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THERMAL PROPERTIES OF SOLID HYDROGEN UNDER PRESSURE .

William Herbef£:0rtpung _.
Lawrence Radiation Laboratory
University of California
Berkeley, California

February 1, 1961
ABSTRACT

A calorimeter was designed and constructed for use in the temperature

interval l:to 2SOK. with samples of solid hydrogen under pressures up to

12,000 kg./bm?. Unusual features of the calorimeter include the use of two

baths for liquid hydrogen or helium, a jaw-type thermal contact capable of
high contact pressure, and a set of flanges at the cell level for reagdy
access. The associated high-pressure-generating apparétus was also designed
and.constructed. Pressures were generated with oil pumps and an intensifier.
The 0il was separated from the hydrogen by steel U-tubes half full of mercury,
three of which were required for different pressure ranges. . The highest-
pressure U-tube was isolated from the rest of the system by mercury frozen in

a steel cépillary. The hydrogen entered the calorimeter through high-pressure

" capillary tubing, in which it was then frbzen to isolate the sample in the

cell. Catalyst chambers were constructed'for the conversion of hormal
hydrogen to para hydrogen, and a three-stage system utilizing alumina catalyst
at liquid-hydrogen temperature was constructed for the separation of ortho
hydrogen from para hydrogen.

Because the Calorimetér was of unconventional design, various modifica?
tions and procedures had to be worked out. A dummy cell was used for these
developments. The high-pressure apparatus was tested to 6000 kg/bm? with
hydrogen at room temperature. Satisfactory high-pressure seals :or the low-
ﬁemperature cell were not developed soon enough to enable data to be taken.

The theory of the anomalous heat capacity.for low concentraﬁions of ortho
hydrogen or para deuterium has been extended by a calculation based on the
angular potential energy bétween adjacenﬁ molecules. At 1 atm it was found
that only electrostatic quadrupole—ﬁuadrupole interactions had to be con-

sidered, but at higher pressures, the valence forces became important. The
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case of three ortho molecules in a row was also treated in the qnadrﬁpmle
approximation. The heat capacity predlcted by this model is somewhat dlfferent
from that predlcted for isolated ortho ortho pairs. The theory was compared 4
with the availsble ‘l-atm data,.taklng into COnsideration the relation between A
the total ortho ébncéntratipﬁ énd'thé,félative amounts of isolated ortho v
molecules, isolated paifs of orthb molécules, and more complicated configura-
tions. The suggestionxdf T. Nakamura that an additional term in the anomalous
heat capacity proportional to the ortho concentration -is needed to explain

the data seems to be supported by ‘the analysis, although comparison with a

larger amount of data would be desirable.
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THERMAL PROPERTIES OF SOLID HYDROGEN UNDER PRESSURE
I. INTRODUCTION

The simplest system exhibiting molecular rotation in the solid state is
hydrogen. Examples of more complicated molecules that are known to rotate
in the solid phase are fairly numerous. Metharie and ammonium ions in some

" salts are the most commonly known. Aithough s0lid hydrogen would appear

to be the simplest of this series, the number of unsolved problems and
unanswered questions relating to it is still quite large;,eS‘will'be seen
from the following discussion.

Ag is well known, the idea of a proton spin, combined with the Pauli

" principle, led to the discovery of the ortho and para modifications of the

hydrogen molecule. Since the conversion of the symmetric nuclear state
(ortho) to the antisymmetric nuclear state (para) is forbidden in the absence
of an inhomogeneous magnetlc field, the two species are not in thermal
equilibrium with each otker during experiments of relatively short duration.
The significance of this fact for the present discussion is readily eeen.

In liquid (20 to 14°K) and solid (below 14°K) hydrogen, the ortho molecules
are in the lowest antisymmetrie rotational state (J = 1) and the para mole-
cules are in the lowest symmetric state (J = 0), even though the thermal

' equilibrium at 20°K has only about 0.2% of the ortho species. For this

reason, it is possible to study'the rotating species in the solid state.

‘The high temperature or statistical equilibrium is three-fourths ortho

hydrogen, and until very recently, this was the highest fraction of ortho
hydrogen available for experiments. The situation in the deuterium molecule
is somewhat different because the nuclel have different spin and statistics.

'The highest fraction of the rotating species (para) obtainsble thermslly is

only ‘one-third in this case.
‘An over=all discussion of the nature of solid hydrogen and deuterium

must'cover crystal structure, lattice vibrations, interactions between

v‘neighboring ortho molecules, the cooperative phenomenon at about l.SoK,

% : : . v
By convention, the most abundant high-temperature species is ortho, and

‘the other para.
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the kinetics of the ortho~para conversion in the solid phase, the nature of
the nuclear magnet1c resonance (MWMR) spectra, and the effect of pressure on
lattice and rotational properties. R . &

Keesom, DeSmedt;, and Mooy'determined the structure of pure para hydrogen
- at liquid-helium temperature in 1930,l and concluded that the structure was >
hexagohal close-packed with a = 3.75A and c/é = 1.633. Recent work by Kbgan,
Lazarev, and Bulatova on the erystal structure of solid deuterium indicated
that it is tetragonal with ¢/a = 0. 9k and a = 5. hAo These values gave a
density of 0.18 g/em , within 10% of the experimental value. These authors
reexamined the analysis of Keesom et al. and decided that their data could
also have been interpreted in terms of a tetragonal lattice. Evidence was
found for_double refraction in.both hydrogen and deuteriumf In a later
communication on the phase diagram of the hydrogen-deuterium system,3 the
same authors discovered a solid-phase separation below 16.4°K. An X-ray
study of the mixtures st hOK revealed that the hydrogen-rich and deuterium-
rich phases had different crystal structures that differed only slightly
from those of pure hydrogen and deuterium. Ih this paper, the authors did
not think it possible to accurately determine the structure of either
hydrogen or deuterium. They conclude only that the strueturee of hydreogen
and deuterium are different and the Leiden assignment was 1ncorrect o
mention of the ortho-para composition was given in the Russian work, 2,3
leading one.to suspeet that high-temperature equilibrium mixtures were used.
Since this would be T5% rotating hydrogen and 33% rotating deuterium in the-
Russian work, end no rotating hydrogen in the Leiden work, the'pOSSibility
that the structure is a function of ortho concentration may not have been
ruléd out.

The first measurements of the heat capacity of SOlld hydrogen in the
liquid-hellum temperature range were published in 1931 by Mendelssohn,
Rubemann, and Simon.® Mixtures containing 75, 50, and 0% ortho hydrogen
were studied over the temperature range 2 to 11%K. However, the data below
SOK were affected by the adsorption of the helium exchange gas. The data
on para hydrogen were fitted to a T3 law corresponding to a Debye © of 9loK°
The samples containing ortho hydrogen gave an additional contribution to the
heat capacity below 12°K which was greater for 75% than for 50% ortho hydrogen.

Since a phase separation or a phase separation combined with a rotational

U

anomaly proportional to the orhto concentration would predict the reverse,

these possibilities seem to have been ruled out. This point is of interest
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in connection with diffusion in the-solid, whichtiS-discussed below.

In 1930 Pauling published a thedretical paper dealing with the rota-
tional motion of molecules in‘crystals.s;xThe limiting cases of oscillation
and rotation were‘considéred, and it was shown that in solid hydrogen Jjust
below the melting point, a state of almost free rotation existed for the
ortho molecules. At lower temperatures, it was poéfulated that the rota-
tion would be frozen out. Pauling proposed that "the solid solution becomes
unstable relative to phases of definite composition”, or that both the triple
degeneracy of the J = 1 ortho state and the entropy of mixing of the ortho
and para hydrogen would be lost in the freezing-out process in order to explain

the observed zero-point entropy of R 1n 3 per mole of ortho hydrogen. In the

_same year, Sfimon6 pointed ocut that the zero-point entropy of n-H2 (for values

of kT large compared to nuclear-interaction energies) is R 1n L4 (entropy of
mixing‘of ortho and pafa plus ortho nuclear'degeneracy) and that only R 1n 3
per mole of ortho hydrogen is involved in the rotational ancmaly.

In an attempt to explain the vapor-pressure difference'or ortho and

-para hydrogen, Schaefer7 found that the least complicated angular potential

pertaining to a hydrogen molecule in a hexagonal close~packed:crystal was

the spherical harmonic, YZ. A second-order perturbation calculation indicated
that a 1000-cal potential barrier was necessary to explain the data on this
basis. The use of g potential based on the spherical harmonic, Yg; gave the
more reasonable value of 28.2 cal, corresponding to an energy difference
between ortho and para hydfogen of 7.5 cal/hole aﬁ 0% in the solid state.

The above comparison was made by using a Schottky-type anomaly for the heat
capacity. In order to obtain a good fit, it was necessary to assume that the
potentiai increased slightly as the temperature decreased.

In 1954, Hill and Ricketson measured the heat capacity of s0lid hydrogen
in the range l.lSQK to.the triple point (lhoK) and discovered a A-type anomaly
at,l.6°K'in normal hydrogen,B' The temperature of the A anomaly was found to
decrease with decreasing ortho hydrogen concentration, and no.anomaly was
found at 56% ortho hydrbgeﬁ above l.lBOK;_ The total anomalous entropy was
found to be within a few tenths of an entropy unit of R In 3. A year later,
the measurements were extended. to O.BQK;9 The lowest concentration at which
the anomaly occurred was about 63% at a temperature of 1.1°K. |

In a theoretical paper in 1955, Tomita .attributed the crystal-field

 splitting in ortho hydrogen to electric-guadrupole .interaction between ad-

jacent ortho molecules and treated the heat-capacity anomaly as a cooperative
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phenom,enon.'lO A treatment corresponding to the Bragg-Williams approximation
vas given first. : This approach was unsatisfactory because (&) it did not
prediect an ortho concentration belovw which the anomaly would be absent, and
(b) it did not predict a residual heat capacity above the anomaly. A ecal-
culation corresponding to the Bethe-Peieris,approximation was then carried
out. The effect. of ortho concentration on the critical temperature was
predicted fairly well by this theory, but the lower limit in ortho concentra-
tion for which a critical temperature can exist was predicted to be only
16.7%. No comparison was made with the residual heat capacity above the
anomaly. _

Translational effeets in the 1attlce of SOlld hydrogen, aside from
their intrinsiec interest, are also of importance in the considerations of the
splitting of the rotational degeneracy and in the ortho—para conversion
kineties. The first heat-capac1ty measurements on para hydrogen ‘and normal
deuterium (above the region of the anomaly) gave Debye © values of 91 °x
and 89°K,“Tespect1vely. These values were obtained by flttlng the Debye
theory to CP data. The direct calorimetric determlnatlon of C for hydrogen
and deuterium was then carried out for the l-atm molar volumes at'll 20 and
11.60%K, respectively.' The date were fitted by Debye ©'s of 105° and 97°K,
respectively. Megaw éorrected the above values for the VOlume at OOK and
found OD = 111 and 108°K for hydrogen and deuterium, ;espectiveiy.l3 Recent
more-accurate data on hydrogen8 and deuterium;h below 14°K indicate that

Cp does not follow a T3 law in tﬁis region, and that the:original data of
Mendelssohn, Ruhemann, and Simon were: appreciably too large.

The zero-point energy of the lattice predicted by the Debye theory is
given by Ej = (9/8)(NkOD). Using 6 =111 and lOBOK,.one obtains.249 and 242
cal/hole, respectively.. Comparison with the potential emergy of the crystal
(predicted from gas imperfectioﬁs) at the known molar volume indicates that
the Debye theory gives too large zeronoint energies. Since the hydrogen
molecules in the solid do not move in a harmonic potential well, this devia-
tion is not surprising. By combining the expression for the zero-point energy
of a particle in a spherical box with that for a quantized mean free path,
London succeeded in~&escfibing the properties of liquid helium near absolute
zero.15 Hobbs applied the same treatment to solid hydrogen andvdguterium,
obtaining zero-point energies of:162 and 123 cal/hnle, which, when combined

with the potential energies, gave.exqe;lent agreementiwith experiment.

¢

-

v
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The first study of the kinetics of the ortho-para conversion in the solid
and liquid phases was made by Cremer and Polanyi in 1933@17 " The conversion

‘velocity was found to be independent of temperature in both the liguid (14 to

20°K ) and solid (L to l2°K)'regions. The reaction was second order in the
ortho concentration, and the rate constants wére 17.5 %1077 and 11.2 x 10°°

' per hour per percentage unit of ortho concentration in the solid and liquid

phases, respectively.lg- The higher rate in the solid phase reflects the

higher density of the solid. It was observed that the rate of. reaction in the
s0lid phase decreased as the ortho concentration became smaller, and approached
a limiting concentration.. A later study was made by Cremer to investigate
this phenomenbn.19 It was found that the decrease in rate did not occur in
the liquid phasé or in the solid phase just after being frozen (regardless of
the initial concentration of ortho). - Cremer concluded that self-diffusion
was very limited in solid hydrogen and that the residual ortho molecules were
isolated from each other. Experiments gave 19 + 5% as the residual ortho
concenﬁration. Since this value is greater than would be predicted statisti-
cally, it was sugoested that some neighboring ortho molecules were in unfavorable
positions for reaction. In a third paper in the same series, Cremer made a
theoretical estimate of the course of the reaction, assuming the ortho molecules
fixed,lg Comparison With the data allowed him to make the following estimates
of the self-diffusion coefficients in solid hydrogen: D 11. 3 Op <1.5x 10 17

D, g% =3+3‘x10-17;Dl32K—- 1+0.2x2077; D 3.6% > 1.7 x 1075
From the temperature dependence of the self-diffusion, a heat of activation

of 790 + 130 cal/mole was obtained.

- For comparison, recent NMR work by Rollin and Watsongo and Bloom.gl on the
10°%k self-diffusion transition hés given values of 350 and 380 + 20 cal/hole,
respectively, for the activation energy of self-diffusion. Smith and Squire
studied the:effect of pressure on the self-diffusion tramsition and obtained

350 + 50 cél/hole for the activation energy at 1 atm.za. They estimated the

' correlation time (the'average time an ortho molecule spends on a lattice site

f during the self-diffusion process) to be 2 x 10 -6 sec at 109K and 230 atm.

Cremer's method of calculating the final ortho concentration™ 19 is of

“interest and is summarized here. 19 The reaction mechanism is assumed to be

0+ 0 = D + 0, where o denotes ortho and p denotes para. The crystal structure

cm' /ﬁay‘



=12~

is assumed to be eubic close-packed, so that the twelve neighbors of any
molecule fall on six straiéht lines intersecting the molecule. For hexagonal
close packing, zig-zag lines must be drawn. The problem is>first.treated for 4
the linear case, and the final ortho concentration is calculated as a function
of the initial concentration. The three-dimensional case is treated by assuming
that the reaction first proceeds along one direction. The resulting concen-
tration is then used as the initial concentration for reaction along another
direction, until all six direction have been used. The calculation predicts
a final concentration of about 12% for an initial concentration of T75%. When
the mechanism o + 0. = P + p was considered, lower final concentrations resulted.

‘A guantum-mechanical treatment of the ortho-para conversion kineties in
so0lid hydrogen has been carried out by Motizuki and Nagamiya.23 The inter-
action between two adjacent ortho molecules leading to conversion of one of
them is taken to be the magnetic interaction between nuclear spins on adjacent
molecules and between the rotational moment of one molecule with the nuclear
spins’of the other. Perturbation theory is used, and the matrix elements
are expanded in powers of the mean distance of the neighboring molecules in
the crystal. The lattice modes are assumed'to be expressed by the Debye
theory, and the probability of ortho-para transition with the simultaneous
emission of phonons is calculated. In solid hydrogen, the rotational energy
is larger than the largest lattice-mode energy, so that a cne-phonoh emission
is not possible. Two-phonon emission‘is'found to bé the dominant process, '
with & contribution from three-phonon emission. The calculation is in very
good agreement with experiment. o -

Motizuki carried out an analogous calculation for fhe case of solid
deuterium.zg There were several important differences between the cases
of solid hydrogen and deuterium that had to be considered. First, the spin
of the deuterium nucleus is 1 and Bose statistics are followed. In the lowest
rotational state (J = 0), nuclear states I = O and I = 2 are found. In the
first rotational state (J = 1), the nuclear state I = 1 occurs. Second, the
deuterium nucleus has an electric-quadrupole moment which interacts with the
quadrupole moment of adjacent para (3 = 1) mdlecules. In the case of the v
- para-para interaction, both the nuelearamagnetic~énd electrig-quadrupole
effects contribute to the conversion rate, and the kineties are second order
as with hydrogen. The magnetic interaction between para nuclei and ortho

nuclei with I = 2 has a concentration dependence of the type ¢(100 - c),
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where ¢ is the percentage of para deutérium. The net reaction rate is
de. 2 4oy SN e
g - ke okeQoo-e) (1)

The calculation gave the result that k and k' were both about 1 x 10'6

 per Hour per percentage unit. Hence the quadratlc terms approximately

" cancel, and the net reaction rate is’ proportlonal to ¢,

The fact that the'Debye o for deuterlum is almost the'éame‘és that for
hydrogen, while the rotational energy is one-half that of hydrogen, indicates

" that one-phonon emlssion is possible in the case of deuterium. Mbtlzukl did

not look up the experimental value of QD for deuterium (108 K), but guessed

“a value of 64.4°K on the basis of the harmonic- OSC1llator approximation,

and 86 missed this point. Accurate data on the para-ortho ‘conversion in
solid deuterium do not seem to have been reported in the literature as yet.
Of the many recent MMR studies made on solid hydrogen, the.work of Reif
and Purcell seems most pertinent to the present experiments.25 These authors
studied the change in line shape as a function of temperature below 4%k, At
hoK, a simple line of 18 kc/éec width was observed. Below lQSQKg'the line

- was flanked by two side peaks which grew in intensity at the expense of the

central line as the temperature was lowered still further. At l,l6°K, there
was still a vestige of the central line. Upon warming to 1.359K, the line
underwent a rather rapid change of shape which did not reverse itself when
the sample was again cooled to 1.l6°K and held there for geveral hours. The
cause of this hysteresis could not be explained. The' shape of the resonance
line below l.SOK was explained in terms of a general crystal field of
spherical harmonics of second brderoi'The resdlting'splittiﬁg of the three
sublevels was large enough to quench the rdfational magnetic moment of the
ortho molecules. The high-frequency transitions between the split rotational
levels could be neglected in the MMR go “that each of the three rotational

“sublevels gave rise to two resonance lines. A rough calculation of the rate
. of transition between the rotational sublevels indicated that it was greater

than the nuclear dipole-dipole splitting in an ortho molecule (expressed in

'kc/éec);’ In this case the dipole-dipole interaction should bé averaged over

all of the rotational sublevels, with each weighted according to its Boltzmann
factor, rather than over the probability distribution of & single sublevel.



-1h-

The authors carried dut both calculations, and found that both(ga§e essentially
- the same line shape. The remnant central line at low temperatures was explained
by the presence of some ortho molecules with a small number of ortho-molecule ’
" neighbors. The line shape also indicated that the sublevels of a large number
of ortho molecules were split by amounts larger than E/k = 4%,

| Studies of pressure effects in solid hydrogen have become of interest

in recent years, although some earlier work is important. Megaw measured

the compressibility of solid hydrogen and deutefium from 1 to 100 kg/'cm2 at
h.2°K.;3 The molarbvolumes of hydrogen and deuterium at 1 atm were found

to be 22.65 + 0,1 and 19.56 + 0.1 cm3; respectively. The volumes at 4°K were
assumed to be the same as those at 0°K. The compressibilities were 6.8 +

1.5 x 207 and k.5 + 2 x 107" b

v

cm?/kg at l.kg/bmz and about 3.2 x 107 and
2.1x lO_h cme/kg at 100 kg/bm?, respectively. Simon obtained for the pressure
and compressibility due to zero-point energy predicted by Debye theory2

(2)

<10

P =§RY

~ and

v A
BO = 9 b (3)
g RO r(y + 1) :
where © 1s the Debye temperature, v is the molar volume, and ¥ = 4 log 6/d log v
is Grueneisen's constant. These results were applied to the data, and it was
shown that thevexperimental compressibilities were predicted very well by the’

. above expression. ‘

'Stewart27’28 measured the compressibility of solid hydrogen and deuterium
at h.EOKfup_to 20,000 kg/bm2.27’2 The molar volume and compressibility
of hydrogenl(based on Megaw's l-atm valuel3) were found to bevgreater up to
~ the highestvpressures, indicating to Stewart that the zero-point energies
. were still of impoifance, No phase éhanges séem?to have been discovered by
these measurements.,’ ‘ . 4

The effect of pressure on the rqtationél levels of hydrogen molécules
in the solid has been considered by London.29 A summary of the effect of &
hindering potential on thre rotational states of a diatomic molecule in a

crystal was given earlier by Pitzer.o® With a small potential barrier, the

<X

rotational states are the same as in the gas phase, while with a high: barrier,

the rotation becomes a torsional oscillation. The gas-phase rotational states
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J=0andd =1, M=0 converge and become degenerate for a homonuclear

diatomic molecule when the potential barrier to rotation becomes infinite.

~Since solid hydrogen has a large compressibility, London proposed that it

might. be possible to increase the rotational barrier sufficiently to bring
the above-mentioned states very close in energy. He pointed out that if

one started with para hydrogen and compressed the solid to the point where
the para and m = 0 ortho levels were essenhially.degenerate, a ' large increase
in entropy (R 1nk) would be obtained if the para hydrogen could convert to

the statistiecal mixture of nuclear states. The above mechanism would

constitute a powerful, but hardly practical, cooling mechanism in the

vicinity of 1%K.

London interpreted the large compressibility of solild hydrogen by
assuming that the initial work of compression waé used to reduce space for
the molecules by confining their rotational motion to a smaller angle. Since
the crystal potential barrier may be thought of as being erected at the node
of the J = 1, m = O wave function, most of the compression energy should go
into increasing the emergy of the para molecules. On this basis, London
made a rough estimate of the pressure re@uired to raise the J = 0 level to
the J = 1, m = 0 level by assuming that all of the compression enefgy went
into raising the J = 0O leqel.. Since the J = 1l level would also be raised
somewhat in compression; he doubled his estimate and obtained a pressure of
the order of magnitude of 10,000 kg/cmgb An objection might be raised to
London's calculation on the grounds that between 1 and 5000 kg/bm?, most
of the compression energy probably goes into increasing the zero-point
energy of the crystal, rather than changing the rélative energies of the
ortho and para species. Above, 5000 kg/bm?, however, ‘'one might expect sﬁeric
hindrance to become important, so that the pressure estimate of 10,000
kg/'cm2 may still be reasonable. In a theoretical calculation of the .non- |
sphericai potential field betweeﬁ two hydrogen molecules, deBoer used the
Heitler-London-Wang wave functionS'fof the hydrogen molecules; and esleculated
the inter-molecular potential curve for various relative orientations of the
m.olecules'.3l Consideration of these results also indicates that the hindering
potential becomes appreciablevin the pregsure rangé between 5000 and 10,000 atm.

The effect of pressure on the NMR down to 1.2%K was studied by Smith and
Squire.,22 They did not detect any change in line shape or shift in the lQSOK
retétional transition temperature at pressures up to 337 atm. McCormick and
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Fairbank, in an attempt to obtain. some data relating to London's theory,

studied the nuclear resonance to a pressure of 5000 atm.32. The ;shape and
amplitudeldf-the lire at;h.2oK remained -constant to this pressure, but the s
transition temperature was observed to increase. The orthofpara_conversion
-rate repained small to 5000 atm, as indicated by the raﬁe of change of the .
amplitude of ‘the. resonance line.. , .

The present experiments were undertaken with the hope of studylng the
properties of solid hydrogen in the interesting region above SOOO atm. The

two methods of measurement considered for this study were NMR and heat
capacity. Results from these methods would give the same information in

some ways (such as the temperature of the amomaly as a functibn of pressure)
and complimentary information in others. Since work on the nuclear resonance
seemed well advanced in other laboratoriesaa and since tﬁe heat-capacity data
would be extremely interesting .in.any case, it was decided to attempt the
thermal measurements. - , ,

The‘plAn of the experiments was to measure the heat capacity in‘the

‘region 1.1 to 20°K. as ‘a function of pressure and oirtho concentration. . The
change in fhe intersction between néighboring molecﬁles with pressure was the
phenomenon to be studied. In more specific terms, the effect of ﬁressure on
the splitting of the rotational sublevels, the .shape of the anomalous heat
capécity, and 'the lattice heat capacity_was,of interest. . The same'apparatus
could be used to study the rate of conversion of ortho to para hydrogen as

e function of density. . .

The flrst part of this report is essentlally a descrlption of the apparatus
.necessary to carry out the above experiments. The basic prdblgm was to compress
| a sample of hydrogen into a cell in which its heat capacity could be measured.
The solution of the problem involved the construction of special apparatus

and the development of the techﬂiques necessary to obtain the data.

%
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II. CALORIMETER

General Description

The general layout and main féatures of the calorimeter are-shown in

the schematic diagram in Fig. 1. The outer vacuum can, A, was aluninum,

and the top flanges, B and C, were stainless steel. There was also a flange,
D, near the bottom for access to the cell. The pumping system was connected
to the main vacuum can through ﬁhe'pipe, E, and consisted of a Temescal h—in,_
gate valve, F, a water-cooled baffle, G, a Consolidated Electrddynamies MCF-

- 300 oil-diffusion pump, H; and a KC-6 Kinney forepump. A High Voltage

Engineering ion gauge was attached at EE.  The liquid nitrogen reservoir, J, .
was suspended from thefflange, B, by six tubes. A copper radiation shield
was attached to the bottom of the reservoif and was detachable at K. A
copper shield arrangement, L, was connected to the top of the reservoir to
keep room-temperature radiation out of ﬁhe\top. Four concentric eylindrical
dimpled stainless steel sheets were loosely attached to the inside of the
reservoir above K to act as radiation shields. Ten sheets of a similar
nature were placed below K and acxbss the bottom of the shield. The vacuum
can, pumping system, and liquid—nitrogénireservoir were adapted from a standard
accelerator targét design in use at the Lawrence Radiation La.'boratéryo The
liquidénitrogen‘bath was arranged sé that it could be pumped down in order to
reduce the heat lesk to the inner parts of the apparatus for certain experiments.
Two baths were necesséry for the liquid,hydrogen or helium. The purpose
of the outer bath, M; was %0 absorb fhe:heat leak from higher temperature, so
that the inmer bath, N, could be pumpéd'to the vieinity of 1%K with a pump of
moderate capacity. Altﬁough the outer bath made the calorimeter a good bit_
mbre complicated, the shortness of the apparatus and the unavailability of
high pumping speed made it a necessity.f The oufer bath surrounded the pumping
tube of the inner bath, P, andvhadfa~copper radiation shield attached to the
bottom of it which was detaéﬁéﬁié.ét Q.v Additional proteection for the outer
bath ﬁas provided by a pile of four disc-shaped dimpled stainless steel discs,
R, loosely connected to the pumping tube; P, at a point about half-way to the
liquid-nitrogen shield. The pumping tube for the outer bath was located at S,
and was connected to a KS-13 Kinney Pump. The transfer tube, T, was permanently
fixed in the calorimeter because of the low ceiiiﬁg. The other part of the
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'~ Fig. 1. Schematic drawing of calorimeter.
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transfer tube could be disconnected at the top of the calorimeter. The
mechanism of coupling of the two parts of the transfer tube is illustrated
in Fig. 2. The‘japkét of the outer-bath transfer tube was part of the main

© vacuum system, while s separate vacuum had to be provided for the jacket

of the inner-bath transfer tube, U. Two'well-baffled holes were put in the
copper shield below Q for the purpose of evacuating the inner part (see
Fig. 3). The baffles and the inside of the shield were painted black in
order to minimize the amount of radiation reflecting in toward the cgll.*
The inner bath was suiborted by its pumping tube. ,The transfer‘tubé
was permanently positioned in the pumping tube, and a spiral stainless
steel radiation shield, painted black at the bottom, was suspended in the
pumping tube. :A‘KD-3O Kinney pump was connected to the top of the pumping

tube through a 3-in. copper line (see Fig. 4). The isothermal shield

consisted of a block of copper and lead at the top and of a copper shield
surrounding‘tﬁe cell, W. The shield was mechanically connected to the
inner-bath bottom.by two stainless steel rods. The cell was supported in
the shield by the stainless steel pressure capillaries, X, asg shown in
Fig. 5. The capilléries were in thermal contact with the isothermal éhield,
inner bath, and outer bath, but not with the liquid-nitrogen shield. The
capillaries passed out of the calorimeter to the preséure system at the
flange, Y. They were sealed to the flange with Armstrong Products Co.
epoxy resin. | .

A double-jaw-type thermal clamp, Z, was used for cooling the cell.
It contacted the cell on two flat 1/k-in.-thick copper faces. It was
connected thermally to the inner bath with a flexihle'copper connection

. of aboutglucﬁ2 crossféection. The clamp ﬁas operated'mechénically’by two

stainles§ steel tubes; AA, passing out the top of the calorimeter, and
externally connected together by means of gears. An auxiliary clamp was
connected to the tubes for cooling the shield. A worm-gear arrangement

was used to opén and close the clamp. Rotary vacuum seals enabled the clamp
to be opeﬁed and'closed without disturbing the vacuum. The section of the
clamp tubes between the outer bath and liquid-nitrogen bath was made from
several different diameter tubes to increése'the path 1ength and reduce the

¥*
Suggested by Professor N. E. Phillips, Department of Chemistry, University
of California, Berkeley. :
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heat leak (see Fig. 2); "An extension sbove the main flange was also made
for this purpbée. The sections of the clanp #ubes were insuleted from each
other by thin mylar sheeﬁs to reduce the heat léak further‘whenvthé Jjaws '
were open. R o | B '

A vapor-pressure bulb, EB, wa.s soldered to the top of each jaw so that
it would be in good thermal contact with the cell when the clamp was closed.
Each bulb was made from a single piece of 1/16-in. copper hard-soldered into
a rectangular shape having a volume of about 4 cmd. A 1/4-in. stainless
steel tube was hard-soldered'into the top surface for adapting to the smaller
stainless-sﬁeel”tUbiﬁg; The bulbs were soft-soldered directly to the copper
faces bf The main clamps. Since the vapor pressure bulbs moved with the jaws,
a flexible connection was required between the bulbs and the inner bath. For’

this purpose, 1/16-in. stainless steel tubing was used. It was connected to
' 1/8-in. tubing at the inner bath and then run out the top of the calorimeter.
It was essential for the vapor-preSSure tubes leading to the bulbs to slope
downward at every 901nt within the calorimeter. |

The electrical leads were brought into the calorimeter through five
.3/h-1n. Lawrence Radiation Laboratory ‘fittings in the top flange, C. The
wires were cast 1nto epon ‘plugs in the shape of the fittings. Thermal
contact of the wires at the llquld-nitrogen temperature was achieved by
wrapping them around a copper tube at the top of the liquid-nitrogen shield
and attaching them with G.E. 7031l cement. Contact at the two inner baths
was made by wrapping the wires around the baths twice and gluing them. A
lﬁg post was provided on the isothermalishield for terminating-the current
and potential leads from the top of the calorimeter and for conneéting
' the leads from the cell. ,

There were several general reasons for designing the calorimeter in
the above fashion. By mesking the vacuum can and shields removable at the
cell level, it was possible to opén up the calorimeter to the cell very
repidly without disturbing any of the electrical, thermal, or pressure
connections. ' In addition, it was possible to remove the cell and pressure
capillaries without touching the thermal apparatus, and, conversely, to
hoist out the thermal parts Without disconnecting the cell from the pressure
system. ’ ' '
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Properties and Operation of the Calorimeter Baths

quuld-Nltrog Reserv01r

The capacity of the reservoir was about l3 llters. A Styrofoem-insulated
tube was run froma 50-liter dewar to one of the 1nlet tubes, and ﬁhe nitrogen s
level in the reservoir was regulated with an automatic dev1ce.* The level was
kept near the top and did not vary more than an_ inch durlng ruhs. _ For the
initial cooldown, it was found that a SQ liter dewar was adequate for bringing
the reservoir to liquid-nitrogen temperature and for keebing itvfuil several
hours. After the apparatus was fully cooled to liquid-nitrogen temperature,
one 50-liter dewar was required every 2# hr, and the automatic beth filler
transferred regularly at about. 1l-hr intervale. For the 1n1tial cooldown, the
two inner baths were also filled with liquid nitrogen. It took about 3 hr for
the thermocouples on the copper .parts to indicate liquid-nmtrogen temperature,
but since there were several long lengths of stainless steel tubing with a
considerable heat capacity, the apparatus took at least 8 hr tp cool completely
to liquid-hitrogen temperature. The initial cooldown was usually”carried out
over night. The reservoir was also comnected to a vacuum maﬁifold so that its
pressure could be reduced to the triple point (63 2°K) or lower in order to
reduce the heat leak to the outer liquid-helium bath. ’

Outer Liguld-Hellum.Bath

A rough estimate of the heat leak to the outer liquld—hellum.bath for -
the nltrogen reservoir at T7 K is given in Table I. In this estimate, we
‘assume that all radiation hitting the outer bath is absorbed. If the liquid-
nitrogen reservoir is pumped down to 63.2°K, the heat leak.is reducéd by'30%.
For comparison, the heat of vaporization of liquid hydrogen is 32,400 joules
per'liter, and of liquid helium is 2750 joules pér,;iter. -With the nitrogen
reservoir at 77°K, liquid helium should last about 1 hr per liter and liquid
hydrogen:about'l3 hr per liter. The capacity of the bath is 2.7 liters.

In practice the bath was ‘usually filled with liquid hydrogen every 12 hr

Constructed by Jack Harvey, Maintenance Machinist Group, Lawrence

Radiation Laboratory.
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Table I. Heat leaks to outer liquid-heiium bath

Path of heat leak  Heat flow (mw)

Clamp tubes o - e07
Large pumping tube ' ‘ ' 108
Small pﬁmping tube : | v )5
Fill tube o 13
High-pressure capilla?ies 80
Electrical leads : ) 75
Radiation (with four baffles) _250 .
Total : ' ‘ 778

without letting it get empty. Since a cell iemperature of 1.29K c@uld be
reached with hydrogen in the outer bath pumped doﬁn to alféw mm, it was not
'necesséry to ﬁse liquid helium except to reach the lowest temperaﬁures. By
pumping the nitfogen reservoir well below the triple point, it should be
possible to keep'liquid helium in the outer Ppath about 5 hr. The amount of
liquid helium reguired to cool the outer bath and its shield from ligquid-
hydrogen temperatures should be less than 100 ¢ 3. Liquid helium has not
yet been tried in the outer bath. ' ' _

One shoftéoming of the present design is that the gas heat capacity
of the evaporating liquid is not used. A fairly simple modification could
be made by pﬁtting é heat exchangef in the pump or exhaust tube at some
point between helium and nitrogen temperatures with the heat leaks attached
to it, A substantial reduction in the amount of heat reaching the bath itself
should be effected'by this means. It would also be more deéirable to make
the sides and top of the bath stainless steel rafher than copper so that the
| gas would be exposed to a tempéfature gradient right above the bath. This
improvément'could not be incorporated without completely rebuilding the

calorimeter.

Inner Liguid-Helium Bath

A fough estimate of the heat leak between the inner and oubter baths is
given in Table T1 for the upper'bath at 11°K. At its theoretiqal pumping
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Table II. Heat leak to inner liquid-helium bath

Path of heat leak 7 Heat flow (uw) .
Clamp tubes 3.3
Inner pump tube vf ' 7.3 ®
High-pressure capillaries - 0.3
Copper wires ‘ ‘ B 5.0
Radiation down tube _ 0.1

Total v : 16.0

speed, the KD-30 Kinney pump should pump the bath down to 0.3 mm (l.loK)
with the above. heat leak. In practice, a temperature of 1,230K was reached
(0.8 mm). With liquid helium in the outer bath, it should be possible to
reduce the heat leak another factor of three or four and to reach l,loK,
the value hoped for in the initial des1gn. The cépacity of the bath was

1. 5 liters. v )

’ Fiiling;9§ the Baths

In a glass apparatus, there is no problem;éséociated with filliﬁg the
baths, but when it is not possible tQ see how the transfer is proceding and
- when the bath is full, some special precéutionsvafe,necéssary. For the first
liguid-hydrogen tests,.a.string of thrée resistors was>suspended in each bath
so that the depth of liquid couid be determined from the measuremen£ of thé
resistance.  This technique failed beéause the resistorsyhad to be too close
together. During filling tﬁe rush of qoid gaé‘made all fhree read the same,
and even after the filling, there was very littlé différencé béﬁween them.
With liquid hydrogen, the lack of anviﬁdicator wés ﬁbt.a.serioﬁé problem.
When the outer bath had filiéé to the 1eve1 of the pump tube, the soft rubber =
safety valve at the top started bumplng v1olently. Expefiehce'indicated 7
how long it was safe to use the bath without refllllng it (12 hr) Since v
the heat leak to the inner bath was so small, it was never completely filled
with liquid hydrogen, and did not have to be re-filled for much more than a
day. , o : ,
 With liquid -helium, however, . the problem .of tranéfeyring was more
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serious. The safety-valvé did not bump when the bath was full, so that a
large amount of liquid could easily be blown out the vent. An oil-manometer
flow gauge was connected to the vent to give an indication of the rate of
evaporation of the liquid, and a thermocouple attached to the outside of

the bath was monitored during the transfer. Initially, the flow out'the

vent was large because of the cooling of the transfer tube. There was

then & lull, followed by a second large flow. At first the second flow
vas interpreted as indicating that the bath was full; however, it turned

out that this was just the beginning of the filling of the bath. The amount

of liquid helium lost during each transfer was about 1 liter or less.

Description of the Cell and Environment

Isothermal Shield -

The top of the shield was a 3-in.-diam. by 5/8-in.-thick copper disc.
A cylindricél 0.022-in, copper shield 8-1/2-in. long was soft-soldered to
the bottom of the copper disc. The shield was sliced in half vertically and
held together with two cépper screws through the discf The back half was
permanently attached to the inner bath by two stainless rods. The front half

. was removable for access to the cell. Two half-cirecles of lead, each 1-3/8-in.

diam. and 1/k4-in. thick, were soldered to the underside of the copper disec on

~the removable part of the shield. About 30 ecm of the electrical leads were

coiled up between the inner bath and the shield and glued to a copper rod
screwed into the top of the back half of the shield with G.E. 7031 cement.

The wires then went to soldering lugs on the sides of the shield. These

were simply brass séréws'insulated with Teflon washers from copper strips
soldered to the shield. Manganin wires went from the lugs through the shield

-to the cell. They were wrapped around the end of the lug posts and glued

before going to the cell. It is thought that'the_largest thermal emf's in

- the measuring.circuits;oécurred at the copper-to-manganin joints. The

heater-regulator components (twe'EOOO-ohm heaters and a 10-ohm thermometer)
were mounted on a copper rod screwed into the top of the back half of the

- shield.

Cells . . N ‘
The cells were made from beryllium copper. The outside dimensions of the
first design were 6-1/k-in. long by 11/16-in. diam. The inside dimensions were
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boin. long and 1/4-in. diam. The design .considerations for the cell are
discussed in Section III and the heat capac1ties are dlscussed 1n Section

V. About 1000 ohms of Driver -Harris 0.00175-in.- diam. Formvax insulated p
manganin wire {92.30 ohms/f t) were blllla;ly wound_on the cell. It was

found necessary to put a layer of cigarette paper under the windings to

keep the leakage resistance to the eell large enough“ The windings were
‘glued to the cell with G.E. 7031 cement. Solder lugs on the cell were
provided by two heavier copper loops glued‘to the cell. The potential leads
were No. 40 manganin, the current leads No. 30. The current leads were

L8 + 2 mm long. The use of short lengths of manganin was necessary to obtain
small enough heat leak and elecirical resistance. Two radio resistors were
used as thermometers. These were l/?-w Alien-Bradley 10- and 56-ohm types
with the covers ground off. They were glued in deed soft-copper clips which
were shaped around them and glﬁed to the cell. The leads on the resistors
served as solder lugs. The manganin wires were ﬁrapped around the cell once

~and glued before going to the shield.

Thermal Clamps

As mentioned in the general descriptibﬁ;'heaVy stainless Steel tubes
'rotated from the top of the calorlmeter were used to open and ‘close the
vjaws of the clamps. The clamps consisted of a heavy stainless steel body,
with copper faces for contacting the cell. A large force was desirable on
the main clamp 80 thst the heat of conversion 'of ortho to para hydrogen
‘could be conducted away rapidly enough that the lowest temperatures could
be reached. It is estimated thav several hundred pounds cculd be exerted
on the cell with‘the clamp. The data of Berman on the thermal conductivity
of copper-to-copper contac*e at low temperatures vere used in designing the
clampu.33 In the 1n1t1al Qeslgn, the Jaws made contact with the cell at
four, spots at an angle of 30 deg %0 the direction of closing. Although thls
meuhod gave very good contact, 1t was found that the heat of friction on
opening the clamp at 1.2 K gave more than an O. 5 K temperature rise. In

order tc remedy this 31tuat10n, a l/h—ln-thick piece of copner was screwed

L4

into each Jjaw so that its surface was 90 deg. to the direction of motion.
The copper faces of the clamps were connected to the inner bath through

- . o . 2 .
four flexible copper wires of about 1 cm~ total cross section. A second set



of clamps of a lighter design was attached to the tubes at a higher point'to
contact the shield. These clamps made contact before the main jaws, but did
not exert as much force.> About 1.5 hr.were required to cool the shield from
liquid-nitrogeh to liguid-hydrogen temperature. The limiting process in this
respect, hbwever, was the cooling bf the stainless steel capillaries between
_the cell and shield, which reqired b hr. |

Vapor-Pressure Bulbs

" The mechanical arrangement of the bulbs is given in the general descrip-
tion. The front bulb was usually used with hydrogen and the rear one with
helium. The sample used was placed in a 2-liter bulb at room temperature and
slightly less than 1 atm. and then condensed into the bulb. The mahometers
were made from 20-mm. tubing, and-the mercury or oil (Octqil) levels were read
with a Gaertner cathetometer accurate to about + 0.1 mm. The copper-iron—
versus-——copper thermocouple used as ah auxiliary calibration thermometer and

a copper-constantan thermocouple were glued to the rear vapor-pressure bulb.

Calorimetry Circuits

- Thermometer, heater, temperature'control, and thermocouple circuits

used in the calorimeter are shown in Figs. 7, 8, 9, 10, and 11.

Thermometer Circuit

Two 1/2-w Allen-Bradley cafbon—cbmposition resistors of the nominal
10-chm and 56-ohm values were used as thermometers. Thevfirst was used from
1 to 3°K‘and the second from 3o to the highest temperature (about 25°§)q The
' 34,35

properties of these resistors have been discussed in the literature.
The information in Table III is useful in understanding the ¢ircuit requirements.

Teble IIT. Approximate thermometer characteristics

10 ohm » 56 ohm.
| R -dR/dT | T R -dR/aT
1.13 2000 4610 ' 1.62 10000 13900 ~
2.72 162 76 _ 3.96 1000 294

4,21 80 18 ' 11.0 270 15
' , 8.4 180 4,3
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A current ~range of 0.07 to 150 pa was used to obtain adequate preeision
of temperature measurement (somewhat better than 10 -3 °K). The currents were
small enough that the power dissipation in the thermometer and temperature
difference from the cell were negllgible.36

A single 9-v mercury battery (Mallory TR-146R) was used. During runs
the potential was constant to better than O. 01% per hour 1f the windows in
the room were kept closed. The 1000-ohm standard resistor was obtained '
from Leeds and Northrup Co. (Cat. No. 4040-B; Serial No. 1530456). The re-
sistance was 10,000.2 + .005% at 2500. and the temperature coefficient was
0.0005% per °
the various parts of the eircult. All potential leads were connected with

C. Multiconductor shielded copper cable was used to connect

copper lugs or knife switches. Ordinary rosin-core elecirical solder was
used. The major thermals appeared to be caused by manganin wires very near
the cell. Leakage to ground of the thermometer circuit was always unreadable
on a Weston meter (i.e., greater than 10 meg).

The potentiéls were measured with a Rubicon Double Six-Dial Thermofree
Potentiometer (Cat. No. 2773-S; Serial No. 108030). A Beckman Instruments
(formerly Liston Becker) Model 1k D,C. Breaking Amplifier was used as a

_ galvanometer. Its input impedance was 10,000 ohms and the noise level was

about 0.05 pv. A Leeds and Northrup Speedomax Type G Model S 60000 Series
Recordervwas used to display the output of the Liston Becker amplifier. '
Its full scale sensitivity was 10 mv. '

An attenuation of 200 was found necessary in the output of the Liston
Becker amplifier because of the nonlinearity of the output circuit at low
signals. A higher attenuation was not used because of saturation of the
output circuit at higher voltages and because of the limited amplification’
available. .The nonlinesrity of the'output appears to be a property of the
amplifier circuit and not of the particular amplifier being used, since the
same phenomﬁnoﬁ occurred with two other available models. An over-all '
linearity of about 1% of the recbrder scale was obtained with the galvano-
meter system. When the potentials on the standard resistor werg'large, they
were read on the K-3 potentiometer, which is described in the following '

section.

Heater Circuit

The heater circuit was independenﬁ of the thermometer circuit. The
heat capacities to be measured ranged from U4 to l0,000'mjoules/QK.
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.A lOOO—ohm heater was used with an avallable current range of 50 pa to 10 ma.
Four 9-v mércury batterles (Mallory TR-lhéR) were connected in series. These
batteries have a life of hOOma hr, and a meximum drain of 40 m.’ In use, the .
drain was usually less than 3 ma. The heater was made from 0.00175-in. diam.
Formyar-insulated Drlvex-Harris manganln. The leakage to ground was unreadable_
:'on the Weston meter (greater than 10 meg) The dummy'was a'helipot set to the
 same re51stance as the heater. : '

In a measurement, the current was stabilized on the dummy’ and measured
"écross the standard resistor, a Leeds and Northrup lO0,000-ohm standard
resistor (Cat. No. 4030-B; Serial No. 1534139). The current was them switched
to the heater with two Clare Type HGS 1010 Mercury-Wetted Contact Relays.
}Accordlng to the sales literature, the operating time of the relays is about
1.3 msec. The contact action of the relays is make-before-break, and the
bridging time is 0.5 msec. maximum. The time during which the relays were

in contact with the heater was measured with a Model T250CR Time Interval

' Meter (Berkeley D1v1sion, Beckman Instruments, Inc.), which was good to about
one part 11 105, with a mlnxmum measurable time interval of 10 p sec. The
input 1mpedance was 10 meg shunted by 40 puf. The current adjustment switches
in the heater circuit were set up s0 that the counter always had an adequate
triggering voltage (o. 3 -1.0 V). The counter also required that the circuit
’be grounded at the p01nt indicated in the schematic. The input impedance of
_the counter was matched to the dummy, 50 that the current through the standard
resistor dld not. change on sw1tch1ng.

The heater potential Was measured on a Léeds and Northrup Type K-3
Unlversal Potenti@metero' The heater current was set so that it could be read
on the Aux;llary EMF settlng of the K- -3. A Kintel Model 204A Electronic
Gal&anometev was used és'a null detector. Its noise level was about O. 5 pv,

and the over-all accuracy of the potentlal measurements was about + 1 pv,

or one part 1n 1oh.

Bath and Shield Temperature Regulator

| The‘temperatﬁre fegulator Waé needed for'controlling the ‘bath temperaturev
during a thermometer calibration and for controlling the temperature of the
isothermal shield surrounding the cell during heat-capacity runs. A L/E-w
10-ohm radio resistor was used as the temperature-sensing elemént. A L.5-v
battery supplied bridge currépt, and a series resistance was used to regulate
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the detector current or sensitivity. The temperature was set by adjusting

the ratio arm of the bridge. The unbalance of the bridge,wasiambiified by

a Kintel Model 204A Electronic Galvanometer. Its input sensitivity vas about
0.5 pv and its output was + 1 v at 1 ma, The output was amﬁ;ifieq:to a range
of 0 to 50 v at 25 ma with a four-tube, linear, negative-feedback; amplifier.
The power level available on a 2000-ohm heater with this arrangement was about
1 w. The circuit was adjustable with respect to gain and zero signal current
through the heater. In practiCe, the power level was set at 5 v with the
Kintel output at zero (temperature at desired value); =1 v on ‘the Kintel

gave 50 v on the amplifier, and a slight positive voltage on the Kintel output
caused the heater to shut off. v ‘

The amplifier contained two stages of amplification followed by two
cathode followers, Thé heater was the cathode resistor of the secomd cathode
follower, and the desired power range was adjusted with a series resistance.
The feedback was taken from the cathode of the last tube and applied to the
cathode of the first tube The galn of the circuit was adjusted by varying
.the feedback ratio. The zero level was adjusted by varying a reS1stor in
the cathode of the first stage (but not in the feedback loop). The two
cathode followers were necessary to get a low enough butput impedance and to
bfing the output voltage close enough to ground. In practiCe, the circuit was
found to be stable and to require littie adjustment. In initial testing, the
biases of the various parts of the circuit were fairly critical with respect
to BY and B~ (300 v each), but the use of regulated power supplles removed
the necessity for any later adjustments.

The available input semsitivity was better than 1 n°K/irr at 20°K and
was greater at lower temperatures. The full-scale power level of the heater
was stepwise adjustable from lluw to 1.25 w. The widée range was desirable
because the heat capacity of the tlermal shield was much less than that of
the bath. A steady heating power of 10 mw Was‘fairly common fbr the bath.

The steady heating rate was determined by the rate of pumping on the bath.
Higher powers were needed to change the bath temperature in reasonably short
times. It is felt that the quality of temperature fegulation was limited by

the response of the bath rather than by'ﬁhe circuitry., The rate of distribution
of heat in the bath (especially for the Cage_of solid hydrogen)'cOuld probably
be increased by soldéfing copper fins in the bath.



- Thermocouples
‘A ‘thermocouple of copper containing 0.0111 wt % iron versus copper was
 glued €0 the Year vapor-préssure bulb and used as an auxiliary’ thermometer
'for'temperature calibrations;'pThe wire was supplied by Sigmund Cohn Corpora-
" tion, and contained a lower iron concentration than was specified in ‘the order
(0.015 wt %).  For this reason, the sensitivity was less than hoped for, but.
the thermocouple was still useful. ' o
Different‘thermocouples of the same copper-iron glloy versus copper were
 used between the inner and outer bath and between the inner . bath and the
shield. OSince the diameter of the wire wes 0.010-in., the heat conductivity
was too large to allow a difference thermocouple between the cell and shield.
| The potentials of the difference thermocouples vere read on & Leeds and Northrup
. Electronic D.C. Type 9834 null detector. The potential of the auxiliary
thermometer thermocouple was read on the White potentiometer of 10, 000 Th'g
maximum range. Several copper—constantan thermocouples were used in the .
calorimeter as well as. in other parts of the apparatus, and these were u;ually
_ read on the. Leeds and Northrup recorder. or on the K-3 potentiometer.

_III. PRESSUBE SYSTEM

-;General'bescription~

The purpose of the pressure system.was to develop 8 pressure es ‘much in
axcess of 5000 .atm .as possible on a known amount of solid hydrogen sufficiently
isolated from its environment to allow an accurate determination of its heat
"capacity. ‘The general technique vas. similar to that used by Dugdale and Simon
for studying the thermal properties of solid helium to 3000 atm.37 In their
,experiments, a U-shaped container half filled with mercury vas charged with
'helium gas on one side and then closed off from the tank.» 0il pressure was
‘_applied to the mercury in the other arm then compressed the semple into the

cell through stainless steel capillary tubing. After the pressurization, the

A sample of copper wire containing O 015 Wt % iron was kindly supplied by
Dr. E. R. Grilly of Los Alamos Scientific Laboratory. This wire was used

.in a test apparatus but not in the actual calorimetér.
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helium was frozen in the capillary, and the sample in the cell was cooled
and frozen at constant volume.

' For the experiments on hydrogen, the higher pressures required and the
problem of hydrogen embrittiement of ordinary high-strength steels made the
apparatus problemé a good bit more complicated. A schematic diagram of the
pressure system for the present experiments is shown in Fig. 12. A bonmb and
three mercury U-tubes were used to raise the pressure from 1 atm to the
vicinity of 10,000 atm. _

After purification or preparation, the gas was initially stored at
1l atm in one or more of four 5-liter Tulbs on the preparation rack. it
was then condensed iﬁto a bomb with a total volume of 73 cm3‘which was
cooled to the hydrogen triple point or lower. The volume of liquid hydrogen
was always less than 30 cm3. The bomb was closed off from the bulbs and heated,
the sample expanding into a 2-liter volume on 6ne:side'of the -low-pressure
U-tube at a pressure of 10 atm. Thq U-tube was closed off from the bomb and
the mercury pushed up by nitrogen-gas pressure on the other side. The sample
thus was compressed into the gas side of the medium pressure U-tube at about
100 atm and a volume about 200 cms. . The medium-pressure U-tube was closed
off from the low-pressure U-%tube: and the mercury foreed up by oil bressure on
the other side, the gas being compressed into the high-pressure U>tube at
about 1000 atm and 20 cms. In order to isolate the medium.pressuré U-tube
from the higher pressures, the mercury was pushed up into the l/B-in,-oad.
by 0.024~in.-i.d. capillary at the end of the U-tube and frozen. The
freezing point was determined by a cold finger attached teo the capillary.
The frozen mercufy "valves" served to seal the high-pressure sample and to
define the high-pressure volume closely. The mercury in the high-pressure
U-tube was then pushed ﬁp by the action of an intensifief, and the sample
was pushed into the cell. The mercury was pushed into the capillary at the
end of the U-tube aml frozen as with the medium-pressure U-tube. The inner
bath of the calorimeter was then filled ﬁith liquid hydrogen or helium and
the hydrogen rapidly froze at the point of contact of the capillaries with
the inner bath. The hydrogen in the cell cooled more slowly and froze at

constant volume. At the end of the experiment, the pressurizing procedure

“was reversed. The gas sample was let out into one or more of four 5-liter

bulbs in a Styrofoam-insulated box, and tha pressure read to determine the
number of moles that had been in the high-pressure system. Samples could be
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taken for the ortho-para analyzer before or after a pressurization. A more
detailed description of the various parts of the pressure system is given

below.

Low-Pressure System

Condensing Bomnb

The bomb shown in Fig. 13 was of welded nonmagnetiC'stainlesé steel
construction. It was connected to the manifold by 1/k-in.-o0.d. by 0.049-
in.-wall type 304 stainless steel tubing and was pressure tested to 5000
psi. The bomb was cooled in a glass double dewar arrangement equipped for
use with liquid hydrogen or helium. A heater consisting of 27 £t of No. 24
insulated manganin wire with a total resistance of 20 ohms was wrapped around
the outside of the bomb and baked on with formvar enamel. Enough voltage
‘was supplied to give a maximum heat input of about 15 w. The temperature of

the bomb could be determined by a thermocouple or by the bath vapor pressure.

Low-Pressure U-tube

Two 52-in.-long 0.d. by 0.218-in. wall stainless steel tubes formed the
arms of the U-tube as shown in Fig. 1l4. Heavy stainiess steel caps screwed
over the ends and were sealed with O-rings. Parker fittings were used to
connect the caps to 1/4-in.-stainless steel tubing. The bottoms of the two
arms were connected by 1/h-in.-o.d. by 0.049-wall stainless tubing. An
electrical lead assembly was fitted into one of the top caps and the U-tube .
assenbly was tested to 5000 psi. The U-tube was half filled with mércury,
and the level followed by measuriné the .capacitance of a Formvar-insulated
No. 16 cbpper wire suspended from the electrical connection and sﬁpported
by the sides of the U-tube. The circuit used to make the de?th measurement
is discussed later in the Mercugz-Depﬁh Indicator section. The hydrogen
samplé was compressed in one arm of the U-tube by pressurizing the other
side with nitrogen gas from a tank connected through a regulator adgustable
from zero to tank pressure. The danger of mercury getting into the manifold
was reduced by having a valve at the top of the U-tube which could be qglckly .
closed until the driving pressure was released. An indication that the mercury

was near the top was provided by a shorting wire glued to the Formvar of the

depth-gauge wire.
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” Low-Pressure Manifold

Up to the bomb, l/h»in.-o.d. by 0.049-in.-wall stainless tubing was used.
~and 1/hk-in.-0.d. by 1/16-in.- i.d. tubing was’used beyond ‘the. bomb. -American h

Instrument Co. parts used in the low-pressure manifold included "quick-connect"
flareless fittings, valves (Cat. No. 44-1203), and a blowout assembly (45-9011)
with a rupture disc to hold %200 psi. The valves had O-ring seals on the stems
an& were helium leak-tight at 2000 psi thréﬁgh the stems and seats. A O to
5000-psig (L47-8205) was attached to the lqwepresguré‘maﬁifoid for operational
purposes. Several metering valves were: tried for the purpose of letting the
gas from the tank at 100 atm into the evacuated 5-liter bulbs.. The most
satisfactory wvas a stainleés‘steel‘type‘with a KéleF-seéﬁ and an @-ring stenm
seal made by Robbins Aviation Co. (INS G 103-1P).

The condensing bomb, low-pressure U—fube, and manifold are shown in -
Fig. 15. '

Mercury'quth Indicator

Initially it was hoped to follow the depth of the mercury in the U=-tubes
by measuring the resistance of a wire supported in the tube.  Stainless steel
wire was tried, but the mercﬁry deposited a layer of insulating material on the
wire which made the resistance measurement very erratic. ' The effect was

. apparently due to an interaction between the mercury and the steel, and did

. not seem to depend on the initial cleanliness of the mercury. A similar effect
was observed by'Bridgman.38

~In order to avoid this problem, it was decided to measure the capacitance

of a Formvar-insulated copper wire suspended in the mereury. The internal
diameters of the low-, medium-, and,high-pressﬁre U-tubes were 2 in., 5/16 in.,
and 1/8 in., respectively. The lengths of the depth gaugés were made 4 f£t,
12 £t, and 160 cm, respectively. Number 16 (51-mil) wire used in the low-
pressure U-tube and No. 20 (32 mil) was used in the medium- and high-pressure
U-tubes. The thickness of the Formvar insulation was measured and found to be
1.6 mils. By taking the dielectfic constant qf Formvarvasw3.l2 and using the
expression for the capacitance of'a cylindricaivcbndenséf, the sensitivity of
the low-pressure U-tube was roughly estimated to be 29 upt/cm and that of the
medium- ahd high-pressure U-tubesvtovbe 18 puf/bm, The e¢ircuit is shown in

Figure 16. The capacitance of the wire was made 10% of that of one arm of
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s Wheatstone bridge. The depth of thé mercury was indicated by the unbalance
of the bridge, which deviated about 5% from linearity at full-scale unbalance.
Three sensitivitiésﬁwéré incorporated: low, medium (Y4x), and high (10x). A
General Radio 1-ke tuning-fork oscillator was used with a 10-w high-fidelity
audio amplifier to power the bridge. A Triad 5-25Z Autoformer and a Trisd
S-782Z Output Transformer”ﬁere connected in parallei.to the output of the
ampiifier, the former to sﬁpply éurrént tové,Weston 500-pa rectifier-type

ac ammeter, and the latter to isolate the bridge from the meter and the
sensitivity switch. A shielded 60—cycle~twin-T filﬁer_was found necessary

at the input of the detector,'a Shasta vacuum-tﬁbe ioltmeter. The bridge
current was adjusted by setting the meter to 220 pa with the amplifier gain
control, and the vacuum-tube voltmeter was used on the 10-mv scale. Adjustment
of the bridge‘zero was provided by 200-puf screwdriver-agtuated capacitors on
the front panel for the thfee‘U-tubes. The bridge was not accurate enough to
give quantifative indications of the mercury depth, but was an indispensible

aid in operating the U-tubes.

Shielding

"The part of the pressure system inveolving gas above 100 atm was largely
encloéed'in l-in.-thick mild-steel plate. The general features of the shield
are shown in Fig. 17. The design was based on information availéble to us
concerning safety féatureS'desirable with high pressure apparatus.39 The main
working area in the shield was a 3-ft-wide, L-ft-high, and 18-in.-deep box
with sliding doors on both sides. The sliding doors moved on roller bearings
and'proved to be very convenient. A small welded l/é-in. steel box was also
included in the shield for pressure testing the cells. The box was just
large énough to hold_a quart dewar. The medium7 and high-pressure U=-tubes
extended from the bottom of the box through a t?ap door to the floor below.
They were enclosed in a l-in.-thick by lh-in.-digm. steel pipe to the bottom
of the high-ﬁressuré U-tube, and in 1/2-in. steel pipe to the bottom of the
medium-pressure U-tube. A l/?-in.-thick steel box shielded the bottom of the
medium-pressure U-tube and provided access to the fittings there. The medium-
pressure U-tube was assembled in the 1/2-in. shielding and then pulled into
the shield from two floors down through a second trap door. The high-pressure
U-tube was lowered into the shield through a trap door from the floor above
before the roof of the shield was installed. The bottom of the calorimeter
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" was also shielded with l-in: steel plate which was attached to the side of

the box containing the high-pressure fittings.  The shielding and. enclosed
equipment weighed about 5 tons and were supported by two 12-in. steel I-beams

which rested on two of the concrete beams in the floor.

Medium-Pressure System

Two oil pumps were used: an air driven one for hanﬁling the iarge'volumes
required by the medium-pressure U-tube and the intensifier, and a hand pump

for the slow movement needed when pushing the mercury inﬁo the capillaries.

‘The air-driven pump was made by the Sprague Engineering Corporation, whose
. designation was S-440-200. About 100 psi of air were required toe generate

an output of 20,000 psi in the oil. The pump maintained the pressure to which
it was set, and had a capacity of more than 300 cms/hin -~ much more than
required. A 50-psi house air line wés used for pressures‘up to‘about 11,000
psi, and a cylinder of compressed air was used for higher pféssures. The

hand pump was a Blackhawk Model P-228, rated for use £o Lo, 000 psi. A% low
pressures its stroke was rated at O.4 cm3
For the O- 20,000 psi 011 system l/h-in.-o d. by 1/16 in. i.d. tubing was used

with American Instrument Co. connectors (45-1310). American Instrument valves

s but was smaller above lO 000 psi.

- (L4-3105) rated to 30,000 psi were used in the oil manifold. A rupture-disc

assembly (45-9103) was used in the medium-pressure U-tube line with a disc

-to. hold up to 22,500vpsio_ Blackhawk LX~21 hydraulic oil was used in the pumps

medium-pressure U-tube, and low-pressure part of the intensifier,

Originally it was thought that fairlyushort‘largecdiamgter cylinders would
be used to separate the hydrogen from the oil. The cost of comstructing these
parts from metals resistant to hydrogen eﬁbrittlemént would have been quite

‘high and, in the case-of failure, the cost of replacement would have been

equal to the initial expenditure. After consultatiom with Mr. Donald H.
Newhall, President of Harwood Engiﬁeering,Co,g iﬁ was decidea to use very
long small-diameter cdmposite tubing for both the mediﬁmﬁpressure‘and high-
pressure systems. Although the uge of thése:tubes_raised space énd installa~
tion problems, the much lower initial and replacement cost made their use
worthwhile. The compoéite pubing consisted éflstainless steel Jacketed with‘
alloy steel. ’ »
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The medium-pressure U-tube, for use to 20,000'psi,_waé.l5/16-in.-o.d.
by 5/16-in. i.d. Each arm was a separate piece 14 £t, 8 in. long. The length
-of the straight portion was about 13 ft, 9 in. Harwood Engineering Co. 15LH
type fittings were used to connect the U-tube to the rest of the system. The
sealing elements to the tubing were lens rings. A tee with a cap was put at .
the bottom to join the two arms. During the bending of fhe tubing, the jacket
_stretched, over the inner staihless.tubé by a small amount at the lower end.
The angle on the lens ring was great enoﬁgh to'keep_the segl on the inner
tube, but in the tightening, the outer tube was pulled further over the innmer
one and on one side of the U-tube the seal shifted to the outer tube. This
effect was not discovered until mercury had been forced all the way up the U-
tube betwéen the two layers of metal and out at the top. The difficulty was
remedied by refacing the end of a new tube after it had been bent td the
proper shape. ‘ '
_ The oil was brought into the U-tube through a tee at the top. An electrical
lead was brought in through the top of the tee on the o0il gide. A lava cone
was used as the insulating seal. The dimensions of the electrical lead are
shown‘in Fig. 18. Originally it was hoped to have the electrical lead on
~ the gas side, but the cone could not be made leaktight against helium.
Seyeral attempts were made with the come lightly coated with rubber cement.
A thin layer of red iron oxide was also tried but the helium leak rate was
alvays unacceptable, Although switching the lead to the o0il side made the
indication of the mercury level on'thé gas side more indirect, it solved the
critical ieak problem, and also eliminated one of the trapped volumes in the
gas sysﬁem. As shown in Fig. 19, 1/h-in.-o.d. by 1/16-in.-1.d. tubing was
connected to the top of the U;tdbe on ‘the gas side, This tubing sloped
gradually upwards_to a teé, one arm 6f Which was connected to a valve for
closingfoff the low pressure éystem. The other arm was adapted to 1/8-in.-
0.d. by 0:02k-in.-i.d. hardfdrawn stainless steel éapillary tubing leading
to the high«pfeséure'éysfem. The arm leading to the valve constituted the
only trapped volume in the gas system. Thé capillary tubing was arranged
to come out the top of the tee so that any droplets of mercury coming over »
from the low-pressure system would tend to go into the U-tube: '

The mercury-depth indicator consisted of a 12-ft piece of No. 20 Formvar-
insulated wire. The end was coated with GE 7031 cement which Waslbaked on to
'give chemical resistance to the hydraulic oil. A thin stainless steel wire
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was soldered to the lead at the top and glued to the copper wire so that its
end was several inches below the side arm of the tee on the o0il side. Its
purpose was to short the indicator when the mercury was in danger of ‘going
back into the o0il system. It was easy to tell when the mereury went off
the low end of the wire because the indicator stopped moving. The medium-
pressure depth indicator was set up so that the bridge was balanced when
the mercury was all of the way up on the gas side, hence the highest sen-
sitivity could be used to determine when the mercury went off the end of the
wire. 'The mercury level was adjusted so that it was at the top of the U-tube
(within a few cm) on the gas side at 1 atm when it was at the end of the wire
on the oil side.
After reaching the end of the U-tube, the mercufy was pushed up into
the smaller tubing, through two arms of the tee, and into the capillary
tubing. This operation was carried out with fairly slow étrokes of the
Blackhawk pump. Upon reachihg the cold finger-heater arrangement clamped »
to the capillary, the mercury froze. The purpose of the heater was to give
a sharp temperature gradient at the cold finger in order to fix the freezing
point of the mercury more élosely. The temperature of the cgpillary under
the cold finger was about -80°C. and the temperature under the heater was
about room temperature. Mercury freezes at -3900. The motion of the: .mercury
in the capillary was monitored with a copper-constantan thermocouple soldered
just past the cold finger. Before the mercury froze, each stroke of the pump
caused gas to rush through the capillary at the thermocouple, giving a slight
but sharp temperature rise (about 0.; mv under typical conditions). This
signal was amplified by a factof of ten and displayed on a recorder. The
freézing of the ﬁergury at the cold valve was then indicated by the lack
of response of»the thermocouple to further strokes of the Blackhawk pump.
This technique worked well except when there was a léak in the high-
pressure system beyond the cold finger. Then the presence of the trapped
gas volume seemed to'caﬁse a mixtuie of mercurj and gas to be pushed into
the capillary. Applicétion of higher pressure on the other side after freezing
the cold valve behind the cold finger then usually pushed the mercury back,
probably because there was not enough frozen to make a good plug. It was
found necessary to lower the cold-finger dewar after freezing the cold valve.
‘This left a puddle of liquid which then filled in the cracks formed by the
contraction of the mercury on freezing. When the mercury was.pushed up to
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the cold finger slowly enough, it seemed to fréeze‘befaré'getting past the
cold finger. Evidence for this was given by the fact-that a slight release
of pressure caused the plug to break and move back. - On the;othei hand, if
the mercury was moved up to the cold finger with fullvsharp strokes of the
Blsckhawk, it did not unplug when the pressure was- released slightly. Since
the cell was made of a copper alloy, -it had to be protected from mercury
contamination. For this purpose a U-tube was put in the capillary past ﬁhe
cold finger and maintained at acetone—dry-ice temperature. Experiance

indicated that this protection was necessary and adequate.

High-Pressure System

A single piece of 3/ﬁ-in.-d.d. by 1/8-in.-i.d. composite tubing was
bent into the proper shape. The total depth of the U-tube was 10 ft. A
Harwood Engineering Co. A-2,5J intensifier was used és a source of pressure.
Its rénge was O to 200,000 psi output for O to 15,000 psi input. The high-
pregssure stroke was 20,l~¢m3. The volume on top of the low~pressure piston
was 303 cms. It was filled wlth hydraulic oil and connécted to a sight tube
for the purpose of iﬁdicaﬁing the position of‘the piston. The large ratio
of volumes (15'1) made it very sensitive. White gasoline'was used in the
high-pressure system‘ Hyﬂraullc oil was used in the low-pressure side, and
the Sprague and Blackhawk pumps wvere used to presaurize the imtensifier.
_ Sone tr@dble was experienced with the packing of the high-pressure
pistbﬁ. A wax~impregnated leather washer contained by triangular cold=-
rolled éteel washers was uged. During shipment, the wax had dissolved out
of the paeking and it could nof be made leaktlghto A plastlc impregnated
_washer was tried, and this proved satisfactory after it had been pressurized
a few times. The inten31fier Was dead-ended and pumped. up for the purpose
of breaking in the new washer., The manner of connectlng the intensifier to
the U=tube is illustrated in Fig. 10. Harwomd type -12H fittings were used.
o The preosure-m@asurlng cell vas connectad to a tee dlrectly above the
intensifier. It was supplled by thg Harwood Engineering Co. Its principle

of operation involved the bulk compression of a steel rod which was connected

»

by & probe to a pnéumétic system mahufactured by the Foxborc Co. The pressure

was read 6n_a recorder driven by the pneumétic systémo: The recorder could

be read to + 500 psi.
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A 12H valve was included in the white gasoline system for the purpose of
adjusting the amount of fluid. The electrical lead wag brought in through the
top of the tee on the white-gasoline side. The same principle for obtaining
an insulated seal was used as with the lead in the medium-pressure U-tube. The
seal leaked when first pumped to about h0,000 psi, but after the pressure was
raised to about_lO0,000 péi, it was leaktight at all pressures. On the gas
side of the U-tube, capillary tubing was connected directiy to the top of the
U~tube with the arréngement shown invFig. 20. The method of connecting the
capillary tubing was described by PaulAénd Warshauer.ho The high-pressure
U-tube, medium-pressure.U-tube, ahd cell ﬁere connected together by a tee made
from Allegheny Ludlum A-286 stainless steel, which was required by the presence
of hydrogen and>mercury. All of the Paul-and-Warshauer fittings were also made
of A-286, The sealing surfaces of the fittings galled badly and had to be re-
faced periodically. A cold finger, cold valve, heater, and acetone-——dry-ice
trap identical to those used in the medium-pressure system were used between
the top of the high—preésure'U-tube and the A-286 tee. The 1/8-in. holes in
the tee were stuffed with gold foil to act as a quick indicator of the presence
of mercury.

The filling of the high-pressure'system‘with mercury and white gasoline
was not as trivial an operation as with the medium-pressure system because the
compression of boeth the white gasoline and mercury at the higher pressures
was a large fraction of the intemsifier stroke. In addiﬁion, the amount of
white gasoline had to be fixed before the pressurization. The following con-
siderations illustrate the conditions for the maximum stroke of the high-
pressure piston. It was desired to have the mercury 30 cm below the top of
the tube on the‘white gasoline side under 1000 atm compression. With the
intensifier all of the way back, the amount of white gas in the system was
about 25 cm3. If we assume a compression of 12% at 1000 atm,Athe l-atm
volume of the white gasoline was 28.4 Cms. Since the cross section of the
U-tube was 0.079 cme, the mercury was 73 cm below the top of the U—tube at
1 atm. On the gas side, it was desired to have the mercury at such an initial
height thét it could be pushed to the coid finger at the end of the stroke. If
we take the volume of mercury as abbut 37 cm3 and the compression between 1000
and 10,000 atm as 3%, the amount of the intensifier stroke that went into the

compression of the mercury was 1.1 cms. Tgking the compression of the white

‘gasoline as 25% from 1000 to 10,000 atm, 7.1 emd of the stroke went into its

compression. Hence the net high-pressure stroke available for compressihg
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the hydrogen was 11.9 cms. Allowing a lO%:margin, one finds . that .the mercury
.will be about 82 cm below the top of the tube at 1 atm and 126 cm below the
top at 1000 atm. By using the above consideratioﬁé§7thé.mércﬁfj-level was
.adjusted to. 78 .cm below the top of the U-tube and checked on both sides to

v make sure that there was no air trapped in the mercury. The depth-indicator
wire was attached in the same way as in. the medium-pressure tube except that
‘the length was 160 cm. Hence when the mercury . was 10 cm below the top on
the gas side; it left the end'of'thefwire on the white gasoline side.

It was found that. the Formvar insulation.cracked after being in the white
‘gasoline for a while and then»shdrted when' the pressure was raised above about
1000 atm. - The white gasoline seems to hdve dissolved the plasticizer and made
-the Formvar brittle., Teflon insulated wire made by American Super-Temperature

Wires, Inc. is now being tried.

High—Pfeséure.Cells

General

‘The general requlrements for the metal used in the high-pressure cell
N were high mechanlcal strength, small ‘heat capacity, ‘reasonable heat conductivity,
x'reS1stance to hydrogen embrlttlement lack of magnetlzatlon, and reszstance to
'mercury attack. The only metals which seemed to be reasonable pOSSlbllltleS
were stainless steels (cold—worked 316 or A286) and berylllum copper. The
stainless steels dld not match up to the beryllium copper 1n mecnanlcal
strength or in heat conductlvity, although they were not vulnerable to mercury
attack. Since it was possible to ellmlnate mercury from the cell by taking
precautions in the connecting parts, it was decided to use the beryllium-copper
"~ alloy. This material has been used previously for high-pressure vessels.
Berylco No. 25 rod was obtained from the Beryllium Corporation in the ¢
‘annegled condition. . Its nominal composition was 1.8-2.05% beryllium, 0.18 to
0.30% cobalt; anﬂ;the'bélance copper. . The following properties were given in
the supplier’s literature. In the annealed»(lh5OOF)-condition, its tensile
strength -is 60,000 to 80,000 psi. : After heat treating;at.6OOOF'for 3 hr, its
‘tensile strength could be raised to about 180,000 psi. - The hardening was
caused by a precipitation process. The yield strength for 0.1% offset in the
hardened condition was about 130,000 psi. The elastlc modulus 1n %tension at
20°¢ was 19,000,000 psi. The llnear thermal expans1on per °C¢ in the range 20

to 100°¢ was 1. 67 x 10 5. Poisson's ratlo was O, 3, and the den51ty increase
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on heat treatment was 0.0%.

Thermal Expansion

The thermal expansion of the material from the lowest temperature to
room temperature was estimated by agsuming the thermal expansion %o be.
proportional to the heat capacity (Gruneisen's Law). Preliminary experiments

indicated that the hardeéned beryllium copper had a heat Capacity very similar

- to that of‘coppér, for which_@D = 3HOOK.> The propor nality between thermal

expansion and heat capacity was found at room temperature, and the change of

volume was determined from aVailablé'tablec cf the integral of the Debye

'function.ug A change in volume of l.O% from O to- 300 K was estimated. This

value compares. favorably with Swensonfs-estlmate of 0.9- + 0. 3% 3 The volume

change below 77°K amounts to less than 0.1%.

Pressure and Volume Considerations

During the course of séttﬁng‘up—the apparatus, three types of cell were
made. The first des¢gn consisted of a hardened inner cylinder with an annealed
cyllnder shrunk over. it. The second design had the same dimensionq ;s the first
except for a somevhat largor outside dlameuer, bu* was made from a C1ngle piece
and hardened. It was. made as insurance in casé the flr t dxblgP proved unreliable.
Trouble was e\perlenced in keeplng the Brldgman seals l°dktlght durlng the cool--
down on the above designs, so a low-pressure cell with the endg screved in and
soft-soldered was constructed for the p"rpo:e of obtalnLHg duta while the

technique of sealing the high-pressure c ls was being pcriccued Dravings

of the cells are shown in Figs. 21 and 22.

Calculation of Pressure Effects

In the following consideratlicns, the pressure dividing elastic f{rom in-
elastic flow is first calculated, and then the burst pressure is estimated.

The volume changes in the :elastic and plastic regions are then estimated and
sidered

23

the uncertainties are discussed. The low-pressure and solid cell are
first for cross section and longitudinal stretch. The effect of the Bridgman-
seal end plugs on the solid cell is then caleulated. The properties of the ;.

composite cell are calculated last. The preblem of seals con the high-pressure

cells is then discussed.-

‘Pressure Limit for Elastic Flow

Formulas for calculating the properties of pressure vessels have been
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| discussed'by Gamings.hh The most useful relations for the present purposes
' have Dbeen collected in Appendix B. The largest strasses are the tangential
' ones at'the.inner radius. If a permanent volume increase cf 0 2% is taken

as the criterion of elastic behavior, there will be s permanent set of 0.1%
in the rsdius. If Gy is the stress that gives the permanent offset of 0. y%
in the immer radius (ar circumference), the Lamé formula gives for zero

external pressure

P oo B2 - (3)

A more realistic formula is

% k41

A S o (5)

If we have Gy = 130,000 psi for 0,1% offset, we can calculate the pressures
given in Table IV. ‘

Table IV, Pressure limit for elastic flow-

Cell ry ™ | K _K Py Py
pressure 0.375 | 0.688 | 1.83 3.36 70,400 52,700
Séiifi 10.250 | 0.730 2,92 | 8.53 | 102,800 | 66,200
2 Eqe (%),
® Eq. (5)«

Burst Pressure of Cell Walls

Using the criterion that the cell will burst when the plﬁstic flow ex-
tends to the outer wall, it has been shown that we obtain

v 25 . . _
Pb = —::% in K. (6)
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This formula 1gnores strain hardenlng - Two estlmates are included.--

one for the yield strength (130 000 ps1), and the other fbr the ten51le

strength (180 000 psl) The actual burst pressure probably lles between

the two estimates. Estlmates of the burst pressure are g;ven 1n Table V.

. Table V. Estimateﬁof.burst pressure.

Cell Kol 2E (130,000) (180,000)

Low 8 6 8 126, 00¢

pressure | 183 0.605 90,800 126,000

Solid 2.92 1.071 161,000 223,000

. Volume Changes Below. the Elastic Limit -
The radial displacement is given by
At rl with’Pé = 0, the tangential strain is

(e.). . = El "1-2v+ (L+v) K° . (8)
Nty T R 2 ‘ ' _ .

1 K -1

Taking E = 1. 9 X lO7 psi and v = 0. 3, one obtains the percentage increase in

erossAsectlon l;stedvlh Tab;e_VI,

Table VI, Percentage increase in cross section

Cell - | Py R B (et)fl o §% Z2 (et)rl
. ) . . _ 'Pl . . %

Low ' ;7

pressure 50000 3.36 1.06 x 10 1.1

Solid 65000 8.53 0.81 x 1077 1.1
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" The changes at lower pressures should be linear in P. The longitudinal
(see Table VII) strain for P, .= 0 is given by

F1

€ = T <;2_-2ﬁ> ; . " (9)

Table Vil. 'Longitudinal strain

Low 50000 | 8,95 x 1077 0.0k
pressure v o
Solid 65000  2.80 x 1077 0.02

Hence the longitudinal straip below the elasgtiec limit’may‘be ignored.

Volume Changes Above the Elastic Limit

Assuming that the volume of an element remains constant as the inelastic
strains are increased, and that the inelastic strains extend to the outer

wall (burst pressure), Comings gives for the strain at ry

(e, ).,

= (e ). (K2 (i~ v/2) + v/2] , | (10)
S | T2

where a realistic theory of yielding.in ¢ylinders gives

L _ s - 130,000 |
(c.). ® 0,86 ¢ = 0.8665 =o0.866 900 _  (q)
t'ry | y E 1.9 x 107 |

The results given in Table VIII do not include the effect of strain
‘hardening. ' o
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Table VIII. Increase of ceross séction above elastic limit

céll | ,lK? (1 - v/2) + v/év ) 2% ?;? (et)rl

Low ' 3,01 3.58
pressure :

Solid |l T 8.80

The longitudinal strain at the burst pressure is still given by

w-r ) W

qustitution of the appropriate values gives the resulfé shdwn in Teble IX.

Table IX. Longitudinal strain

' ' o €4 : €

Low

e ssure | 995800 | 8.95x 1077 10.08

Solid 161,000 | 2.80x 1070 | 0.05 -

Uncertainties Above the Elastic Limit

The volume increasées estimated above .are probably too large. beeause the
‘effect of strain hardening has been neglected. An underestimate may be made
by assuming that ‘the elastié»eQuations apply right up to the burst pressure.
On this basis one would obtain the values shown in Table X.



-67-

Table X, Uhderestimate of volume increase above elastic limit

: A (e, ). 2 (e,)

Ce:L,l_ P Y t_rl/fPll STy
' , (%)

Low an S 10”7

pressuze 90,800 . 1.06 x 10 ~ 1.9

Solid 161,000 0.81 x 1077 2.6

The situation is illustrated in Fig. 23.

After stretching to a given pressure, the cell's behavior should be
elastic below that pressure unless the release of pressure stresses the
inner radius beyond the yield point in the reverse direétion. Since the
low-pressure cell should not be used over 50,000 ppi, its volume should be
readily known to better than 1%. Above 75,000 psi Wwith the solid cell,
however, it seems desirable to carry out test runs to determine the volume
as a function of pressure and past history. The measurements cpuld be made
most easily by using two straln gauges to measure the tangential and longi-
tudinal stresses at the outer radius, and by measurlng the increase of the
inner radius between pressurizations° The measurements could be made at
. room temperature. Swenson reports that Young's modulus increases by 10% at
77 K and stays canstant at lower temperatures.hB

Effect of the Bridgman Seals on the Cell Volume

The following effects must be considered:
(a) Longitudinal stretch of the cell walls between the step and the
plug :
(b) Compression of the beryllium-copper washers
(e¢) . Bulk compression of the lead
(d) Redistribution effect of the lead due to the cell-wall stretch.

Judging from the longitudinal stretch of the whole cell at the burst
pressure, (a) should be megligible. By using Young's Modulus (1.9 x 107),

a tetal length of 7/16 in. and a cross section of 0,32 cm /ém, the compre551on

of the washers is estimated to be 0,0028 cm3 for a compressive stress of
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150,000 psi. Thie value may be compared to a total cell volume of about 3 cm.3°

The compression of the lead washers (0.051 cms total volume) is estimated to be
0.0012 cm3 if one uses the linear coeffieient of‘the‘compressibility (23.7 %
107 per kg/bma). The thermal contraction of the lead washers relative to

the beryllium copper is only 0..0006 cm3 and can be neglected. If one assumes
that the cross sectionvof the bore inereases‘B%, then the length of the lead
washers will decrease 5%, and the volume increase will be 0.0025 emS. The
stretch of the bore around the front washer should dlso be about 0.1%. Hence

the maximum correction for the end plugs at 10,000 atm should be about 0.5%.

Properties of the Composite Cell

The properties of the composite cell may bé'estimated:by considering
that the outer cylinder exerts a preSsure_on the inner one. Since the outer
one is in the annealed state and is quite close to the yield point, it may be
assumed that the pressure'it exerts on the inner eylinder is constant with
respect to stretch of the immer cylinder. The interférénce_fit between the
inner and outer cylinder was designed to be 0.003 in.

The tangential strain at the inner radius of the outer cylinder for
P, = 0 is given by | : '

| 2
1-2v+(1l+9v)K
(%%Ezj%[ ( )oJ . (13)
o . K 2 1 '
0]
Fbr Pl = O the same guantity at the outer radius of the inner cylinder is
(v = 1) K2 - (1 +v) '
(,). E = P , , (14)
ti 2 2 ,
: Kﬁ -1 :

The difference between the tﬁo strains should‘équal 00003/b.h00 = 7.5 % th3.
Also, Pl eq‘uals‘P2 at the interface. Subtraction gives v

| u ) 2
(7.5 x 1073) (1.9 x 10') =P[OA+16KO* Q7&.+Lﬂn
| | K% -1 K- 1

 Substituting K? = 2.56 and Kg = 2.96, one obtains 34,600 psi as the pressure
on the outside of the inn'ervcylindere The tangential stress on the inner

redius of the outer cylindervcorresponding to the above pressure is given by



2 ] =2.02p - (15)

= 70,000 psi.

_Since the yield strength of the annealed material is 60,000 to 80,000 psi,
the inner surface of thé outer cylinder Should_be at the yield point.
The tangential stress on the inner surfaée of ﬁhé»inner}cylinder at the

limit of elastic behavior is given by

P, + K; (Pl - an) _
K. -1 P ,

. Solving for P, and substituting Gy = l30,00Q.péi, we obtain‘ '

1

2 2
o, (K,i -1) + szg K, |

P, = (17)

K2+ 1
EL.»

107,000 psi.

]

- A maximum burst pressure may be calculated by aSsuﬁing a maximum stress in
the walls of the inner cylinder equal to the ultimate strength (180,000 psi).

This gives. -

4,0

Pjry - P, = 0 (r2 - rl) | (18a)
Pl = o, (K.i - l)+P2Ki
= 166,000 psi. , (18v)

High-Pressure Seals on the Cell

For the highest pressures, one must use a seal of the unsupported-area
Paul and Warshauer type. ‘The unsupported area-type is preferable, because it

is not necessary to deform part of the cell to get a seal. However, the use
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of the unsupported-area principle involves a soft packing which is likely to
have a larger thermal-expansion eoefficient than the cell matérial,<so that
maintaining a tight seal down to the lowest temperatures becomes a problem.
Extrusion of the packing past its supporting parts can also be troublesome.

In the first cell design, a 1/B-in.-thick lead washer was used as the
soft packing. The unsupported area ﬁas 0.079 cm? and the total area 0.3h'cm2,
giving a packing pressure 30% greater than the pressure in ﬁhe cell. The front
beryllium-copper washer was 3/16-in. thick and the backing washer was 1/8-in.
thick. The machining tolerances were poorer than O‘OOl in. and it ﬁas found
' that;the lead extruded past the backing washer above 50,000 psi. When the
cell was cooled to liquid-nitrogen temperature below 20,000 psi, it leaked
badly. _

In the second attempt, the sealing surface was reamed out to 0.281 in.
to get a larger step. The lead washers were made 1/32-in. thick and a 3/64-in.
copper washer was placed on each side of the lead. The copper was dead soft,
and it was hoped that this would prevent the extrusion of the lead. By using
& thinner lead Washer, it was hoped that enough initidl compression could be
obtained in the lead and copper washers to compensate for the thermal con-
traction of the lead. A simple calculation indicated that this was a reasonable
expectation. After one compression to 50,000 psi and one'cooling cycle, however,
it was not possible to raise the pressure above 32,000 psi because of a large
leak at that pressure. It appeared that the front copperhwasher sprgad and
work-hardened, and effecﬁively supported the front'beryllium copper washer,
keeping the lead from sealing the gas. ' '

In view of this experience, it was décided-to‘abandoh the idea of the
copper washefs and try‘to get a close tolerance fit of the beryllium-copper
washers.in the bére. This was done in a lathe, and a tolerance of about
0.0005~in. was aqhieved. The threaded front washer was still 3/16 in., but
the back onevwas_made 7/16'in.,.the lead washer st;ll being 1/32 in. When
aséembling these parts it was noticed that the 5-40 threéds on the stainless
capillary did not seem to be quite‘parallel to the axis of the tubing. This
had the efféct of puttihg'the two.washers at aﬁ angle“te each othker. This
arrangement was found to leak'betweeh 30,000 and 40,000 psi, but not above or
below. The‘explandtion seemed_to'be that the front washer was supported by the
bore and could not effectively cdmpiéss thé_lead'below 40,000 psi. - The com-
posite cell was used in this test. The pressure was raised to 94,000 psi,
when failure of the capillafy tubing at a bend halted the test. Evidence for



-72-

extrusion of the lead was still found, although it was not as bad as previougly.
The. problem of the 5-40 threads can be-solved by using e:guided die-holder, or
by cutting the threads on a lathe. (Therlatter eperetioﬁ‘is-not_convenient .
with a long piece of tubing. ) - f"’

_ It was suggestedhs that the seal could be made good to low temperatures
by backing the lead washer with an annealed gold washer. On cooling, the gold
should maintain the initial seel, and the lead would take'overdaﬁ higher
pressures. It is hoped that this approach will make the next test successful,
If it is not possible to maintain a leaktight seal during the cee;ihg with a
low pressure in the_eell, a workable but somewhat inconvenient method would
be to cool the cell under a high pressure of helium, and then put in the

sample under pressure before cooling further.

IV. SAMPLE PREPARATION AND ANALYSIS

Para Hydrogen Converters

Two caial&st chanbers: were ednstructedi one for use with li@uid oxygen

,ior'nitregen, and one for use with liquid hydrogen. Drawings.are'shown in
:Figs. 2h and 25, respectively, The llquid-nitrogen chamber was placed in a
quart dewar whlch could be connected to the house vacuum, g1ving a readily
available temperature range of about 60 to 90 ®K (35 to 57% ortho hydrogen).
The 1liguid-hydrogen chamber vas usually used at the noraml boiling point
(20, h"K) at which the concentration of ortho bydrogen was 0.2%.

The catalyst used was unsupported ferric hydroxide gel, which has been
 found to convert the hydrogen to its equilibrium composition very rapidlyh6 k7,48
-It was prepared by adding NaOH solut1on to Fe013 solution and eollectlng and
- washing the precipltate to Temove . NaCl. After drying for 24 hr at 85 C and
'fbr 24 hr at 105 C, the lumps were broken up with a mortar and pestle and-

partlcles between No. 30 and No. 50 mesh were collected. About 50 g of catalys§
were put in the llquid-nltrogen cell and evacuated at room temperature. After

a day and a half, the pressure over the catalyst had reached ko B It was
then_heated_to llO C. After about 12 hr, the preesure was back to 40 and the
.tempereture was raised to 180°C. After_3 hr, the pressure was down to 50 i,

and the vacuum was broken with hydrogen gas and the catalyst'was:allowed to
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Fig. 24. Parahydrogen converter, liquid-nitrogen chamber.
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Fig. 25. Parahydrogen converter, liquid-hydrogen chamber.
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cool. In the liquid-hydrogen converter, the temperature in the last step
ﬁas limited to lSOOC because the cell was soft-soldered together. Flow ratés
were controlled with a metering valve and monitored with a flow gauge. The
rate was kept below 200ﬁ¢m9ﬁin (STP). After a run was finished, the liquid-
hydrogen. cell was vented through a mercury bubbler attached to the pump-out
tube while being warmed up.

Ortho-Hydrogen Separators

Three units of the type describéd by Cunningham, Chapin, aﬁd Johnston
' were,constructed.hg The separation was based on the preferential adsorption
of ortho hydrogen (or para deuterium) on alumina at 20.4°K. The method
consisted of passing normal hydrogen over the cétalyst until equilibrium
between the gas and adsorbed phases~wa$ reached. The gas space was then
evaéuated for a brief period and the catalyst was heated; the desorbed ertho
-_hydrogen being collected afﬁer passing through the three stages. The valve
panel used to‘connect,the.catalyst chambers to the gas source, mercury bubblers,
sample bulb, and vacuum manifold is shown in Fig. 26. Hoke packless brass
'valves were used in the manifold. A view of the rear of the preparation rack
is shown on Fig. 27. ‘

One of the inserts was éssembléd and tested. The mechanical operation
vas satisfactory, although the alumina catalyst hadinot»been properly activatedso
so that the separation of ortho hydrogen was not observed.

Hydrogen Purifier

Before being used;'ali of the hydrogen'was passed through a quartz tube
stuffed with_copper turnings at 600°C and then through a liguid-nitrogen trap
stuffed with glass wool. '

Ortho-Para Analyzer

The thermal-conducti#ity method was used to analyze the gas mixtures.

°1,52

Adequate discussions of the theoretical aspects are available, and a

i
number of analyzers similar to the one used are deseribed in the literature.53’5
A drawing of the analyzer and the circuit used to measure the resistance of
the platinum wire is given in Figs. 28 and 29. The cell was immersed in liquid

nitrogen, and the wire tempeérature was raised to about 160°K by a current of
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0,255 amp. Since the thermal conductivity is proportional to the heat
capacity, the measurements were sensitive in the above temperature regionm,
where the difference in heat capacity of orthe and para hydrogen is large.v
‘ The 1-mil platinum wire was 26 cm long, and a glass bead was suspended
- from the bottom of the wire to keep it taﬁt. The pressure was adjusted to )
ko + 0.1 mm before each reading. After the current was adjusted so that the ’
voltage across the manganin wife was 0.2550 v, the voltage across the platinum
wire was read. When data (% ortho versus microvolts) from O to 75% ortho
hydrogen were plotted, there was a slight.curvature. Data taken on different
days were shifted, although the shape of the calibration appeared to be the
same; hencé it was necessary to calibrate the cell each time it was used. The
precision of the measurements was Ofs% in the ortho concentration or slightly

better. The sensitivity of the measurements and the linearity of the plot

——might. be improved by raising the wire temperature to about ?_’QQ%&. I

V. THERMAL MEASUREMENTS ’

Thermometer Calibration

The carbon composition resistors and the copper-iron-—-versus--—copper
thermocouple were ecalibrated against the - vapor pressure of liguid para
hydragen.in;the_region 20 to 14°K. Solid para hydrogen was used from 14 to
about 9.50K. The vapor-pressure-—temperature relations vwere obtained fr@m
the literature.55 Liguid helium was used below M.EOK, with the 1955 vapor-
pressure;etemperature scale.56 In the region between 955‘and A,BOK; the
only absolute methed of calibration involves the use of gas thermomebtry.
Since this technigue is difficult and time-consuming, it was not attempted
in the present experiments. Various schemes for interpolating the data

from the two ealibrated regions are discussed in more detail below. : .

Temperature Regulation

Since the precision of the calibration data could be no better than the
quality of temperature regulation, the technique used deserves some discussicn. -
The rate of pumping On'the inner bath was regulated by a metering valve in the
pump line. The heatef-regulator ﬁas mounted onr the copper bottom plate of the
bath, and its steady heating power was adjusted so that it just balanced the
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heet loss from the vaporizing liquid; A steady level of about 10 mw was.
fairly common for the bath. With liquid and solid hydrogen and helium I,

ﬁhere was an appreciable temperature gradient in the bath bécause of the

poor heat conductivity of the material, However, the thermometer aﬁd:vapor;
pfessure bulbs were all in thermal contact with the copper bottom plate of

the bath, and hence at the same temperature. The most serious difficulty

in connection with the poor thermal conductivity of the bath involved the
estagblishment of the steady state._bAlthough it would have been possible %o
set the heater-regulator for a desired temperature, hours would have been
required to reach a stea&y state. By heating the bath to approximately the

- right temperature, manually holding the temperature constant until a steady:
state was set up, and then letting the regulator function, it was possible

to take between onme and two readings pervhour, depending on the temperatare.
Below 12° with solid hydrogen, a. greaf deal of‘patience was required to feduce
the oscillations of tme.temperature of the bottom of the bath sufficiently

to take a set of readings. Above 12°; the establishment of the steédy state
was considerably more-rapid, and in the liquid-hydrogen region, it was possible
to set up the steady-étate temperature'in about ten min and complete a set

of readings in about l/é hr. A heating power of about 1 w was used to rajise
the bath temperaturé from one setting to the next. Liénid helium I appears

to behave like liquid hydrogen, alﬁhough not much experience has been’
obtained in this region as yet. No points have\been taken in the helium-II
~range so far; but the gstabliskment of the steady state should be much easier f
than in any of the other regions because of its excellent thermal conductivity.

Procedure for Taking Readings

. About 10 min after establishing the steady state, readings were taken of
the vapor pressure, thermometer current and resistance, énd thermocouple .
potential. The thermometer current was read on the K-3 potentiometer and the
potential on the recorder. The zero and sensitivity were checked for each
point in the same way as with a galvanometer. Thermometer curreant and input
to the Rubicbn potentiemeter were also reversed at each reading to determine
the thermals”up to the potentiometer. These were less than 1 pv, and depended
mainly on the cell temperature. It is reasonable to assume that the origin

of the potential was in the vicinity:of the copper-manganin junction at the
shield.
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Since the thermometer resist'a;zce_ and sensitivity varied so Zrapidly with
, temperatpre s .1t was necessary to change the current frequently in order to
mintain. the power dissipated.and voltage sensitivity Wi,.hl;iﬁ_a acceptable limits.
Ta.ble. XI illustrates the temperature intervals _in,j{hich -the various currents
were -used and also gives approximate values of vthe vrgs;sténce; ;a,ria. sensitivity .

in each interval.

' Tsble XI. Gurrent settings at various temperatures

Current | _ Approx.

0. . .

’K‘ (pa) ~ resistance = 7 Approx. n( °K /v )
— - . B | .» | ”ﬁ
TTle2t 108 - v . 3000300 . ot 0415 .= 5

- T 3 o . e 0 . 300 - ll}O O - 9

3-% 7 500 - 140 - -85 c3:5 0 -10
56obm - " -

1-2 . . 0.07 _ o 50@0@\-5060_: B :-;:@Qvi -2

2.3 0.2 ©.5000 -1800 . 0.7 -5
3-h4s5 1.0 . 1800-80 1 -5
4,5 -6 . 3.0 . 800 -500 2 -5
6 -11 .10 ., 500 -270.. 15 -7
-1 15 . . 270 -220 5. -8
ik -18 20 220 - 180 6 =11

>18 30 ..o .38

The sensitivities-are of interest in connection with the size of the tempera-
ture increments ;s Which are discussed in connection with drifts and precision
in a later sectiom. '

| Treatment of the Calibration Data

, To ‘the presént,,. only two test calibration runs have been made. The first
‘covered the liquid- and solid-hydrogen regions and included two points in the
helimn—I region. The thermoeopple and 10-ohm resistor were calibrated against
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the vapor pressure. In the second run, the 56-ohm resistor and thermocouple
- were' calibrated in the liquid and solid hydrogen regions. Both runs were
prematurely ended by unexpectéd difficulties so that neither set was a
complete calibration. : | , "

A rough R - T table was calculated for the carbon thermometers from the
raw data, and (log R/"I‘)]‘/2 was plotted agalnst loglOR to getect errors and
7,58

bad points. This type of plot is almost a straight line. The equations

for the straight lines that fit the data are, for the’ 10-ohm resistor,

log R 0.738 log, R - 0.735 , (19)
T |

and for the 56-ohm resistor,

Log 1R _ o.5u7 log, R - 1,104 . (20)
T ,

The data were fitted to the following equation with a least-squares procedure
by the IBM 650 computer at the Lawrence Radiation Laboratory:

log, R _ 4. | : ‘ 3 v
TlO = Cj + Cgl}oglog + 03 (1og 10 ) + c (1ogl R) ‘(21)

The computer made 2-, 3-, and Y-parameter fits and printed out the coefficients

for each. The residuals were printed out in the f@lloWing form:

Res. = P&i10R . log R (22) .
‘ T calc.
If one defines
| T - T R o
p - T T . (Res) ;o (23)
Te " (log R/T)

then one has T = T (1 - 5) The quantity (log R/T) is printéd out by the
computer, so that B is readily obtained from the residuals. A plot of B
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© versus T .for-the: four-parameter £it.of the data for.the -second test run

(56-ohm resistor) is:shown ;in Fig. 30, which ‘in-included only to .illustrate

the ‘precision or:’smoothness ‘of the data. :The uncertainties were é¢stimated |
from the precision of reading the vapor pressure, the quality of the tempera-
“ture regulation, and the precision of determining the thermometer resistance,

- :and-are shown in Flg. 31. At the lower temperatures,.the‘greatest uncertalntles
‘are in the reading of the vapor pressure. HFbr~example,,at‘lOQngith the oil
manometer, a precision:-of :'091 mm ¢orresponds to i,OoOOBOKs- The;difficulty
of regulating the bath temperature below 12°K is also an important source of
error. S

The thermocouple data taken in the’ flrst run covered the region from 20
to 12 K ;, with points at 3.19 and 2.73 K.) The data from the second run covered

" the region from 20 to about 9.2 °k. Above 13°K the data were very linear.

'The*data*from’the"firstﬁrun"werewfitted—to~£he~twovparameter¢equetion» .

T = 80.718 - 0.1354k V - (2b)

by the least~Squares routine of the IBM 650. The two liquid-helium points
were not included in this fit. The reciprocal of the second coefficient
1ndlcates a. sens1t1v1ty of 7 3k uv/oK in the llquld-hydrogen reglon. A
dlfference plot of ‘the actual temperature, T, minus the calculated temperature,
T ¥ is shown in Fig, 32, The data - from the second run are also shown on Fig.
33° It can be'seen thet above 13 K there is a d1fference of about 0.1 K, or
0.73uwv. During the first run, the thérmncouple”waé glued directly to the
cell, but was moved to the rear vapor-pressure bulb for the second run.
-Whether the difference between the two sets of data resulted from the
operation of moving the thermocouple or from differen@lthermal voltages in
other parts of the circuit during the two runs is not elear from the limited
data available. Tﬁefprsibility;bf‘an 0.1°K temperature difference between
the cell and vaﬁorrpressure bulb'haevnot'been ruled out, although such an >
effect does not seem likely since one would expect such a difference to be
opposite in sign. Further comments on this subject mﬁet awai% ﬁhe availability-
of more data. § :

Since one hopes to use the thermocouple data to aid in determining the
temperatures between lO and 4, 2° K, one must fit the data to an equation so
that a sensitlve dlfference plot can be made. It is clear that a simple

power serles in V ﬁill not be approprlate over the whole temperature range

3l
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Fig. 32. Copper~iron—versus —copper thermocouple data.
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because of thé linearity above l3°K. One way of getting around this might be
to fit the data sbove 13°K to a straight line, and then fit the difference
plot below 13°K to a power series in a quantity such as (T - 1k4).

The available data are not sufficient to test various methods of inter-
polation for the carbon thermometers into the 4.2 to 9.59K region. Difference
plots will have to be made for equations fitted over both the hydrogen and
helium regions, and for equations fitted over only one region, and then compared.

An interesting discussion of this problem is given in the literat‘ure.57 _

Estimate of Thermal Properties of the Isothermal Shield and Cell

The thermal conductivities of the materials were estimated from the
graphical data given in the literature.59 The date are probably within 50%
of the actual values when applied to the present calculation. Table XII refers
to the Debye tgmperature and v to the coefficient of the linear electmnic
heat-capacity term. The heat capacity data were obtained from severa]:‘sou.rces.,60’6-l
The heat capacity of beryllium copper was assumed to be the same as that of

copper, as suggested by preliminary experiments.

Table XII. Thermal Properties of materials

Material X watts/cm °K (4 to 20°K) "oy (%K) T x lOucal/mole(oK)z
Copper - 2,1 0 3ho 1.7
Stainless 0.42 x 1073 7+ 390 8 (assumed)
steel :

Manganin 1. x 1073 p1+3 ——- -
Lead - , 96.3 8

Below the superconducting transition of lead at 7,22°K, the electronic heat
capacity is 0.329 x 10~ T3(l = 0.012T2) ca.l./'moleoK° The heat capacities of
the soft solder on the leads and threads and of the electrical leads and GE

cement were neglected.



. Cell Heat Capacity

The cell body (first design) weighed 261 gm and the end  screws weighed
22.1 gm. Both were of berylliium copper. The four”befyllium copper and four
copper washers weighed about 5.6 gm. The two lead washers weighed about 0.5 gm.
The length of the‘l/B-in,'ooa; by 0.024-in, 1.d. stainless steel capillaries |
between the cell and the shield was 16 in. (+ 1/2 in;)9 with 1-1/8 in.in each
end plug. The cross section of the capillary hole was measured to be 0.00298
cm?, while the over~all eross section was O. 0792 cm;2° Assuming a’ density of
7.8, one obtains 0,595 gn/cm. The labttice heat capacities were estimated by
using the following equation: " '

q - (33)(7%927)(@/@)3 N

The lattice and electronic heat capaclties of the various parts of the cell
are listed in Table XIIIo The superconducting lead electronlc heat capacity
‘at the transition temperature is leéss than 0.1% of the total cell heat

capacity; and is neglectea in this estimate.

Table XITI. Conbributions to.the cell heat capacity

© Material = . Weight | MW GL-x;thT3v : 5 QE x 103T
A ' (Joules/ k) e (joules/OK)
Beryllium | _ '
copper 289 | 63.5 2,25 | - 3.2h4
2-1/4-in. - , - | " -
capillary 3.4 '-55. 0.02 Q°?l
10.0-in, e : |
capillarya 15.1 55 0.09 0.92
" Lead. a 0.5 | 207 . 0.05 | 0.1
% The fraction of espillary to be included with the cell 1s discussed in
the next section.
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Summation then gives the following expfession: a

c

total = Op * Cg = 241 x 1077 4 k38 x 1070 (26)

Shield Heat Capacity

The volume of copper on the shield may be roughly estimated as l2O'cm3,

The volume of lead is roughly 2.k emS. Using 8.92 and 11.34 for the den-

sities, one obtains

C = 8.3k x10¥ w4125 1081 Joules/’K (21a)
for copper and
C = 29.2x 1o'h ™+ 1.8 x 10'1L T3(1 + ,012T2) 4,184 (27v)

for lead with T < 7.2, and
C = 29,2 x 107% 13 4+ 0.k x 10727 _ (27¢)

for T > 7.2,

" Cell-Shield Heat Leak

The contributions from the cecell-shield heat leak are:

Material ' Heat Leak
- (/%K )
'8+10-cm No. 40 manganin wires 5.5 x 1077 T}'h3
2’h8i2-mm_No. 30 manganin wires - 1.2 x lO-u Tl’h3
2'lh-7/8fin. stainless steel capillaries 1.7 x 10-3 Tl°29

The sum ofithe above may be ﬁaken as 2.0 x 10"3 Tl‘3 mw/oK for our purposes.
The effect of the Formvar insulation was neglected.
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Shield-Bath Heat Leak

The contributions from the shield-bath heat. leék are: .

Material ‘ : mw/oK
2'2«1n. by 5/32~1n,-d1am. stalnless .29 h
" gheel rods - ' - 0.020 Tl
2.2-1/2-in. by B-in.-diem. stainless . 9
sbeel capillaries : - 0.01L T °29.
30 em of copper wire: o 0.17 T -5

30 No. 38 Formvar-insulated
2¢20.010~-in.~diam. Cu~Fe thermocouple 0.75
wires . X 0.34 T7° !

-Summation gives 0,51 T?f7? + 0,932 Tl‘29 mw/qu The heat capacities and heat
leaks arve given in Table XIV for the cell and shield as a function of tempera= -
ture. The relaxation times (C/) are also given. The relaxation time, X, of
the ceagpillaries between the cell and shield is also estlmated Wlth the gid of

the following formula:
S (@)

where 1 is the length, A the ¢ross section, and lethe heat capacity per unit
length of the capillaries. Substitution yields
o= 2,06 T s 16k 779 gec. - (29)

Effect of Stainless Steel Capillaries
on Heat-Capacity Measurements

From the theoretical estimate of the properties of the calorimeter, it
can be éeen that the heat capacity of the capillary tubes is not a negligible
fraction of the total empty-cell heat capacity. The relaxation time of heat
effects in the capiliaries is also the same order of magnitude as the heating
periods being used. Since it was not obvious how to account for the cgpillary
effect, a theoretical calculation was ¢arried out by using well-known methods,62



Table XIV, Estimate of thermal properties of sghield and cell

Cell Shield
A X x 103 ‘ X -

T Gy %« Ctot,  cell ghield 'C Ceot. shield bath '8 Y

(°k) (mjoules/oK) (mjoulers/_oK) (mjoules/oK) '_ (mw/oK) (sec) (mjoules/oK) (mw/oK) (see) (sec)
1.1 0.321 4.82 5.1k 2.26 2270 - 19.2 0.58 33 162
1.5 0.813 6.57 7.38 '3.39 2180 33.2 0.7k 45 150
2.0 1.93 8.76 .  10.69 k.92 2170 60.1 ©0.94 64 1k
4.0 15.h S 17.5 0 .32.9 12.16 2710 336 1.63 206 132
8.0 123 35.0 158. 29.9 5200 2050 2,90 707 . 162
14.0 - 661 61.3 T22 61.8 11700 10540 4,64 2280 263
20.0 . . 1930 87.6 ' 2018 98.2 20500 . 30350 6.35 4780 h15
26.0  L2ko 11k 435k 138 31500 8.00 8280 60k

66400

& For a discussion of the significance of ‘the relaxation times tabulated above, see the ensuing section on

drifts. .

-€6-
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and is given below, ,

The shape of & typlcal heat-eapacity run (temperature versus tlme)
is shown in Figs. 3% and 35. vaere Tl is the temperature of tte shield; Tf
the temperature of the ce}l at the end of the foredrift; Ta the temperature
extrapolated from the afterdrift to the end of the heating period; Tp the
maximum temperature reached, tO the time at the beginning of the hesting
period; and tp the ‘time at the end of the heating period° The brief tempera-
ture rlse after the heater is turned off is probably due to a lag in the
response of the thermometer or in the distribution of the energy from the
heater. The ensulng repid drop is due to heat flowing from the eell to the
cajpilla,rieso The true afterdrift then OCCUTrS ., '

If one defines x as the distance along the.capillary from the shield
(x = 0) to the cell (x = L), and assumes that the shiéld teﬁperature remains
fconstant during a run, the amount of heat absorbed by the capillaries between

t, and tp is given by : - , { S : -

L ‘ . ' ey :

. p X 1 o _ g Cmy

ch,_ (Ta, - T )7 ax = 3 (L NT, - Tp) = 5T, - T,),  (30)
B O - . - 4 . - -

where the further assumption of a linear temperature distribution along the
capillaries at to and tP has been made. In the above expression, G is the
heat capaclty per unit length, and ¢' is the total heat cepaclty of the
caplllarles¢ Hence, the effective heat capaelty of the capillaries is 0.5 C'
when the temperature distribution slong the capillaries is linear at the
beginnlng and end of the heating period. |

The starting point fbr a more realistic calculation may be taken as

the linear heat-flow equatlona

a2

dx2

e

s . (31)

5P

‘Where x end the other symbols are asc?reviously defined. Consider a steady-
state temperature distribution of the form

CT(moe) = (r-m)E . (32)
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Fig. 34. Illustration of the time-temperature data for a
heat-capacity run.
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If the value of Tf is increased 19K at t = O and then heldbconstant, the new

steady state will be

T (x, ®) = DE 4 E (33)

and the solution at arbitrary times is found to be

n -net/ A

T (x,t) = sin = e . (34)

. The part of the temperature dlstrlbution resulting from the unlt temperature
rise is given by Alx,t), which is defined by ‘ ‘

2
n =n“t/A
Mx,t) = (x,8) - (1, 1) E = B 42§ LD g2 (35)

If a series of temperature rises F(O),'F(Tl) - F(0), F(Tg) - F(Tl), ooo take
place at times O, Tl’ Ty ceos at x = L, the linearity of the problem may be
utilized to obtain the temperature distribution at the instant following
t = T, 88 follows:
- T'(x,) = F(0)A(x, ) + [F(1) - F(0)] A(x,%-7,)
+‘[F(12) - F(Tl)] A(xytuwg) LIETT (36)

+ [F(Tn) - F(Tn—l)] Alx,t - Tn).,

where

T’ (x,8) = T(x,t) - (T, -T)F - o (37)



IfIOne wiites

F(*k? - F(Qk-l? = Atf'k > Tt T - Ay | t38)
Eq. ( 35) may _be written

T'(x,t} - ?(O?'Agx,t) ;‘kgl A(x,t-rk? (ﬁg;k Amk . (39)

By allowiﬁg the number of jumps ‘o become infinite while the jumpé and
intervals tend to zero, one obtains the following limiting'form:

' : _ % _
5 e
For the duration of the heating period (taking to as 0), one may assume
- T ‘
F(t) = _(-TEE——f)‘t . - (k1)
. P o ' _ .
Combination of Eqs. (35), (40), and (41) gives
T'(x,t) -.p__flx 4 + 2 3 .(_"_]:L (l—e-’n tﬁ') gin ZUX , (42)
_ tp L T n=l n3 L

-

from which one obtains the temperature distribution in the capillaries up to tp;

‘ (T -T,) : © ¢ .30 2 .

The temperature distribution after tp is considered in a later paragraph.
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The heat flow from the cell to the capillaries during the heating
period is given by ‘ '

' aT | '
4§ o (G (t)
and_thé heat flow from the capillaries to the block is

@ = M(%_z):@o : - | - (45)

The total heats flowing from the cell to the capillary and from the capillary
to the block are ‘ '

t . t .
P 4aT 8 aT :
Hl< = f AK <&){=L at + J; AN (E)sz at (’46)
0 P '

and

- P ax (4T 8 ax (4T o
H, = j; AKX d.x)(:O at +f:G AX, (dx)lzo‘dt , (47)
7 »

vhere ts is sufficlently greater than tp that the steady~state drift has been
established. The difference between Eqs. (46) and (47) represents the heat
that goes to change the temperature of the capillaries. The first term of

‘Eq. (U7) represents the heat flow from the cell and capillaries to the environ-
ment during the heating period, and the second term represents the flow after
the heating period. _ '

At this point it becomes apparent that one of two approaches may be
followed in order to treat the effect of the capillaries on the heat-capacity
measurement: '

a. The capillaries may be considered as part of the environment. The
‘correction in this case would consist of caleulating Eq. (46) and subtracting
it from the heat input in order to obtain only the heat capacity of the cell
and contents.

b. The capillaries may be considered as part of the cell. The
correction to the.heat input in this case involves only the amount of heat
that passes from the capillaries to the environment during the heating
period and dufing the time necessary to attain the steady state in the .
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capillaries. }

Since most of the heat absorbed by the caplllaries comes from the cell, the
second epproach is the more reasonable, because it should involve the smallest-
calculated correction. o |

_ The calculation is carried out as follows: The first term of Eq. (47) is.
evaluated to_give the heat flow from the capillaries to the environment during
the heating period. The second term is evaluated by making the approximation
that the cell temperature remains at a constant temperature (Ta) while the
cepillaries relax to the linear temperature distribution: T = T, + (Ta - Tl)x/L.
The difference between the heat that would flow from the capillaries to the
environment if the steady state had already been reached, and the amount that
actually flows, gives the corraction.

The appropriate derivative during the heating period is

(o - (C22) (2 ;pr>%+i2}_ 2. S e

-and the integral is
co‘ n oo n _2 -
t f‘l(ff: + L) - T+ (T -T)[Z Gy g () (1-en’°/}“)J
(k9)
For Eq. (49) to be useful, the block temperature must e eliminated since

lt is not readily determined during an experiment. Since the fore and after
drifts are easily determined, one may write '

at

£ 1 .
= 7 (T - Tp)
(50)
1.132 l : -
w = (-

where

v - 2 | - (51)
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and C is the heat capacity of the cell. Manipulation of the above yields

1 | 1My 9
5Te* T) - T = "é"(?c‘;" dt)‘ (52)

Since 4T /ﬂt, the afterdrift after caplllary effects have died out, is known
rather than’ dTp/Bt further menipulation yields

d‘I‘p dTé. 1 ' . ' .
il Tl GO ) '_ (53)

The second term above is a second-order correction and mey be neglected for all
practical purposes. The first part of Eq. (49) then becomes

aT aT |
1 f a '
-3 % c[dt + -—dt] , , - (54)

which is the same as the customary drift correctlon. The second part of
Eq. (49) may be written '

A ( 1)P R
@) s P ETE] . o
| - N S

-] n
The sum 2 (-1)
‘n=1 n?

The amount of heat flowing from the cépillaries 4o the shield during the heating

appears to be equal to w2/12 to at least four decimal places.

period may then be written:

L aT, ar

1 12 -1) -n /),
2tpc[ jr B-—(T T)[l—() {n (le 1;p )}}.(56)

Here Cx/% has been replaced by C /h' N Where.c is the heat}capacity of the

eapillaries. _
The correction for the transient after the end of the heating perlod may

- now be considered., At tp the deviation of the temperature from the-steady state
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is given By

| “, T -T
(x,t) - (,-1)) ¥ = -2 £ 2 3 -(:-}—- (1ee™@ tp/") sin 2% (57)

tp T p=1 n

Taking t =0 atitp; the time-dependent equation for the relaxation to the
steady state is

°

: A =) n 2 2
(x,t) - (7o) E- 2L 2 z-hg—uemtﬂhsm%?e?W“ (58)

The desired heat flow from the capillaries to the shield is

H = AKf <%> dt , | (59)
: o x=0 v
which yields
' 2HK.' | x © (.1)" -natp/k o
H = = (T T) z (1-e ) . (60)
L a
p n=l n

Comparison with Eq. (56) shows that this term cancels its equivalent member,

so that all that remains of the correction is

1 Tf dTa | )
-EtCGt+ > g( T,) . (61)
This result dimply means that, to a first approximation, the correction for
the capillaries is independent of the heating period. The validity of the .
'approxlmatlon depends on the smallness of the ratio (T ~T )/(T -T ), which
was usually well below Q.1l. v i

Since the effective heat capacity of the capillaries is l/é C', the
‘fraction of the total heat capacity of the capillaries which appears with
the cell is 1/2 - 1/6 = 1/3. This quantity also indicates the fraction of
the samplé in the capillaries during a run that should be added to the amount
in the cell.



-103-

Heat-Capacity Measurements:

Temperature Increments

The A T's were made small enbugh\so'that the drifts were not too rapid
and Large_enough so- that the error due to thermometer sensitivity was about
0.2% or less. About 0.1° was used at 1°K and about 1° was used at 20%K.

Energy Input

In the region'from 10 to 17°K,>the temperature dependence of the man-
' :ganin’heater was found to be approximately 0.06% per %K. The heating times
and currents were decided upon after considering various factors. A minimum
"heating pefiodrof about 30 sec was required to obtain a ?recisibn of about:_
0.01% in the time measurements. Heating currents varied from 150 pa near
1% to 3 ma above 14°K.  To obtain large enough A T's at the highest tempera-
tures, one had to increase the heating periods, so that at 20°K, a 200-sec
heating time was used. o '

Drifts

 Observation of Table XIV indicates that the thermal-relaxation time of
the cell to the shield temperature is always much longer than the heating
period, while the relaxation of the shield to the bath is usually the same
order of magnitude as the heating ?eriod. In practice, the net effect of
thié arrangement.is a nonlinear afterdrift of the cell, because the shield.
has usually not reached its equilibrium temperature with respect.to the bath
by the end of the heating period, and the drift of the cell WithvrespeCt to
the shield, which is proportional to the temperature difference between the
two, is no longer linear. Thus_thebafterdrifts must be ploﬁted on semi-log
paper to obtain the drift of the cell with reépect to the shield at the end
of the heating period. The error introduced into the heat-capacity.drift
correction by the drifting shield temperature is of importance ohxy if the
drift is nonlinear during the heating period. It seems likely that this

correctioh.to the correction is-sméll.



-10k4-

Measurements Below 2°K

In this region the lafge heat capacity and rate of heat generation in
normal hydrogen make it convenient to measure.the*heatfoapacityséimﬁly by
. allow1ng the cell and contents to warm up and then analy21ng the time-tempera-
vture curve. This approach was used by Hlll and Ricketson in the first measurements
v of the anomalous heat capaclty,S Since the present apparatus has a heavier
" cell and larger heat leaks than that used by Hill and Rioketsons the applica- "
bility of the method to the present data must be con81deredot

The situation at 2°K with normal hydrogen is Lon51dered here to give a

- basis for the following stetements. The cell heat capacity at 2 K is approxi-

.mately 2.5 x 10 -3 cal/oK. At 1 atm, ‘the- cell contains ‘about<0.13 moles of
normal hydrogen which has a-heat capacity of -about 0.6 cal/hole‘ K-at this
ftemperatureo' The: ratio of sample to cell‘heat capacity: is.then about 32
(for p.=105089,gm/em3)v' At lover: temperatures, the cell heat capacity

- decreases 51most linearly with.temperature, while the ancmalous heat capacity
of the sample rises toia;maximnmﬂofHEbout_lS,cal/hole,oK, 80 that .the ratio
becomes even more favorable. The heat leak between ¢ell and shield is about
1x ZLO—6 cal/éec %K at 2°K,'while the heat generation in 0013‘moles of normal
hydrogen is about 125 x 10-6 cal/sec. From the above numbers it-can be seen
that if the cell heat capacity and the heat leak to the environment are
"completely ignored, the over-all data between l K and 2 K would still be good
‘to about l% By keeping the shield within a few tenths of a degree of the

ST cell the heat- leak error could be reducedo A very rough uorrection for the
'.;heat capacity of the cell Would be ‘more “than adeq_ua,te° B

' Since the rateé of heat‘generation -varies with ortho-hydrogen- concentration

‘and pressure, one must be able to ¢alibrate it. This should ve' edgily accom-
plished by using the ‘heater on the cell ‘to cHange' the heating rate by known
“amount, The change in:. thé rate. of temperature. change would give the heat
capacity of the sample, from whiclh: the Fate of: heat evolution in the sample

- could be calculated.: The uncertainty: in. the rate-of heating would undcubtedly
. be the: largest source of error in the measurements b?lQV;Q.K? The-effeet of
. pressure on the conversion rate$is‘discus§eq,in¢gAleperﬁsegtionp1_EXPerimentS
of: the type Jjust described»hnve not yet been carried out because: of difficulties

with the pressure seals on the calorimeter. ... .. .. ’
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VI. EXPERIMENTAL ASPECTS OF HIGH PRESSURE MEASUREMENTS

The determlnatlon of the number of moles of . hydrogen in the cell is
probably the most difficult of thewmeasurements in a run: The total number
of moles of gas in the system is determined after the run. by expanding the
sample into large bulbs to a preesure below atmospheric. The problem then
reduces to the determination of the fraction of the total sample that was in
the cell. The solutlon of thls problem 1nvolves the determination of (a) all of
the volumes in the hlgh-pressure system, (b) the nature of the thermal
gradients between room and cell temperatures, (c) the stretch of the various
parts of the eystem with preésure{ and (d) the equation of stete of the gas
in the temperature and pressure region of interest. EechEof these items
is discussed below in connection with the related uncertainties in the final
result. |

‘Errors due to Uncertainties in thevvolumes of the High—?ressure System

Consider the high-pressure system shown in the schematic diagram (Fig. %6).

< : T, - >
— 1, V2 T Vs LYy Vs Vg
[ ] r ! l | ]
Roonm Epon OQuter Inner Isothermal Cell
plug helium ‘helium shield

shield bath
Fig. 36. Schematic diagram of high-preséure system

Here T, is room temperature and v, is the volume of the'high-pressure system

1 1

from the cold valvés to the Epon plug at the calorlmeter, T bis the temperature

2

of the outer helium shield at ‘the caplllary contact and v2 is the volume in

the caplllarles ‘between the Epon plug and the outer helium ehield; v5, Vi

and v_ have analogous meanings; v6 is the cell volume; and T, is the

5 , 3
- temperatire from the inner-helium bath to the cell, which is assumed to be
~econstant for this calculation. Let‘vj = v), 4 v5'4 véibe the volume which is

~isolatéd at temperature T_ when the hydrogen is flrst frozen in the capillaries

)
" at the inner helium bath.

The total number of moles of hydrogen in the high-?reséure system is given
by K . N . -

n=n, +n, +n_+n, . ' ’ (62)
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The molar volume at 8 given pressure and temperature may be represented by

V(T) It is also convenient to represent the molar volume at a temperature

half-way between Tl and T, by V(T ) TR e .
The number of moles in- v7 at ‘e given pressure for a given- temperature

-1

configuration is given by
[ . . 7 T3 I . .]A :
n, = n — — - — - ;o
T i, Y2 o, Vs M ’
v(T,) T V(T,) w V(Téaf | WT,T

(63)

where & llnear temperature distribution has been assumed along the capillaries°
If one represents the term 1n brackets by f, then one has
n =nf, - - f: o (64)
and S S . ‘

On ' o
R AENE S D
Substituting back, one has“that
5
._._ = (l-f) f{: + + :l 9
5 { vz—'r'* ey | IW——T’ 'ﬂ‘;;r'}

(66)
which indicates that as the'fraction of'the volume not in the cell decreases,
the effect of uncertainties in the,cell Yolumeﬂbecomes_smaller, although the
effect of uncertainties in the other volumes remains large. In order to estimate
the quantities in the above equations, one must consider in detall the various
‘volumes in the high-pressure system together with their uncertainties° Un-
A_certainties in the molar Volumes as a function of pressure and temperature are

not included in the above error_analysis and are considered in a later section.

Volumes in the Pressure System

_ The following volume measurements were made in July, 1960 . Changes have

_ been made since then, but.the values serve to Illustrate the.sample.distribution '
in theﬁhigh-pressure system and to indicate the errors involved. The cell

volume refers tovone of the solid cells (designated JB 1) before it had been
pressurized. The volume measurements were all made at 1 atm, and the calculated

values also refer to 1 atm°



valves) are listed first.

cell was measured by filling with mercury.

=107~

i

The vélumes in the high-pressure system (beyond the frozen-mercury cold

The volumes from point to point

were estimated by measuring the lengths and ﬁSing the value 0.00298 cmi/cmo

Item

1. Cell (measured) _
2. Two capillaries, total (meas.)

3.

ES RN RN B

Sections of capillaries

a..
b.

C'_°
do
S

f.
gﬂ

- Cell to shield
Shield to inner bath
Inner bath to wires
Wires to outer bath
Outer bath to wires
Wires to‘epon inside

Epon outside to end

Dead end (calc.)

2286 tee (meas. and calc.)

Dimensions

1/4 in. i.d. by 4 in. length 3.217 +

99 in. + 10k in. + 2 in.,*
(0.00298 cm5/cm assumed).
16.1/4 in. + 16°7/16 in.
3°1/8 in. + 3-1/8 in.
1°1/8 in. + 1°1/k4 in.

T7°3/8 in. + 7°11/16 in.

1°5/16 in. + 1 1/2 in.
25°1/16 in. + 27 1/L4 in.
37°1/4 in. + 41°7/8 in.

Capillary (MP cold valve to A286 tee) 105.5 + 1 cm
Capillary (HP cold valve to A286 tee) 107 + 1 cm '

Total high-pressure volume

The total volume of the capillaries leading to the -

 The volume between the medium pressure cold valve and the trapped volume is

Volume (cmB)
005
1.541 + .002
0.248
- 0.0k47
0.018
0.11k4
0.021
0.395
0.599
0.071 + .007
0.545 + ,030
0.314 + .006
0.319 + .006
6.007 + .056

listed next. Correction is made for the fact that the_lqw-pressure tee is at

‘an angle.

8.

Capillary (MP cold valve to LP tee)
9. Top arm of LP tee (qalco)l

Total

56.5 + l.cm |

The contributions to the trapped volumes are:
Valve (calc.)

11. Amm of tee (cale.) -
Tubing (calc.)

10.

- l2.

Total

- 0.170,

0.168 +
0.088 +

.006
-005

0.256 +

0.302
0.088

I+ i+ i+

.011

020
005
.005

0.560

i+

.030
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The determination of the'number'of“moleSJin:the high préssure system is
critical with respect to.the above volumes:.: Thé:following volumes are needéd
. to-calculate. a small correction to the 5-liter bulbs.during the low-pressure
determination of the number of moles.,

Top of high-pressure U-tube:

Item. . , o Dimensions : Volume (cmﬁ)
13. Capillary 4 _ | v
| (cold valve to fitting) 69+ 1 cm | - - 0.206
14. Fitting (c51co) _ 1/8 in. i.d. bj 1- 1/4 in. length 0.252
15. Coné'(caléu) o 1/16 in. i. d by 1 3/8 in. length 0.069
16. U-tube (calco) o 1/8 in. i, a. 0. 0792 cm /cm
Total: ' 0.527
Medium-pressure U-tube up to trapped volume:
17. Tubing (U-tube to tee) .  1/16 in. i.d. by 10° 1/h in. length 0,515
18. Fitting (calc.)(U-tube to tubing) = . s 0.700
19. Lens ring (calc.) - 5/16 in. i.d. by 1/4 .in. length 0,31k
20. U-tube (calc.) 5/16 in. i.d.  0.u4oL cm5/cm
, ‘Total : 1.529
‘Low-pressure syétem: ’ ’ . _ l ‘ | ‘
21. Total . 14.45 + 1.4
Measuring bulbs in Styrofoam box:
22. Bulb I . . ' 5169 + 25
23. Bulb II - - . 5141 + 25
2h. Bulb IIT R o - 5120 + 25
25. Bulb IV | o o 518% + 25
26. Manometer and connections _ ‘ ‘ 319 + 0.0458 P’
o v S : . (mm He)
The volumes in cmi, and their uncertainties needed for the evaluation of
I af/f |  in Eq. (66) are found from the above listing to be:
v, = 1.848 + .0L49
v, = 0.405 + .010
v, = 0133 + .019 '
v), = 0.056 + .009
v = 0.248 + .010
Ve = 3,217 + .005
v, ='3.521 + .024
Total = 5.907 + .102; £ = 0.596.
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For the purposes of this calculation, & pressure of 4000 atm may be

taken, and the molar volume as:a function of témperature may be taken as

v(T) = 16.39 + 0.0172 T e’ . - (67)

The subject of molar volumes is discussed moré thoroughly in & later section.

If one takes T, = 300K, T T, = 100%K, and Ty = 77 %, then one hes T, = 200°K,

and T, = 88%. The molar volumes sre V(T ) = 21.56 en”, v(T,) = 18.11, V(T,) =
17.71, V(le) = 19.83, and V(T23) = 17.91. For the purposes of a rough calculation
the molar volumes are close enough to be cancelled in the equation for | Af/f | ,

'so0 that one.can use
Av7 £ . : .
l——l (- =]+ ZClay [+ ]av,|+]ovs|). (68)
T 7
Substitution gives . !
Of

| 3 | = 0.003 + 0.013 = 0.016 (1.6%) .

Uncértainties From Othef Soﬁrces o

Errors due to Tempersture Uncertainty:

Starting with the expression for f, one may deduce the following expression
by considering only the errors in the molar volumes., The roughequality of the
;molar volumes was used in one step to obtain a simplified expression in the

same manner: as described above. We have

AV(T ) 'f"' AN(Tl)' | ' | V(T )
[ | = (l f) —VUT_T { V1 | —VTTIT | + Vo | -fo——y |+ V3 I _VTT—_T | }

(69)

If one assumes a temperature uncertainty of + 2°K;‘then, on the basis of the

3

linear approximation, the volume uncertainty at each temperature is + 0.034 cm”.
Substitution in the above: glves a resulting uncertalnty of 0.14%:
- Errors due to the Trapped Volume: '

" The uncertalnty'here‘can be considered‘as & contribution to | &n/n |
"Let N be the total number of moles of gas, n be the number of moles in the
high-pressure system, v be the volgme.of tlie high-pressure system, and vT.be
the trapped volume. If temperature effects are not considered, we obtain

(70)
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and .

(71)

If one uses v = 6.007 * 056 and v, ='0.560 + 030 cm5, the contribution of
_the last two terms is O. 5%. .. . . _

Uncertainty in N from the Low- Pressure Measurement

The~dom1nant error in'this case is the uncertsinty in the volume of the
5-liter bulbs, smounting to about-0.5%. The sum of all of the errors considered
above is 2.8%. The effect of pressure in increasing the various volumes has
not been consiiered’above, although there is reason to expect .some cancellation
of the uncertainties in the value of f. The above uncertainty is absolute,

and it is hoped that the reiative preoisioh'will be greéter.'

The Equation of State of Hydrogen -

To evaluate the number of moles of hydrogen in the cell, one must know the
equation of state along and above the melting curve. The available data on
this subject are summarized below.

Bridgman58 measured the compressibility of hydrogen in 1923 at 65°C from
2000 to 15,000 kg/cmeo The piston;displacement method was used -and the gas was
compressed in contact with kerosene, lowering the accurdcéy of the experiments.
‘The’ thermal-expansion data are not reported, but it is stated that the thermal
expansion of hydrogen seemed to increase somewhat with pressurea Stewart measured

the compression of solid hydrogen and deuterium to 20,000 kg/cm ‘at b 20 28

15

connecting his data to that of Megaw. Michels et al measured the

compressibility isotherms of hydrogen and deuterium between =175 C and + 150 C 63
‘Below room temperature, their date are all well below 1000 kg/cm . Accurate
P-V-T data on normel hydrogen from.O to 200 atm between 35 K and 5000K have

been obtained by Johnston and coworkers.

The melting curve of hydrogen was determined by Slmon, Ruhemann, and
Edwards in 1950,65 and, more recently, Mills and Grilly have determined the
melting curves of hydrogen, deuterium, and tritiumo66- Bartholome measured -
the volume of the liquid and the volume change on melting up to 152 ke/cm"
(1&2_1;01() with hydrogen and up to 98.7 kg/cm2 (20.97°K) with deuteriumo67

-+ His data indicate that the entropy of melting decreases gradually as the

. .pressure increases.
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Fig. 37. Estimate of hydrogen isobars above 3000 kg/crﬁZ
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The simplest way of estimating the'equation of state in the region of
interest (20 to 120K, 1,000 to 12,000 kg/em®) is to plot the date of Bridgman
and Stewart on a molar-volume-versus-temperature graph and then draw linear "
iscbars. This has been done in Fig. 37. Since the melting temperature is
known as a function of pressure, the molar volume at which melting occurs may .-
be obtained on the basis of the above approximation. An upper limit to the
volume change with melting may be calculated by using a constant entropy of
melting in the Clausius-Clapyron equation along with the melting~curve data.

A value of 2.00 cal/mole/oK was taken, and the above calculatioﬁ was carried
out. These volome discontinuities were added to the melting curve in Fig. 37,
as may be seen. The linear interpolation above 3000 kg/cm2 may be off by

lO% or more, so that it will be necessary to determine the equation of state
in the region of interest for the present experiments.

Below 3000 kg/cm2 it is certain that the isobars are curved, and there
is very little data on which to base interpolations, so that no attempt has
been made to estimate the P-V-T properties in this regiom. Measurements of
the equation of state will be required in this region also. Since the P-V-T .
measurements can be made in the calorimeter in the same cell to be used for
the heatACepacity measurements and to:the same preoision obtainable in the
heat capacity work, no special problems arise from this difficulty. Fig. 37
may be used to obtain an estimate of the highest pressure obtainable by the
blocked-capillary method.. ASsuming that 12,000 kg/cm? is the highest pressure
that can safely be generated the llnear interpolation indicates that the
molar volume of the fluid at the melting point is 13.3 cm3 At h.2 K, this
corresponds to a pressure of about 6,000 kg/cm . To obtain higher pressures,
one may have to use a method suggested by Nesbitt and Fiske 8 of the General
Electric Co., Schenectady, N. Y. An insulated heater wire (such as Formvar-
covered manganin) could be threaded into the capillary from the room-temperature
end down to the cell. By keeping the'temperaﬁure in the capillary above the
melting point, it would be bossible to raise the pressure in the cell to the
value obtainable at the other end of the system. Since this technique would
probably be tricky to apply, iﬁ seems best:to obtain as much data as possible

by using the blocked-capillary method first.

Extrus1on of Hydrogen Through Capillaries

The extrusion pressures of hydrogen through a hole of 1/8 in. diam° and
unspecified length (probably 1/2 in., as estimated from drawing) were measured

by Stewart to be 240‘kg/cm2 and 290 kg/cmz, respectively.27 These data may be
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used to obtain é rough estimate of the highest pressure differences that may
be used in the present experiments without.having extrusion of the hydrogen .in -
the capillaries, and hence, failure of the blocked-capillary method. The
analysis ofvthe»stress-strain pattern of a solid in a tube with a pressure
at one end is analogous to the analysis of the viscous floﬁ of a fluid in a,
capillary. Consider the case of an incompressible solid. Let R be the
radius of the éapillary, S be the téngential stress on a curved surface
perpendicular to a radius of the capillary, G be the modulus of elasticity
in shear of the hydrogen in the capillary, and 1 be the length of the
capillary sustaining the pressure difference P. It can be shown that the
maximum shearing stress occurs at the radius of the capillary, and is expressed
by .

S =% . , o (72)

If the yield pressure is 240 kg/cm? for a 1/8-in. diameter and 1/2-in.
length, then the above equation allows the yield pressure for a 0.025-in.
diameter and 3-in. length (a practical situation in the present experiments)
to be estimated as 7200 kg/cme. Since the scolid is actually compressible,
this estimate is toé large. On the other hand, one would expect the solid
to become harder as the pressure is increased. .

‘ A calculation may be carried out which takes the compressibility of the
solid into account. Aside from being rather complicated, the result depends
on the value of the shear modulus, G, which cannot be evaluafed‘accurately
enough from the available data, and whose pressure dependence is unknown.
Although it seems unlikelyuthat extrusion in the capillaries will be a problem,
one should test for the effect in the first runs by following the pressure on

the room-temperature side as the capillary is frozen and the cell cooled.
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VII. THEORETICAL CONSIDERATIONS

Ihtroduction

- Although no high-pressure heat-capacity data are yet available for analysis,
a fair amount of l-atm data on the heat capacity of solid hydrogen and deuterium
has appeared in the literature during the past two years. Since the ﬁhenomena
occurring at 1 atm will be relévant to high-pressure studies, and since the data
are interesting in themselves, it was desirable to consider these_data and the
theoretical interpretatiohs which have been made.

The modern data on the aﬁomalous heat capacit& of solid hydrogen and
deuterium have been published in fouf papefs from two laboratorieéo, In 1954
Hill and Ricketson published data on solid hydrogen between 2 and lﬁoK on
samples containing 0.5, 7, 25, 41, 56, 66, and T4% o-H2°8 At the two higher
concentrations, the data were extended to lol5oK. and a A anomaly was discovered.
In the next year, the same authors extended the measurements to OOQOK and found
that the A anomaly did not occur below about 60% o-H, concentfationf9 In 1957

Gonzalez, White, and Johnston published data on solid deuterium between 0.3

14

and 13°K on samples containing %, 14.5, 18.5, and 33.3% p-D,- No M anomaly

was discovered because the concentration of p-D,. was not high enough. In 1959

Hill and Lounasmas obtained data on the latticegheat capacities of solid

hydrogen and deuterium by reducing the’o¥H2 and p-D, impurity concéntration

as much as'pbssiblé569. By having the conversion catalyst in the sample and
equilibrating for 2 hr at the triple point before freeziﬁg the sample and taking
measurements, they obtained a nominal o-H2 concentration of 0.02%, and nominal
p-D2 concentrations of 1.5 or 2.15%, depending on the temperature of equilibration.
The solid-hydrogen data were fitted by a fgnction of the type,'Cps= AT5 + BTS,

as were the deuterium data after the anomalous contribution. of the p~D2 was
subtracted empirically. _

The interpretation of the above data has been the subject of several other
papers. Tomita applied the Bethe approximation in the statistical treatment of
the cooperative phenomenon andrcalculated the temperature dependence of the peak
of the anomaly with reépect to o-H2 concentrationolo The theory predicted the
lowest concentration for the occurrence of the A ancmaly to be 16.7%, as compared
with the experimental value of 60%.

Nakamura7o considered the valence, electrostatic quadrupole, and London
dispersion forces in the pairwise interaction of adjacent crtho molecules and

calculated the magnitude of the high temperature "tail" of the anomaly, using
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Hill and Ricketson's data.8 This calculation applied only to the region

where the anomalous heat capécity was proportional to T—e. Nakamura also
calculated the pairwise energy levels for .quadrupolar interaction and compared
the predicted heat capacity with Hill and Ricketson's 7% data,8 The data were
about a factor of two larger than the theoretical result. He then fitted the
discrepancy with the expression for a two-level anomaly (upperflevel‘degeneraté)
proportional to the o-H2 concentration. (The pairwise energy was proportional
to the square of the concentration.) A fit was obtained by using a splitting
of 2 x 10-16 ergs per molecule (since Nakamura seems to have counted some of
the o-H2 molecules twice in this calculation, the numerical value is in doubt).
In order to explain the contribution dependence on the first power of the

o-H2 concentration, Nakamura pbstulated a splitting of the rotational levels

by the lattice motion of the molecules. In a later paper, Nakamura and

- Uryu calculated the quenching of the rotational states of ortho hydrogen
.in'the solid ;staté by using the Einstein model fof lattice vibrétions and
obtained a splitting of 0.72 x 10—16 ergs between the M = 0 and + 1 levels-71

In the present work, it was of interest to reexamine Nakamura's
conclusions in the light of all of the recent data.' From the experimental
point of view, his result was based on a single experiment, and might be
altered by small discrepancies. From the theoretical point of view, Nakamura
did not explicitly consider isolated ortho molecules, isolated pairs of ortho
molecules, and more compiicated configurétions at the 7% concentration. On
this basis, it was still of interest to determine whether a realistic cal-
culation based on the angular potential energy between ortho molecules .could
account for the size and shape of the heat:capacity anomaly .

At high pressures the different shape and repulsive energies between ortho-
ortho and ortho-para pairs becomes important, and one might expect that such
effects can no longer be neglected in calculating the splitting of the ortho-
hydrogen sublevels. The energy-level system of a pair of ortho molecules in
solid hydrogen was calculated considering these effects. The case of three
ortho molecules in a row was also treated in thé quadrupolar approximation.

The two models had appreciably different level systems and_heat capacities.

The energ&-level system for pairwise interactibn was calculated as a function
of intermolecular separation, and it was found that, although ohly the quadrupole
interaction is important at 1 atm, valence forces become important at 5000 atm.
The experimental data at variousvo-H2 and p-D2 concentrations were compared

with the calculations, and the present understanding of the situation was

discussed.
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Intefaction Between Two Hydrogen Molecules

The various contributions to the interaction’ between two hydrogen molecules

52

have been diséussed by ‘Hirschfelder, Curtiss, and Bird. Three effects are
important in the- angular dependence of the intermolecular potential. These
are (a) the chemical or valence energy (sometimes called the exchange
repulsion), (b) the electrostatic quadrupole-quadrupole interaction, and
(c¢) the inverse sixth-power dispersion energy. The inverse eighth-power
dispersion energy is small, and its angular dependence is considered negligible
by Hirschfelder et al.52

Because of its convenience, de Boer's theoretical result for the valence
energy51 is used. Over the range hao to lan (ao = 0.529A){ de Boer's result
was expressed as

2 ,
V(val) g_-[ e-l.87rac/a l 87r. /a -1.87r e e-l.87rbd ay } )

= 2.78 = o+ e ad’ "o +
o

(73)

where nuclei ab and cd form the two molecules. The following approximation,
recommended by de Boer for the region 6a to Ba o> shows the angular dependence
exp11c1tly
' o2 a 1l a 13 .
l(val) 2 2
ao 48,000 (——) + 129, 360 ( ) [13 cos S * 13 cos .3 2]
15 2 2 ' 2 2
+ 412,010 ( [1 - 15 cos Ogp - 15 cos™ 6 _, - 195 cos” 6 ,cos6_,

. : . o
+2 {'51n 9, sin 6 4 cos (¢ab - ¢cd) - 1k cos 0_, cos gcd.}' }

a
+ 68,640 (r—")5L5 [ 6 -90 cos® 6 . - 90 cos® ©

ab cd

+ 2255 cosl+ Qab * 2255 cosu ch ] ‘} (7Y

52

The electrostatic. quadrupole- quadrupole interaction is given by

'V(Q-Q) - aQb
16 r

2 -2 2 2
1l -5 cos Ga - 5 cos Qb - lSlcos Qa cos Gb

o -
+2 [ sin 6_ sin 6 cos (¢a - ¢b) - 4 cos 6_ cos 6 ] .} > (75)
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where Q is the cyl1ndr1cally symmetric: quadrupole moment .about the internuclear

‘axis. Harrlck and Ramsey have measured the quadrupole moment of hydrogen by a

12 They obtained a value for Q/e of

0.220 x :lO-'16 cm2 relative to the internuclear axis. This numerical value pertains

to the convention used by Hirschfelder et al.55
The dispersion potentlal at large separation may be represented as

:E'ollows'52 (&

rab _ -

where Oa, ¢a; Gb, ¢b refer to the intermolecular axis, and

- : 2
. = - - ' 3 i - -
C(Qa,¢a, Ob,¢b) = (A -B -B'+ C)[sin 6, sin 6, cos (¢a ¢b) 2 cos 6, cos Ob]

+ 3(B - C) cos® o, +3(8' - C) cos® 6, + (B +B' + k) (17)

Here we define

h vy (a) v'" (b)
A= Ea“ (a) a"_(b) ’ (782)
i (a) + Y| (v)
v, (a) v ()
B=3-= %a,, (a) @ (b) 2 L (780)
Y (a) + Y (b)
‘and v -
KL‘(a) v, (v)’
C = —aJ_ (a) o (b) . (78c)
v (a) +v (b)
- where @, and qL .are the polarizabllitieelaloné and_perpemdieular to the

-
molecular axis, respectively, and Y and KL. are the fundamental frequencies

for (electronic) vibrations,along and perpendicular to thermolecular axis, the
latter being doubly degenerate.
If we assume that molecules a and b are of the same kind, and set

v, =v, =v =1I/h, where'I is the ionization potentlal o2 Egs. (78) reduce

I L

to
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2 2

a I a o I a I
o "n>yL . : .
A= N ,B=B'= —— — ; and C = - (79)
8 8 - 8
If the anisotropy of polarizability, K, is defined by
H “L
K= —m8m8 —— v , (80)
the combinations appearing in Eq. (77).become
. - a
(A-2B+C)- Ia( “L> Ke, (81a)
laa ,a, -a 'Iaz
B-C = L (” 'L>"-1 — K, . (811b)
8 8 . .
and
. Ia, |
2B + 4C = 'J’(a +2a, ) = 2 148, ' (81c)
.The approximation ou_ a seems Justified for our purposes since we have
a = (1 - 1/3K) @ and K ~ 0.1. In order to replace o7 in BEgs. (81)
by a more empirical quantity, the London force between spherically '
symmetric molecules, - 3/4 IaE/r6, may be compared with the coefficient
of the empirically fitted Lennard Jones 6-12 potential, Le [ (= )12 - ( «—»)6 5

~which gives the result: o = 16/3 cc°. TFor hydrogen, we have e/k 37.00%K,
and 0 = 2.928A. If we replace ¢ by 5.55&0, the above equations may be com-
bined and substituted into Eq. (76) to give a usable expression for the
angular dependence of the London inserve sixth-power dispersion energy:

a

V(dis) = 229,000 ¢ ( r_q )6 [ll- + 2K(00829a + cosgg.b) : - -

’ 2
+ 2/3'k2 { sin 6_ sin 6, cos (¢a - ¢b) - 2 cos 9 cos O }-] . (82)

The value of K used for these calculations was 0,1175.52

52

The inverse eighth-power dispersion energy may be expressed as

. 2 a _

[e]
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Equations (7%), (75), (82),’and (83)'may'bé added to givé*éniéxpression of the
form: ' ' ’ ‘

2 2 - -2 2. 2 2
V=A+ B (cos 6, + cos Qb) +C cos” 9, cos” 6 + D sin” §_ sin® 9, cos (¢a - ¢b)

. } , ey L
+:E sin @ .cos 6  sin O cos 6 c°3.§¢a - ¢b),+ F (cos 6, + cos 6,), (84)

where the coefficients are collected in Table XV.

Teble XV. Coefficients of angular potential energy

Coef- . . .
- ficient Valence : - Q-Q Dis-6 (and dis-8)
2 . a | 2 a
A = [4'8,000 (2)1 - 258,720 (-—)13 i @ x1  -29,000 ¢ (—9)6 x b
8, r r5
+ 823,850 (—)15 ] T e” ( )8
» %o
B < f 1681680 (= “0)13 _ 1os57750 ( O)15 Ny 5 -29,000 € ( 0)6, ok
) ao = 35775 E ;5- X Py b’
2r 8 2 a
e” 0,15 >_Q 0,6 _ 8 .2
C 5 _81165970 (+) ] %3 x 17 -29,000 e (=)" x 3 K
27r a 2
e~ 0,15 > Q O 6 _ 2
D o _82&020 (-r—) jl = :5- x 2‘ A -29,000 € ( x 3 K
2 a » 2 ;
e 0,15 .3 Q 80,6 8 .2
E - o [23072560 (-r—-) ] | - 3 :5- x 16 +29,ooo € ( ) x 3 K
.2 a :
F e [17503200 (912 ] 0 0
B.O r
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Application of Perturbation Theory .to Pairwise Intereqtion

A problem relating to the anomalous heat—capecityveffect5~in'solid hydrogeh
that can be treated w1th some degree of realism from the theoretical p01nt of
view is the pairwise 1nteract10n of two: ortho molecules, each hav1ng eleven .
para-hydrogen neighbors. Since each ortho-hydrogen molecule (J = 1) has three
degenerate orientational eigehstates in fhe ébsence of a perturbation, a pair
of ortho molecules has nine degenerate states.A Appllcatlon of flrst order
perturbation theory to thls problem ylelds the correct comblnatlons and eigen-

Th

values of the nine states under the applied perturbatlon, Mathematically,
the proeedure invoives the calculation of the ﬁatrix elements of the 9 by 9
~array and the solution of the resulting secular equation. o
“The potential of interaction of the two ortho molecules is:given by
(84), as is,thé potential of interaction between each ortho molecule and
each of its para neighbors. The unperturbed wave functions may be taken as

follows:

Ortho Molecule at a

“é - %@"OS % :- - o (85p)
\v‘;; %\E. sin 6 sin §_ - | l - (e
Or%hé Melecule at b  . |

| 11:? = % \E sin 6, cos B, S __ (854)

.‘Vz = %Vé cos G»bv | e B o (85e)
-1\ siweyemngy, EC

\With all para states being represented by wp 1/Vlix. For the rest of the
discussion, a state such as w W5 will be referred to as (15)
The interaction between an ortho molecule and one of its para neighbors

is Considered first. The three zeroth-order states will be of the form wi w?,
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we wP wB WP. Hence Eq. (84) may be averaged over'Gb, ¢b.to obtain the

- potential o : S
o1 1 1 '

V=A+=B+=F)+(B+=C¢C os*
( 3 z ) + ( 3 ) cc

2 GA + L D,sin2 e + F‘co_sh...é K (86)
Ja 5 T8 a - a

Introducing the Legendre Polynomials, we have

o
P, (cos ©)

[}

% (3 c052 0 - 1) | s v '_ (872)

and

N

PZ (cos 0) % (35 cos” @ - 30 cos2 0 + 3) . ' (87b)

]

The potential may be written

1 2 2 2 2 2 n
_(A+2/3§+§C+9D.+3-F)+(3B,+§C'-§D,+7FF)
8 !
Pg (cos Qa) + 35 F_PZ (cos @a) K (88)

Only the Pg(cos Ga)‘causes agplitting, which is readily found to be

- D) + 2 F., ' (89)

. 2
. LE = E -El(,=E5A)=—-B 55

2 5 15(

This splitting is the same order of magnitude as that which results from the
interaction of two ortho molecules and is caused by the valence and dispersion .
forces. o »

The next point of interest involves the summation of the ortho-para
- interaction over the eleven para neighbors of the ortho molecule. Since
Eq. (86) is cyllndrlcally symmetric about the ortho- -para intermolecular axis,
the addition theorem of spherical harmonics may be used to rotate the eleven-
coordinate éystems to a common axis to allow summation of the potentials. If
v 1s the polar angle about one of the intermolecular directions and @ and B are

the polar coordinate’ angles of this direction with respect to the common

coordinate system, the addition theorem has the form75
p
’ ?
Pn(cos y) = Pn(cos a) Pn»(cos Q) +n22§: (n-m: Pz (cos a) P" (cos 8)cos m(p-8),
' : o] (n +m)! n

(90)

and © and f are the angles in the common coordinate system. If the summation

(for n = 2) is carried out for either the cubic close-packed or hexagonal close-
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packed cases over.twelve nearest neighbors, there is:complete cancellation
This means that the potentlal of an ortho molecule surrounded by eleven para

fmolecules and a hole may be expressed as

o1 2 .2
=11 (A + 3 B+ 5 C + 3 D + s F)

2. .2, 2_ 4 _. o S
-{(=zB+=C-=D+=F) P, (cos © ' _ 1
(5B+5c-5D+=F) P (cos o) Y
where the PO (cos © ) contribution has been dfoPped° Writing in the
L o &
expression for P (cos © ) and filling the hole with an ortho molecule
with eleven para nelghbors, we obtain

23 4 7 164

2(llA+—3-B+BC.+-5'D+““5—§'F)"
- (B +k% c - % D+ g F) (cos o, + cos® Ob) +.Vab ’ (92)

where V_, is given by Eq. (84). Substituting and collecﬁing,‘we have

46 8 1 328

= (23-A + =3 B+3C+ = D+ =z F)
1 | 6 2 2 , 2 e
-( 3 [c - D] + = F){(cos 6, + cos sz + C cos” 9 cos” O

7
.2 . 2 2
+ D'S?n, 6, sin” @ cos (8, - ¢b)

L - " 4
+ E_sln 6, cos 6_ sin 6, cos Qb’cos (¢a - ¢b) f F(cos @a + cos Qb)o

(93)

:The matrix elements of the nine states obtained from Egs. (85) with
respect to the gbove potential have been calculated and are given in Table XVI.
The quantity, (23A + Mg B+ l?g C + Ig D+ 5?? F), has been removed from each :

of the disgonal matric elements.
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Teble XVI. Matrix Elements for Pairwise-Total Interaction

(11).' (225. ] (33)' kia) | (21)?5;j'*‘ (éB) - (32) (13) (31)
(11) o %5- E g’s’ D
(22) ;—5 E f*{—s(c-n) ;—S‘E
(33) 2—5 D | él-g E 0
(12) “ \ -l,;—s(cm) 55 E
(21) . - %—5 E. - _%(_cw)
(23) | . ‘ e .-_%,(c+n.) %E
(52) S L= -k (o)
(13) | | | - v_g—sb%b
(51) | tv': w.vt | 2D 3D

If only thq electrostatic qua‘.drupdle-qﬁadrupole interaction is considered,
all of the para molecules may be ignored, am_d}Eq.- (75) may be teken as the
perturbing potential. The resulting matrix "'evleme'nts are shown in Table XVII.
A factor of 3/100 Q,e/ r” has been removed from each matrix element.
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Table XVII. Matrix elements for pairwise quadrupole interaction

(11)  (22) (33). (12) (21) «(23) .- (32) ~(13) (31)

(11) 3 -k 1

(22) b 8 -k

(33) 1 b 3

(12) : -k =h

(21) ‘ -L -4 ,

(23) ' _ _ T
(32) | | 4
(13) ‘ |

(31)

The eigenvalues of the 3 by 5vpart of Table XVII (with the same factor
removed) are 12, 2, and 0. The eigenvalues of the two center 2 by 2's are
0 and -8, and of the last 2 by 2 are 2 and 0. The eigenfunctions of the

eigenvalues in the ofder listed above are

| Loy .1 o |
E=12: ,”1 —J:E_[ (11) - 2 (22) + (33) ] | .(9ha)
1 R
E= 2 : == [ (11) - (33) ] _ : (9Lb)
; ¥, P (11) - (33) 1 o o
E=0 ¢ Vg =;ﬁ§—-[ (11) + (22) + (33) 1 . . (9ke)
E=0 ¢ ¥, =J721-—[ (12) -(21).
; - L
| '\FS—E—[(BQ)-(EB)]
E=-8 : ¥ =~fi‘ [ (12) + (21) ]
A /
‘1'7 ‘J'g [ (32) + (23) ]
E=2 w8=i[(15)+(51)]
‘E=0 :'w9=i— (13) - (31) ] .
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For the more general case represented by Table XVI, the calculations

were carried out for internuclear distances of:3.75 A, 3.58 A, 3.45 A, and
3.15 A.
reépectivély, The values of C, D;.and E at these separations are shown in

The last two represent hydrogen at roughly 1000 and 5000 atm,
ergs.

Table XVIII. The units of this calculation are 10-16

Table XVIIT. Numerical values of coefficients

3,75 3,58 3,45 3,15
c 49.86. 67.43 87.26 186.80
D 5.60 S T7.11 8.61 14.05
E -46.48 -73.93

-59.91 -130.71

The eigenvalues are collected in Table XIX in the same order as in Eq. (94).

Table XIX. Eigenvalues
_ 5-75 v 3.58 ‘5.h5 5.15

1 3.956 5.248 6.6:8  13.199
2 0.401 0.462 0.551 . 0.705

3 ~1.997 -2.493 ~3.00k ~k.691

4 -1.397 -1.957 -2.615 -6.233
5 -1.397  -1.957 -2.615  -6.233

6 -5.115 -6.751 -8.529 -16.689

7 .5.115 -6.751 -8.529  -16.689

8 -0.4148 -0.569 -0.688  -l.12h

9 ~1.3h44 -1.707 -2.065

3,372

- In Table_XX, the'energy levels are reérranged and the lowest subtracted

. out. The'qﬁadrupole levels are also shown for comparison.

10_16 ergs.

The results are also shown in Fig. 38.

The units are
(
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. Table;xx, Rearrenged eigenvalues .-

375 . 38 305 a5

Total Q - Q- . Total © . Q -Q - Totel Q-Q . Total Q-9q-
1 9.071 . 9.030 . 11.999 11.388 - 15.177 . 13.702 29.888 21.593
2 5.516 A h,515(2),_'7.g;5; K 5069u(2) 9.080 - . 6.851(2) 17.394 10.796(2)
8 4.667 6,184 C T7.841 15.565
9 3,771 3.612(L4). .5.044 . . L4.555(4) 6.464 5.481(4) 13.317 8.637(4)
4,5 3.718(2 : h.794(2) S 5.914(2) 11.998
3 3,118 o 4,258 - . 5.525 . 10,456(2)
6

7 0() o0 () o ( o o o o (2 o (2

- It can be seen that the total .interaction-is .almost the same as the quadrupole-
quadrupole interaction at the larger two separations, but that at shorter
distances, the differences become more noticeable. The lowest level is doubly

degenera%e at all sepgratiqns.

- Linear Arrangement of Three Ortho Molecules

"The preceding calculation iS'readily extended to the case of three ortho
molecules alohg'a;l;né (e, b, ¢). Since the quadrupole interaction is & good
approxihétion t6 the total interaction at one atmosphefé, only the quadrupole
perturbation enefgy»will be cOri’s'iderede 7

The perturbingvpotential’may‘be taken as

.Vabc = vab + Vbc ) - (95)

where Vab and vbc are obtained from Eq. (75). The zeroth-order wave functions

are obtained from Eq. (85) and wi wg wg will be denoted by (132) as before.
It is easily seen that " : ' :

f(iak).*_ Vape (173781 a7, ar at, = Skk.f(i,a)* Vo (1197) ar, ar
,+-siiau/j(3k)* Vie (3'x") dry drc (96)
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The matrix elements obtained from Table XVII by using this result are
,shown'in.Table XXI. The same factor of 5/100 Q,-g/r5 has been removed from
each element. It'can be seen that three T by 7 blocks and one 6 by 6 block
are obtalned after some rearrangement - The first and third 7 by 7 blocks
are identical, as might be expected.

The following basis transformation was made:

v = (1) | | vg = (222)
v, - (212) | ¥y = (121)
vy = (313 R AP (523) |
Y =J—;—'[(-—1ez) - (221)] ¥ J? () - (u2)]
WS 2 E [(122) + (221)] ' Vo = Je 2 [(e11) + (112)]
= - (331 2) - (2
Jg [(133) - (331)] | s - JQ l[(53 ) - (233)]
vy = f{ [(.155) + (331)1 BT . [(332) + (233)]
wlB through w21 are ﬁhe eame as wl - WY with l-and 5 interchanged
| ' 1
Voo = «f? [(125) - (521)1 Vos = 7 [(132) + (312)]
. _ 1 : ‘
Vo3 = f; [(_125) * (321)] Y6 = 7 [(213) - (231)]
bt 2 L02) - (G121 ey = A () - (@) - (97)

qﬂa v o . : T ~f2



111 212 313 122 221 133 331 222 121 323 112 211 233 332 333 232 131 322 223 311 113 125'321 132 312_213 231

-4
-4

0 0 -k
-8 0 -b

111

212
313
122

221

Hmdwm XXI. Matrix elements wow.dsm three-in-a-row model

)
-4

-4
-4

-y

133
331

T

-k
0

-4

0
0

0
-8

16

222

-4
0

121
325

-4

-4

-8 -

-4
-4

-4
-4

112

- -128-

211
233

-1

-4

"

332
333

N
"

0 -4
0 -b

0
-8

232

131
522

-k

4
o

-4

-

223

311
113

(@]

=h
o

-8

123

o

-8

321

132
312

1-3

-4

213
231
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The result, after some rearrangement, is shown in Table XXII. The first

and third 5 by 5's have eigehvalues of 150685, 4, 1.602, 0, and -10.687.

The second 5 by 5 has eigenvalues of 19.492, 1.403, 0, -11.403, and -11.492.
The 3 by 3's have eigenvelues of 0, -4, -12, and 1.403, -2, -11.403,
fespectively° The first and third 2 by 2's have eigenvalues of 8, 0, and
the middle 2 by 2 has eigeﬁvalues of 0, -2. Note that two of the non-
integral eigenvalues o the second 5 by 5 are degenerate with two of the
second 3 by 3 eigenvaluesa The eigenvalues are collected in Table XXIII, with
the lowest subtracted out. The factor 5Q2/100r5 is stili factored out. The
degeneracies are shown in parentheses. vao of the ievels were.combined for
calculating purposes, as indicated. The levels are shown schematically

in Fig. 59 and compared with the level system for two independent pairs.
-Sihce the latter system has 81 levels, its degeneracies have been divided
by three to be comparable to the 27‘levels of the present problem. It is

clear that the two level systems are qﬁalitatively different.

Table XXIII. Eigenvalues

31.492 (1)
25.085 (2)
20 (2)
16 (2)
13.602 (2) 15.500 (1)
13.403 (2)
12 (7)
10 (2)
8 (1)
1.313 (2)
1 0.598 (2)
0.508 (1)

0 (1)
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" Table XXIT. Tronsformed matrix elements. :

© 12 14 (L 13 i5 16 713 20 18 20 22 24 26 23
o4
_J% :
SR :
o -1 1
-
-
. 6 0 °'f§'r%
o -8 o-f:- o
o o 2 o 2
J2
i -J% F o 4 -a
I—:— o J%-‘z a
4 -a
-4 4
-8 -4 -4
4 -4 o
-4 o -a
-8 -4
' -4 -2
4 0

25

L3

27
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36~ Total interaction

———Q-Q only .

281
24+

20

E; -Eo (10'®ergs)

0 | 1(2) (2)) | | ]
26 28 30 32 34 36 38 40
r (A) ‘

MU-23063

Fig. 38. The energy-level diagram for interaction between
a pair of orthohydrogen molecules surrounded by para-
‘hydrogen neighbors. The baseline represents the lowest

level. — total interaction; --- quadrupole. interaction.
Parentheses indicate degeneracies.
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Calculation of Heat Capacities from the Splittings

Rushbrooke has presented a simple discussion of this subject°76 If the
partitionbfunction is represented by '
pets ) e -ey/¥T (98)

i
i

where wi is the degeneracy of the state having energy-ei, we can write for

the heat capacity of the system.at constant volume

;z.; 1'2. (pff ) [ (p.£.) ( }: w0 -€, /kT) ) ( E: e, o oy /kT J ’

(kT)

(99)
where R = Nk. v
For the two-level system (upper level degenerate) and the three-level

system (equal spacing), we have, respectively,

o€/ kT |
( KT > (1 + o0 e/kT)z . = (100)

and

(101)

Cy ' e‘>2 e~e/kT [ 1+ hene/kT + e”2€/kT }
T J

~e/kT . e~2€/kT)2

where ¢ is the energy spacing of the levels, and x is the mole fraction of
ortho hydrogen. The heat capacity of the four level palrw1se quadrupolar

interaction discussed below Table XVII is given as

% < e :f(Ze-ue kT)
T2~y ™
'é“ RZx

-¢/KT -5¢/KT -6¢/ KT ~10¢/kT -11e/kT

+ 100e + T2e
~5¢/kT . ewlOe/kT) 2

64 + 506 + lLe + 25e

} (102)

~he/xT

(2+ Le +2e

where ; = 3Q2/50r5

fraction of ortho hydrogen.

, z is the number of nearest neighbors, and x is the mole
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Fig. 40. Comparison of heat-capacity curves: (A) pairwisza
quadrupole interaction, (B) two-level Schottky model,
(C) three-level Schottky model. Energies are per pair
for A and per molecvle for B and C.
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Fig. 41. Predicted anomalous heat capacity for various inter-
molecular distances.
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row' model assuming quadrupole interaction at 3.75A.
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The shapes of Egs. (100), (101), and (102) are compared in Fig. 40.
The l-atm éeparatioh for solid hydrogen (3.75 A) was used,fbr the calculations
based on Eq. (102). In Egs. (100) and 101), the curves were compressed by
multiplying the temperature scales by 2.44 and 1.97, respectively, 50
that the maxima. fell at about the same temperature as for Eq. (102)0

In Fig. hl? the heat capacities for the quedrﬁpolar interaction at
3.75, 5.58, and 3.15 A are plotted. The heat capacity resulting from the |
total interaction at 3.15 A is also plotted. Figure 42 compares the heat
capacity of palrwise quadrupolar interaction at 3.75 A with the quadrupolar
heat capacity per pair of three ortho.molecules in-a row at the same

separation.

Statistieal Considerations at Low Ortho Concentrations

Before the theoretical curves.can be compared with the experimental data,
the concentration dependence‘of the various types of interaction must be
considered. If the mole fraction of ortho hydrogen is x, that of para 1 - x,
and the number of nearest neighbors, z (taken as 12) the total number of
ortho-orﬁho pairs per mole of solid hydrogen“is given by N x/2 zX, where zx
is the average number of ortho neighbors of an ortho molecule. Similarly,
the number of ortho-para and pera-para pairs are Nxz(l - x) and N(1 - x)/2z(1 - x),
respectively. The sum of the three terms is Nz/2, the total. number of pairwise
interactions in one mole of the crystal. - This breakdown of the total number
of pairs is based on the assumption of a random distribution of ortho and
para hydrogen through the lattice.

If the mole fraction of ortho molecules having n neighboring ortho
moiegules is X ﬁhen the total number of ortho-ortho pairs is given by
N g0

hxn° - The probability of a given ortho molecule having n neighboring
ortho molecules is given by the binomial coefficient

P o= 2 (1-x)2TMR, (103)

n (z - n)! n!

The following relationships are also‘validz
Z Z z

Z Pn =l;Z nE = ZX;Z X, = %5 x = XP_ (104)

n= n= n=0
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Fig. 44. Fraction of pairs with special configurations.
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Fig. 45. Available Cp and Cv data for solid p-HZ.
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Fig. 46. Available Cp' and C_ data for solid o-D,.
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The first few P are plotted in Fig. 3.

The above approach does not give the fraction of all ortho-ortho pairs *
that are isolated. An inspectioh of the geometry of the situation indicates
- that the probability of an ortho-ortho pair occurring, in an isolated state, .

18

" (There are 18 neighbors of a pair in a close-packed structure. )

is zx(1 - x)
18

The total number of such palrs per mole of solld hydrogen is N%xzx(l - x)
' and the fraction of all pairs that are 1solated is (1 - x) 8. Similarly, the
fraction of all palrs occurring in an isolated three-in-a-row conflguratlon is
'hx(l - x) ; While the fraction occurring in isolated triangular configurations -
is 12x(1 - x)25."These-fractions are shown in Fig. 44 as a function of the

ortho concentration.

Analysis of Available One-Atmosphere Data

The aveailable CP and CV data on solid p-H2 and o-Dé have been divided by

72

[e) .
Debye curves for OD = 91 K and 89OK are included for comparison. These values

and plotted versus T in Figs. 45 and 46, respectively. The theoretical

were used’originalli to fit the CP data. The.high values obtained by Mendelssohn,
Ruhemann, and Simon are probably explained by incomplete elimination of exchange
gas or‘by a high ortho hydrogen concentration. The Born-von Karman theory

as calculated by Leighton78

the C' d.a’ca:L2 and plotted to OOK. Leighton's curve neglecting second-nearest-

for a face-centered cubic lattice was fitted to

nelghbor interaction gave the best flt of the C data The curves drawn

69

through Hill and Lounasmas's data represent thelr fit, while the curves

through Hill and Ricketson's data8 and Gonzalez, White, and Johnston's d.a.taulll
were drawn b& the present writer. -

Hill and Ricketson reported heat-capacity data for a series of concentrations
of o-H2 down to EOK (in addition to the data below 20K at the higher ortho
coneentrations), The data were taken from the graph in the publication and
the lattice heat capacity was subtracted using the smooth curve shown in -
Fig. 45 (Curfe A). The resulting anomalous C_ is shown in Fig. 47. The unlts
are cal/ K per mole of solid hydrogen (not per mole of ortho hydrogen). -

The data have been integrated from the higher temperatures to give the
anomelous heat content and entropy per mole of o-H, as shown in Figs. 48 and 49.
Since the data do not extend through the anomaly, the reference point must be
on the high-temperature side, hence the notation "H above T" and "S above T".

The anomalous heat content is plotted against the anomalous entropy for each
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Fig. 47. Anomalous heat capacity data for o-HZ(Ref. 8).
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concentration of o-H2 in Fig. 50. Temperature is a parameter on this plot,
increasing toward the origin. In order to compare the anomalous contributions
to the heat capacity with the theoretical expressions, Hill and Ricketson's

7% and 0.5%_data have been plotted in Fig. 51 and 52, respectivelyes The

data of Gonzalez et al on 3% o-D2 have been plotted in Fig-. 55,14 and Hill
and Lounasmaa's data on "nominal" o-D, have been plotted in Fig. 5h°69 The

nominal p-D, concentration of the latter data was 1.5% or 2.15%; depending

2
on whether the sample was equilibrated at the hydrogen boiling point or at

the deuterium triple point. Unfortunately, the auﬁhors did not report this

- information.

For fhe % -H case, it can be seen from Fig. 43 that (l - x) or
0. 1406 of the ortho molecules have all p- H nearest nelghbors° Figure hk
indicates that of all the ortho-ortho palrs, (1 - x) or 0.271 are "isolated,“
i.e., completely surrounded by p-uH2 nearest neighbors. If the molar heat
capaoity of isolatod O-H2 molecules is designated by Ca’ that of isolated
pairs by Cb’ and that of pairs in more complicated configurations by Cc,

the anomalous heat-capacity expression may be written
Cex(1-0Pc +ram R [ @-0®e s f-a-0®le ] (w5
P a 2 - b v c

where x is the o—H2 mole fraction. If one assumes that Cc is given by the
"three-in-a-row" calculation, then the pairwise contributions may be calculated.
Since many other types of configuration appear besides the "three-in-a-row"
type, the above expression leads to some uncertainty in the theocretical
expression for CC- Thus the Cb and Cc contributions‘have been plotted
separately in Fig. 51 for the % o—H2° The values of the theoretical curves
Wwere obtained from Fig. 42. As was observed by Nakamura,7o the theoretical
curves account for only one-half of the magnitude of the data. The residual
heat capécitiesvwere then fitted to the two and three-level anomalies described
in Egs. (100) and (101) and plotted in Fig. 40. (The three-level model was
included merely because it was convenient and not for any theoretical reason.)
Asvmay be seen from Fig. 51, both models can be fitted to the data by

adjusting the temperature scale. Oﬁe then finds the splitting, e; given by
5.59 x 107X ergs for the two-level model and by 2.61 x 1010 ergs for the
three-level model. In order to obtain these numbers, Eq. (105) was used,

with the resulting assumption that the effect causing the splitting in the
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isolated ortho molecules does not appreciably change the contribution of
the ortho-ortho pairs to the heat capacity. This is a reasonable approximation,
‘since a moderate change in the energy-level diagram for the pairwise inter- ‘
action should have only a secondary effect on the magnitude of the heat-
capacity contribution. Using the two-level model, Nakamura obtained a
value of € = 2 x lO-;6 ergs because he did not include the factor (1 - x)lz
in Eq. (105).

For the 0.5% o«H2 case, the contributions of C. and Cc were negligible.

The value of C_ obtained from the 7% data was used Sith Eq. (105) to evaluate
this contribution at 0.5%, and the result is shown in Fig. 52. The agreement
must be considered-satisfactory, and providés a tesﬁ of the reality of the
Ca effect. It is interesting to comment at this point on a different approach
in ‘analyzing the data. If it is assumed that Ca ig zZero, one may calculate
what ortho concentration is required to give agreement with the pairwise
theory. Values of 9.9% and 3.5 % are obtained for the 7% and 0.5% cases,
respectively. It is interesting that a difference of 3% is obtained in each
cagse. Since Hill and Ricketson did not publish an account of their analysis
procedure or of the history of their samples,? the possibility of a 3% shift
in the low end of their concentration scale cannot be definitely ruled out.
The 3% p;D2 data of Gonzalez et allh are shown in Fig. 53. In this case,

(1 - x)l2 or 0.694 of the p-D, molecules have all o-D neighbofs, while

(l - x)l8 or 0.578 of the para-para pailrs are isolateia The temperature
scale of Fig. 42 was divided by (5.,75/3058)5 = 1.26 (the fifth power of the
ratio of intermolecular distances in solid hydrogen and deuterium) to e#pand
the theoretical curves of Fig. 42. The-Cb and Cc contributions were then
plotted in Fig. 53 in the same manner as for the 7% o-H2° It can be seen

that the agreement is very close. However, a rereading of the original
paperlu indicated that the deuterium had been equilibrated in an activated-
charcoal trap at 20.4° K, yielding & concentration of 2.2% P“Deo The liquid
was then presumably removed from the_tfap and warmed to 250 K (equilibrium
concentration 3.5%) to speed up the transfer to the calorimeter. Unpublished

data of the authors on the homogeneous conversion in liquid D2 were used to ’
calculate the increase in concentration from 2.2% to 3% during the transfer
operation, so that the possibility of a concentration-uncertainty also exists
for these data. Thus it is possible that the good fit on Fig. 53 is fortuitous;

and that a C_ contribution (Eq. (105)) might be required here also.
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The data of Hill and Lounasmaa69 on 1.5% or 2.15% p-D, are shown in
Fig. 54. The theoretical’Cb and‘Cc contributions are shown for both
contributions. The Ca contribution predicted by the hydrogen data is
also plotted for 1.5% p-D,. If the C, effect is'due‘to translational

effects in the lattice as suggested by Nakamufa,7o

one mlght expect the
effect to be smaller for deuterium than for hydrogen v '
'anomaly»at low

The above analysis of the data on the o-H, and p-D

concentration indicates that there probably isza term ii the heat capacity
prOportlonal to the concentratlon, although more prec1se and more carefully
deflned data’ would meke the conclusion more certaln It seems likely

that part of the splittlng of the levels of isolated ortho molecules is
causéd'by'seéond-nearest—neighbor effects, and this’phénomenon'should be
considered when comparing the data with theories based on‘trénslational

effects.

Comment on London's Theory

29

‘London suggested that "the inifial work of compression in solid
hydrogen,ismmainly used to reduce space for ﬁhe molecules by confining
their rotational motion to a smaller angle rather than to drive the
- molecules deeper into their mutual Van der Waals repu131on field. n2d On
this basis he reasoned that "quenching" of the rotational motion should
occur when the energ& supplied by compression was af least sufficient to
raise the ground state (J = 0) to the level of the first exc1ted state
(J = 1). This corresponds to 3&0 cal/mole for H and 170 cal/mole for D
The pressures necessary to supply such an energy of compression were
estimated to be 5500 and 4000 kg/cm for H and D2, respectively.
The above reasoning seems 1nconsistent with the work of Hobbs16 on
the zero-point energy of Hg, HD, and D (which, incidentally, was
suggested by London). A casual observatlon of the curves in Hobbs paper
indicates that between 1 and 5000 kg/cm , the potential energy of solid
hydrogen decreases about 100 cal/mole, while the zero-point energy rises
40O to 500 cal/mole, giving a net energy increase of about 300 cal/mole.
Thus it would be more correct to say that between 1 and 5000 kg/cmg, the
energy of compression only increases the zero-point energy of the lattice.
London's estimate of the pressure necessary to "quench" the rotation still
seems valid, however, because above 5000 kg/cme, the repulsive potential

energy rises very steeply.
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APPEIDICES

A. Assembly and Disassembly .of the Caloriméter

The following comments should be of use in further work on the calorimeter,

since there is a certain sequence of operations that should be followed in

taking it apart and putting it together if damage {s to be avoided. The pro-

cedure is as follows:

1.
2,

10.

Remove the vaéuum'can bottom by uhbolﬁing the flénge at D.

Remove the éopper radiation Baffle at DD and unglue thefthermocouple from
the bottom of the liquid-nitrogeh shield;lthen unbolt the shield and drop .
it into the vacuum can. ‘ ) _

The vacuum can and liquid-nitrogen-shield bottoms may then be 1lifted out
of the pressure shield. . / '

Unglue the thermocouple on the outer bath shield, unmbolt it at Q, and
remove, being careful not to damage the wires underneath it,

Unsolder and unbelt the front half of the isothermal shield for access

to the cell._ : _

To remove the cell from the calorimeter,isimply disconnect it and pull

it out with the capillaries.through flange Y.

If it is desired to raise the inner and outer bath, or the liquid-nitrogen
reservoir, the cell must be disconnected from these parts and can be
clamped to the flange of the vacuﬁm can. | ‘ ‘

Disconnect the vacuum and vapor pressure lines at the top, and using

the eyebolts, raise flanges B and C'together and hoist several inches

50 that.the top of the liquid-nitrogen shield.can be pulled out.
Loweruthe~flanges and then raise C’by itself. This operation requires

two people =-- one(hoisting and the dthervguiding the assenmbly to avoid‘
damaging the wires. '

Assenbling the calorimeter is simply the reverse of the above operations.
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B. Summary of Useful Formulas for Thick-Walled Cylinder‘shh

; Elastic Behavior

The symbols usged are:

' radial stress

g =
r i o
Ut = tangential stress
v = Poisson's ratio
K- =.-r2/'rl where r2'= outer and Ty =:inner rad;ug
Pl,P2 = inner, oute? pressures, respectively
E = Young's modulus.
Stresses : o v v
- S . 2 | |
o = .1?1’132]{2 + (zy/7)" (P)-P,) (B1)
a Kg 1 S
P X° - P‘ + (ra/r)a ’(P -P_) -
' éK 1 1l 2%
(o] = - (B2)
r ‘ .
| K® - 1
P . } o
o, = —p— ; . (B3)
K° -1 , - o
,Strains
P P
oy -1+ (1-vEKP -—2-+(l+v)w<l-—§><f-%—> (BY)
e E P _ P r
r Co= - 1 . 1
o S G
P ' PN :
1-2v+ (v - l)—gK2+(1+v)1--—2-><£g— (B5) -
e B P P T
t = . 1 ) 1
P .
1 K° -1
P
x 1-2v+2vK _2
5

1 . : V'Kz‘-Al
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Limits of Elastic Behavior .. .=~

 The limit of elastic behavior determined on g.tensi;éltgstAspecimen
cannot'be applied.Qirectly to‘$hick-walled_cylindey§ pecauseFthese involve
stresses in seversl directions. The simplest,criterion geems‘to come ffom
the maximﬁmAshearing-stress theory: The limit of elasticlactiéﬁ occurs when
the shearing stress at any point due to any combination of stresses exceeds
the shearing prbportional limittof'the,material. rhe shearing stress at any

radius is expressed by

. .Kg(‘BlfPa)

r2(K°-1)

Tnelastic Behavior

When the pressure is releaged, the parts stretched inelastically behave

nelastiéally. If one assumes that the stress-strain curve is flat beyond the

‘yield point (no strain-hardening or work-hardening effects), and if oy is

the yield strength and T, is the radius of the outer edge of inelastic action,

then one has

‘ 2 2 '
% -<’2're re)  (89)
0, = —%—|= t.2dn =), - B9)
- SN v o |
oy <%§ + rg r;' : ' ( )
g, = -21n ——>, , B10
t ,JJ% rg, T ‘ o

and

A= (f'é_ “em ). (B11)
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Inelastic Strains .

The inelastic strains may be calculated by recognizing that the volume
of ‘an elémént rémains'esséntially*COnStanﬁ as the inelastic strains are in-
~ creased. Assuming the 1nelastic reglon extends throughout the wall to the

outer radlus, one obtalns

e [ G @-> i e

The strain at the outer surfgce is given approximately by
o B [/52 & - /2
( e't )1‘2 = ey —2—— (’e—-t) + "é; + 1 } . . (Bl3 )

An expression for the elastic breakdown pregéure,'P&,fis given by.

: o <1 S - :
P = L — . | . (m1y)
J \/-3 K2 . . R

The above agreed'wifh eXpefiment to'ls% when residual stresses were allowed
for and to 50% otherwise. The overstrain pressure, P (the elastic breakdown

at the outer radius), is given by

P = —L 1nK. . (B15)

The strain at the bore at the elastic breakdown pressure is

(et) = ;——214——— [(K?+l) + v (K2 2)] 3 (B16)

1 E(K -1)

4

ey
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