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| have carried out the study of hydrogen isotope reactions in the presence of palladium
nanoparticles impregnated into oxide powdéy. goal was to explain the mechanisms of heat
generation in those systems as a result of exposure to deutgaaifsomeresearchers have
associated this heating withnaiclear reaction in the Pd lattid&/hile someearlierexperiments
showeda correlation betweethe generation oéxcess heat andelium production as possible
evidence of a nuclear reactiahg resultsof that research haveot been replicated by the other
groups and the search for radiation was unsucceslfierefore, theunknown origin of the
excess hegiroduced byhese systems of great interest

| synthesized different types of Pd andim@pregnagéd oxide samples similar to those
used by other research groupsised dferent characterization techniques confirm that the
fabrication method | used is capaldt producingPd nanoparticles on the surface of alumina
support. | use custom built galoading system to pressurize the material with hydrogen and
deuterium gas while measuring heat output as a result of these pressurikéyiomsal study
confirmed the excess heat generation in the presencgewkrium. However, thén-situ
radiometry and alphparticle measurements did not show any abnormal increase in counts above
the background levellin the absence of nuclear reaction products, | decided to look for

conventionathemical process that couddcount for thexces heat generation.



It was earliersuggested that Pd in its nanoparticle form catalyzes hydrogen/deuterium
(H/D) exchange reactions in the material. To prove the chemical nature of the observed
phenomen&demonstrated that the reaction careliker exe or endothermidased on the water
isotope trapped in the material atie type ofgas provided to the systerfihe H/D exchange
was confirmed by RGA, NMR and FTIR analydigjuantified the amount of energy that can be
releasedlue to the H/D exchange apdvedthatthe heatgeneratedluringthe experiments can
be fully accounted for by this chemical reacti®dased on these results | concluded that the
origin of the excess heat generated during deuterium loading -oaiaparticle materials is
chemical réher than nuclear.

| also looked atwvhich measurement artifacts can result in apparent heat generation. |
suggested that the presence of a thermal gradient within the system can alter the temperature
measurement baselin@hich wouldthenlook like anomabus heating under gas pressufeo
test the hypothesis | experimentally enhantezimal gradients in the gésading systemand
successfullydemonstraté the effect.By usinga commercially available finite element solver |
matched experimentand simulted datato quantify the mgnitude of the thermal gradient
required to produca measurableffect. Based on my observationsproposeda technique that
would ensure the proper gésading system calibratioand help to avoid any misinterpretation

of the results.
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CHAPTER |

INTRODUCTION AND THESIS OUTLINE

A. Introduction

According to the International Energy Outlook 2011 (IEO2011) reference (thSe
Department of Energy, 2011he world energy consumption is expected to grow by 53% from
2008 to 2035. As a result of grong demand and limited supptyonvent i onal energ
prices are on the rise. Once again weiarasearch for alternative energy sources. Shifts from
primary to alternative energy sources have happened before; the reason for the transition from
wood to soft coal in the early $&entury was economicoal was cheap and abundant. These
days societys looking for not only coseffective, but also environmentally friendly and safe
alternative energy sources that have an inexhaustible supply.

Alternative energy is a broad term usually applied to nuclear power and renewable
sources such as solar,nali hydro, and geothermal. My research interests lie within a couple of
less common options. The two cases which | will discuss are (1) the investigation of the results
from deuterium loading in palladitimased powdered materials associated with low energy
nuclear reaction (LENR), and (2) the observation of a-pemt energy (ZPE) radiation from
Casimir cavities as a potential vehicle for vacuum energy harvesting.

1) Hydrogen isotopes loading into Pd

In 1989 two electrochemists, ProfSlartin Fleischmann and Stanley Pons, ran an
experiment that resulted in thermal energy production that could not be explained by
conventional chemistry. The two scientists used an electrochemical cell with a Pd cathode
submerged in a ® + LIiOD electrolye (Fleischmann, et al., 1989)he process proposed to

involve a nuclear fusion reaction between deuterons, resulting in helium production at low



radiation levels. The phenomenon was called cold fusion, or a low energy nwdetonr
(LENR). The idea of harvesting clean energy in the absence of harmful nuclear products or
waste was an attractive alternative to the known energy generation approaches. The
announcement made by Fleischmann and Pons in 1989 resulted in a mgssiieental effort
undertaken by scientists around the world. After multiple unsuccessful replications and
withdrawal of some positive results s Department foEnergy(DOE) review panebktatement
was issued n 1 th& &idendé for the discovery of a new nuclear process was not persuasive
enough to st art Thefollewing DOEarévievparganizedia 2004 to look at
new research, reachesmilar conclusions a d d i nngerndl imcnsistendies and lack of
predictability and r epr odWS DepartinenttolyEnergy,B@4)n s er
The statement issued by DOE reflected the skepticism of mainstréamsestowards the cold
fusion phenomenon. From that point on the research was limited and only took place after the
occasional financial infusion. In addition to the original Fleischrri@ons electrochemical
experiments, LENR research included:depositon, plasma glowdischarge, B and H gas
loading in Pd and other transition metals, metal bombardment with energetic particles, bubble
collapse of various metals in,O using ultrasound, and mo(8torms, 2007)Storms, 2010)
Despite the scientific communityos best ef fc
Scientists were in a search of an experiment that would produce consistent results in a repeatable
mannerin recent yearattentionhas been focused on gasding in a variety of Rdanopatrticle
materials because they hawensistentlyexhibited anomalous heat production.

During gasloading the material remains abulk or powdered form while deuterium is
supplied ina gas form(Biberian, 2008) The advantagesf gasloading over electrochemical

experiments are:


http://en.wikipedia.org/wiki/US_Department_of_Energy

9 pressures are easily controlled,

1 operational temperatures can be high,

1 clean environment: the experiment is sealed in the vacuum chamber,

1 somevhat easier analysis: the gaseous reaction products can be analyzed with a residual

gas analyzing (RGA)nNit.

The disadvantages are:

1 itis difficult to achieve very high pressures

1 an advanced vacuum system is required,

1 hydrogen isotopes, pressurized athhigmperatures, possess potential danger if handled

without care.

The most encouraging gésading results were presented by Arata et(Atata & Zhang,
2008) where anomalous heat along with nuclear fusion proddigis) were observed. Arata
used nand’d material in the form of a Ze®Pd mixture, and an alloy composed of Zr+Rd in
powdered form. Figure41 shows the heat measurement results done on the samples during the
exposure of both materials to deuterium and bgdn gases. The&emperature change as a
function of time is Bown after the material made contact with the gas. The temperature change
was monitored by two thermocoupleg; i§ the reading from the probe installed inside the cell at
the location of the saple, while T is the temperature of the outside surface of the cell. When
gas was introduced into the system the amount of heat produced was apparently greater for the
ZrO,+Pd sample than for the Zr+Ni+Pd sample. The reaction in the presence of degesium
generated more heat than the reaction with hydrégtére phenomenon known as an isotope

effect.
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Figure |- 1 Heat evolution after exposing ZrO2+Pd and Zr+Ni+Pd to hydrogen
and deuterium (Arata & Zhang, 2008).

Figure I- 2 represents a quadrupole mass spectroscopy (QMS) analysis of the gas and the
powdered sample. QMS is capable to distinguish between deuterium molecule and helium atom,
where the conventional RGA would fail. However, no clear explanation onriempeal
protocol was supplied by the authors, besides the statement that deuterium exposures resulted in

the clearly visible helium traces.
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Figure | - 2 QMS mass spectroscope data: cases [A] and [B] show relative
concentréon of 4He found in the gas and the powdsraaresult of hydrogen
exposure while [C] and [D] show 4He concentration in the gas and the powder
due to deuterium exposur@srata & Zhang, 2008)

Important details were missirfgpom the report, which diminish the value of this work.
No data were given on the QMS detector calibration, and there was no information on the time

scale of the helium generation eveotsheir correlation with the gas cycling. Still, the reported



resuls (even with the patches of missing information), generated a great deal of interest in nano
materials.

In the years that followed, several groups reported very similar results on Pd nanoparticle
materials. A. Kitamura and his colleagues from Kobe UsitgrJapan, in collaboration with A.
Takahashi from Osaka University, Japan, const
and helium generation in naistzed Pd powders, and to investigate the underlying physies. Pd
Zr oxide nanepowder demosirated an anomalous heating in the presence of deuterium, but
Anot hing other than steady background both in
the i onizing radiati onKitarura,stal, 2808).eSoienssis fromahe ob s e
Naval Research Laboratory, USA, reported exothermic heat generation durihgpdjag
experiments on Pd enriched zeolite and alampowders using a high precisicalorimeter
(Kidwell, et al., 2009) Toyot ads Centr al Research dapah, Devel
used PdZrO, nanocomposites and reported anomalous heating in the presence of deuterium
(Hioki, et al., 2009)

All of the previously reported works hasopided enough evidence that gaading
systems are capable of producing excess heat in a repeatable manner, which can be studied and
evaluated in a laboratory setup.

2) Zero-point energy radiation detection

In quantum mechanics the energy of the systeteraperature T=0 K (or at its lowest
guantized energy level) is called zgroint (ZP) energy. ZP energy is the energy that remains
when all other energy is removed from a system. The most frequently used examples are (i) the

current noise in a resistiveghunted Josephson junction, (ii) the fact that helium remains liquid



at absolute zero and atmospheric pressure, and (iii) the Casimir force, which is now
experimentally measured to the very high precision.

ZP radiation has a frequencybed dependencend assuming that ZP fluctuations
continue to the Planck frequency tiMz), the density of ZP field is enormous. Different
approaches were suggested for harvesting ZP energy to use it as a powe(Batisceet al.,

2006) (Moddel, 2009)

A recently issued patefitiaisch & Moddel, May 27, 200&)escribes a method by which
vacuum energy is extracted from gas flowing through a Casimir cavity. According to stochastic
electrodynamics (SED) the ground state of an electron orbital is assumed to emit Larmor
radiation, which would cause the electron to spiral inward if it were not balanced by absorption
of ZP energy from the vacuum. Mode suppression of quantum vacuumaadsaknown to take
place in Casimir cavities, which gives a rise to already mentioned Casimir force.

Figurel - 3 shows a schematic representation of the vacuum energy extraction process. In
the upper part of the loop gas is pumped first through a megimrounded by a radiation
absorber, and then through a Casimir cavity. As the atoms enter the Casimir cavity their orbitals
spin down in accordance with SED and release electromagnetic radiation (the process is depicted
by the outward pointing arrows}at get absorbed by the absorbing media. On exiting the cavity
at the top left, the ambient ZP field-eeergizes the orbitals (depicted by the inward pointing
arrows). The gas then flows through a pump and-areelated through the system. The system

functions like a heat pump, pumping energy from an external source to a local absorber.
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Figure |- 3 Schematic representation of the vacuemergy extraction process.

Gas circulates through the system. The electrorbitals of the gas atoms spin
down to a lower level as the gas enters the Casimir cavity, radiating the excess
energy to the absorber. Upon exiting the cavity the orbitals aeewjized by the
ambient zergpoint field. In this way, energy is collectéidm the ambient zero

point field and deposited on the absorber.

To establish the feasibility of this energgrvesting approach | carried out a series of
experiments to test whether energy is, in fact, radiated from Casenities when the
appropriate gas flows through them.

B. Thesis outline

In Chapter Il | discuss the properties of nhanomaterials. | hypothesize that the positive
results reported by LENR research with Pd nanomaterials is a manifestation of the strong
catalyic properties of Pd heterogeneous catalysts.

In Chapter Il | describe the techniques | used to fabricate Pd and Pt nanomaterials that
are used later in my experimental work. | discuss the characterization techniques | used to gather

information on the sticture and composition of the fabricated samples.



In Chapter IV | describe the measurement methods | used throughout the experimental
phase.

Chapter V is dedicated to the discussion of the heat measurements | did while
pressurizing Panfused oxide powers with deuterium and hydrogen. In the absence of nuclear
byproducts an H/D exchange chemical reacti@s proposed texplain the heat production in
Pd material in the presence of deuterium, but not hydrogen.

| proceed with a dmussion of the H/D excinge in Qhapter VI.| support the heat
measurements with an extensive process characterization study.

The suggested concept of fuel, consisting of water isotopes trapped in the material that
react with gas, is discussed in Chapter VII. By measuring therisdaveight loss as a result of
a bakeout I assessed the amount of wat er anc
generated heat can be fully accounted for by the H/D exchange reaction.

In Chapter VIII | describe the study of measurement atsféghat can be misinterpreted
as excess energy production during-lgesling experiments at elevated temperature.

In Chapter IX | apply the H/D exchange theory to electrolytic experiments to quantify the
H/D exchange contribution in excess heat germmati

Conclusions and directions for future work are discussed in Chapter X.

In Appendix- A, | describe the experimental work on detection of the-peiot energy
radiation as a result of the gas flowing through the Casimir cavities. The Appéhdontains a

reprint of apaper published earlier.



CHAPTER I

REVIEW OF NANO-CATALYSTS

The anomalous effects described in the previous chapter were demonstratedRanano
onoxide materials, which are well known catalytic systems. Catalysis is a surface phenomenon,
and hence an efficient catalyst must have a large surface area, implyitigetlative particles
must be small. Small metal particles can be unstable and prone to sintering in order to reduce
their surface area. Therefore, most heterogeneous catalysts consist of particles inside the pores of
inert substrates such as aluminagail titania magnesia, zinc oxide, zirconia, zeolite and others.
Thus, Pdimpregnated alumina appears to be a suitable system to promote chemical reactions in
the presence of hydrogen isotopes.

Let us look closer at the important parameters to considerdaccessful catalyst:

1 high activity per unit of volume,
T sufficiently I ong lifetime khefdoroe aecatal )
reactivated,

1 cheap and reproducible synthesis.

Obviously, a high volume manufacturer will impose more samct detailed requirements
on catalystos properties, but these three sti
Metal catalysts (the systemwiasdealing with) are used in the fiodemical industry to
perform hydrogenations and oxidatioi$e ability of a metal catalysd dissociate hydrogen
and oxygen molecules is directly related to this study and will be discussed in deslainde
Chapter V
Elements forming groups VIII andB of the periodic system are considered to be the

most important metals for catalytic applicasonl wasespecially interested in Pd, Pt and Ni in

10



conjunction with LENR research. All three of these metals havedactered cubic crystal
structure (fcc). The reactivity properties of catalytic surface depend on the number of unsaturated
bonds, availale for reaction. An atom of fcc (100) surface would have four neighbors missing,
which makes it more active than the atom in (111) orientation. However, there are other factors
that come into play during the synthesis. The morphology of the particlaniteter by the
surface energy of the particle itself and the oxide support, on which the particle is deposited.
These two factors determine the thermodynamically most stable configuration and the surface
planes that the particle will expose.

Energy is needetb create a surface, because bonds need to be broken. Thus, in an ideal
situation in free space, small metal particles will always want to agglomerate to minimize the
surface energy. The oxide surface support is what prevents particles from clumpihgrtoget

Minimization of the surface free energy is a driving mechanism of the surface processes.
For Pd and other group VIII fcc metals the smallest free surface energy is associated with (111)
crystal plane. For example, the surface free energy valuesdfaat Rlifferent crystal face
orientation argVitos, et al., 1998)

I p&o ¢ Jin2H & ¢ m ¢& ¢ dm?

However, in the presence of support, the interface energy also plays a role in metal
particle formation. For example, for Pd particles on the surface of alumina the interface energy
was found to be&Jm? (Hansen, et al., 1999hich is highethan’ T ,or[ . That
means that Pd on alumina surface forms particles exhibiting (111) facets rather than spreading
over the support, which was experimentally confirmed by th® $maging (Hansen,et al.,

1999) | observed similar results on crystal plane orientation using XRihitgue (discussed in

Chapter III).

11



CHAPTER Il
PALLADIUM AND PLATINUM CATALYST FABRICATION AND CHARACTERIZATION

A. Fabrication.

Table 1 lists different catalysts that | used throughout my study. More than 20 batches were
fabricated. Incipient wetness and ionic exchange methods were used to prepare samples of
different concentration of Pd or Pt. | used different precursors and diffeesnt types of
supports. In addition to the fabricated materials, | experimented with commercially available
catalyst from Acros Organic. Samples showed some limited variation during gas loading
experiments, however in regard to the phenomena inegstidnere, they all responded similarly.

TABLE 1. List of the catalysts.

Sample type Precursor Support

type 1: 5% Pdonralumina Acros Organic

(commercially available)  CAS:744005-3

type 2: 2% Pan-zeolite Pd(NH;)4,Cl,  molecular geve 13X: SigmaAldrich
283592

type 3: 2%, 1%, 0.5% Pc Pd(NH;),Cl,  80-200 mesh AIO; Fisher Scientific

onalumina Pd(NDs)4sCl,  P/N: CAS 134428-1;

H,PdCl high crystalline U-alumina: American

Elements P/N ALOX-O2-P.30UM 30
50¢ particle size

type 4. 2%Pton-alumina H.PtCl 80-200 mesh AIO; Fisher Scientific

P/N: CAS 1344281
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Wet impregnation and ionic exchange methods are based on the loading of the high
surface area oxide support with a catalytically active phase (precursor). The way the catalytic
material is loaded into the support is a several step process that inclliggHé pores of the
support with liquid precursor followed by baking out the sample at elevated temperature. The
chemical interactions between the solid support and the precursor may play a significant role in
the quality of the resulting materi@Chorkendoff & Niemantsverdriet, 20Q7)he precursor may
be chosen based on the charge state of the hydroxyl groups on the surface of the support. For
example, negatively charged PgfCbr PtCE* will exchange readily with basic OH groups
alumina In the case of the zeolite the iomigchange takes place between the positiveidtts
and the sodium ions in the zeolite cage.

For the catalyst 0s -200/meshhAOg The bldk alomoimatwasy U s e (
baked in vacuum at 350° C for 12 hours to remove residual water. Samples containing different
percentages of Pd by weight were fabricated by impregnating alumina powder with hot
Pd(NH;)4Cl, or H,PdCL in water, forming a slurry. This slurwas later dried either in air or in
an argon atmosphere at room temperature without calcination. Prior to loading into the
measurement apparatus, all the samples were baked in a vacuum oven at 120° C for 24 hours.
This prebaking step results in 2% weightsd due to water evaporation, based on
thermogravimetric analysis (TGA). Some water was still trapped in the material even after
prebake. During the loading there was -& Pinutes period during which the samples were
exposed to air, which resulted in aid@ional absorption of the moisture from air. | will discuss
this in more details in Chapter énd M.

B. Nanocatalysts characterization
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| carried out the material characterization to establish the basic understanding of the structure
and composition ofe fabricated samples. There are several standard methods for characterizing
metals in the catalysts. The three most widely used aray Xliffraction, chemisorptions, and
electron microscopy. The combination of these three techniques provides the tioioromathe
met al particlesd size distribution, di spersio
purpose for characterizing the materi al was
performance and structural features modification &saltrof an experiment.

a) X-ray diffraction

The primary purpose of the-bay measurement was to identify the size of the Pd metal
particles in alumina powder. All measurements were carried out at the US Geological Survey
(courtesy of Dr. Alex Blum). The powdered sample was wetted with alcohol &di ahr the
surface of a polished Si wafer, forming a film. The wafer was loaded into-tiag Apparatus
and scanned at anglgsu  ¢— Tt Figure Il - 1 shows the scan of 2% Pd by weight
impregnated into highly crystalline alumina powdetype 2 sam@ from Table 1. The major
peaks on the scan were identified as alumina and Pd of different facet formation which agrees

with the study by Datye et gDatye, et al., 2000)
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Figure Il - 1 X-ray diffraction scan of 2%Pd impregnated alumina sample.

The Pd (111) particles size information can be obtained from the full width at the half

maximum peak intensity using the Scherrer equafecherrer, 1918)Langford & Wilson,

1978)

where L is the particle size; K is the dimensionless shape factor, which has a typical value of

K/

L=————
(D2g)cos ¢

about 0.9, but varies with the actual shapthefcrystallite}

p® v is the Xray wavelength;

3¢/ is the line broadening at half the maximintensity(FWHM) inradians a n d Bdaggi s

angle. FoiPd (111) peak the patrticle size was found to be 11.7 nm.

The value calculated using the Scherrer equation is usually an underestimate of the real
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http://en.wikipedia.org/wiki/Intensity_%28physics%29
http://en.wikipedia.org/wiki/Full_width_at_half_maximum
http://en.wikipedia.org/wiki/Radian
http://en.wikipedia.org/wiki/Bragg_diffraction

particle size, since it assumes negligible peak broadening from the smheces. Another
ambiguity comes with the shape factor K, which is valid only if all crystallites are of the same
size. A BertauWarrenAverbach (BWA) analysis, which is based on Fourier analysis-tdyX
diffraction peak shape, yields the crystallitdssckness distribution and strain. The modified
version of this method was developed by Drits efllits, et al., 1998)o measure the coherent
scattering domain sizes and strains in minerals. Using this method my dataalasa with
MudMaster custom written softwar@berl, et al., 1996) The result of the particle size
distribution is shown in Figure Il 2. The distribution shape seems to be trimodal (or may be
even 4 modes) with peaks ambi6, 13, and 26 nm. The multimodal distribution could be a result
of multiple nucleation events during palladium crystallization. Indeed, the synthesis of Pd
nanoparticles in alumina was a multistep process, as described earlier in the catalyst fabricatio

section.
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Figure Il - 2 MudMaster analysis result on Pd(111) crystallite size distribution
(courtesy of D. Ebeill US Geological Survey, Boulder, CO)

b) Chemisorption
| alsoused chemisorptioWachs, 1992)o measure the Pd nanoparticle size and to see if
it is changing as a result of my experiment. Chemisorption measures the amount of gas required
to form an adsorbed monolayer on a metal surface. By knowing a total number of absorbed
molecules and the amount and type of the metal, the surface area and the size of the
nanoparticles can be calculated. The most common gases used for chemisorption experiments are

hydrogen, oxygen, and carbon monoxide. The success of the chemisorption negiéodsdon
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knowledge of the conditions under which gases adsorb on the metal. Hydrogen dissociates on the
surface of metaland tlus adsorbs atomically, forming palladium hydride with stoichiometry
ratio of one (adsorption stoichiometry is the numbkethe gas atoms bonded tme Pd atom).

The accuracy of the CO chemisorption measurements is often disputed due to the unknown
adsorption stoichiometry. CO on the surface of Pd can be linearly or {irohgied.

The chemisorption measurement requires a metéeito be free of contamination.
Prior to the measurements my material was bakesitinat 250°C and 390°C for 2 hours in the
presence of hydrogen. After that the gas was evacuated and the temperature reduced to 40°C.

The static volumetric chemisorptianethod was used to measure the particle size and
di spersion. The measurements were done at Pro
and Biological Engineering department at University of Colorado, Boulder (courtesy of Dr. Hans
Funke). In tle static volumetric method the pressure of a known gas is measured; then the gas is
expanded into an evacuated known volume that contains a catalyst, and the pressure is measured
again. The step is repeated several times for different pressures (in mypdasatmospheric
pressure). The measured uptakes describe a dependency of the adsorbed volume vs. equilibrium
pressure, known as an isotherm curve. Two different mechanisms contribute to the adsorption in
the material. One is a chemisorptions, which istrang bonding between gas molecules and
active sites on the surface of the metallic particle (pressure increase sbaffeéct the amount
of the chemisorbed gas molecules); the second mechanism is a weak physiqsehgtiogas is
adsorbed on the surface of the substrate (generally this additional physisorption increases linearly
as a function of gas pressurkjvasinterested in the amount of the chemisorbed gas, which can
be extracted from the isotherm data by tk&agpolation or bracketing method®@uantachrome

Instruments, 2007)Both methods evaluate the contribution of the chemd physiosorption to
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the total adsorption on the surface of the Pd nanoparticles and alumina subsirageboth
methods would insure the accuracy of the characterization technique. This is if both methods
were to give similar answers, but in the case of hydrogen adsorption, the bracketing method was
giving consistently larger particle size values comgdceextrapolation. This was due to the
nature of the process of the PdH formation: at the temperatures and pressures used in the
chemisorption experimentzdets absorbed not only on the surface but also in the bulk of the Pd
metal. That is why the surfa@rea was greatly overestimated using the extrapolation method and
the results were also skewed using the bracketing method. The solution was to switch to CO gas
exposures. | used two as an adsorption stoichiometry fo(Ga@ton,et al., 2002) The results

were again rather scattered: the particle size was between 6.8 and 11.4 nm and the dispersion
between 9.8 and 16.5%.

To monitor the evolution of the particle size as a result of the multiple experimental runs,
two samples wre compared. One sample was fresh, and another one was exposed to more than
40 experimental cycles (see Chapter V for detailed explanation on the experimental procedure). |
expected that the Pd particle si zomaswaoesultaf i ncr
my experiments. The chemisorption measurements confirmed my hypothesis: tHespgiréie
from 5.7 nm to 11.5 nm (the quantitative analysis may be off due to the issues described earlier,
but the qualitative trend was confirmed).

c) Transnission electron microscopy (TEM)

TEM measurements were done to confirm the size of the Pd nanoparticles. TEM imaging
was done in the Molecular, Cellular, and Development Biology center at University of Colorado,

Boulder (ourtesy of Troy Gould). Figure IH 3 (a) shows one of the several images of the 2%
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Pdimpregnated alumina samples. ImageJ software was used to measure the diameter of the

particles from the images. The particle simgribution is shown in Figure IH3 (b).
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() (b)
Figure Il - 3 2% Pdimpregnated high crystalline alumina (a) TEM image shows

the Pd nanoparticles as the dark spots on the lighter alumina surface, (b) Pd
particle size distribution based on the measurements done from MheTdges.

The distribution shape suggests several nucleation modes, similar to XRD. Based on the
TEM, the peaks of the multimodal distribution are around 5.5, 8.5, and 11.5 nm. The main peak
is around 5.5 nm. The TEM analysis has confirmed that my faiomcenethod results in the Pd
nanoparticle formation on the surface of the oxide supportméhnparticle size in the order of
5-6 nm.

Chapter Ill conclusions
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Material characterization was done using XRD, chemisorption and TEM imaging to establish
abas ¢ understanding of the catalystodos structur
method described in Chaptémias capable of producing Pd nanoparticles incorporated into
alumina powder. Based on TEM analysis, iteansize of the metal nanapticles was % nm.
Chemisorption analysis showed agglomeration of nanoparticles as a result of myfiple H

exposures. The significance of the last statement will be discussed in Chépter VI
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CHAPTER IV
MEASUREMENT METHODS

In the absence @unified LENR theory, the question of possible reaction prodsstsl|
unanswered. A variety of measurement techniques were used to detect radiation or transmutation
products(Storms, 2007) but what seemto unite all LENRexperimentsis the excess heat
generation events. This fact explains why the majority of the experimental LENR work relies
heavily on calorimetric measurements.

A. Introduction to calorimetry

Calorimetry is defined as the measurement of fldatnminger & Hohne, 1984nd is
associated with a heat flux. By measuring heat exchange between two systems we can
guantitatively assess the amount of energy (chemical, nuclear, electric) generated or absorbed
inside the calorimeter. In these of the gakading experiments the amount of released iseat
usually small compared to the rather large applied power, whattesprecise calorimetry very
important.

The two systems involved in heat exchange are the measuring system, and its
surroundings. The heat flux between the measuring system and its surroundings is mediated by
thermal resistance.

Three operational modes of calorimeters are available:

i isothermal,

1 adiabati¢

1 isoperibol.

Each of these operational modes is described by ianeeneters:

1 temperature of the surroundings
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1 temperature of the measuring system

1 thermal resistance between the measuring system and the surroundings.

| worked in isoperibol operational mode, which is described by a constant temperature of
the surroundigs, with a possibly different temperature of the measuring system, and a finite
nonzero thermal resistance between two. To satisfy the requirements of the constant
surroundingsd temperature I used an i sot her
tempeature baseline within 0.@T. The oven contained a measuring system made up of a
stainless steel vessel filled with reactive material. Thisugas described in more detail in the
next section.

B. Experimental apparatus

| used two apparatuses for mgasloading experiments, and two different types of the
sample holders (vessels). The f@eding experiments in one apparatus were completed in a
range of temperatures from gD to 39@C, while the experiments completed in the other

apparatus were done4daC. Figure V- 1 shows the block diagram of the experimentaiuget
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Figure IV- 1 Gasloading system for excess heat measurements.

The main components of my gesding apparatus were:

1 An isothermal chamber (an HP @BA gas chromatograph oven) to provide constant
temperature surroundings with a temperat
temperature uniformity across the oven was achieved by constant air flow produced
by a heater and a fan on the back panel ofotren. The temperature of the oven
could be set anywhere between 40eC and 40

9 Stainless steel vessels to hold the maténighe isothermal oven (Figure IV 2).
Temperature changes due to reactions in the material were registered by either

thermistorsconnected to the surface of the vessel (Sensor Scientific Inc. glass probe
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10 kq thermistors p/ n: SP43A10310) , or
(Omega RTBONPT-72-E-MTP-HT) screwed into theottom of the vessels. Figure IV

- 2 shows the inside of éhisothermal chamber where the vessels were attached to the

gas |l ine. Temperature changes that e XCec¢
fluctuations were associated with exothermic or endothermic heat generated in the
system.

A gas line to connect the s®els to the gasupply cylinders. Four different gases

were supplied to the vessels, ahd b were supplied through an oxygeemoving

hydrogen purifier. The Pgas was 99.9% pure and the dghs was 99.99% pure. Ar

and He were supplied directly through the gas lines bypassing the purifier. The
system could berpssurized up to 20> Pa Q0 torr). Evacuation of the system

was done using a turbmolecular pump down to the t®a (10’ torr) level. With the

valveto the pump closed, the stainless steel vacuum system would outgas t& the 10

Pa (10° torr) level. There was a section of the pipeline connected to the vessels that

was shared by the gases. However, the pressure of the gas in the pipeline during the
presurization step wasine orders of magnitude higher tharile evacuatedwhich

made the residual gas contribution negligible.

Mass flow controllers to control gas flow, pressure gauges, and a residual gas
analyzer (SRC RGA200) to collect the data on bgipots of the reaction were also

used
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(b)

Figure IV - 2 Vessels containing material inside the isothermal chambers: (a) the

high temperature sefp for experimentsruap t o 390e¢ C; (b) the | ow
setup for experiments run at 40eC. The t empe
achieved by constant air flow produced by a heater and a fan that can be seen at

the back panel of the oven.

A typical run consisted (fl) pressurization by a gas of choice, (2) a period of time when
the vacuum system remained under pressure, and (3) an evacuation step. Heat production or
consumption, as a result of the reaction with the gas, was determined from temperature changes
in the vessel, whose transient temperature can deviate from the constant oven temperature
baseline. Net positive temperature change as measured by the temperature sensors was
considered as heating, and negative change as cooling.

System control, temperature gmessure data acquisition were carried out with LabView
software.

C. Calibration (isoperibol calorimetry)
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Heat released or consumed by the vacuum system during tHeagasload cycles
resulted in temperatuhanges for the vessel containing the samgies& temperature changes
(T[t]) were measured by the temperature sensors. Sircgadoading apparatus was not a
direct calorimetric setip, additional calibration and data manipulation was done to convert the
temperature change into power. The excessep generated by the vacuum system is described
by the calorimetric equation:

dT
P=C M— T
P dt e

where C M is the equivalent heat capacity of the systémis the heat transfer coefficient, and

DT is the temperature chan@diles & Fleischmann, 2009'heC_M and k. are parameters of

the specific setip and experimental protocol. Once determined for a given configuration, they
can be used for subsequent runs on the same system.

The vessel, filled with blank alumina powder, was pressurized with hydrogen. In this case
the only heat source was the heat dissipated from the gas compression. The resulting temperature

change was plotted over tenand shown in Figure V3.
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Figure IV - 3 Experimental curve for the lotemperature systenesup: (a) the
temperature change due to pressurization of the system up to 1200 torr

Using the known vessel parameters (volume and pressure) | linked the measured
temperature change to the heat of the compression, which was 2.3 J. During pressaagation
of the heat dissipated due to conduction. That data allowed me to calculate the heat transfer
coefficient (Q).

When pressurization was complete, it took a certain amount of time for the vessel to
come back to thermal equilibrium with its surroung$ (this is reflected in the cooling down
portion of the temperature plot Figure IV - 3). The cooling downprocess was governed by

heat conduction and equivalent thermal m&M{ constants, and can be written as:
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Qo
This differential equation can be rearranged to

— — Q0

and when integrated becomes
I Ty "y —0.

The equation is in the forrd | «and is shown in Figure IV 4. To reduce the noise

associated with the measurementid 5" order fit of the cooling down portion of the curve

from FigurelV - 3 before proceeding wit@,M calculations.
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Figure IV - 4 The cooling portion of the curve frofigure IV - 3 plotted as a
natural logarithm of the temperature change over time: a linear fit determines the

slope of a temperature decay
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The value ofC,M wasderived based on the temperature decay stbpe, Q76 0 0,
wherek; was calculated earliefypaseinelS the temperature of the vessel before the pressurization
started. For the system that was equipped with vessels for the low temperatw@) (40
measurements, the calculated parameters i@re: g oW K*andé 0 p n&yJ K. For
the hightemperature measurement apparatus the coefficients i@re:mex &V K™ and
60 x @JIKL

D. Evaluation of the measurement error bas

Excess heat was calculated for each run by summing up heat released during
pressurization step and heat consumed during evacuation which follows the chemical notion
where exothermic heat is a negative value, while endothermic heat is positive. Thateraper
change over time T(t) was converted into power change over time P(t) using the calibration
coefficients calculated in the previous section. By integrating P(t) signal over time, | evaluated
the amount of heat produced/consumed by the system. Invegveas done over fixed time
intervals: 4000 s during pressurization and 5000 s during evacuation. Second time interval was
longer since desorption of the hydrogen isotopes is slower process compare to almost
instantaneous absorption.

Variation within theintegration was calculated as a root mean square (RMS) of heat of
desorption values from 20 different runs and was found to be 2.2 J.

The systematic error was accounted for when calibration congiardad |=_JJ were

derived. Thus, the system is catesed to be free of the systematic error.
E. Radiometry and alpha particles measurements
According to some LENR theories, alpha particle generation and energy release are the

result of conventional deuteron fusion:
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To test these theoriesmeasured radiation levels and alpha particle emission during gas
pressurization cycles to trace possible nuclear products. Following the isotope effect
assumptions, the nuclear products should have been released during the exposure of the material
to deuteium gas, and not during exposure to hydrogen.

a) X-ray measurements

Using a Geiger counter (Ludlum Measurements model 2241, LND tube mo€2t)or
tested 2%Pdmpregnated alumina in the presence gBHd [ gases to detect a radiation signal.

The stainles steel vessel had a machirezening (see Figure IV5 [a]) through which
the Geiger tube was inserted. The tubebds wind
the detector was permanently secured to the stainless steel vébsélovpart epoxy(see

Figure IV- 5 [b]). The vessel containedgeof 2%Pdimpregnated material.
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(@) (b)

Figure IV - 5 (a) The stainless steel vessel and the Geiger detector; (b) the
stainless steel vessel with the Geiger detector inside the oven and ready for
testing.

The Geiger detector registered an increase in cairabou2x10 Pa (150 torr) during
the initial pump downThe system was then pressurized with hydrogen and deuterium four times
and pressurizations were done up to atmospheric pressure. The system was evacuated down to
10° Pa between the runs. Radiation bursts vaémays observed during the evacuation step for
all four deuterium and hydrogen runsasiput2x10* Pa pressure. Similar results were observed
from the runs with an empty vessel (no material): the counts increase was olusgyvedring
the evacuation stept the 2x10 Pa pressure. There was no increase registered during the
pressurization step, when the gas wawihg into the system. Figure IV6 shows the radiation

counts and the pressure change inside the vessel holding taterial. An explanatiofor this
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observed effect could be a leaking Geiger tube, with gas that was ionized when pressure dropped
to the certain point. The question on why the same effect was not observed when the pressure

was rising during the pressurization remains unanswered.

Figure IV - 6 The radiation counts and deuterium pressure changes inside the
vessel. The radiation spike was observed at 2R&0during the evacuation step.

b) Alpha particles detection
To measure alpha particle emission | ua€puad alpha spectrometer, Md&404, from
CANBERRA. Figure IV- 7 showsaview of (a) the spectrometer and (b) a sample holder against

the detector.
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