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Melting Properties of He' and He' up to 3500 kg/cm’*
1o R Griney axo R L. Mines

University of California, Los Nlamos Scie ntifie Laboratory, Lox Alamos, New Merico

For He' and He' the volume change on melting, AV, . the molar volume
of fluid, V', | and the thiid thermal expansion coecthicient o =1 V0V, ol ..
were measured along the melting curve from 1.3 1o 31K st pressures up 1o
3500 kg/em?. These are the first sueh measurements to he reported for He?,
for He' they are the first measurements. consistent with melting curve deter

~ minations, which cover this pressure range aceurately, Detmled <tadies of all
the melting parameters were made at pressures helow 250 kg em? for hoth
isotopes. Two solid forms of He® were tound with o transition line which inter
seets the melting curve at 3.15°K and 11 kg/em? For He' an indireet deter

mination was made of the intersection of the lambda line with the melting
curve.

. INTRODUCTION

Although the melting curves of He' and He' have been traced in considerable
detail from a few tenths of a degree absolute up to 30 and 507K, respeetively,
(1-12) there exist no measurements of the corresponding volume change on
melting, AV, , for He' and no direet measurements for He' above 4°K. Such
data in combination with slopes of the melting curves are useful in deriving the
various thermodynamic quantities of melting. For He', AV, measurements have
been made by Swenson (6, 7, 1.3) in the region 1.2 to £.0°K. In addition there
are indirect measurements by Keesom and Keesom (9) in the region 2.2 to 1.0°K,
and by Dugdale and Simon (.3) in the region 4 to 26°IK. The most precise of
these measurements occur below 17K where the quoted (6, 7) error is 3 percent.,
For He' and He', AV, data consistent with the melting curve determinations
in accuracy and extent (/) are especially desirable.

Reported here are final determinations of the volume change on melting of
He' and He' up to 3500 kg em®. It should be noted that some preliminary data
have already been presented (7). This study’is part of a continuing program
to measure the melting parameters for all the low boiling gases; in the past meas
urements for N. were reported (75).

* Work done under the auspices of the U, 8. Atomie Energy Commission.
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Il. EXPERIMENTAL

A. AprPARrATUS

The apparatus was similar to that which has been deseribed elsewhere (15).
It consisted of an oil hydraulic system in equilibrium with a high-pressure gas
system through a mercury U-tube. Gas from the high-pressure system was me-
tered in a low-pressure volume manometer

Incorporated in the hydraulic system were a hand pump, intensifier, oil in-
jector, and free-piston gauge. Two different piston gauges were required to cover
the full pressure range. Pressures from 5 to 125 kg/em® were read on a commer-
cial' free-piston gauge, whose effective area was determined by balancing the
gauge against the known vapor pressure of CO; at 0°C (16). In the range 50-3500
kg/em’®, pressures were measured with a controlled-clearance free-piston gauge,
previously deseribed in some detail (7). At pressures above 200 kg /em’, the
weights were suspended below the piston by a yoke, rods, and pan. The piston
was rotated by the method of Myers and Jessup (17). Below 200 kg 'em® the
weights were placed on a pan above the piston and rotated by hand. Over the
region of mutual accessibility, 50 to 125 kg em’, both piston gauges were in
agreement. Movement of the pistons was measured either with a height indiea-
tor gauge of calibrated spring constant or with a traveling telescope. Readings
were reproducible to about 0.01 mm.

In the U-tube which separated the oil system from the gas system, mercury
levels were indicated by external magnetic coils which sensed the position of
ferritic steel balls floating on the mercury surface inside the nonmagnetic steel
columns of the U. The levels could be read to 0.5 mm, and differences in mercury
level between the two arms were applied as corrections to the piston pressures,

The gas system was identical to that shown previously (see Fig. 1, Ref. 15)
with the exception that in most of the runs below 200 kg em® Valve 2 was re-
moved and the manganin gauge was relocated between Valves 3 and 1. For all
runs, Valves 1 and 3 were replaced by shop-made valves (78) which featured
unsupported area packings and nonrising spindles for constaney of volume during
operation,

Many of the determinations below 250 kg em® were made in a eell different
from that already deseribed (15). The new low-pressure cell had a nominal vol-
ume of 024 em” and was made of thin-walled AISI No. 304 stainless steel. Both
cells were equipped with inlet capillaries which were vacuum-jacketed. Eleetrieal
heaters and thermocouples were spaced along the eapillary so that room tem-
perature could be maintained to within several millimeters of the eell opening.

A special gas handling system was required for the rare isotope He', The gas

”

' Asheroft Gauge Tester 1300-25, Manning, Maxwell, and Moore, Ine., Stratford, Con
necticut,

.
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was stored below atmospheric pressure in a 12-/ tank. It was pumped by a pres-
sure-vacuum, reversible, 2-stage vane pump1 through a purifying train consist-
ing of a charcoal trap cooled to liquid N; temperature and a charcoal trap cooled
to liquid H; temperature. The gas then entered a eryogenic pump where it was
liquefied at ~2°K and 2 kg/em® gauge pressure. Upon warming, the purified
high-pressure gas was foreed either into the A1, apparatus or into a small com-
pression eylinder for additional pressure boosting. At the completion of an ex-
periment, He' in the low-pressure metering system was transferred back to the
storage reservoir by the same vane pump. Residual gas at a few microns pres-
sure was removed by a conventional vacuum system. Mass spectrometer anal-
ysis of the purified gas indieated the following impurities: 0.06 percent He',
<0.015 pereent Hy, <0.005 percent 1,, <0.005 percent T, <0.01 percent
N2, <0.002 pereent (), .

The source of the He' was an A 1L.C. evlinder (H size) filled at the Bureau of
Mines Amarillo Station. The gas was pressured by a 3-stage compression cylin-
der and passed through a liquid-N. cooled trap into the measuring system. Mass
spectrometer analysis indicated the following impurities: 0.01 pereent Ha, 0.03
percent N, , 0.002 percent (),

B. GENERAL PROCEDURE

The experimental technique used in measuring AV, was essentially the same
as that deseribed earlier (15). However, the temperatures employved in freezing
and melting the sample were, in general, much closer to the equilibrium melting
points. This obviated large corrections for the thermal expansion of =olid and
fluid.

At pressures below 1000 kg/em?®, the fluid coefficient of thermal expansion a;
was determined by the following piston displacement method. Fluid in the eell
was brought to pressure equilibrium with the piston gauge at a cell temperature
near the freezing point. A valve was cloxed, isolating the eell, whereupon the
cell temperature was raised ~0.2°K. After temperatures had equilibrated, the
valve was opened and the corresponding piston travel in the piston gauge was
observed. From known PVT of the gas, the volume change could be computed.
This procedure was repeated over several AT"s at the same pressure and for
both warming and cooling. At pressures above 1000 kg em” the earlier technique
(15) was used. -

The fluid compressibility coefficient 8, was measured similarly. At constant
temperature the cell was balaneed against the piston gauge. The cell valve was
closed, an additional weight was added to the piston pan, the valve was opened
and the piston displacement observed. At o given temperature the procedure

2 A brief deseription of this pump is given by Sydoriak and Roberts (19).
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was repeated at different A7's up to the freezing point. Mensurements were also
taken for pressure deerements,

For redeterminations of the melting curves below 200 kg eni’, the apparatus
and technique deseribed in o preceding paper (20) were cmployed. Determina-
tion of the solid-solid transition line for He', however, was earried ot in the
AV, apparatus as follows. With the He' pressure held constant at some value
below the triple point, the bath was lowered out of contaet with the cell. The
bath temperature wax then adjusted to a value just below the expected transi-
tion line, and the bath level was raised slowly until the eell was about one-half
immersed. This filled the lower portion of the cell with solid. The existing tem-
perature gradient in the upper part of the cell kept the cell opening from plug-
ging with solid. With the bath temperature and level held constant, small weights
were added stepwise to the piston gauge. The piston dropped by small deerements
due to the compressibility of the system until the transition line was reached, at
which point an additional weight caused the piston to drop by a large amount
corresponding to the volume change of solid-solid transition, AV,..., which
took place in the lower portion of the cell. Unfortunately the measurement of
AV ane could not be made quantitative by this method sinee the exaet amount
of solid in the cell was indeterminable. A different method for determining AV,
is discussed in Section 1V-B-1.

The room temperature density of gaseous He' and He' was measured at three
different pressures up to 200 kg em’ by simply emptying an equilibrated eell
content into the low-pressure metering system. Fluid density along the melting
curve was measured as before (715).

The procedures outlined above will, in general, suceeed only at temperatures
which ean be maintained by boiling liquid baths. No attempt was made to ob-
tain AV, and related data in the region £.7°K to 1L7T°K.

C. TEMPERATURE MEASUREMENT AND CCONTROL

The liquid baths used were helium (1.2-5°K), hydrogen (14-24.5°K), :l‘ll(l
neon (24,5 31°K). Constant homogeneous temperature \\':I.\'.('ﬁ(‘('l('d by main-
taining constant vapor pressure above the bath while stirring the h.uth with
bubbles generated by a small heater at the bottom. In the |I.1‘|llllu region, tem-
peratures were computed to 0.0017 on the 1958 seale deseribed by Van I)U‘i
and Durieux (27). In the other regions, temperatures were computed to 0.001°
on the seales used previously in the melting curve determinations (7).

D. VoLuvMe CALIBRATIONS

The volume of the large, thin-walled eell was determined to be l).rlfﬁ“.’.')".’ em’
at 300°K and 1 atmos from the weight of mereury required to fill it As indieated
previously (131, corrections to the volume were made for: (1) the decrease
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caused by insertion of the inlet eapillary; (20 the contraction with deerease an
temperature; and G the expansion with inerease in pressure. Dead volumes
the svstem were measured by simple gas expansion,

I Cornrrerions

The various correetions diseussed earlier (750 were applied to the present
measurement=. For dead-volume ealenlations, present datac on Heand .Ilc-' i
densities at room temperature were used at pressures up to 200 kg em’. From
200 1o 1000 kg em® the He' gas densitios of Wiehe of al. ¢ 220 a1 room temperature
were used. Above 1000 kg em® an extrapolation of ther data was nde using
as o guide the results of Bridgman 230 on unpure e

Following each AV, determination, when the cell valve was reopened 1o the
free piston gauge, movement of the piston indieated that either too e or too
much gas had been bled into the metering svsten The amonnt of exeess or dee-
ficient gas was ealeulated from observation of the piston travel.

Compressibility of the gas at room temperature e the inlet capillary was eal-
culated (22) and subtracted from the observed compressibilities in order to
arrive at the true compressibility of fluid in the cell. This correetion was ealenlable
to <1 pereent error and in magnitude was about 10 pereent of the mensured
AV, ;

To effeet freezing and melting, finite subeooling and superheating, respectively,
were required (750, Correetions tor these were made using the measured A77<
the measured a; , and a, estimated 0= 0.75 o, - The AT used i freezing canounted
to 0.03-1.2° for He' and 0.05 1.07 for He's the AT used in melting was 0.01-
0.40° for He' and 0.04-0.217 for He', Small A7T7s were nsually ~atisfaetory with
the thin-walled cell, although Lirge AT were ocensionally used.

1L RESULTS
IF'or both helium isotopes, experimental measurements of the volume change
on melting, AV, . are shown graphieally as a funetion of melting pressure up
to 3500 kg ‘em® in Fig. 1. The data below 250 kg em® are shown in more detail
in Fig. 2. Values of the thermal expansion coeflicient of the fluid,
a; = 1 L0V, aT,,
along the melting curve are plotted in Fig. 3. For He' o more detailed plot of
a, at low pressures and a plot of the fluid compressibility coeflicient,
By = —1 ViV, alrr,
along the melting curve are shown in Fig. 4. The error in each of a; and 3, is
estimated to be 5 percent. Figure 5 gives the locus of points in the pressure-
temperature diagram for He' where the thermal expansion coefficient of the
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Fii. 1. The volume change on melting of He? and He' as a funetion of pressure.

fluid is zero. In Figs., 6 and 7 are plotted the values of (da, a7 )0 and (3, 97) 4,
respeetively, Tor He' along the melting curve. Also shown in Fig. 6 are (da, ad" iy
values for the a, = 0 point= of Fig. 5. For He' at temperatures below the lambda
temperature, a plot of a, versus 7 at 17 = 2547 kg em’ is shown in Pig. 8. Fig-
ure 9 is the condensed phase diagram for He', showing the solid a — solid 8 tran-
sition line cextrapolated to 77 = 01 and the a, = 0 locus in the liguid domain.

Deviations of the individual experimental points from the curves of Fig. 9 are

’

not visible on the seale,
o . . . . . '
Ihe experimental and derived melting properties of He' are presented at var-
iots melting points in Table 1. Values of AN, were computed from AV, and
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Fia. 2. The volume change on melting of He* and He! at low pressures. The large cireles
represent measurements made with the small, heavy-walled cell, while the small cireles
represent those made with the large, thin-walled cell.

dP,, /dT, . Similar properties for He’ are given in Table 11, Maximum errors
are estimated to be 0.5 percent for AV, | 0.1 percent for V7, and 1 percent for
AN, . In Table III are presented the melting parameters for the solid-solid tran-
sition of He®. Results of the high-pressure, room-temperature gas-density de-
terminations for He' and He® are given in Table IV,

As in the case of Ny (15), the AV, data were fitted to the equation

A‘—.. = -1 -— I’ l()’.’.ul( I‘.. + (’l ‘li

by the method of least squares. For He' two sets of constants were needed—
one for the region below the triple point and the other for the region above. It
was not possible to fit the He' 31, data to Eq. (1) over the full pressure range
studied. However, for the purpose of interpolation, a fit was made from 175 to
3555 kg em’. The constants in Eq. (1) for the various solids are presented in
Table V. Listed also are the pressure range and rms deviation in AV, .

The melting curve data at low pressure were fitted by the method of least
squares to analytical expressions of the form,

P=A"4BT+CT + DT + E'T. (2)
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Fic. 3. The thermal expansion coefficient of fluid Hed and He

*along the melting curve,

v 1 . . . 3
For He' a fit was made only above the X-point; for He™ separate curves were

fitted below and above the triple point.
urements of the solid-solid transition line in e

various transitions

Fitted also to this equation were meas-
CConstants in Eq. (2) for the
are given in Table VI along with the temperature range

covered and the rms deviation in 2. The melting curves at higher temperatures
and pressures are well represented by the constants given earlier (1) for the

Simon equation,

e a + LT,

Data for the molar volume of fluid along the melting curve could b

()

o repre-
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Fia. 4. The thermal expansion coeflicient, o, . and the compressibility coeflicient. 4.
of fluid He? along the melting curve.

-

sented by an equation of the type
. Vy=d + 0P, + '), (4

A similar equation, with " = 0, had been used for No measurements 150 The

“eonstants of Fq. (4), obtained by least-squares fit of the experimental data
for He' and He', are given in Table VI together with the range of applicability
and rms deviation in V. Equation (1) applied to He' and He' 1 probably does
not fully reflect the acenraey of the measurements but is useful in making inter-
polations. 4
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Fic. 5. Pressure-temperature diagram of a; = 0 for fluid He®.
IV. DISCUSSION
A. Discrssion or He' Resvirs

Values of AV, derived from molar volumes of solid and fluid measured by
Dugdale and Simon (.3), agree within 2 pereent with the present determinations
at pressures below 300 kg em” and above 2000 kg em’. At intermediate pres-
sures, however, their values are consistently lower than those reported here. A
maximum deviation of —7 pereent oceurs at 1000 kg em’.

Below 250 kg em® a plot of the present AV, data in Fig. 2 shows a sharp break
in the curve at about 32 kg em’, corresponding to a melting temperature of
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FiG. 6. (da, 0T 1p as a function of 7 for thad He

1.8°K. Although these values are somewhat higher than the more aecarate,
directly determined values (31 kg em” and 1.77 'K ) of Swenson (50 and Keesom
and Keesom (9) for P, and T, ., the point where the limbda line intersect<
the melting curve, the discontinuity in slope in AV, i quite definite. The result~
of Swenson (6) are plotted also in Fig. 2. They show a positive deviation from
the present values at /2, > P, and a negative deviation at P, < /”,, . The
maximum deviation is about 5 percent in the viemity of 2, . Swenson made
no corrections to his Al7, measurements to account for the thermal expansion
of solid and fluid over the A7 region in which he worked; he assumed equilib-
rium in freezing and melting. With decreasing P2, the thermal expansion co-
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Fia. 7. 08,/0P)7 for fluid He? along the melting curve.

efficient of the liquid changes from a positive value to a large negative value at
P (see, for example, Figs. 3 and 8). It ix suggested that if expansion correc-
tions were applied to Swenson's data, the break in hix AV, curve would be much
sharper and in closer agreement with the present eurve. The indirect AV, data
of Keesom and Keesom (92) from 46 to 133 kg em’ have not been plotted in
Iig. 2, but their AV, curve would eross the present one at about 110 kg em®,
exhibiting maximum deviations of +9 percent at 46 kg em’ and —6 pereent
at 123 kg em’.

Iach value of a; along the melting curve was determined from a series of
measurements made at constant pressure and extrapolated to the melting tem-
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Fra. S0 ap as a funetion of T for Hetar 17 = 2507 kg em® and 1 < 71,

perature, The curve of Fig. 3 exhibits o sharp vise mea, with deereasing 22, until
a maximum s reached at ~3- kg em®. At pressures helow this, a, deereases
rapidly, becomes discontinuous at the A-point by assuming large negative values
which decrease in magnitude with further deereases i 2, as shown i Fig, 8.
The a, values of Keesom and Keesom (21, plotted i Fige S0were derived from
their PVT measurements and show good agreement with the present data,

The V; measurements of Table Tagree with those of Dugdale and Simon ¢.3)
to within 1 percent, The newly determined melting eturve, expressed by Fq. (29
and Table VI, forms a smooth extension of that reported earlier /).
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Fia. 9. Condensed phase diagram for He'.

B. Discurssiox or e* Resvnrs
" 3 3 P
At high pressures the properties of He™ along the melting curve roughly paral-
i 1 . . pe
lel those of He'. At low pressures, although He' does not display superfluidity.
there are other unique features which merit detailed discussions.

1. The solid-solid transition
s e . . . " 5 - 3
With reference to Fig. 2, the discontinuity in the AV, curve for He' at ~141
kg em” is a consequence of a triple point in the melting curve where two types
of =olid are in equilibrium with the fluid phase. A careful determination of the
melting curve showed a slight discontinuity in slope which oceurs at 141 kg em?®
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TABLE 1
Prorverties oF He' AvoxG e Mevtisng Corve

L Tw AV n* Av. dev." v, ASa*
(kg/em?) (°K) (em?*/mol) (+%) (em*/mol)  (eal/deg/maol)
2648 1.350 2. 046" 4 0.32 230304 0.170
2988 1.723 1.7064 1 1.50 22 4484 0.840
40.00 2.046 1.3244 2 0.53 21,5074 1.142
60.02 2.510 1.2414 K} 1.70 2014951 1.260
78.95 2.943 1.152¢ 5 0.72 19.745 1.316
79.04 2.047 1.164 3 1.06 19.741 1.316
99.99 3.356 10894 2 0.25 19104 1.350
125.21 3.835 1.038 4 0.85 IX. 489 1.374
12547 3.840 1.0204 2 0.8H I8 A8 1.374
175.05 1.688 0986 3 1.42 17.573 1.402
11208 14.746 0.6073 5 046 12.752 1.704
1422 .8 17.158 0. 5630 4 0.21 12.173 1.724
1778.6 19.774 0.5277 5 0.25 11666 1.746
2134.2 22.210 0.4970 3 0.40 11.225 1.764
2477 23.602 04752 3 0.21 11.031 1.774
24178 24.050 04814 3 0.10 10,9714 1.777
2030.1 27190 0. 4567 3 0.34 10.512 1.798
3555.6 30.770 0. 4300 2 0.55 10115 1.820

*n = number of AV, determinations at each P2, .

b The average deviation from the mean of the n determinations of A7, .
c Smoothed values.

4 Results with the large cell; all others with the small cell.

and 3.16°K, the point of intersection of the two limbs of the melting curve. Prob-
ably a more accurate determination is given by the intersection of the solid-solid
transition line with the melting curve, which oceurs at 14044 kg em® and
348K,

Subsequent to these measurements, the structures of the two solid forms of
He' were determined by x-ray diffraction (2/). The solid modification a, which
exists at the lower temperatures and pressures, was found to have the body-
centered-cubie structure. It was determined that the 8 modification has the
hexagonal-closest-packed structure. Solid densities, derived from lengths of the
axes of the unit cells, are in good agreement with densities computed from data
reported here.

With reference again to Iig. 2, a half-shaded cirele represents the sum of the
volume change on melting of a-solid plus the volume change of the =olid-solid
transition, AV ne , at a given pressure. These results were obtained by the usual
technique for measuring AV, except that the bath temperature was low enough
to eause freezing of g-solid. The difference between the upper dashed curve of
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TABLE 11
ProrERTIES OF He® ALonG TnE MELTING CURVE
P T AV n*  Av. dev.b V; AS,.c
(kg/em?) (°K) (em*/mol) (+%) (em¥mol)  (eal/deg/mol)
a-solid
51.61 1.332 1.03661 2 0.45 23. 7004 0.842
53.17 1.375 1.0360! 1 - 23.575 0. 856
64.06 1.659 0.97004 2 0.20 22.7674 0.930
69.28 1.783 0.9435 2 0.11 22150 0.955
78.95 1.908 0. 90604 1 21,9204 0,088
79.00 2.000 (). 8880 4 0.72 21.917 0. 988
91.27 2.255 0.8633 2 0.97 21360 1.018
92,08 2.272 0. 86564 2 0.28 21.330 1.020
099,04 2.425 ().8523¢ | 21.015 1.033
100.00 2.427 (. 8S488 3 1.64 21.012 1.033
110.86 2.630 0.8153 3 0.55 20.625 1. 048
112.42 2.658 0.8107¢ 1 1.06 20.575 1.049
118.85 2.775 08063 3 2.88 20.355 1.056
125.16 2887 0. 7856 2 0.15 20.152 1.060
125.41 2.803 0.79544 2 0.53 20,115 1.061
128.40 2.943 0.7955 2 0.36 20.055 1.063
B-solid
146.20 3.262 (). 8868 4 0.56 19,513 1186
151.51 3.343 0.8816! 2 084 19.417 1,103
160.13 3,490 0. 8766¢4 2 0.16 19.230 1.204
175.01 3.735 0.8583 H 0.50 I18.935 ) (44
20457 4.205 0.82501 3 1.15 18388 1.259
237 .43 4.732 0. 8066 i 046 17.848 1.200
1208.8 114,680 0.5617 2 0.02 12,991 1.617
1449.2 16.592 0. 53014 2 0.53 12.511 1.648
1707.2 18,518 00.5231 2 0.36 12.123 16649
2008.6 21.256 004880 3 0.08 11.595 1,695
25483.0 24.158 0. 1664 3 0.13 1. 110 1.714
2086 .8 26887 0.4373 3 0.14 10800 1.727
3554.8 30,184 0.4179 3 0.58 10,398 1.738

v n = number of AV, determinations at each 17, .
b The average deviation from the mean of the n determinations of Al7, .

e Smoothed values.
4 Results with the large cell; all others with the small eell.

Fig. 2 and the lower solid curve gives AV, . The dotted curve appears to Iumlﬁ
over, and one ean speculate that it interseets the solid curve at ~102 kg em’
at which point AV, is zero. It is interesting to note that the solid transition
curve of Fig. 9 scems to extrapolate to about this same pressure at 0°K and to
exhibit a zero slope. Ax shown in Table TTI, AN, .. approaches zero at o faster

rate than AV, .




TABLE L
ProvERTIES 0F ToE Trassirion s Sovn He', 4

r T drdar Al AS
(kg/em?) ('K (kg/em? deg) (em?® mol tenl deg moly
1o K R 310 0.1 0 k2
130 2800 2.0 011N 007
120 2,370 19.2 0100 0015
112 1816 16 0072 0014

* Smoothed values.,
"Triple point for solid o, 8, and faid.

) TABLLE IV
Gas Dexsiries or He' aso Het ar 2000 ¢

r p Het p Hed
kg/em? Amagats At~

5.1 1630 1628
112,45 01,05 a1 81
2014.55 16620 165 99

TABLLE V
Coxsrtants* iy Fq. (1) ror mie Voroue Cuasce or MeELTing

o i -~ S
Solid ] B ¢ P, range, rms dev.
kg em? em' mol

Het 1.60677 033439 —103.25 175 3555 00051
He' o 1.564614 039023 —20.998 51128 00064
He' g 1.51053 0. 30825 —42.581 1146 3555 00031

s Pressure units in kg/em? and volume units in em?®/ mol,

TABLLE VI
Coxstants® i g, (2) vor THE Variovs TraxNsiTioNs

| - T range, ™
Transition A’ B e ' E' d: .;\ T odev.,
. kg/em?

bohd Het —
fluid He* 1
Solid He? a —»

| 33,280 — 44,156 3179 —4.8159 030313 1.85.2 023
|
|

v fluid ‘

':.256 —0.64696  16.0205  —1.39505 0 1.23.1 016

© Solid He* g —
fluid

Solid Hed o —»

Solid He® g

3.873 30, &539 +. 08176 0 0 3.24.4 0.10

llH"Klﬁ —0.053454 115635 0 IL.83.1 042

» Pressure units in kg/em? and temperature units in deg K.

17
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TABLE VII
ConsTanTs* 1IN EqQ. (4) vorR MoLar VoLUMES oF FLiip ALoxa THE MELTING

Curve
o ’ ’ P.. range rmx dev.
l" ’ b " ’ - » .
uid a ! = kg/cm? em?/mol
Het 11 0 —0.17145 1 27.570 2630 00006
Het 1 14.854 48.5273 —0.107253 —-10.0712 35 3555 0.0007
He? 1.075 51.1102 —0.161532 —3.2482 50 3555 0.0137

* Pressure units in kg/em? and volume units in em?/mol.

2. Thermal expansion and compressibility of the fluid

The thermal expansion coefficient of fluid He' along the melting curve exhibits
a maximum in the vicinity of the triple point, as shown in Figs. 3 and 1. The
maximum is broad compared to that for He' and is less than one-half as large.
In general, one expeets a to increase with 7" and deerease with 2; however, along
the melting curve the “normal” behavior of a; inereasing with decreasing P2,
and 7, indicates that P, changes overcome T, changes. For He' the maximum
in a; appears to be a direct consequence of the A-transition. In He' the nuclear
spin part of a; becomes more negative at lower 7', according to Goldstein (25 ),
and it apparently overcomes the “normal™ hehavior of the nonspin part of «,

From values of a; and g, in Fig. 4, it is possible to compute the following ther-
modynamie quantities for fluid He' along the melting curve:

(0,0T)y = a; By ; 3

and

(('l' - (") = 'I"'/"l. d, ; (B
These quantities are shown as the curves in Fig. 10, Neither eurve exhibits
maximum over the range studied. The plot of (€', — 'y) versus 12, is linear
below 180 kg em® and extrapolates to zero at 12, = 47 kg em®. This extrapol-
tion gives a good determination of the point where «, goes through zero on the
melting curte, . .

The pressure-temperature locns of o, 0 in the flnd domain is shown in
Figs. 5 and 9. For completeness, the point of Taylor and Kerr (267 on the va-
porization curve has heen included.” The points represented by open eireles were
obtained by extrapolation to zero of a series of o, vilues measured at constant
pressure and varions temperatures. This could be done reliably beeause the
opes were quite constant. Extrapolations were made below about 10K, the

e of al. 270 also reported oo density masimum at approsvimately 05 K. presumahly




S

.

MELTING PROPERTIES OF He* asp Het 19
7 70
6 60
S 50
"
=4
— »
T,‘ -40 g
s 2
o -
; S H
o | - 130 3
2 o~
b 3
N &
; 22 20 £
\ 10
o - 0
0 50 100 150 200 250
Pm(kg cm2)

Fro 100 @al? oy and Cp — o for fluid He? along the melting curve

lowest aecessible mean temperature for the present o, measurements. It is seen

that the curve of Fig. 5 interseets the melting curve at 47 kg em’ in good agree-

ment with the extrapolations made in Figs. 4 and 10, Temperatures where a, =

0, derived from pressure-volume-temperature data by Brewer and Daunt 028

and Sherman and Fdeskuty ¢ 290 are in general agreement with the measure-
ments of Fig, 5.

The slopes, (da, dT 1, and (a3, a1 deerease with inereasing melting pres-

; sure as shown in Figs. 6 and 7, respectively, From the thermodynamie formulas,

(O aP)y = =TV aT) = =TV + (da T ), (T)
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and the data given above for fluid He', it can be seen that (4 decreases with

inereasing pressure in the vicinity of the melting curve. Gutsche (30) and Jones

and Walker (37) reported a similar variation for Hs and A, respectively.
Equation (5) combined with the thermodynamice relation,

ap,, aP\ ] av. ar
-— = - — - - —_ )
dr,, [(ar)l ar, T [(WI').'].. . "

dT 1 dV,;
. = o (9)
b= TV A,

leads to

For He' at low pressures, the values of 3, ealeulated from Eq. (%) compare
reasonably well with those measured direetly (Fig. 4), deviating by +27 pereent
at I, = 50 kg/em® and by —2 pereent at P, = 225 kg em®. At 3355 kg em’,
the caleulated 8, is 7.4 X 10 * em® kg,

The theory of melting for metals that was advanced by Bonfiglioli ¢f al. (.32)
predicts that o, T, ix constant for a given erystal type. Unfortunately, available
data are restricted to melting pressures of ~1 atmos but for face-centered-cubie,
body-centered-cubie, and hexagonal-closest-packed metals of widely varyving
melting temperature, .7, appears to be ~0.06. Above the anomalous region
where a; shows a maximum, the present results for fluid He' cand He') indieate
that values of a,7",, rise rapidly with £2,, then approach constaney around 0.05-
0.06 at high melting pressures. The empirieal deduetion from the present work
that a, = 0.75a, indieates that the expansion of the solid along the melting curve
follows closely that of the fluid and implies a constant value of 0.01-0.05 for
a, T, at high pressures. It is interesting to compare the ratio a. a; = 0.75 for
He' and He' with the ratios 0.70 and 0.77 for Na and K, respeetively, measured
by Bridgman (3.3) at ”,, = | kg em’.

Values of V, can be ealeulated from the present measurements of 1, and
AV, . For He' the ratio V, 1, was found to be constant and equal to 1.041

with a maximum deviation of only 0.4 percent over the full pressure mnge

studied.' Therefore (1 VodV, dP,) = (1 V,dV, dl,) which, }\'i(h DITR
(8) and the ratio a,, a; = 0.75, leads to the following equations for He':
dT, 1 dV, -

Be = 0T3ar 45 = v, adpn’
and
AB = B; — B. = 0.25a,(dT,./dP,.). (1
¢ For He* the ratio of V,/V, varied monotonically from 1.066 at ., = 35 kg/em? to 1.O4H
at P, = 3555 kg/cm?.
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Iixperimental d o substituted in the latter equation show that, over the range
50-225 kg em®, A8 has o constant v |Im- of ~2.5 X 10 " em® kg, \\'hi( h is at
most 2.5 pereent of 8, . At 3555 kg/em?® A3 is ealeulated to be 28 X 10 " em® kg
or 5 pereent of gy, The compressibility coefficient. of solid He' i therefore
very similar to that of the fluid along the full range of the melting curve investi-
gated. For Na and K, the data of Bridgman .37 lead to values of 38 and 29
pereent, respectively, for Ag/g, at 17, = | kg em’

Tuerman Proverries or Menria

At the lower end of the 22, range for He', the AS,, results were combined with
the entropy of saturated liquid S, , measured by Roberts and Sydoriak (.35,
and the entropy of compression AS,,,,..., to give the entropy of solid. The values
of ANy can be obtained through the formula

AN = —[ ((”) dr.

For the computation, the present mensurements were used from 5 kg em® to
P, , and those of Sherman and Edeskuty (290, from 2, to 5 kg en’. The results
over 1.27 to 2.0°K showed the entropy of =olid at the melting curve (or S, to
rise only from 134 to 143 eal deg mol. Subtraction of the entropy change of
compression and of transition in solid gave approximate Ny values of 132 to
134 The entropy asseciated with a nuelear spin system in completely random
orientation is 8§ = R In 2 = 138 It would appear that for solid He' this is the
major source of entropy.

The values of AS,, listed in Tables T and IT were derived from the Clapeyron
equation using experimental AV, data and slopes computed from analytieal
expressions for the melting curves. For both He isotopes AN, inereases with 12,
over the experimental range covered, although the inerease becomes progressively
smaller at higher melting pressures. This behavior is contrary to that of N,
(15), which showed a deerease of AN, with increasing 12, . Ebert (36, using
melting properties for almost all materials studied to 1947 by Bridgman, found
that AN, and AV, always decrease with rising 2, and, indeed, extrapolate to
zero at some finite high pressure; a eriterion of a eritical point. The behavior of
He then appears to be anomalous, at least up to 3335 kg em’. The continued
rise with pressure of AS,, is ingonipatible with the possibility of a eritieal point
between solid and fluid. Since the question of a eritical point in melting curves
has yvet to be resolved, it is interesting to extrapolate the He melting data to
higher pressures than were measured.

An expression for AS,, at high pressures can be derived in terms of P, by
combining Eqs. (1) and (3). When dAS,, dP,, is set equal to zero, one finds the
solutions P,, = 4219 kg ‘em®and P2, = 3628 kg em’ for He' and He', respectively.
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These melting pressures are only slightly higher than the present experimental
range and represent pressures at which maxima occur in AS,, . At higher pres-
sures AS,, decreases with P, and finally extrapolates to zero at P, = 79,500
kg/em® (T, = 235°K) for He' and P,. = 63,900 kg ‘em® (T, = 197°K) for
He'. Therefore, a eritieal point in the melting eurve is not precluded by the avail-
able data. There is some indieation that the melting thermal properties of the
heliums become “normal” at sufficiently high pressures.
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