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M-Series Discussion and Conclusions

Introduction. The purpose of the series of experiments described in this section was to
determine the conditions under which the phenomenon which gives rise to
calorimetrically determined excess power can be initiated and sustained. Having
achieved this goal a secondary goal was to demonstrate whether or not the excess heat
produced, correlated with the production of species from nuclear reactions; the primary
nuclear product sought was helium, but integrating monitors were included in the
M-cells for neutrons and x-rays.

In the light of these goals, the M-series experiments must be regarded as being only
partially successful. The excess power observed was infrequent, and of small
magnitude. The experiments, and their results summarized here, nevertheless contain a
wealth of information. In this section we attempt to discuss these results, and draw
conclusions from them, within the frame-waork of the following four questions.

i. What can we learn from the excess power observed; can we refine the conditions
necessary for its production?

ii. What can we learn from the extended periods where excess power was not
observed; given the previous experience generated on this project and in the rest of
the world, ought we to have observed this phenormenon more frequently or at
greater amplitude under the circumstances of these experiments?

iii. What other information has been learned, in these experiments, about the
D/Pd system; in what way is this information valuable?

iv. Using the information obtained, how can we achieve our goal of demonstrating

conclusively whether or not nuclear processes contribute to the phenomenon of
excess heat production?

Loading. The D/Pd loading has been shown to be closely correlated with excess power
production. Identifying the conditions under which high loadings can be achieved, and
maintained has been an important, even crucial, part of our experimental program (see
Section 2, Degree of Loading). OQur knowledge is, as yel, incomplete; the results of the
M-series experiments provides some illumination.

[t is clear from past and present studies of the D/I’d system that one of the factors
which controls the ability of palladium lo take up and retain deulerium (and hydrogen)
is contained within the metal itsell. A metallurgical or mechanical property, which may
vary from manufacturer-to-manufacturer, lot-to-lot, or section-to-section within a single
rod, may control the rate and extent of deuterium absorption. Cathodes selected for
M-cell calorimetry were from lots supplied by two manufactures, Johnson Matthey and
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Engelhard, found previously to load satisfactorily. All cathodes were subjected to a
single annealing process previously found to be beneficial. A considerable variation
in loading was nevertheless observed; in no case was a maximum loading obtained
D/Pd = 0.95, a value previously observed to be necessary for reproducible excess heat
production.

The M-series experiments were performed as a series of current ramps, normally
followed with anodie strips, often accompanied by chemical species additions.
[Other features of these experiments are discussed below under the heading Pulses).
Table 3-6 summarizes the loading response to successive ramps in experiment M1,
M2 and M4

In general, we observe two characteristics of loading which somewhat conflict during
current ramps: an increased loading (D/Pd) with increased current density (i) - this
relationship is often logarithmic; a tendency towards decreased loading with time when
a cathode is held at high current densities (= 100 mA cm2).

Reviewing the data in Table 3-6 we see three different types of response for the three
cathodes:

i. The 2mm JM* cathode used in M1, mitially loaded quite well (D/Pd = 0.927) in the
presence of 200 ppm Al This hizh loading was obtained at very high current
densities (or, perhaps more importantly, high loading was sustained at high current
densities). With successive ramps, following strips with no chemical species
additions, the maximum loading obtained during a ramp declined progressively.
This decrease is due to the change in slope of the Log [i] versus D/ Pd relationship
(see Figure 3-68). Until the addition of HiBO; at 890 h, the M1 cathode showed very
little tendency for decreased loading with time (or i during a ramp). A small (but
significant) improvement in rnef loading was seen at low current densities on adding
H;BO;; this improvement does nat sustain to high current densities and complelely
changes the functional relationship between i and D/Pd.

ii. The 2.8 mm E#] cathode used in M2 initially displayed poor loading in an
electrolyte containing no deliberate additive. With anodic strips accompanied by the
addition first of Al, then of 5i, the maximum loading obtained during a ramp
increased progressively (but not sufficiently). This cathode showed little tendency
for decreased loading with time (or i during a ramp).
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After hours of eycling, the surface protrusions are electrically equivalent to cylinders,
0.046 cm in diameter, 0.036 cm high and at average spacing ~ 0.2 cm. A small amount of
redistribution accurs after the high current anodic/cathodic cycling is stopped. Later it
appears as if the protrusions have somewhat reduced in size (or, at least, effect on
R/RY).

This dramatic redistribution of surface does nol appear to be beneficial in facilitating
deuterium uptake.

Excess Power, In a total of 14 current ramps in experiment M1-M4, excess power was
observed on only 3 occasions: the first ramp of M1, and the first and third ramps of M4.
In two instances, the amount of excess power observed was very small, not much larger
than the determined accuracy of the calorimeter (~ 0.2-0.4%). Only in the case of

M4 ramp 3 was excess power and energy observed with sutficient resolution to perform
further analysis and draw conclusions about the causes and conditions.

Figure 3-83a shows the input, output and excess power for the period of the third ramp
of experiment M4. This plot shows two “bursts” of excess power, each separated by a
period of small {or no) excess power, each lasting about one day. In the first instance,
excess power appears to initiate, with the current ramp, at a current density threshold
of approximately 425 mA cmv2. At constant current the excess power is highly variable.
Two features of the excess power, and its variability, deserve special attention:

1. Insome instances there appears to be a correlation between excess power and input
power, at constant i:nput current.

ii. There appears to be a correlation between excess power (shown in Figure 3-83b),
and an apparently spontaneous variation observed in the measured cathode
resistance (interpreted in Figure 3-33a as a variation in loading).

Both of these apparent correlation’s warrant further scrutiny.
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interesting effect (1.75 W). Between M4 and C1 this increase was achieved by two
means: increasing xma, and decreasing x”. The former is very difficulf to achieve,
reproducibly. It is not at all clear why the threshold value of x° for1 was low, or how
it was lowered. Obviously it is important that we achieve such afl understanding.

The product of 1.2 and 35.5 is 43. As indicated in the final row of the Table in the
previous page, however, the volume (or area) weighted maxXimum excess power for

CI exceeded that of M4 by only 3.6, This difference is contfibuted, at least in part, by the
much larger value of the rate of change of loading, 8x/8t, observed in M4. If we
attribute all of the difference in the specific excess powgr generation rate between

Cl and M4 that is not due to the quantitative differende in the excess parameters (i - i)
and (x - x°)?, then the value of 8x/ &t for M4 was 12 times larger than for C1.

A factor of 12 is the difference between one experfment and another. This also would be
important as the difference between ex perimenré in which scientifically interesting
levels of excess power were observed and thoge which are rejected as yielding null or
ambiguous results. [ad this factor of 12 diffgrence in 8x/ 6t between M4, ramp 3 and
Cl, ramp 1 not occurred (or in M4 it had bgen a factor of 12 less), then the excess power
observed would have been at the threshold of calorimetric detection.

[t is important to recognize that in nej
maximize 8x/8t. Quite the contrary

er case, M4 or C1, was an attempt made to

oth experiments were operated at constant (or
slowly changing) currents, temperatures, and gas pressures; the three variables most
likely to influence loading. What fluctuation in loading did occur, and in both cases it
was significant and varied, og€urred apparently spontaneously; we observed the effect,
we did not conlrol it.

As for the threshold vatues, particularly x" it is important that we understand what
causes fluctuating leading, how we can control it and increase it to produce excess
power more effigiently.

Attempts nrade to stimulate 8x/8t by stepping and pulsing the current at low and high
(RF) {;‘Eﬂ;ﬁucies were not successful. Even the very large current perturbations and
oscillatons, the values of 8x /8t induced were small compared to those which occurred
apparently spontaneously during M4, ramp 3. Furthermore, large current perturbations
(ot least those examined so far), appear to reduce the average loading, so that neither a
loading flux or excess power was observed.

Nuclear Products. A significant amount of excess energy was produced in experiment
M4, more than can be accounted for by known chemical and mechanical processes. Tt is

therefore appropriate to search for products of potential nuclear reactions which may
give rise to excess power and energy.
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The mass flow calorimeters, because of their size, complexity and the need for
environmental isolation, are not provided with on-line nuclear detection capability.
Tnstead, three integrating monitors were provided for experiment M4. These monitors
had the capability of detecting integrated:

X-rays
neutrons
helium.

The capability to detect x-rays, integrated over the experiment duration, was provided
by placing Kodak dental x-ray films, size 00, outside of the 1T mm PTFE liner around

the electrolyte chamber. At the termination of the experiment, after 1840 hours

(> 2.5 months) of operation, it was found that water damage had rendered the radiation
film badges unreadable. We are therefore not able to draw conclusions regarding the
production of X-rays or other penetrating radiation, and its association to excess heat
praduction.

The capability to detect integrated neutron flux, as well as x- and gamma rays, was
provided by placing commercial (Radiation Detection Company, Sunnyvale, CA)

LiF Thermoluminescent Dosimeters (TLD's) inside quartz tubes in the electrolyte. Four
TLIY's were placed inside two quartz tubes. Two other TLD's were kept as blanks ina
lead storage container during the experiment. These blanks were developed along with
the TLD's from the cell. The results from the cells M1, M3 as well as the blank samples
were all less than 30 mRem as shown in Appendix 2. The configurations for cells

M2 and M4 were such that no TLD's could be placed in the cell, It is obvious from these
results that no neutron flux was detected by this method. In fact, the cutput measured
in these cells was always somewhat less than that measured in the blanks because the
duration of time spent underwater reduced the exposure to ambient neutrons to below
that seen by the blanks in a 2" thick lead cabinet.

In an attempt to measure rates of helium production, the gaseous contents of gell

M4 were sampled four times during the experiment, and subjected to analysis for *He.
These analyses were performed by the U.S. Bureau of Mines at Amarillo, Texas. The
sample times and results are presented in Table 3-7.

Table 3-7 N
Summary of Helium Analysis

)

Sample Duration Date Time ppm
1 669.4h /16194 15:07 1.558
2 810.2h 822194 11:55 1.6681
3 11T2.Th 9/0a6/24 14:30 0.340
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4 1407.7h Br16/94 09:30 2077

Excess power was first observed in M4 during the third current ramp at ~ 530 hours
(8/10/94 19:44). At this time the current density i = 475 mA cm- and the loading
D/Pd = 0.88. Excess power continued with some variability, reaching a maximum of
375 mW (~ 2% of Pin), and terminated abruptly at ~ 668h. At this time the current
density i = 957 mA cm-2 and the loading D/Pd = 0.86. The energy integrated from the
excess power in this period was §2.45 k] or 9.27 M]/mole of Pd.

A sample of gas was taken almost immediately following termination of Py

(Sample 1, at 669 h) and found to contain 1.556 = (L007Y ppm of *He. A second sample
was taken 5.9 days later (Sample 2, at 810.2 h) and found to contain 1.661 + 0.009 ppm
of 1He.

Sample 1. If *He is produced in the manmner suggested by Miles and Bush via the
reaction

D+D — He + 224 MeV
then from §2.45 k] we expect
& atoms x 10° x 22400 em? /mole (at STP)

NxV 1,556/ 4) = 3.79
1.556/3.76 = ,Y/

Appm =

where N = Avagrodo’s constant = 6.022 x 10+ atoms / mol

V = Volume of cell plus manifold = 250 ecm?

§2.45 x 107 ]
(22.4 x 106 eV/atom) (1.6 x 1077 Jf'ev)

f
L D7
=230 x 1010~ Iy

U by of — l4,0” |

thus 1:} 0w §

Aatoms =

Appm = 3.42 ppm

Given an (assumed) starting concentration of [*He] = 0.34 ppm (the value in the starting
Dz gas - see subsequent discussion of samples 3 and 4), then the “expected”
concentration of 4He is
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PPMexpected. = 3.42 + 0.34 = 3.76 ppm

Insample 1, Grd@. of this amount was found. - ! ]

Sample 2. The gas sampled at 669h (Sample 1) had 1.556 pprm *He. The volume of this
sample, reduced the system pressure by 0.73 Atm., from (.69 to - 0.04 Atm. gauge.
Using gas from the D; source, the system pressure was increased by 0.59 Atm, to

0.55 Atm. gauge. . \%\ Q}Q;_)&(}vm

Given a system volume of 250 em?, and a helium content of 0.34 ppm in the make-up
Dz gas (subsequently verified), we can calculate the expected value of *He in Sample 2.

0.96 Atm. x 1.556+0.59 Atn. x (.34 L

1.35 Atm. /.{3

Sample 2 contained 1.66 ppm; 0.53 ppm more than “expected”.

pp lTlA:xp-x ted T

=1.13 ppm

Discussion of Samples 1 and 2. Sample 1 was lower in *He, than predicted by the
Miles Bush mechanism, and sample 2 was high. Two opposed hypotheses are offered:

1. Helium is not sourced with Pys by the mechanism of reaction [1], and the He
measured originates by air in-leakage or by poor sampling procedures.

2. Reaction [1] is relevant, the integral power excess is measured accurately, but the
release of ‘He to the gas phase is subject to an appreciable delay.

These hypotheses are discussed below with reference to the analyses of
Samples 3 and 4.

Sample 3. Sample 3 was measured after extensively flushing the (operating)
calorimeter with D; gas. This sample reflects any residual *He in the cell, the *He level
in the Dz purge gas, and any in-leakage of ambient air due to poor sampling technique.
The value of 0.34 £ 0.01 ppm is consistent with samples previously taken by B. Bush of
other D; gas cylinders, suggesting:

; J
o
a. The gas in the cell was adequately purged Wiy II‘: *j‘ﬁr Qif
60
b. Thesampling effectively excludes room air. ; 555” ‘I.IJ 87 ATy

Sample 4. Sample 4 was measured 9.79 days (8.46 x 10° 5) after Sample 3. During this RS?
time the cathode was ramped from 0.1 to 3.1A at 25 mA /hour, held at 3.1A for ~ 2 days,
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and subjected to current oscillations 3.1/-0.001A with a 4 minute period twice for a total
of ~ 2 days. The cell was also subjected to a “mini-boiloff”, with the mass flow stopped | :
for 76 minutes; during this time the cell electrolyte temperature rose to 57°C (from 45°C) 22

In the period between samples there were 5 instances of rapid loading or de-loading
(large Bx/ot) and the cathode attained a maximum loading of D/Pd = 0.918. b

RS

. : _ gl
Excess power was not noted during the period between samples. Under steady state b@\ N
conditions, Pw = 0 + 20/-50 mW. Several features of the calorimetric balance should, \ q}\ﬁ
however, be noted as unusual. ‘5':\"

i. Because of the temperature step and current steps, the calorimeter was at significant
remove from its steady state for long periods of time (10-20% of the between sample
period).

i, The thermal baseline was not well established. Prior to the ramp, the calorimeter
was 10-20 mW above thermal balance, while at the end of the ramp the calorimeter
was 40-50 mW below thermal balance even with the non-steady state correction
applied.

iii. During the two periods of current oscillations the calorimeter was apparently
endothermic, by as much as 100 mW.

Hypothesis 1The helium sourced between purging at Sample 3 and Sample 4 can be
calculated as:

Appm 350cc

A 5 = : 6.022 x 10%
atoms 10° 22200 1.022 % 10
=117 x 10
Atime = 979days=846x10°s
Source = 1.38 x 10W atoms /s

We can imagine that the source of this helium is one of the following:
L. ‘Diffusional in-leakage of *He contained in room air.

ii. Convective in-leakage of ‘He contained in room air, either progressively, or at the
time of sampling,
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iii. Unobserved production via D + D — 4He (or some other reaction)

iv. Slow release of *He previously produced or occluded.

1. Diffusion

CA
Diffusional flux, F =— males s-1
where D = diffusion coefficient
AC =  concentration gradient
A = available area for in-diffusion
! = effective thickness of diffusing area

We can define a parameter

DA B
"1 ae e

Assuming constant and uniform in-diffusion,

— Claitisl +
§ — ¥ al.
AC=Cy + ——= G

Cinitial + Crinal
301 2

Cair =5.7 ppm

Cinitiat = 0.34 ppm

Ciinat = 2.077 ppm
= AC = 449 ppm

=449 ppm

_ (Appm) 250 cm?®
= At
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(2077 - 0.34) 250
~ B46x 105

= 5.13 x 10~

X=F/AC = 114x10" om &

i

This diffusional rate is large. It represents ~ 0.4 cm*/ day which seems too much. If we
ascribe all of this diffusion to the ceramic member holding the electrical teed-throughs
(A =10 cm?, | =0.2 cm), then Deeramic = 2 x 10°% cm? 571; this is much too large a number.

i, Convection

The pressure in the system varied from (1.6 to 1.05 atmospheres sbove ambient in the
period between Samples 3 and 4. When corrected for temperature, the pressure was not
noted to change at all. There is therefore no reason to suspect convective leakage of gas
out of the system, and much less reason to suspect convective in-leakage.

Had in-leakage occurred, we can calculate how much room air (at 5.7 ppm “He) would
be needed to ingcrease the conceniration in 250cc from 0.34 o 2.077 ppm.

2077 -0.34
Vieak = S p 250

=76 cm?
This value seems implausibly large.
iit. Production
If *He were produced by a reaction such as

D +D — 9He + 22.4 MeV

we must ask the question whether or not we should have expected to observe
calorimetrically the associated power or energy.

From the previous calculation, we need to account for 1.17 x 101° atoms sourced in
8.46 x 10° 5 (1,38 x 100 atoms s1).

For reaction [1]

s = (138 x 1019 (224 x 105) (1.6 x 1019
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=495y 102 W
Ee = (1.17 x 10'%) (22.4 x 10%) (1.6 x 10'%)
=418 x104]

Given the state of the calorimeter and the number of transient events occurring it is
possible (but not likely) that there is a baseline error of 50 mW; this reflects < 0.4% of the
average input power, which is the nominal accuracy of the calorimetry. It is also
possible (but not likely) that 40 kJ of excess heat could have been sourced during one or
maore of the calorimetric transients, and not seen.

We therefore cannot rule out the possibility that *He was sourced, with excess heat, in
the method reported by Miles and Bush.

i Hideoirt

Excess power was observed in this calorimeter, and ‘He measured, some 20 days

prior to sample 3. Immediately prior to sample 3 the cell was flushed with D; at

~ 10 em?*/min. for ~ 18 hours; in this time the gas in the cell and manifold was
presumed Lo be equilibrated with that in the [; bottle.for ~ 18 hours; in this time the gas
in the cell and manifold was presumed to be equilibrated with that in the D; bottle.

Since the gas flow enters and leaves at the top of the cell, this equilibration is less likely
to have taken place with the *He contained in the cell electrolyte (130 cm?), the cathode
(0.08 cm?) or the PTFE parts of the cell (~ 100 em?). We do not know what the partition
coefficient for *IHe is between Dz gas, LiOD, PTFE and Pd metal. Nor do we know the
effective diffusion coefficient of *He in PTFE or the rate at which *He sourced within Pd
might be expected to leave. Given a Henry's law coefficient of 5-8 ppm for He in DO
and PTFE, however, there is certainly sufficient storage capacily to source the observed
helium even with some remaval during purging with [D2 gas. We do need to consider to
what extent the cell parts, including the electrolyte, were saturated with helium
{(equilibrated with 5.7 ppm in the air) at the outset of the experiment.

Hypothesis 2. Tn attempting to evaluate a *He mass balance on the basis of hypothesis
2 (nuclear source), two critical pieces of information are missing: the helium content of
the cell immediately before the initiation of excess heat production at 530h, and before
purging at 1154h. We can make progress by assuming that, as intended (a, b) or claimed

(c):
a. the system is helium leak tight

b. the initial helium content is that of the Dz gas cylinder (= Sample 3)

¢. helium is produced by reaction [1]
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Sources of *He Atoms
Initial inventory from [, 3.9 x 108
Excess power 530-658 h 2.30 x 1010
[ top-up 690 h 1.4 x 10
Dk top-up 815 h 1.0 x 1015
D2 fll 1173 h 3.7 x 1015
Sum 3.30 x 1016
Sinks of *He Atoms
Sample 1 at 669 h 7.6 x 101
Sample 2at810 h 2.2 x 1018
Purged volume before Sample 3 Unknown
System volume at Sample 4 1.40 x 101

Sum 2.38 x 1ne

Clearly, if volume purged before Sample 3 contained = 9.2 x 102 atoms (= 1.14 ppm),
then a mass balance can be achieved. The inequality is employed because we cannot be
certain that all #He had been released into the gas at the time of Sample 4. This
estimated concentration is entirely plausible, but not provable.

In this model, *He is created before Sample 1 (presumably in the cathode, by reaction
[1]). This helium is not, however, immediately available in the gas phase where it is
accessible for sampling, Instead, the helium is slowly released over a period of a month
or 1maore,

Diffusion within the metal itsell, might explain this time-constant. Alternatively, hold-
up in the electrolyte or PTFE parts could supply the mechanism of delay. Tt is possibly
of significance that the large *He concentration in Sample 4, followed the extended
period of temperature pulsing and a temperature step in this sample period.

Conclusions

1. We cannot rule out the possibility that "He was sourced during the period between
sampl{aﬁ 3 and 4, or that the measured helium represents a hold-over from helium
previously dissolved in 2.0 or PTFE.

2, In the event of delayed release, a satisfactory mass balance can be abtained for 4He
on the assumption that

a. the system is helium leak tight, and
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b. the helium is sourced by reaction [1].

3. Convective in-leakage during cell cperation or sampling seems a very unlikely
source of the measured 1He, and diffusional in-leakage, while possible, would be
very hard to account for quantitatively.

4. The possibility of He hide-out and slow emergence into the gas phase must be
tested by experiment. This applies to both the 1He thought to be produced by
reaction [1] and to an initial inventory of ‘He in the LiOD and PTFE, due to
equilibration with the ambient.

5. Definitive statements will be difficult to make about *He production in this or future

experiments unless or until it is measured at several times the ambient background
level.




