broken line)
plates (at 45000, 88000, 166000 s after the beginning of the experiment ).

fig. 2c : Absorption rate (in moles per unit area per second) versus time for PdCe (full line)
and PdCe oxidized plates (broken line).

fig. 2d : Concentration profiles vs the depth of PAdY (full line)and PdYO (broken line)
plates (at 45000, 88000, 166000 s after the beginning of the experiment ).
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Abstract

A systematic study about deuterium loading in palladium has been performed.
Palladium cold worked plates and palladium alloy plates have beenused as comparison.
A proper plate surface oxidation has been performed and anomalous absorption rates
have been measured. A high peak current (15 A), short width pulse (duration 1 ps)
electrolysis technique has been used to test all chatode plates and it is visible that this
technique permits to reach very high D/Pd loading values (around 1/1 or even more for
palladium ). At the beginning of the loading, in close relation with the anomalous
absorption rate, a bump of excess heat has been measured in two similar oxidized
surface palladium plates.

All these tests show that the loading is completely reproducible.

1. Intr ion

It is commonly accepted that very high Deuterium concentration into a Palladium
lattice is required to produce Cold Fusion effects as well as extra heat production or
nuclear radiation emission. For this reason a standard loading technique has been
improved particularly with electrolytic system.

Since three years we have been using this special pulsed electrolytic loading
technique testing Palladium plates (25x25x1 mm). Many plates have been tested and an
optimization, looking at the loading parameters (absorption rate, overvoltage), has been
reached. Indeed, a preliminary study has been performed to observe in which way the
status of the electrode surface can modify the absorption dynamics.

(*) All Palladium plates were kindly provided by:
IMRA Material, Japan, which supported partially this work.

411



The tests show that high loading is not a sufficient condition to produce
measurable excess heat.

rimental -
The experimental apparatus has been shown in a previous paper(1) and it
consists in a flow cooling calorimeter (fig. 1.a) in which there is a special turned Pt
wire as anode having inside the Pd plate (fig. 1.b). The cooling system is composed by

a double coil, a water bath (17 °C) and a peristaltic pump (flow typically at 1 ml/s).The
linearity of the operating range of this calorimeter is from 0.5 up to 150 W (1.5 KW
maximum power), depending from the cooling flow from 0.5 to 10 ml/s. The produced
electrolytic gases are collected in a close volume (150 cm3) and periodically some
electrovalves are open to permit to these gases to go outside quickly. The variation of
the pressure is continuously measured and recorded. All physical parameters (time,
temperatures, pressure, cell voltage and current, reference voltage of a pseudo R.H.E.)
are continuously monitored and acquired by a computer.

The electrolysis is powered by a complex electronics gated system to produce a
very high peak current (fig. 2.a). A fast power pulser circuit, triggered by pulse
generator, discharges a capacitor to the electrodes of the cell during a selected time
(timing): the repetition rate of this discharging process is selectionable. During the
pulsing a proper circuitry acquires the voltage and current generated. During the
discharge, with an integrator circuit, is possible to measure the total electric charge (or
the mean current) and the total electric energy (or the mean power) dissipated by the
cell. An other proper circuitry, measuring (gate enable) during the inter-pulsing, permit
to have the cathode and the floating reference wire voltages: in such a way it is possible
to estimate the Tafel over-potential and to understand the difference between Tafel and
Volmer region. The circuitry (fig. 2.b) works in 2 stages: firstly the capacitor charges
slowly (t about 10 ps) from the voltage supply, secondly the fast electronics switch
(gated by the trigger pulse) connects the charged capacitor to the cell electrodes,
producing a very high current (Imax about 150 A) in a short time (from 0.2 to 0.5 ps).
Because the time pulse width (typically less than 1 ps) is much less than the discharging
mean time (1 typically of 7 us), in first approximation we can say that, during the pulse,
the electrolytic cell is applied to a constant voltage generator (the 2 uF capacitor having
Vmax about 200 V) so that the electric charge transferred from the capacitor to the cell is
around a few percent of the total electric charge cumulated by the capacitor (at maximum
of 400 nC). This pulse can be generated with a repetition rate of 0.5 up to 20 KHz.

T xperimental P r
Strong motivations lead to use a pulse electrolysis instead of constant current
electrolysis:

- It is possible to generate a very high current density value to the cathode
(even if in a very short time but taking in account to repeat the pulse at
enough high frequency to avoid the deloading process).

- The gaseous recombination (Tafel region) at the cathode is strongly
reduced providing a very high loading efficiency (Volmer region) during
the first charging up (very low production of gas bubbles permitting to
have a very fine measurement of absorbed moles).

- It is possible to measure the cathode voltage during the inter-pulse
avoiding the power supply noise (possibility to estimate the over-
potential).
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- Non-equilibrium conditions are produced at the cathode surface (because
of the fast electric field applied to the voltage "double layer” between the
electrode and the ionic solution).

- The reproducibility of the loading is guarantied by the repeatability of the
pulse (also is possible to tune up the pulse to have an optimization of the
process parameters).

All the plates were tested in these operating conditions: pulse time width about 0.5 ps
(pulse rise time around 100 ns), pulse repetition rate about 5 KHz, peak voltage at 50 V
and peak current at 15 A (e.g., mean current is about 60 mA, peak power is 750 W and
mean power around 1.5 W). During this pulse the charge transfered is about 13 pC and
the electric energy is around 375 pJ.”

Some plates were specially treated by the following procedure: heating to about
700 °C with an oxidizing flame during a processing time of some minutes. After this
heat treatment the plates show a thin surface oxide layer (less than 0.5 um) having a
high chemical resistance to the concentrated nitric acid attack. These plates, after this
treatment, are not more supposed to be cold worked.

4, The Deuterium Loading

Some blank tests were performed using the Gold plates of the same size of Pd
plates. This test shows a very small Deuterium absorption at the beginning of the
charging up (maximum value of absorbed Deuterium is less than 3-10-3 Moles,
corresponding at less than 0.05 of D/Au) and vanishing in a few hours (less than 600 C
of electrolytic charge). This absorption is explainable by the cell materials (solution,
polyethylene, Teflon, heather, etc.). In the calculation we took into account this small
effect and made appropriate corrections to the data.