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Elastic parameters (the Young's, shear, and bulk mod-
uli; the Lamé parameter; the Poisson ratio; and the Debye
temperature) and shear damping anomalies accompa-
nied by the generation of excess heat (not less than 6 W)
were observed between 116 and 190 K in deuterated pal-
ladium, PdDy 7,9, suggesting dynamic interactions among
deuterons squeezed between tetrahedral and octahedral
interstices in the palladium face-centered-cubic lattice.

INTRODUCTION

Since Fleischmann and Pons' and Jones et al.? re-
ported the possibility of the nuclear fusion of deuterium
induced by electrochemical means in palladium at am-
bient temperatures, much work on the reproducibility of
nuclear fusion has been carried out. Two areas of focus
are the experimental confirmation of cold nuclear fusion
and the theoretical mechanism for the nuclear fusion re-
actions. Confirmation has been sought for neutron,
gamma-ray, tritium, and excess enthalpy measurements.’
Indeed, in the conventional electrochemical method, Tak-
agi et al.* and Numata et al.’ observed burstlike neutron
emissions with a 2.45-MeV energy spectrum at ambient
temperature during long-term electrolysis of palladium,
which exhibited a more negative potential than that ex-
pected from the Tafel relation at a current density of 100
A/m?. The sporadic nature of neutron emission and the
anomaly of the electrode potential were attributed to crys-
tal imperfections such as lattice defects and grain bound-
aries. For the nonelectrochemical method, Menlove
et al.® observed burst and random neutron emissions from
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titanium, which was subjected to deuterium gas and, sub-
sequently, to multiple liquid nitrogen temperature cycles
at ~243 K.

However, many objections have been raised with re-
gard to the reproducibility of the cold nuclear fusion
experiment.”"" In situ electrochemical methods are not
necessarily suitable techniques for studying the repro-
ducibility of nuclear fusion. Good reproducibility can be
obtained from physical measurements of solid-state deu-
terated palladium and/or titanium. No one has reported a
relationship between the generation of heat and solid-
state physical anomalies for deuterated palladium, as far
as we know.

Our interest lies in determining all the elastic moduli
(Young’s, shear, and bulk moduli; Lamé parameter,* Pois-
son ratio; and Debye temperature) and both dilational and
shear internal frictions as well as the Debye temperature
of the deuterated palladium at low temperatures from the
standpoint of solid-state physics as opposed to the elec-
trochemical data reported so far. As far as we know,
no previous research has been conducted on the low-
temperature, simultaneous measurement of all the param-
eters for the deuterated palladium, using both longitudinal
and transverse waves with the same frequency. It is well
known that the elastic parameters and the dielectric con-
stants are important parameters for the evaluation of the
physical features of solids. Because the longitudinal wave
interacts with electrons and the transverse one lacks such
interactions, simultaneous measurement provides such
useful information about structural changes, lattice in-

Lamé constants in isotropic solids are generally defined by
two elastic constants, Cy, and Cyu4, in the 6 X 6 elastic con-
stant matrix. Strictly speaking, because Lamé constants are a
function of temperature, “Lamé parameter” is used in place of
“Lamé constants” in this study.
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stabilities, and electronic contributions for deuterated pal-
ladium. If the lattice of the deuterated palladium shrinks
on cooling to a critical radius for the dynamic reactions
of deuterons, as suggested by the study of Menlove
et al.,’ the lattice system may experience changes in elas-
tic behavior. Attention is given to the generation of ex-
cess heat in terms of atomic confinement in interstices of
the palladium face-centered-cubic (fcc) lattice.

EXPERIMENTAL METHODS

The cold wrought 99.95% pure polycrystalline palla-
dium rod® with a grain size of ~65 um was first machined
in the long form, which is composed of a 7-mm-diam,

®Qbtained from Nilaco.

ELASTIC ANOMALIES AND HEAT GENERATION

9-mm-long rod and a 12-mm-diam, 40-mm-long screw
with 1.75-mm-pitch threads to avoid the loss of ultra-
sonic wave propagation between a specimen and a wave-
guide. The former is used as the specimen, and the latter
is taken as the waveguide for longitudinal waves. The
threads prevent the generation of spurious signals by mode
conversion at the sides in one run.'? The form is shown
in the cryostat system in Fig. 1 and is described in more
detail later. The specimen with the waveguide was an-
nealed at 1073 K for 10.8 ks in a 1-Pa vacuum and then
cooled at a rate of 0.1 K/s in argon at ambient pressure.
We subjected the specimen to further pretreatments: acid
treatment for 10.8 ks and anodization at a current density
of 0.3 A/m?. The specimen with the waveguide was
treated as an electrode bar under the following conditions.

Electrolysis was performed galvanostatically. The
current levels were varied during the experiment; the

Cryostat

Vacuum

Liquid nitrogen

pump

Vacuum _
Specimen

(7 mm diameter)

Domed
cap N

y ocouple

Vacuum

Transmitting
and receiving
probe

Fig. 1. Design of the cryostat system setting specimen. The long bar, which is composed of a 7-mm-diam, 9-mm-long specimen
and a screw part (waveguide), is tightly inserted into the cryostat system.
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direct-current density was raised step by step from 1 to
512 A/m? in ten steps with a holding time of 180 to 324
ks for each step.* An electrolyte of 0.1 M LiOD solution
was prepared by the addition of 95% pure Li,O to 99.9%
pure D,0.4 The electrochemical cell was a 170-ml Pyrex
glass reaction vessel with a water jacket. The upper part
of the cell was covered by a Teflon cap, from which were
suspended working and counter electrodes and a therm-
istor. The palladium specimen cathode was placed in the
center of the vessel and was suspended by a 0.5-mm-
diam gold wire, which was welded to the bottom portion
of the waveguide of the palladium electrode. A titanium
anode, coated with a mixed oxide of platinum and iridium,
was wound into a 42-mm-diam coil to fit snugly into the
cell container tube.® The temperature of the circulating
water was between 308 and 318 K. The molar volume of
deuterium charged during electrolysis was estimated by
in situ measurement'? of the electrode potential and di-
lation of the specimen to obtain the 3 single phase.'*
After electrolysis for 1 month, the electrochemical
load caused axial flexing of ~1 mm from the centerline.
After the gold wire was cut off the bottom of the wave-
guide, the specimen with the waveguide was straight-
ened in a press to permit precise ultrasonic measurement.
The density before and after charging was determined by
the Archimedes method; the specimen was weighed both
in air and in distilled water. Since we estimated that the
evolution of deuterium from the palladium before den-
sity and ultrasonic measurements is not negligible, we
measured the density of the charged specimen just be-
fore the ultrasonic measurement. The density was 7.1559
Mg/m?, and the composition is estimated as PdDg 7,9 by
weighing, not by dilation. Longitudinal and transverse
wave velocities and the corresponding values of attenu-
ation were accurately measured with one longitudinal
wave transducer at 30-s intervals using an ultrasonic pulse
mode conversion method, based on zero cross-time de-
tection.'>'® To prevent oxidation of the deuterium and
heat transfer problems caused by gas evolution, we kept
the specimen at 1-Pa vacuum pressure. The design of the
cryostat system holding the specimen is shown schemat-
ically in Fig. 1. A double-walled vessel was filled with
liquid-nitrogen coolant. Cooling was promoted by low-
ering the pressure over liquid nitrogen down to 68 K. Heat
from the specimen can propagate effectively through a
copper-domed cap, which fastens the specimen to the
waveguide. The present cryostat is the same as the one
used in Refs. 17 through 20. The transducer and the wave-
guide were joined by water-free glycerin grease.” The

“Obtained from Wako Pure Chemicals.

4Obtained from Isotec.

¢The Pt-Ir mixed coated titanium anode is currently used for
industrial electrolysis, such as alkaline electrolysis and elec-
troplating. This electrode has some advantages, such as good
‘corrosion resistance, superior dimensional stability, etc.
Obtained from Sonicoat SH.
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joined portion was kept near room temperature, to avoid
the low-temperature deterioration of piezoelectricity in
PZT [Pb(Zr,Ti;_,)O3] transducer material and solidifi-
cation of the grease. A thermocouple, coated with alu-
mina cement, was placed in a hole near the circumference
of the specimen at the waveguide side.

To avoid propagation loss due to the high frequency
of the ultrasonic wave, a longitudinal wave generation
PZT transducer with a 4.9-MHz frequency was selected.
Since a ratio of d (7.0 mm), the diameter of the speci-
men, to A (1.16 mm), the wavelength, d/A (6.1 at 298 K),
is >2.5, the measured pulse velocity approaches the bulk
velocity in an infinite elastic medium without interference
between longitudinal and transverse waves.'’ In the ultra-
sonic pulse method, the shear modulus is a function of the
transverse wave velocity only, while the Lamé parameter
is a function of the velocities of both the longitudinal and
the transverse waves. Thus, we can distinguish a physical
meaning between pure mode Il shear defined as shear mod-
ulus and three-dimensional mixed modes II and I1I shear
described by the Lamé parameter. Internal friction in all the
temperature region was calculated from the ratio of log-
arithm echo amplitude of the ultrasonic wave at given tem-
perature to that at the lowest temperature. '

RESULTS

Generation of Excess Heat

The specimen was cooled at a rate of 0.1 K/s from
room temperature. Experiment shows that our cryostat is
capable of cooling from room temperature to 68 K within
1.8 ks. However, for the specimen used in this study, the
cooling gradually became sluggish and then came to a
standstill at 116 K (Fig. 2). Approximately 150 s after the
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Fig. 2. Temperature of the sample as a function of time.
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standstill, the temperature began to increase at 0.064 K/s,
rose up at 175 K, and finally saturated at 276 K. Then we
heated the specimen at 0.1 K/s up to 423 K, which is the
maximum temperature limit of the cryostat. After this ex-
periment, we observed the remains of the liquid nitrogen
in the cryostat. We are fully convinced that the increase
in temperature is from the specimen.

The same experiment (the second run) was repeated
after 5 days using the same specimen. The density of the
specimen rose to 10.68 Mg/m* (estimated composition,
PdDg 193) due to evolution of the deuterium. The data of
the second run are also illustrated in Fig. 2, showing a
standstill at 96 K, then an increase up to 149 K, a satura-
tion at 240K, and a subsequent descent. Furthermore,
150 days after the first run, we observed similar behav-
ior between 104 and 268 K in the third run without ul-
trasonic vibration, using a specimen with 10.81 density
(PdDg 179). However, we did not observe such increases
in temperature for other materials in the low-temperature
region, i.e., mild steel,'® stainless steel,'® (Y)TZP (yttria-
stabilized tetragonal zirconia polycrystal),'” fused
quartz,?’ polymethyl methacrylate,?' polyamide,* poly-
carbonate,” and polyvinyl chloride.?*

Because the formation of 8-PdDx (x = 0.85) due to
absorption of deuterium is an exothermic process,?> we
cannot explain the rising-temperature phenomenon in the
cooling run in a vacuum by the desorption of deuterium.
The thermocouple was electrically shorted by coated alu-
mina cement to the palladium specimen, so we can ex-
clude the possibility of heat generation by thermoelectric
effect. Thus, the abrupt increase in temperature from 116,
96, and 104 K in the first, second, and third runs, respec-
tively, indicates the generation of excess heat from the
specimen. To the best of our knowledge, however, no one
has ever reported any phase transition accompanied by
exothermic reaction in the low-temperature region be-
tween 96 and 116 K. The possibility that, given the im-
perfect vacuum, oxidation of either deuterium or lithium
(remaining from the electrolysis) could account for the
excess heat is evaluated in Appendixes A and B, where
we show that the contributions are negligible. From the
heat equilibrium calculation based on the heating data
bank of this cryostat, the excess heat in the first run is
estimated as 6 W or more (Appendix C).

Temperature Dependence of Elastic Moduli

The longitudinal and transverse wave velocities, V;
and V,, respectively, as a function of temperature, are
shown in Figs. 3a and 3b, respectively. Velocity V; in-
creases and decreases stepwise on almost the same curve
between 209 and 116 K. This stepwise change suggests
some reaction with longitudinal phonons in the strict sense
of the word. On the other hand, V, jumps suddenly by
14.2% at 116K and decreases somewhat up to 190 K.
Subsequently, it drops abruptly on the curve of the cool-
VOL. 31
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Fig. 3. Temperature dependence of (a) longitudinal and (b)
transverse wave velocities for deuterated palladium.

ing run and then descends again as the temperature in-
creases. The 116 K jump may be associated with the
occurrence of excess heat. Both velocities of conven-
tional solids increase monotonically with decreasing tem-
perature, but we have occasionally observed discontinuity
in V; and V; at temperatures at which phase changes oc-
cur. For the transverse velocity, a pronounced increase is
associated with the change in morphology from a single
crystal to a polycrystal of pure anthracene at 197K
(Ref. 26). For the longitudinal one, the order parameter
is strongly connected with volume-nonpreserving distor-
tions in a high-Tc superconductor at 117 K (Ref. 16).
Following previous papers,'>'® the Young’s, shear,
and bulk moduli; the Lamé parameter; the Poisson ratio;
and the Debye temperature in the first run alone were
calculated from V; and V. These results are presented in
Figs. 4, 5, and 6, respectively. The temperature depen-
dence curves of Young’s and shear moduli are analogous
to the transverse velocity curve. All elastic parameters
increase substantially with decreasing temperature down
to 116 K. In the spontaneous rising-temperature run,
Young’s and shear moduli jump suddenly by 28 and 30%
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Fig. 4. Young’s, shear, and bulk moduli and Lamé parameter
of deuterated palladium as a function of temperature. Ar-
rows show the direction of the change in temperature.
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Fig. 5. Poisson ratio of deuterated palladium as a function of
temperature. Arrows show the direction of the change
in temperature.

at 116 K and drop abruptly by 18 and 19% at 190K,
respectively, on the cooling run curve and then descend
again as temperature increases. This pronounced stiffen-
ing in the spontaneous rising-temperature run suggests
that the atomic bonding strength of the lattice between
116 and 190 K is greater than that of the lattice between
190 and 425 K in the rising-temperature run and the lat-
tice of the cooling run. By contrast, the bulk modulus
and Lamé parameter represent opposite behaviors between
116 and 190 K in the spontaneous rising-temperature run;
the former and the latter drop by 6 and 11% at 116 K and
jump by 5 and 8% at 190 K, respectively, indicating a
decrease in crystal rigidity between 116 and 190 K.
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Fig. 6. Temperature dependence of the Debye temperature of
deuterated palladium. Arrows show the direction of the
change in temperature.

The temperature dependence of the Poisson ratio re-
sembles that of the bulk modulus and the Lamé param-
eter in Fig. 4. However, since a decrease in the Poisson
ratio means stiffness in the crystal lattice, this decrease
between 116 and 190 K does not correspond physically
to a decrease in the bulk modulus and the Lamé param-
eter but an increase in the Young and the shear moduli.
Thus, the crystal lattice between 116 and 190K is more
rigid for simple (uniaxial) tension and shear, but it is more
deformable for the three-dimensional mixed modes II and
III shear described by the Lamé parameter and the three-
dimensional volume-nonpreserving distortion defined as
the bulk modulus.

In the elastic Debye temperature curve of Fig. 6, the
Debye temperature jumps abruptly from 190 to 514 K at
the end of the cooling run and then decreases paraboli-
cally down to 190 K during heat generation in the rising-
temperature run. An increase in Debye temperature, i.e.,
an increase in the maximum frequency allowed, indi-
cates a decrease in the effective ionic distance between
movable deuterons in the palladium lattice.

In the second run, furthermore, we observed a similar
elastic behavior in the lower temperature range between
96 and 118K in the cooling and the rising-temperature
runs: a continuous increase in the transverse wave veloc-
ity and the Young and the shear moduli, and a decrease
in the bulk modulus, the Lamé parameter, and the Pois-
son ratio.

Temperature Dependence of the Internal Friction

Internal friction curves for longitudinal and trans-
verse waves are shown as a function of temperature in
Figs. 7a and 7b, respectively. The dilational friction in
the rising-temperature run shows two small peaks at 200
VOL. 31
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Fig. 7. Temperature dependence of internal friction for (a) lon-
gitudinal and (b) transverse waves of deuterated palla-
dium. Arrows show the direction of the change in
temperature.

and 250 K. Although these peaks seem to correspond to
the 170 and the 225K peaks in the cooling run, these
peaks are not connected to uniaxial hardening between
116 and 190 K, where the elastic modulus anomalies were
observed. Because there are so many possibilities regard-
ing the origins of these peaks, e.g., mechanical damping
by dislocation motion, migration of interstitial trapped
deuterons,”’ etc., we cannot make any assignment at
present. Further investigation is needed.

On the other hand, shear friction is more active than
the dilational one: Shear friction shows a notable contin-
uous damping behavior between 116 and 190K in the
rising-temperature run. This shear damping significantly
correlates to a decrease in bulk modulus, Lamé param-
eter, and Poisson ratio, which are associated with a three-
dimensional volume-nonpreserving distortion, not a
uniaxial one.

In the second run, shear friction showed similar peaks
at 113 and 120 K in the cooling and the rising-temperature
runs, respectively.
FUSION TECHNOLOGY
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DISCUSSION

Compared with the monotonic curve of transverse
wave velocity in Fig. 3b, the longitudinal wave velocity
curve shows stepwise progress in the temperature region
between 209 and 116 K. Because the longitudinal waves
result from the disturbance of the medium correspond-
ing to a series of high- and low-pressure regions, the step-
wise change may be associated with the alternating
contraction and expansion of trapped interstitial deuter-
ons in the palladium lattice. Another cause of this anom-
aly might be that the evolution of gas remaining from the
palladium during the experiment may have caused poor
contact between the transducer and the waveguide. How-
ever, the contact portion was kept near room tempera-
ture during the experiment, so we can eliminate this
possibility. Even if the gas had evolved from the solid
palladium, an adiabatic expansion arising from the solid-
gas transition of deuterium occurs with a decrease in tem-
perature in less than a microsecond.

There is a clear upper temperature of the anomaly in
the ultrasonic data but not in the thermal data, as shown
in Fig. 2. The two techniques agree about transition tem-
peratures but disagree about the end time of the reaction.
The ultrasonic technique seems to indicate the end point
of the reaction. It is not clear, however, why the temper-
ature increases for a long time up to saturation, even if
heat is conducted from the interior source to the thermo-
couple for some time after the reaction ends.

If generation of the excess heat at 116 K correlates
to dynamic interactions among deuterons in the palla-
dium lattice, we must consider the crystallographic con-
figuration of the deuteron of interest. In deuterated
palladium PdD, with x > 0.75 (Ref. 28), deuterium atoms
occupy both the octahedral and tetrahedral interstices in
the palladium fcc lattice: Six tetrahedral interstices form
a cubic sublattice in the palladium fcc lattice, and one
octahedral site lies at the center of the sublattice. A dis-
tance between tetrahedral-octahedral interstices along
[111] directions is the shortest one, \/ga/4, where a is a
lattice parameter of palladium. Thus, there is a possibil-
ity that a dynamic interaction occurs among deuterons
compressed from four tetrahedral sites along [111] di-
rections to one central octahedral one. This compression
requires an increase in crystal rigidity for simple (uni-
axial) tension and shear. As can be seen from Fig. 4, the
lattice between 119 and 190K is stiffer for volume-
nonpreserving motion such as alternating expansion and
contraction.

Note that a breathing-mode displacement of the ox-
ygen atoms in perovskite BaBiO; causes alternating
expansion and contraction of the oxygen octahedra around
the inequivalent Bi(I) and Bi(II) atoms?® and leads to a
complete charge disproportionation (charge-density wave
instability) state, i.e., an alternating Bi**-Bi®* array.
Hence, by analogy, we suggest that a similar situation
may occur for PdD,.
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As reported in previous studies of ceramics,'>*"
quartz,*' metals,’*** and polymers,*'~* the physical prop-
erties of the dilational friction are different from those of
the shear one; a common characteristic of the former is
the motion of dislocation along grain boundaries or the
variation of potential energy between atoms, while that
of the latter is atomic rearrangement in crystalline struc-
ture. Thus continuous damping in shear friction from
116 K would be perhaps related to atomic rearrangement
among deuterons in the palladium lattice. However, the
effects of an interstitial reaction on two elastic constants,
C|> and Ca4, are not clear. The effect of the reaction on
these two C;; will be discussed in a subsequent paper,
using computer simulation.

In addition, because the longitudinal waves interact
with conduction electrons, the lack of dilational damp-
ing between 116 and 190 K prevents an electric field.

CONCLUSION

Characteristic elastic and damping behaviors have
been simultaneousty measured as functions of tempera-
ture between 116 and 190K in deuterated palladium,
PdDy ;9. The temperature of the specimen is steady un-
til midway (116 K) into the cooling run and then in-
creases to 276 K. The Young and the shear moduli and
the shear friction showed a continuous increase; the bulk
modulus, the Lamé parameter, and the Poisson ratio re-
vealed a corresponding decrease between 116 and 190 K
in a spontaneous rising-temperature run. These results sug-
gest the generation of excess heat associated with dy-
namic interactions among deuterons squeezed between
tetrahedral and octahedral interstices in the palladium fcc
lattice. The excess heat was estimated as 6 W or more.
However, it is not clear whether the excess heat is de-
rived from nuclear reactions or not. In subsequent pa-
pers, the neutron measurement and the hydrogen effect
using palladium and titanium will be described.

APPENDIX A
POSSIBILITY OF OXIDATION OF DEUTERIUM

We estimate the heat of deuterium oxidation evolved
from the palladium electrode during the measurement of
the elastic properties in an imperfect vacuum. Since the
molar quantity of palladium electrode material is calcu-
lated from the weight of the electrode, the gram-equivalent
of palladium is

60.3 g/106.4 = 0.567

where Mpy = 106.4. Because the weight loss of deute-
rium evolved during the first rising-temperature run is
estimated from the decrease in molar ratio of deuterium
to palladium between the first and second runs, we obtain
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0.567 X (0.719 — 0.198) = 0.295 gram-equivalent .

On the other hand, the heat of D>O formation is

Dz + %02 = Dzo .
AHy9q = —294.6 kJ/mol (Ref. 34) .

Consequently, the total amount of heat evolved during the
rising-temperature run from 116 to 190 K for 3.97 ks is

(294.6/2) X 1000 X 0.295/3970 = 10.93 W .

The amount of D,0 formation depends on the extent of
O, donation, possibly due to vacuum leakage. Since the
gas pressure in the specimen chamber was maintained at
1-Pa reduction pressure during the measurement, the to-
tal amount of real heat for D,O formation is estimated,
assuming idealistic gas behavior, to be

10.93 X (1/101325) = 1.079 X 1074 W .

This estimated value is negligible compared with that ex-
perimentally obtained. Thus, the possibility that deute-
rium oxidation could be the cause of the excess heat can
be distinctly eliminated.

APPENDIX B

POSSIBILITY OF OXIDATION OF LITHIUM

The heat of lithium oxidation in palladium can be eval-
uated in the same way as that of deuterium oxidation.

From an in-depth profile of the lithium concentra-
tion distribution in the lithium diffusion zone formed dur-
ing heavy water electrolysis of palladium, the thickness
of the lithium diffusion layer with an average concen-
tration of 5 at.% lithium was estimated to be 1 um
(Ref. 35). Thus, we can roughly estimate the total amount
of lithium that was deposited to the palladium electrode.
Using the total surface area of specimen 2.8 X 10°> mm?,
the total volume of the Pd-Li alloy layer is given by
2.8 mm?. Since the density of the Pd—0.5 at.% Li alloy is
11.97 X 107* g/mm?, we find that 3.352 X 102 g is the
total weight of Pd-Li alloy layer. Using the 106.2 atomic
weight of the Pd—-0.5 at.% Li alloy and Avogardro num-
ber 6.02 X 107%, the molar quantity of the Pd—0.5 at.%
Li alloy layer was calculated as

3.352 X 107%/106.2
= 3.156 X 10~* gram-equivalent .

From the 5 at.% lithium concentration, we obtain the to-
tal gram-equivalent of lithium:

3.156 X 10~*% X 0.05

= 1.578 X 10~ % gram-equivalent .

FUSION TECHNOLOGY VOL. 31 MAY 1997



Numata and Fukuhara

The heat of lithium oxidation is

2Li + 10, = Li,0 ,
AH,9g = —598.7 kJ/mol (Ref. 36) .

Consequently, we obtain the total amount of heat evolved
during the rising-temperature run from 116 to 190K for
3.97 ks:

1.578 X 1075 X 598.7 X 1000 X 0.5/3970
=119%X 1073 W .

This estimated value is still very small compared with
that experimentally obtained. Thus, the possibility that
lithium oxidation could be the cause of the excess heat
can also be rigorously eliminated.

APPENDIX C

CALCULATION OF THE EXCESS HEAT

A cryogenic system must obey the conservation of
energy law, so the algebraic sum of all forms of energy
exchanged between the system and its surroundings must
equal the resultant change in the energy of the system.
Here, we limit ourselves to estimation of the heat from
conduction because the kinetic and potential energy terms
may usually be neglected in a closed-cycle refrigeration
system. The accumulated heat content H transferred from
the specimen and temperature controller can be ex-
pressed as the sum

H=-W+W,+W,+W,+W,, (A.D)
where
W, = refrigerating capacity due to liquid nitrogen

W, = invasion heat transferred by the waveguide
conduction

W,, = invasion heat transferred through the double-
walled vacuumtight vessel

W, = generation of heat by the heater
W,, = generation of heat from an interior source.

On the other hand, H achieved by warmer temperature is
expressed by the following relation:

H = pcy Voo CpeuT ) -(dT/dt)
+ ppp+ Vo Cp,pn(T)-(dT/dl) (A.2)
where
pcu = density of copper
ppp = density of deuterated palladium

Veuw = volume of copper domed cap

FUSION TECHNOLOGY VOL. 31 MAY 1997

ELASTIC ANOMALIES AND HEAT GENERATION

Voo = volume of deuterated palladium

Il

Cpc, = specific heat of copper at constant pressure

Cpp,p = specific heat of deuterated palladium at con-
stant pressure

dT/dt = rate of warmup between 116 and 190 K.

Since we cannot obtain data for Cp,p, Cp,u serves con-
veniently as a measure of calculation in place of Cp,p.
We use the Cp,y; of hydrated palladium with the 0.5 H/Pd
ratio, using an estimation formula, npy-Cppg) + nu+ Cpen)
(Ref. 37), where Cp(pqy and Cpy, are the molar heat ca-
pacity of palladium and hydrogen, respectively, and spy
and ny are the number of moles of palladium and hydro-
gen, respectively.
From Egs. (A.1) and (A.2), we obtain W, :

Wex:Wr—Wp_Ww_Wh
+ PcCu- VCu'CpCu(T)'(dT/dt)

+ oo+ Von Cppoo(T)-(dT/dt) (A.3)
where W, = 20 W (from experimental data), and
300
W,= | knp(T)dT, (A4
LP T
W, = z:[Iss(300) — Iss(T)] , (A.5)
W,=0, (A.6)

Cpcu(T) = (—3.2103 X 1072 + 1.8516 X 107 3.T
+2.1535 x 107°.7?
- 1.0627 X 1077.T?)
(J/g-K) (Ref. 38) , (A7)
and
Cpop(T) = (0.3459 — 7.9218 X 1073.T
+7.0197 X 107%.72
~ 24876 X 1077.T3
+ 3.2579 X 107 10.74)
(J/g-K) (Ref. 39)8 , (A.8)
L, = length of the waveguide

= cross-sectional area of the waveguide

z = distance between walls of the double-walled
stainless steel (SS) vessel

Iss = thermal conductivity integral of SS
kyp

P

f

thermal conductivity of deuterated palladium.

€This equation was calculated by K. Ikeda, Taiyo-Toyo Sanso,
Tokyo, Japan.
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Fig. 8. The excess heat, W,, as a function of the warmer tem-
perature.

Since we cannot find k,p(7T), we use the temperature-
dependent thermal conductivity kpyq(7") of palladium for
convenience. A comparison of kpq(298) with kpgy, ,,(298)
shows that the latter is 32% smaller than the former*?:

Iss(T) = (0.2021 + 1.1262 X 10 2.T
+ 4.9082 X 1074.T?
—6.234 X 1077.T3)
(W/cm) (Ref. 41) (A.9)
and
kpa(T) = (1.6912 X 10* — 1.4558 X 10*.InT
+5012:In72 — 859:InT?
+73.29-InT* — 2.49.InT?)
(W/m-K) (Ref. 42).  (A.10)

Taking pc, = 8.93 kg/mm>, p,p = 7.156 kg/mm?>,
L, = 40 mm, A, = 92.68 mm?, d = 0.112 mm, V¢, =
2263 mm?, Vop = 396.335 mm?, dT/dt = +0.06412K/s,
we find W,, as a function of the warmer temperature
(Fig. 8). From Fig. 8, we get 6 W or more as the excess
heat, taking into consideration the 32% smaller k,p(T').
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