ABSTRACT

SUBLIMATION PRESSURES OF
SOLID AXGON, KRYPTON, AND XENON.

By

Charles William Leming

An experiment was performed to measure the sublima-
tion pressures of solid argon, krypton, and xenon over
wide temperature and pressure ranges. Data are reported
from near the respective triple points to about (2.3 x 10'.6
Torr, 25.506K) for Ar; (2.1 x 10'4Torr, 43.130K) for Kr;
(3.8 x 10-4Torr, 70.705K) for Xe. Pressures were measured
with a mercury manometer, a lMcLeod gauge, and a calibrated
Bourdon gauge. The pressure measurements were corrected
for thermomolecular flow and streaming. Temperatures were
measured with a National Bureau of Standards calibrated
platinum resistance thermometer using the 1968 Internation-
al Practical Temperature Scale. The required sample temp-
eratures were achieved by means of a liquid oxygen bath
above 55K and by means of a liquid helium bath below 55K.
Electrical heating from an ac bridge temperature controller
was used to regulate the sample chamber temperature.

Samples were condensed from Matheson research grade
gases., Impurity concentrations were reduced by distilling

the samples in situ. The gas handling system and sample

chamber were constructed so that contamination of the

sample by adsorbed gases could be minimized.



Application of the law of corresponding states was
investigated by analyzing the reduced pressure curves.
Values for static lattice energy, geometric mean of the
lattice vibrational spectrum, heat of sublimation, and
lattice vibrational energy are calculated using theoreti-
cal sublimation pressure curves. Corrections were applied

to these values to account for the effect of vacancies.
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I. INTRODUCTION

Properties of the rare-gas solids have long created
much interest because the nature of the attractive forces
between atoms is simple and rather well understood.l’2
These forces may be approximated as short range, pairwise
additive, central forces which have the same form for all

the rare gases.3

Many thermodynamic properties of these
solids have been predicted on the basis of simple models.
Deviations in the experimental data may be used to study
such details as anharmonicity,A’5 electron exchange,6
and lattice defects.7’8

Although lending themselves well to simple theoretical
models, experimental studies of the rare-gas solids have
met with many difficulties. Because the triple point
temperatures of rare gases are relatively low, low temp-
erature techniques must be applied to study these solids.

The purpose of this experiment was to provide accurate
sublimation pressure data extending over several orders
of magnitude for each of the rare-gas solids. In order to
accomplish this, a low temperature cryostat was constructed
to operate in the temperature range from 200K to 20K.

Measurements for all gases were made using this apparatus.

These data have been analyzed on the basis of vapor



pressure curves predicted by classical thermodynamics9
and vapor pressure curves predicted by lattice dynamical
theory';7 From this analysis values were calculated for
heats of fusion, vibrational energies, static lattice
energies, and for the geometric mean of the lattice vib-
rational spectra. The law of corresponding states has
been applied to test the consistency of published poten-
tial parameters for Ar, Kr, and Xe.

This thesis describes the experiment and calculations.
Results of this experiment are reported in terms of para-
meters for vapor pressure curves and also tables of pri-

mary data.



II. THEORETICAL

General Properties of Rare-Gas Solids

Many calculations have been performed to predict
the thermodynamic properties of rare-gas solids. The
reason for this theoretical interest is that the forces
between the atoms may be closely approximated as simple
central forces which have the same form for all the rare
gases.3 Forces of this type are a good first approxima-
tion because the atoms consist of tightly bound, filled
electronic orbitals.

For dilute gases, central forces can be applied
almost exactly. For solids, however, the possibility
exists that the actual intermolecular forces may consist
of various nonadditive three-body forces in addition to
the expected two-body forces.

The interatomic potentials which are normally used
to calculate properties of the solids are central poten-
tials which have adjustable parameters. These parameters
are used to fit theoretical calculations to experimentally
determined thermodynamic properties of the solid. Thus,
the parameters are chosen as if the actual potential were
a central potential. However, it must be remembered that
these parameters are only effective parameters which re-

sult from assuming no three-body effects are present. The
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actual potential may contain three-body effects so that
the assumed two-body potential cannot perfectly represent
the actual potential. Therefore, the two-body potential
can only be adjusted to give as good a fit as possible.

Because the actual potential cannot be calculated,
many analytical potentials have been suggested to repre-
sent the intermolecular forces. The simplest and most
commonly used form is the well known Mie-—~Lennard-Jones

potential given by :

@(x) = _c.{ (=) " 1(9}

Here,-€1is the depth of the potential and r, is the dis-
tance from the origin to the lowest point in the potential
well. The values of m and n are usually taken to be 12
and 6 respectively.

The n=6 attractive potential at large separations
can be calculated from the induced dipole - induced dipole
interaction as calculated by London using second-order

perturbation theory.10

For this calculation, ground
state wave functions are assumed and hisher order attrac-
tions are neglected.

Although the attractive part of the Mie—~Lennard-Jones
potential is theoretically plausible, the repulsive part
has no such satisfactory theoretical basis. An accurate
calculation of the repulsion due to overlapping electron
wave functions would most likely yield an exponential form

for the repulsion.3 However, in order to simplify computa-

tions, the value m=12 is usually chosen for the exponent of
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the repulsive term. 1In this case the Mie—Lennard-Jones

potential becomes: cQ(r) = f(zo 12 -2(593 . (2)
r Y/

Other forms of the binding potential include the

Buckingham.potential given by 1

@) = g€ g ep o (x/r -1 - 1 (593 (3)

Here, m, r,, and € have the same meaning as in the
Mie—Lennard-Jones potential. Although this potential
seems more acceptable physically, it is not often used
because of computational difficulties. Also this poten-
tial does not seem to give significantly superior theo-
retical predictions.

Other potentials such as the Morse potential12 and
the Munn-Smith13 potential have been considered as likely
potentials to represent rare-gas solids. Neither the
Morse potential nor the Munn-Smith potential deviate
greatly from the potentials described previously.

The parameters € and rgy are usually determined
from experimental values of the sublimation energy and

14 Typical values of € and b o

lattice parameter at 0 K.
for the Mie=~Lennard-Jones potential and the Buckingham
potential are found in Table 1 and Table 2 respectively.
The results are presented both for the case when the
potentials act between all neighbors and also for the
case when the potentials act between nearest neighbors

only.3 Since the potentials considered are only estimates

of what may actually be happening in the crystal, neither



model is obviously superior.15

a TABLE 1
Values® of the Mie—Lennard-Jones potential parameters
€ and ry form = 12, n = 6.

(All Neighbor)

€ (10'16erg) %%%QE EE%%%QE é%%gg
ro(1078cm)  3.820 4.084 4,446
(Nearest Neighbor)
€ (10" %erg) 236 325 458
ro(1078cm)  3.709 3.966 4.318
Ref. 3.
TABLE 2

Values? of the Buckingham potential parameters € and o
for m = 12.
(A1l Neighbor)

Arcon Krypton Xenon °
€ (10" 16erg) 160.9 222.8 314.3
ro(10'8cm) 3.855 4.121 4485
6 (Nearest Neighbor)
€ (107 1%rg) 222.2 323.6 456.6
ro(lo'scm) 3.712 3.968 4.319
aref. 3.

Although the equation of state of solids cannot yet
be calculated from any known analytic potential, certain
aspects of the equation of state can be investigated by
applying the law of corresponding states. This law shows
that the equations of state for simple substances are
identical when expressed in terms of suitable non-

dimensional reduced variables.
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If classical statistical mechanics applies, the
equation of state for simple molecules becomes a func-
tion of reduced temperature, Tr, reduced pressure, Pr,
and reduced volume, Vr.16 Thus the equation of state
may be written
Pr = Pr (Vr,Tr) < (&)

The reduced variables are found by dividing P, V, and
T respectively by the corresponding critical constants
P., V., and T, so that:

Pr = P/Pc, Vr = V/VC, and Tr = T/TC . (5)

This form of the law of corresponding states has been
found to apply mainly to simple gases and liquids.
Solids generally deviate from this law.

A more modern form of the law of corresponding
states has been found to be applicable to some solids.
Consider spherically symmetric molecules whose potential
energies depend only on the intermolecular separation
and have the form & (r) = € f(Y/¢*). For such sub-
stances the equations of state may be expressed in terms
of the modern reduced variables:

P¥ = ped/e , V¥ =vV/No?, T =Kl/e . (p)

Here € 1is the depth of the intermolecular potential well
and o is a characteristic length for which (r=¢’) = 0.
This form of the law of corresponding states is
derived from quantum statistical mechanics.17518 The

partition function € can be calculated from the sum



over states
z = § exp (-E/KT) +  (7)
Here E  are the steady state energy levels determined
from the eigenvalues of the Schr8dinger equation of the
system. The Schr¥dinger equation for a system of N inter-

acting spherically symmetric molecules is

[-( 6a N a .
/Zm) ZVZ':& Ekﬂ(rzk) -E-J%(rl...rN) =0 -« (8)

2=/
Written in terms of non-dimensional reduced variables
* a
* ; 2y o
En = En/ye, f(r*) =®/e , andV; = 0© Y, the equa-

tion becomes

[A* ’y_"(%"})V;‘i;f(r*m-NE;]K(r;:..., o . (o)
)

In equation (9)/\’k is the reduced de Broglie wavelength
given by
* 5
A =h/or(m€) - (10)
As can be seen from the form of equation (9), the reduced
. * * *
eigenvalues E  depend on V and /\ .
The partition function can then be written in terms
of reduced variables.
x * %
Z = §exp ["En/(kT/fﬂ = Zexp-En/T . (11)
n
From this it follows that
* % *
Z = V', T, A") - (12)
The equation of state can be calculated from the

partition function using the thermodynamic relationship

*
P* - % 2 1nQq v, T, A .
i

av* (13)

Thus the equation of state is only a function of reduced



variables and may be written

¥ = PF (v, T, AT - (14)
The form of equation (14) is the same for each type of
molecule and depends only on the reduced variables P*,
v¥, T, and A*.

The values of the parameters € and 0“used to cal-
culate the reduced variables depend on the exact form
of the potential assumed. Table 3 shows accepted val-
ues3 of € , o~ and )ﬂr for the Mie—Lennard-Jones all-
neighbor potential. For this potential @”is related to

(
(3
r, defined earlier by rj = 2/0’.

a TABLE 3 *
Values® of the parameters , @, and /A for the
Mie=—Lennard-Jones all-neighbor potential with m=12, n=6.

- Arcon Krypton Xenon
€ (10 16erg) 165 227 319
o (1078cm) 3,503 3.745 4.077
A*
0.0289 0.0158 0.00980

4calculated from parameters presented in reference 3.

The crystal structure of solid rare gases is a pro-
perty which cannot be predicted using the two-body poten-

tials presented earlier. Both the Mie-—Lennard-Jones19

and Buckinghamzo

potentials predict that at T = O K rare
gases crystallize in the hcp phase. However, experiments
at temperatures as low as 2.5K21 have revealed that the
rare-gas crystals have fcc structure with some hcp pre-

sent as stacking faults.
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Several explanations have been given to this crystal
structure. Probably the observed fcc structure indicates
inaccuracies in the analytic potentials assumed22 or that
three-body effects are significant in these solids, 23

Vapor Pressure

The condition for vapor-solid equilibrium given by
classical thermodynamics is that the specific Gibbs
functions, g, of the respective phases must be equal.24
From this condition it is possible to calculate equations
for the vapor pressure of crystals.

Surfaces between solid and vapor phases may also
be considered using this principle. It might be asked
what effect the exact nature of the processes occuring
at the surface between solid and vapor phases has on
vapor-solid equilibrium. The solution to this problem
is to consider the surface as a separate phase which is
different from the solid or vapor. The condition for
phase equilibrium may then be extended to become.

g(solid) = g(surface) = g(vapor)

From the above equation it can be seen that the
effects of surface properties can be ignored when con-
sidering vapor-solid equilibrium., To calculate the con-
ditions for vapor-solid equilibrium, it is only necessary
to equate the specific Gibbs functions of the bulk solid
and the vapor.

For a monatomic solid, the vapor pressure may be

accurately calculated from the Clausius-Clapeyron
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equation of classical thermodynamics.25 This equation

may be derived from the condition for vapor- solid equili-
brium,.

The specific Gibbs function is defined as
g =u-=7Ts + Pv. In this equation u is the internal
energy and s is specific entropy. The condition for
equilibrium then becomes

8c = 8y . (15)

Here the subscript c refers to the solid phase and the
subscript v refers to the vapor phase.

1f the equilibrium temperature is changed slightly
from T to T + dT, the vapor pressure changes from P to
P + dP. The condition for maintaining the Gibbs func-
tions equal is then dg, = dg,. In terms of T and P
this may be written

-8c dT + Vo dP = =gy dT + vy dP «  (16)
Taking the ratio dP/dT in equation (16) gives

dP/8T = s, - 8,/v, = v, . (17)
Using the definition of specific enthalpy h = u + Pv,

equation (17) becomes:

dP_ (hc=hy) - (gc-gv) |
ar- = T (ve - vv)v ) (18)

However, using the condition for equilibriug, g, = g,
and the differential relation d ln P = dP/P, equation
(18) becomes

dlnP_ hc-hv
dT T (va) (Vc/vv‘l)

. (19)
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Using the virial expansion for Pv, gives:

dlnP = he - by (20)

dT RTZ (1 + BP/RT) (V/Vy - 1) ’

where B is the second virial coefficient defined by
Pv = RT (1 + B/V+ocoo) . (21)
Noting that vc/vv~<< 1 and BP/RT<< 1, equation (20)

may be written

dlnP = he - hy . (22)
d I/T R (1 - Vc/Vv + BP/RT)

The difference in enthalpies of the two phases, hc-hv,
is equal to the heat of sublimation, L.

Using equation (22) it is possible to calculate
the heat of sublimation of simple molecular solids.
Sublimation pressure data may be plotted in the form
In P versus 1/T. The slope of this plot may then be
measured and the heat of sublimation calculated.

Because the slope of this curve varies slowly
with temperature, the data can be assumed to be a
straight line over narrow temperature ranges. The
method of least squares may be used to fit the data
to the equation

InP = a/T + b . (23)
The parameter a is then equal to the right side of
equation (22).

A slightly different sublimation pressure curve

for simple molecular solids may be found from lattice

7

dynamical theory. The partition function for a single

harmonic oscillator may be written as a sum over states,
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2 = g; exp (-E,/kT) in which Ep= AW (n+k) . (24)

Performing the sum over states yields

2z = _exp (- AW/KT) . (25)
1 - exp (AW/2KkT)

For a system of 3N oscillators, the Helmholtz free
energy, F = U-TS, is then

;k’f In 2 = ;‘5“’1 + kT In [1 - exp(-bwizkD)] - (25)

For an ideal single crystal whose lattice vibra-
tions are assumed to be harmonic, equation (25) gives
the thermal contribution of the Helmholtz free energy.
To find the total free energy, the static lattice en-
ergy, E,, must be added to this expression. Physically,
E, represents the depth of the potential well binding
the solid.

If this equation is then expanded for high temp-

eratures, F can be analytlcally expressed as

n-l B
F = E5 + 3NKkT Q+;(1) 2n )](
° E 2n(2n)! kT)] (27)

In this expressionvz2n are the even positive moments

n are the

Bernoulli numbers, and \lé is the geometric mean of

of the frequency spectrum,‘7] = \'[Zn’ Bon

the lattice vibrationaléipectrum:
wy = (Tws)™ e
In statistical mechanics the Gibbs function for
a system of N particles is expressed as G = AN where
A{ is the chemical potential. Thus the statistical
nechanical equivalent of equation (15) for equilibrium

of phases is/% =/(4V. The chemical potential of the
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vapor iszllv

The chemical potential of the solid,;‘{c, is form-
ed from,‘{é = F/N + Pv,. Here, F is the Helmholtz free
energy of the crystal. If,((c is now set equal to the
chemical potential of the gas phase, the following ex-
pression is found for the equilibrium vapor pressure of
an ideal solid.7

1nP = -; In T + E,/NKT + Pvc/kT + 3 InW

n-/
32(1) _Bn :
i EI( ) 2n(2n) ! 77"' ) vy © In ('Z?r —;] (29)

In this equation m is the atomic mass and B is the second
virial coefficient defined in equation (21).

The validity of this equation depends on perfect
crystal structure, quasi-harmonic lattice vibrations,
and gas imperfection so small that terms higher than
the second in the virial expansion may be ignored.

For temperatures higher than one-half the Debye
temperature, the expansion in 1/T may be ignored. Re-
spective values of one-half the Debye temperatures,
are approximately 42K for Ar, 32K for Kr, and 28K

for Xe.2

Neglecting the crystalline atomic volume
in comparison with the vapor phase atomic volume and
ignoring gas imperfection, equation (29) can be re-
duced to the form7:

In PT? = a/T + b, (30)

where, a = E5/Nk, b = 3. 1n UU% + % 1n [(m/ZTT')3 l/k] .
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Thus the slope of the curve, 1ln PTZ versus 1/T

yields E,, the static lattice energy, and the intercept

of the curve at % = 0 yields &/_, the geometric mean

g
of the lattice vibrational spectrum. The parameters
Eg andu/g depend on volume and thus change slowly
with temperature. By using the method of least squares
to fit experimental vapor pressure data to equation
(30), E, and h/g may be calculated.

In calculating the chemical potential which led
to equation (30), a perfect crystal structure was
assumed. For relatively low temperatures this assump-
tion is valid; however, for temperatures near the triple
point the effect of vacancy formation becomes signifi-
cant. Equation (30) may be corrected for vacancies
by considering the change in chemical potential due to
vacancy formation.

The change in entropy of a lattice of N molecules
due to the introduction of n vacancies is

S = k ln [(N+n)! / N! n!] . (31)

Thus the Gibbs function for a crystal containing n

vacancies may be written7

Gyac = Gc *+ ngg = kT 1n EN‘H’!)! / N! nﬂ . (32)

In equation (32) Gyac 1s the Gibbs function for the

c
lattice containing n vacancies, Gc is the Gibbs func-
tion for a perfect crystal, and gg 1s the Gibbs func-

tion for vacancy formation.
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The chemical potential of the imperfect lattice is
then
A, =G, /9N = M, - KT In(l+n/N) . (33)
I1f the vacancy concentration, n/N, is small, n/N<<1,
equation (33) becomes
Moyae = Me = kKT n/N . (34)
The equilibrium vacancy concentration is given by
n/N = exp (-3,/kT). Thus the chemical potential for
a simple lattice containing vacancies is
M ac = A + KT exp (-35/kT) . (35)
1f this chemical potential is now used to obtain
the vapor pressure equation analogous to equation (30),
one gets7
ln PTZ + exp (-g2g/kT) = a/T + b . (36)
The parameters a and b have the same definition as in
equation (30). Equation (36) may be used to fit vapor
pressure data for temperatures near the triple  point

where vacancy concentration becomes significant.



I1I. EXPERIMENTAL

Cryostat Design

In order to perform this experiment over the wide
pressure and temperature ranges of interest, it was
first necessary to construct a constant temperature
cryostat for use in the temperature range 25 - 170K.
The most stringent requirement for the cryostat used
to measure vapor pressure was the capability of hold-
inz the sample temperature stable for long periods of
time. This was necessary in order to assure that the
sample was in equilibrium with its vapor and that the
temperature was uniform throughout the sample. The
cryostat also was versatile enough to allow the temp-
erature to be changed easily and uniformly in order to
facilitate crystal growth in the sample chamber.

Figure 1 shows a sectional view of the basic con-
struction of our cryostat drawn to scale. The drawing
does not show the glass dewars which contain the liquid
oxygen bath and the liquid nitrogen outer jacket.

The sample chamber within the massive copper block
was connected to the gas-handling system and pressure
measuring devices (not shown) by a % in. i.d. stainless
steel inlet tube with 0.010 in. wall thickness. This

tube was heated by means of a 1000JV manganin wire

17
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T'l'o Pressure Gauge
i

Stainless Steel Jach

Manganin Heater

.'7-

———Sample Chamber
Cu Block

-Manganin Heater
———Cu Collar

Pt Thermometer

Cu Temperature
Sensor

Figure 1: Sectional view of the cryostat used
for this experiment.
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heater wound on the tube. The tube was coated with
cigarette paper and glyptal varnish to provide electri-
cal insulation and to aid thermal contact of the heater
and inlet tube. Power to this heater was supplied by

a variable transformer.

A stainless steel outer jacket enclosed the Cu
block. In order to allow the Cu block to be insulated
from the liquid oxygen bath, the stainless steel jacket
could be evacuated to a pressure of about 5 x 10-5 Torr.
Electrical leads inside the stainless steel jacket were
coated with Teflon to assure adequate electrical insul-
ation. The leads exited from the top of the outer
jacket through Kovar seals. The inlet tube was soldered
in place at the top of the outer jacket and provided
support for the Cu block containing the sample chamber,

Thermal contact between the sample chamber and
the low temperature bath was achieved with He exchange
gas. The gas was introduced into the stainless steel
jacket directly from a He gas cylinder. In order to
change the gas pressure, thus changing the thermal con-
tact of the sample chamber and the bath, He gas was
pumped away with a vacuum pump until the desired gas
pressure was attained. The pressure of the He gas was
measured with a Pirani gauge from 2 Torr to 0.01 Torr.
Below 0.01 Torr a cold cathode ionization gauge was used

to measure the He gas pressure.
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Gas Handling and Sample Formation

The essential features of the gas handling system
are shown in Ficure 2. Pyrex was used to construct most
of the system. Pyrex to Kovar seals were used to attach
the glaggs system to the copper vacuum lines and to the
stainless steel sample chamber inlet tube. High vacuum
ground glass stopcocks were used throughout the system
wherever valves were required. The stopcocks in tlis
system were greased with Apiezon-L high vacuum grease.

An o0il diffusion pump and nitrogen cold trap were
used to evacuate the gas handling system. These pumps
were capable of evacuating the system to about 4 x 1076
Torr. While evacuating the system, pressures were mea-
sured on a cold cathode ionization gauge.

The ionization gauge sensor was located near the
vacuum pumps as indicated in Figure 2. Because of the
slow rate at which gases diffuse through the gas handl-
ing system at low pressures, the pressure in the remote
parts of the system might have been slightly different
than that measured by the ionization gauge. This possi-
bility was checked by independently measuring the pressure
using the McLeod gauge. The McLeod gauge was not highly
accurate at the lowest pressures measured, but was accu-
rate enough to indicate if the system had been evacuated
throughout.

Originally the gas handling system was constructed

of copper and brass. This system proved to be inadequate
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because of outgassing of adsorbed materials from the
surface of the metal. Even after heating and evacuat-
ing the system for a period of several hours, the pres-
sure in the sealed-off system could be observed to in-
crease at a rate of about 1 mTorr/hr.

After rebuilding the system, the gases adsorbed
on the glass surfaces were removed by heating the sys-
tem and evacuating the purged gases until no pressure
increase could be observed. Following this degassing
technique, the system could be sealed for several hours
before any pressure increases were detectable. The
system was always evacuated when not in use. Before
each new gas sample was introduced, the system was
heated for approximately 45 minutes to assure that
adsorbed gases from the previous experiment were re-
moved. The system was then sealed for several hours
and the pressure monitored to guard against vacuum leaks
or excessive outgassing.

Gas samples were transferred from metal storage
cylinders to the gas handling system through a sealed
stainless steel regulator. To estimate the number of
moles of gas transferred to the system, the pressure
of the gas in the system was measured on the mercury
manometer. Since the total volume of the system was
about 3500cm3 and assuming that the gas followed the
ideal gas law, the number of moles of gas in the system

could be calculated. Immediately after the gases were
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admitted, the manometer and regulator were sealed off
in order to minimize contamination of the sample by
mercury evaporated from the manometer.

All gas samples used were Matheson research grade
gases., Mass spectrometer analyses provided with the
samples listed the concentration of impurities. Table
4 shows the impurity concentration for the gases used
in this experiment. DMore impurities may have been
present because of outgassing from the walls of the
storage cylinders.

TABLE 4
Impurity concentrations in gas samples used in

this experiment. These tables are the results of a
mass spectrometer analysis supplied with the gases.

Argon
(imgurity) (concentration)
o) less than 0.5 ppm
09 ' 3.0 ppm
Ho less than 1.0 ppm
Co less than 0.5 ppm
No less than 2.0 ppm
H70 3.5 ppm
CH¢4 less than 0.4 ppm
Krypton
N, 2.0 ppm
02 1.0 ppm
Xe 13.0 ppm
Xenon
Kr 18.0 ppm
%) 1.0 ppm

After the system was filled with gas, the solid
sample was carefully formed. Careful temperature

measurement and control was necessary while condensing

the sample in order to avoid condensation of gases on



24

the walls of the inlet tube.

In order to assure no condensation occurred on the
inlet tube, the entire system was first electrically
heated to a high enough temperature that gas could
not condense. The stopcock which admitted gas from
the gas storage reservoir to the sample chamber was
then opened. Electrical heating was maintained on the
inlet tube while the heating of the Cu block was slow-
ly decreased. This assured that the block was the cold-
est part of the system.

While lowering the temperature of the Cu block,
the pressure reading on the Bourdon gauge was monitored.
When the sample began to condense, the gas pressure be-
gan to drop. By lowering the temperature slowly, the
gas pressure remained near the equilibrium vapor pres-
sure as the sample was formed. Because gases only con-
dense on surfaces where the gas pressure is higher than
the equilibrium vapor pressure, slow condensation assur-
ed that condensation occurred only in the coldest part
of the system.

Samples were condensed at various temperatures.

The ultimate vapor pressure data did not depend on the
initial condensation temperature. Three distinct meth-
ods were used for condensation of the samples.

In the first method, samples were condensed above
the triple point temperature so that the gas condensed

into the liquid phase. The liquid rare cas was then
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slowly frozen and the sample was used for measurements.
The second method consisted of condensing the sam-

ple at temperatures below the triple point. In this

case, the gas was condensed directly into the solid phase.
In the third method, samples were condensed as in

the second method; however, after condensation the sam-

ples were annealed near their triple points in order

to increase the grain size of the polycrystalline sample.
According to previous studies of crystal growth of
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the rare gases,“ the different growth rates of each of
these techniques produces different average grain sizes
in the solid formed. No change in vapor pressure data
was observed which depended on the technique used to
form the sample, Therefore, it was concluded that
vapor pressure is not a function of grain size.

Another effect which was investigated was the
possible change in vapor pressure due to preferential

27 It is knowvm that

evaporation at grain boundaries.
rare-cas solids show thermal etching at grain boundaries.
However, it is not known if the etched lines result

from preferential evaporation or from surface migration
away from grain boundaries. 1If thermal etching is a
result of preferential evaporation, there is a possi-
bility that the vapor pressure of a newly formed sample
might be higher than the vapor pressure of a solid which
has already undergone thermal etching.

By observing the variation in pressure with time,

it was found that the pressure of the solid sample



26

reached equilibrium in a short time after crystal grow-
th stopped. The sample was then maintained at a cons-
tant temperature for up to an hour and no further mea-
surable pressure changes were observed. Because no
measurable pressure changes occurred, it was assumed
that if preferential evaporation were responsible for
thermal etching, the expected change is too small to

be observed.

The volumes of the condensed samples were approxi-
mately 0.8cm3. In order to estimate the sample volume,
the number of moles of gas condensed was determined.
Using the Bourdon gauge, the pressure change in the
gas storage reservoir was measured as the sample was
condensed. Knowing the volume of the gas storage reser-
voir (3500cm3) and assuming the ideal gas law applies,
the number of moles condensed was calcuiated. By us-

2,it was then

ing accepted densities of rare-gas solids
possible to calculate the volumes of the condensed
samples.

After the samples were formed, the system was
checked for parasitic condensation of gases on the
walls of the inlet tube. This was done by maintaining
the sample temperature constant and increasing the cur-
rent to the inlet tube heater. If the pressure was
observed to increase under these conditions, it was

assumed that gases had condensed on the walls of the

inlet tube. It was found that if gases were condensed
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on the inlet tube, the entire sample had to be evapor-
ated and replaced before taking data.

After condensation the sample was distilled in
8itu to lower the concentration of non-condensable
impurities. Distillation was accomplished by first
lowering the sample temperature until almost all of
the primary gas component was condensed. The gas stor-
age reservolr was then evacuated to the lowest pressure
attainable, about 6 x 10'6Torr. After evacuation, the
gas storage reservoir was first sealed off from the
vacuum pump by closing the stopcock. The gas storage
reservoir was then opened to the sample chamber and the
vapor above the sample chamber expanded into the evacuated
gas storage reservoir. After this expansion the gas
storage reservoir was again sealed off from the sample
chamber, opened to the pump, and evacuated. This tech-
nique assured that most of the vapor phase which con-
tained the non-condensable impurities was removed and
discarded. After the distillation, pure vapor sublimed
from the solid and replaced the impure vapor which had
been removed. After successive distillations caused
no further change in the measured sublimation pressure,
data were taken using the purified sample.

Temperature Control

Many techniques exist for accurate temperature

regulation of cryostats. Some control may be achieved

by simply immersing an experiment in a cryogenic bath
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and controlling the bath temperature. However, this
technique is of limited value because suitable cryogenic
baths only exist over narrow temperature ranges. Also
the problem of accurately controlling bath temperature
over wide ranges is difficult,

In order to provide more reliable control and to
expand the range of available temperatures, electrical
heating may be applied. The type of electrical temper-
ature controller used depends on the application. For
example, in adiabatic calorimeters, the heat input re-
quirements are quite stringent so that control systems
are employed which minimize the amount of heating applied
directly to the sample.

In order to attain the temperatures desired for
our experiment, a combination of methods was employed.
For temperatures from 90 - 55K the apparatus was immer-
sed in a liquid oxygen bath. The bath temperature was
lowered by controlling the vapor pressure above the
liquid with an-automatic pressure regulator.

The pressure regulator could maintain the vapor
pressure of the liquid stable to about ¥ 0.1 Torr.

This permitted control of the bath temperature to about
20.02K over most of the range between 90 - 55K. Tempera-
ture of the bath was determined from vapor pressure
measurements made with a mercury manometer. Accepted

28

vapor pressure tables“® were used to calculate the temp-

erature from these pressure measurements.
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When temperatures above 90K were required, the Cu
block containing the sample chamber was thermally insulat-
ed from the liquid oxygen bath by removing the He exchange
gas. Electrical heating was then applied to the Cu block
by means of the manganin wire heater wound on the block.
The amount of electrical heating was regulated to pro-
duce the desired temperature.

To achieve temperatures below 55K the apparatus was
suspended above a liquid He bath while cold vapor was
evaporated from the bath and pumped around the outer
stainless steel jacket. 1In order to produce the desir-
ed temperature, it was necessary to carefully vary the
exchange gas pressure and the rate of evaporation from
the liquid He bath.

The techniques described were used to attain the

temperatures desired. However, none of these techni-
ques quite provides a reliable and convient method of
controlling the cryostat temperature with sufficient
accuracy. More carefully controlled electrical heat-
ing was needed to maintain the temperature stability
within the tolerances required for accurate results.
This controlled electrical power was supplied to the
manganin heater, which was on the Cu block, by means
of a Model 1053, Hallikainen Instruments, Thermotrol
ac bridge temperature controller.

In principle an ac bridge temperature controller

consists of a Wheatstone bridge circuit driven by an
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ac voltage source. The bridge circuit is connected to
an amplifier to supply power to a heater as shown in
Figure 3. One arm of the bridge is temperature sensi-
tive and is thermally anchored to the Cu block contain-
ing the sample chamber. A change in the temperature of
the sensitive arm of the bridge produces an unbalanced
condition in the bridge. The signal from the unbalanced
bridge is then phase analyzed to determine whether the
controller should increase or decrease its power out-
put. If a power increase is required the out-of-balance
signal from the bridge is amplified and supplied to the
heater.

The temperature controller used in this experiment
supplied pulses of power to the heater. Power of the
pulses supplied to the Cu block matched the thermal
losses to the bath. When the bridge circuit became
unbalanced, the duration of the pulses changed to re-
turn the system to thermal equilibrium.29

A resistive temperature sensor of 40 gauge Cu
wire served as the temperature sensitive arm of the
bridge. The wire was wound non-inductively on a Cu
collar which was placed around the Cu block containing
the sample chamber. Room temperature resistance of this
sensor was approximately 300U .

Copper thermometers are not normally used for low-
temperature measurements because their resistivity is

not reproducible over several cooling cycles. However,
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the resistivity changes rapidly with temperature above
about 20K so that such a thermometer is quite sensitive
to temperature changes. It is this latter condition
which is important when the thermometer is used as a
sensor to detect small temperature changes. Thus
copper makes a good sensor for a temperature controller
but cannot be reliably calibrated for absolute temper-
ature measurements.

The output of the temperature controller was sup-
plied to the 125041 manganin heater wound on the block
containing the sample chamber. A layer of cigarette
paper coated with glyptal varnish was placed between the
copper block and the heater in order to assure electrical
insulation and to improve thermal contact between the
copper block and the heater. Series resistors vary-
ing from 100Jv to 4700« were attached in series with
the manganin heater to reduce the amount of power sup-
plied to the heater.

When the copper block temperature was nearly in
equilibrium with the bath, only small amounts of electri-
cal heating were necessary to maintain temperature con-
trol. It was found that by reducing the amount of power
to the heater by means of series resistors, more stable
control was achieved. Improved control resulted because
the pulses of power directly fram the controller were
large enough to cause temperature oscillations in the Cu

block due to the alternate heating and codling as pulses
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were applied. By reducing the amount of power supplied
to the Cu block with each pulse, the size of the temper-
ature oscillations between pulses was greatly reduced.

With this system it was possible to control the
sample temperature to ¥1 mK for the length of time
necessary to take measurements and to ¥5 mK for longer
periods of time. Some slow drifts of sample temperature
were observed due to changes in room temperature.

Temperature Measurement

The sample temperature in this experiment was mea-
sured using platinum resistance thermometers. Resistance
of the thermometers was measured using a potentiometer.

Two different thermometers were used to measure
temperature in this experiment. Calibration of these
thermometers was supplied by the National Bureau of
Standards. These calibrations were based on the 1968
International Temperature Scale for which the following
relations apply: triple point temperature of water =
273.16K = 0.01°C, and boiling point temperature of oxy-
gen = 90.188K = -182.962°C, %>

The thermometers used were four-lead Model 8164
Leeds and Northrup capsule-type Pt resistance thermometers.
For measurements below 91K we used the thermometer with
serial number 1644176, The thermometer used for measure-
ments above 91K had serial number 1737395.

When data were taken, the thermometer in use was

imbedded in the Cu block as shown in Figure 1. If it was
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desired to use a different thermometer, the apparatus
was brought to room temperature, the outer stainless

steel jacket removed, and the thermometer in use was

replaced.

Thermal contact between the Cu block and the resis-
tance thermometer was aided by a thin layer of Apiezon-
L vacuum grease. The thermometer leads were thermally
anchored to the surface of the Cu block.

In order to assure that the sample and the thermo-
meter were at the same temperature, the existence of
thermal gradients in the Cu block and in the sample
was investigated in the following way. The pressure of
the exchange gas in the vacuum space around the Cu
block was increased to improve the thermal contact of
the Cu block and the He bath. Electrical heating from
the temperature controller was simultaneously increased
to maintain the block temperature constant. The vapor
pressure reading was monitored to insure that no change
in sample temperature occurred when heater power was
increased. This technique is capable of detecting
changes in sample temperature of less than 1 mK.

Small thermal gradients of about 2 mK were observed
when the heater power input approached its maximum value,
10 watts. In order to minimize these thermal gradients,
the heater was never operated above about 107% of maxi-

mum power when taking data.
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Thermal gradients due to the heater on the inlet
tube were similarly investigated; however, none were
detected. In this case the temperature of the Cu block
measured with the Pt thermometer was held constant while
the power to the inlet tube heater was varied. Although
it was observed that heat was conducted into the Cu
block from the inlet tube, no measurable thermal grad-
ients were observed in the block.

Thermometer resistance was measured using a Leeds
and Northrup calibrated K - 5 guarded potentiometer

31 The null de-

using a single-potentiometer technique.
tector used was a Leeds and Northrup Model 9334, All
parts of the measuring circuit were guarded to prevent
error due to leakage currents.

Potentiometer readings have an estimated accuracy
of 1 0.244{\h The potentiometer calibration was certi-
fied by the manufacturer. It was reported that no
corrections were necessary in order to assure readings
within the desired accuracy.

A schematic representation of the temperature
measuring circuit is shown in Figure 4. The four plat-
inum leads from the thermometer were soldered to term-
inals attached to Cu leads from the potentiometer sys-
tem., Two of the leads supplied current from a 6.0V
lead-acid cell to the thermometer windings. Thermometer
current was controlled by a ten-turn potentiometer used

as a shunt across a 1001 resistor. The voltage drop
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37

across a 10vt standard resistance in series with the
thermometer and lead-acid cell was measured on the
"Auxiliary Emf! scale of the potentiometer. This mea-
surement was used to determine the thermometer current.
For measurements below 90K the current through
the thermometer was maintained at 2.0 mA. These cur-
rents corresponded to the currents applied when the
respective thermometers were originally calibrated.

These currents were controlled and measured to within

2905 a.

The potential drop across the resistance thermo-
meter was measured on the "Emf" terminals of the pot-
entiometer. By using a potentiometer, lead resistances
may be ignored in these measurements. No current flows
through the thermometer leads when the potentiometer
is balanced.

Althoush lead resistances do not affect measured
voltages, the effect of thermal emfs must be eliminated
from all measurements. Thermal emfs were minimized in
the measuring system by using continuous Cu leads from
the resistance thermometer to the potentiometer termin-
als. However, even with this precaution, thermal emfs
as large as 4 AV were sometimes present in the measur-
ing circuit.

In order to compensate for the effect of these
thermal emfs, the direction of the current through the

thermometer was reversible. For each temperature
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determination, two potential measurements were made with
the current reversed between measurements. The first
measurement was taken using the potentiometer in the
"Emf" setting. The current was then reversed and
readjusted to the proper value. Finally, a second
potential reading was taken using the '"Reverse Emf"
setting of the potentiometer.

The difference in these two potential measurements
is twice the value of the thermal emfs present. The
average value of the two readings is equal to the pot-
ential drop across the resistance thermometer.

Care was taken to eliminate random errors due to
changes in thermal emfs as the sets of potentiometer
measurements were being made. All terminal posts and lead
wire connections were thermally insulated to reduce temp-
erature fluctuations at connections where thermal emfs
might ‘be present. For each data point, six to eight
pairs of potential measurements were made. This assured
that the size of thermal emfs was remaining constant. If
rapid changes in thermal emfs were observed, the measure-
ments were repeated when the thermal emfs reached equilib-
rium,

Temperature measurements made using the techniques
described above have an estimated sensitivity of approxi-
mately Y 0.5 mK. The sensitivity is reduced at low temper-
ature due to the decreased sensitivity of the resistance

thermometer. Absolute temperature accuracy depends on
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accuracy of the thermometer calibration and potentio-
meter calibration. Assuming negligible error in the
thermometer calibration, the absolute accuracy of volt-
age measurements permits temperature measurement to
within t2 mK.,
Pressure leasurement

Vapor pressure was measured over eight orders of
magnitude in this experiment. Because of the wide ramge
of pressures measured, different techniques and correc-
tions were applied depending on the pressure range be-
ing considered.

Pressures above 1 Torr were measured using a Texas
Instruments liodel 142 quartz spiral Bourdon gauge. DBasic-
ally this gauge consists of a fused quartz Bourdon tube
and a readout device to measure the tube deflection.

Deflection of the Bourdon tube is measured optically.
Licht is reflected from a mirror attached to the end of
the Bourdon tube. The reflected light beam is located
by means of a photocell., The Bourdon tube is calibrated
to determine the relation between the angle of deflection
and the pressure.

For this experiment two Bourdon tubes were used
which covered pressures from 0 - 250 Torr and 250 - 500
Torr, respectively. The photocell detector was attached
to a counter which divides the full scale deflection
into 300,000 counts. Thus the full scale deflection of

250 Torr was divided into 300,000 counts resulting in a
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gauge sensitivity of better than 1 mTorr.

At low pressures oscillations of the Bourdon tube
which were driven by vibrations present in the roou
were sometimes observed. The entire system was isolat-
ed from vacuum pumps and other sources of vibrations
to eliminate these oscillations. At high pressures,
vibrations presented only minor problems because damp-
ing was supplied by the gases in the Bourdon tube.

The reference space surrounding the Bourdon tube
was evacuated to 10™° Torr by means of an oil diffusion
pump. It was possible to admit air into the reference
space in order to damp vibrations which were sometimes
started by accidental shocks to the system. Small
amounts of air in the reference space could damp vibra=-
tions and could then be evacuated before pressure mea-
surements were made,

The Bourdon gauge was calibrated using a Hg mano-
meter read with a Wild cathetometer. The manometer
was constructed from 12mm i.d. glass tubing. Before
being filled with mercury, the manometer was carefully
cleaned with commercial glass cleaner and then with
dilute nitric acid. The manometer was then rinsed with
distilled water followed by methanol. The methanol was
then evaporated by means of a vacuum pump.

After being cleaned, the manometer was filled with
reagent grade mercury. When not in use the manometer

was evacuated to prevent oxidation of the mercury.
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Using the cathetometer, the mercury level of the
manometer could be determined to within ¥0.02mm. How-
ever, corrections were applied to these readings to ac-
count for capillary depression of the mercury.32 For
each pressure reading the height of the mercury meniscus
was recorded and the tables in reference 32 were used
to calculate capillary depression of each reading.

In order to eliminate the effect of thermal expan-
sion of the mercury, the manometer readings were then
corrected to correspond to 0°c density of mercury. Care
was taken to keep the temperature of the manometers
stable while the calibration was being made. Room
temperature was measured and the mercury density was
corrected using accepted tables of mercury density.33

Manometer readings were also corrected to corres-
pond to readings taken under conditions for  standard
gravitational attraction. For standard gravitational
attraction, g = 980.665 cm/sec2. The accepted value
for local gravitational attraction in our laboratory
was, g = 980.350 cm/sec?.

The effect of the combined corrections to adjust
the manometer.readings to 0°C density of mercury and
standard gravity was to introduce a factor which made
the corrected mercury level lower than the actual
mercury level. These correctims never exceeded 0.57%.

The absolute accuracy of the Bourdon gauge calibra-

tion using the manometers described above is ¥0.02 Torr.
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Because the gauge response was nearly linear over narrow
pressure ranges, the gauge can be used to measure accurate-
ly small pressure changes to within * 2m Torr.

Below 1 Torr pressures were measured using a Con-
solidated Vacuum Corporation Type GM-100-A McLeod gauge.
Calibration of this gauge was supplied by the manufac-
turer. The lMcLeod gauge readings agreed with the man-
ometer below 1 mm to within the limits of error of the
manometer readings. The lMcLeod gauge was welded into
the glass vacuum system connecting the gauge to the sam-
ple chamber. When not in use the gauge was evacuated
and sealed from the rest of the system by means of a
high=-vacuum stopcock.

Before data were taken, the McLeod gauge was de=-
gassed by heating and evacuating the gauge. Degassing
was necessary not only to prevent contaminants from
reaching the sample chamber but also to prevent stick-
ing of the mercury column in the gauge capillaries.

A cold trap separated the McLeod gauge from the
sample chamber. The cold trap prevented contamination
of the sample by mercury diffusing from the McLeod
gauge. A bath of dry ice and acetone was used to re-
frigerate the cold trap. This mixture produced a bath
temperature of 200K which was cold enough to condense
gaseous mercury but was warm enough to prevent condensa-

tion of rare gases.
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All dMcLleod gauge readings were corrected for mercury

34 Because of the flow of mercury vapor from

streaming.
the McLeod gauge to the cold trap, the pressure in the
McLeod gauge is reduced. This process is similar in
principle to the operation of a diffusim pump. The
diffusing vapors collide with gas molecules and impart
momentum in the direction of diffusion. This causes a
pressure gradient between the McLeod gauge and the cold

trap which can be calculated from the equation,34

1n PEReal)/P(I-‘icLeodﬂ = .905 r PHg(T%/Dlz) . (37)
In equation (37), r is the radius in cm of the
tube connecting the McLeod gauge with the pressure to
be measured, T is the room temperature in Kelvins, D12
is the diffusion coefficient in cm2/ sec at 1 atmosphere
and 300K for the gas in the gauge diffusing into Hg

vapor, and P is the vapor pressure of mercury in Torr

Hg
at room temperature.

Accepted values for the vapor pressure of mercury
were used for these calculations.35 Values used for

34, for Ar, D = 0.12 cmz/sec;

diffusion coefficients are
for Kr, D = 0.093 cmz/sec; for Xe, D = 0.079 cm?/sec.
The radius of the tube connecting the lMcLeod gauge
with the pressure to be measured was, r = 0.3 cm. Using
these values the correction never exceeded 10% of the
ticLeod gauge reading.

Near 1 Torr, the lMcLeod gauge readings have an

estimated accuracy of 1%. Between 10'4 - 10-5 Torr,
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the lower usable limit of the gauge, the gauge readings
are egtimated to be accurate to within 5%. Additional
error may be present due to inaccuracy in the diffusion
coefficient values used for the mercury streaming correc-
tion. This error could be as much as 1%.

Readings below 1 Torr were also corrected for therm-
al transpiration. This effect is observed when two
vessels connected by a narrow tube are kept at different
temperatures. VWhen the pressure of the gas in the
vessels is low enough that the mean free path of the
cas molecules is several times the diameter of the
connecting tube, it is found that the pressure is highe
er in the warmer vessel. The ratio of the pressures for
this case may be simply expressed as Pl/P2 = ,Jffz_/l'.—.}é
Here, P, and P, are the pressures in the respective
vessels and Ty and T} are their absolute temperatures.

If the mean free path of molecules in the gas is
short compared to the diameter of the connecting tube,
no pressure gradient is observed.

However, for most actual pressure measurements,
the mean free path of the gas molecules is between the
two extremes., In this case, the ratio of pressures in

the two vessels may be calculated from the empirical

equation,37
By = AT, -] 1, (38)
- o/ ~3 v o S5
P, AT X2 4+ BT X" 4+ CT X + 1 ’

%
where T,> T, and X' = 2 Ppd/T} + T,.



45

In equation (38), P, represents the pressure measur-

ed at room temperature, Tz, and P1 represents the pressure

of the sample in the cryostat at temperature, Ty. The

parameter d 1s the diameter in mm of the tube connect-

ing the sample and the room temperature pressure gauge.

For this experiment the value of d was 6.35 mm,

The values of the parameters A*, B*, and c* depend on

the gas which is being used for pressure measurements.

Table 5 shows the values A*, B*, and C* used for this

correction.

Axr
Kr
Xe

37

TABLE 5

*
Values of the parameters A , B*, and C* of
equation (38).

A*(IOSKZ/Torr2 mm2) B*(IOZK/Torr mm) C*(K%/Torr%mmk)

10.8 8.08 15.6
14.5 15.0 13.7
35 41.4 10

This correction appeared to be adequate for pres-

sures above about 0.1 Torr. At this pressure, the sam-

ple pressure was approximately 20% lower than the pres-

sure measured at room temperature.

For lower pressures, deviations appeared which

could only be attributed to the correction. The vapor

pressure parameters presented in Table 11 have anomal-

ously low values for reduced temperatures between 0.7

and 0.5. These values indicate a large overcorrection in

this range. Deviations probably occur at lower pressures
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also but are masked by other effects. This correction
for thermal transpiration becomes unreliable at low

pressures but no adequate correction is available.
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1v. RESULTS

The measured pressure and temperature points are
presented in Table Al, Table A2, and Table A3 in the
Appendix. Figures 5, 6, and 7 of the text show the
measured sublimation pressures, P, plotted as functions
of the temperature, T, for Ar, Kr, and Xe, respectively.

Law of Corresponding States

The sublimation pressure curves of rare-gas solids
may be related by means of the law of corresponding
states.38 As discussed earlier, the reduced equation
of state for rare-gas solids should depend only on the
reduced temperature, T*, the reduced volume, V*, and
the reduced de Broglie wavelength /\x Thus, for all
the rare-gas solids the reduced sublimation pressure
curve is given by equation (14).

It is further expected that the reduced sublimation
pressure curves should increase monotonically with in=-

39 The parameter /\ * defined by equation

creasing N\ *.
(10), indicates the relative size of quantum effects
in the crystal.

Physically, a large value of /\* represents a
crystal with large reduced zero point energy, EZ.

Because the reduced zero point energy is larger for

47



1000 l'l‘]'l‘l'l%
4 ra
2 T .o.. T
100~ S T
1 7
4 T . i
2 + ,..
10— y —_
'E 6 + 0.. 1
o) 4 T o: T
t 2 1 ° -+
a 10—+ o —
3 o ° -+~
42 T ARGON T
u h [ ] o
gg 0.1 — -+
-+ 4 -+
(7] 2 4 4 1
n 2 p)
w : 4
m 6 -+ * -+
4 t ¥ 4
g - J¢ : {
= 104 .
6 + ¢ +
< g 4
E 2 : 4
EJ‘ '06 . —+
7 ; :

7
TEMPERATURE T(K)

Figure 5: Measured sublimation pressures are
plotted for Ar.



49

1000
5 1 NN BN BLEN B BN IR
4 1 4
z 4 .'o' -+
100 L A
6t 'o" i
4 T J' N
s 27 £ T
g 194 s +
6 o T
a 4+ F4 KRYPTON T
2 T :.. 4
w 10 -1 Iy —+
g 6T . h
g 4-- :. -+~
g Z-r- ° T
e
a O - : T
67T & 1
z 4-4.- .. -
o 2 .
= T i
g 10 y +
= 1 . T
> ST . 1
e 4 1 ¢ +
D () o
»n 2t .
'crs—w- N T
e . i
4T o +
2t .
104 - | \ l Lg,l 1 I 1 l |

%0 60 70 80 90 100 10
TEMPERATURE T (K)

Figure 6: Measured sublimation pressures are
plotted for Kr.



50

el e
. & 4 '.f.._
)
2T S
1001~ ..r’, T
£ A~
> “ f. -
S 2T s, 4
o 10 e gy
6 T ra T
4T S 1
‘&‘ 2 T o T
D 1w+ o 4
0 "2:: S T
7y o 1
w 4T .
E 2" o. T
s XENO
o-'-:_— o N _:L:
. ‘-. R ——
g 4 . :
= 21 : T
< .
=102 s -+
B 4f 7 1
a2 2T [ 1
10t T

-

\J

4-

zf

m-‘LllllllIllllllnll
70 80 90 100 110 120 130 40 150 (680

TEMPERATURE T (K)

Figure 7: Measured sublimation pressures are
plotted for Xe.



51

solids with large values of /\*, the molecules are
more easily removed from the lattice. Hence, the larger
the value of /\*} the higher the expected reduced vapor
pressure.

Values for /\*'found using the all-neighbor
Mie-—-Lennard-Jones potential are presented in Table
3. Because A* is larger for Ar than for Kr and Xe,
the reduced vapor pressure curve for Ar should lie above
the curves for Kr and Xe, respectively. Using the pot-
ential parameters of Table 3 the reduced pressure curves
were plotted using data from this experiment. These
curves deviate from the expected order as can be seen
in Figure 8.

The reduced pressure curves lie close together
as expected. However, the Kr and Xe curves are inter-
chanced from the predicted order. This effect has been
observed in other properties and by other investigators?s’:s9

The reasons for this deviation are not clear. 1In
the pressure range considered, the deviation is larger
than the expected error in the vapor pressure data. Be-
cause all the data were taken using the same apparatus,
the effects of systematic error should not change the
relative position of the curves,

Another possible reason for the inversion of order
is the inaccuracy in the determination of the potential
parameters € and O . A change of only 2-37% in the val-
ues of € and 0 would reverse order of the Kr and Xe

curves. The stated error of the values of € and O
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is less than the amount required to change the order
of the Kr and Xe curves.3 However, it is likely that
the actual potential deviates from the analytic hie-
Lennard-Jones potential for which € and 0 were deter-
mined. Thus, the values of € and 0 for the iie—
Lennard-Jones may differ from the parameters for the
actual potential. Although the ptiie=—Lennard-Jones
potential has the necessary form, Qb(r) =€f (r/o),
the accepted values of € and 6 only represent the
values which make the shape of the calculated poten-
tial as much as possible like the shape of the actual
potential.
Static Lattice Energ
By applying equation (30) to the data of this

experiment, the static lattice energy, E and the

o?

ceometric mean of the lattice vibrational spectrum,

W,

ed earlier, the quantities Ey, and UUé may be determined

, couid be determined for Ar, Kr, and Xe. As describ-

from a plot of 'ln PTL2 versus 1/T. P is the measured
sublimation pressure and T is the sample temperature.
Typical plots of the data for Ar, Kr, and Xe are shown
in Figures 9, 10, and 11, respectively. The slope of

each plot yields Eo and the intercept yields \ng
In practice however, it was found that more accu-

rate results could be obtained by fitting the data to

equation (30) by using the method of least sauares.

Equation (30) is first linearized into y = a + bx
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where y = ln PT% and x = 1/T. Then using the standard
method for linear regression, a and b can be determined

from the equationsaoz

( Zyi = bzxi) /n
F4 L4

"3y c F 5w
2 2
néxi'(gf/i)

a

b =

Computing was done using a Hewlett-Packard model
9100A programmable calculator. Computation of 1n PT%
and1/T was performed and equation (39) was applied to
the data.

Because E, and LQ/g change slowly with temperature,
data from narrow temperature intervals may be separately
fit to eauation (30). Parameters a and b may then be
calculated for each temperature interval. The values
of E, and Lng calculated then are referred to the
temperature corresponding to the center of each interval,

In order to permit comparisons of the variations of
Eq and\;}g for different gases, the temperature intervals
chosen correspond to the same reduced temperature inter=-
vals for each gas. The temperature intervals used for
this analysis are shown in Table 6. Reduced temperatures

were calculated using parameters presented in Table 3.
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TABLE 5

Temperature intervals used for analysis of vapor
pressure equations.

Reduced Actual
temperatures temneratures
(nondimensional) (K)

Ar Kr Xe

0.70 - 0.65 84.5 - 78.0 115 - 107 162 - 150

0.65 - 0.60 78.0 - 72.0 107 - 98.4 150 - 139
0.60 - 0.55 72.0 - 65.0 98.4 - 90.2 139 - 127
0.55 - 0.45 656.0 - 54.0 90.2 - 73.8 127 - 104
0.45 - 0.35 54.0 - 40.0 73.8 - 54,7 104 - 76.2

Columns 3 and 4 of Table 7 show values of the para-
meters a and b of equation (30). These parameters
were calculated using the temperature intervals shown
in Table 6. The values of a and b are found for pres-
sures expressed in dynes/cm2 in order to simplify cal-

culation of Ej and WJ in proper units.
g

TABLE 7

Values of the parameters a and b of equation (30)
found from vapor pressure data.

Gas Temnerature -a(Xk) b
Range (K)

Ar 84.5 - 78.0 -988.74 27 .4565
Ar 78.0 - 72.0 999.32 27.5921
Ar 72.0 - 66.0 995.01 27 .5327
Ar 66.0 - 54.0 993.95 27.5150
Ar 54.0 - 40.0 1061.28 28.6928
Kr 115 - 107 1387.78 27 .8683
Kr 107 - 98.4 1385.79 27.8608
Kr 98.4 - 90.2 1393.438 27.9299
Kr ¢0.2 - 73.8 1363.86 27 .6426
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Kr
Xe

Xe

(Table 7 continued)

Temperature
Range (K)
73.8 - 54,7
162 -- 150
150 - 139
139 - 127
127 - 104
104 - 76.2

59

-a(K)

1441.08
1933.79
1929.86
1931.63
1896.91
2028.45

28.5093
28.1399
28.1137
28.1250
27 .8466
29.2002

Values of Ej and &/ g corresponding to these val-
ues of a and b are shown in the third and fourth col-
umns of Table 8. These values of Ey and ng are referr-

ed to the temperatures in the second column.

TABLE 8
Values of E, and |g)  calculated from the parameters
of Table 7. >
Gas Temperature (K) =Eg(cal/mole) uug(lolzsec—l)
Ar 81.2 1954 6.60
Ar 75.0 1985 6.91
Ar 69.0 1976 6.77
Ar 60.0 1974 6.73
Ar 47.0 2108 9.97
Kr 111 2756 5.23
Kr 103 2754 5.22
Kr 94.3 2768 5.34
Kr 82.0 2719 4.85
Kr 63.2 2862 6.48
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(Table 8 continued)

Gas Temperature (K) -E (cal/mole) ng(lOlzsec'l)

Xe 156 3841 4.57
Xe 145 3833 4.53
Xe 133 3837 4.55
Xe 115 3768 4.15
Xe 90.1 4029 6.51

A similar analysis was performed using equation
(36). This equation is corrected to account for vac-
ancy concentrations. The values of Ej and \g@J g may be
calculated from the parameters a and b of equation (36).
These values will reflect the effect of vacancy forma-
tion and will differ slightly from those presented in
Table 8.

Estimates of the effect of vacancy formation on
specific heat measurements have yielded values for g
the Gibbs function for vacancy formation, for Ar and-
Kr.41 These values may be expressed as:

30 exp [-644.2/T(k)] and

for Ar, exp [-gs/kT]

for Kr, exp [-24/kT] = 30 exp [-890.8/T(K)].

No vacancy concentration measurements were avail-
able for Xe so the value of g  was estimated using the
law of corresponding states. Using the definition,

g = u-Ts + Pv, we have exp(-gg/kT) = expE{u-Ts+Pv)/kT].

This may be rewritten as exp (-gg/kT) =

(exp s/k) exp [k-u-Pv)/ka The parameter s/k in the
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first term is dimensionless so the reduced value is the
same for Ar, Kr, and Xe. However, u + Pv has units of
energy so that the appropriate reduced variable is

u + Pv/e .

The reduced value of Tg for Xe was assumed to be
equal to the average of the reduced values of g, for
Ar and Kr. Using the values of € found in Table 3, the
value of 8 for Xe was found to be

exp (-gs/kT) = 30 exp [-1248/T(K}] .

Using the values reported above for exp (-g//kT),
the experimental data for Ar, Kr, and Xe were fit to
equation (36) and were plotted in Figures 9,10, and 11,
respectively. Data were also fit to equation (36) by
the method of least squares. Data from the temperature
intervals shown in Table 6 were used for the fit. The
values of a and b for each temperature interval are
presented in Table 9. Values of a and b are again found

for pressures expressed in dynes/cm2

in order to simpli-
fy calculation of Eo and\;/g. Values of Eo and L"g
corresponding to these values of a and b are present-

ed in Table 10.
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TABLE 9

Values of the parameters a and b of equation (36)
found from vapor pressure data.

Gas T;zgg:ag;ge -a(K) b
Ar 84,5 = 78.0 995.89 27.5553
Ar 78.0 - 72.0 1004.12 27.6609
Ar 72.0 - 66.0 996.42 27.5557
Ar 66.0 = 54.0 994.62 27.5269
Ar 54,0 = 40.0 1061.30 28,6932
Kr 115 - 107 1396.12 27.9533
Kr 107 - 98.4 1390.84 27.9052
Kr 98.4 = 90.2 1395.47 27.9533
Ke 90.2 - 73.8 1378.55 27.7718
Ke 73.8 = 54.7 1439.73 27.7718
Xe 162 - 150 1945.65 28.2259
Xe 150 - 139 1932.43 28.1377
Xe 139 - 127 1934.22 28,1469
Xe 127 - 104 1855.76 27.5149
Xe 104 - 76.2 2007 .64 28,9352
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TABLE 10

Values of E_ and W _ calculated from the parameters

of Table 9.° &
Gas Temperature (K) -Eg(cal/mole) uug(lolzsec-l)
Ar 81.2 1978 6.82
Ar 75.0 1994 7.07
Ar 69.0 1979 6.82
Ar 60.0 1976 6.76
Ar 47.0 2108 9.97
Kr 111 2773 5.38
Kr 103 2762 5.29
Kr 9.3 2772 5.38
Kr 82.0 2738 5.06
Kr 63.2 2860 6.42
Xe 156 3864 4.71
Xe 145 3838 4,57
Xe 133 3842 4,58
Xe 115 3686 3.71

Xe 90.1 3988 5.96
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Heat of Sublimation

The data were also analyzed using equation (23) to
calculate values for the heat of sublimation,L. The
data are plotted in the form ln P(Torr) versus YT in
Figures 12, 13, and 14. The techniques described in
the previous Section were used to fit the data to equa-
tion (23) by the method of least squares. As in the
previous Section, the parameter a was expected to vary
slowly with temperature. Because of the expected varia-
tion, data from the temperature intervals of Table 6
were used for the fit. As before, the data from each
interval were fit to equation (23) separately. Thus,
the values of the parameter a are referred again to the
temperatures at the centers of the intervals.

The heat of sublimation, L, is related to the

parameter a of equation (23) by:

a = L . (40)
R (1 - vs/vg + BP/RT)

The parameter a was determined from the least square
fit described earlier. The specific volumes of the
solids, Vg, were obtained from density curves.2 Val-
ues of the second virial coefficient, B, were obtained
from an extrapolation of reduced curves.42
Values found for the parameters a and b of equa-
tion (23) are presented in Table 11. Calculated val-

ues of heats of sublimation are presented in Table 12.
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TABLE 11

Values of the parameters a and b of equation (23)
found from vapor pressure data.

Gas T;iggzaizge -a(K) b
Ar 84.5 - 78.0 946,35 17.5408
Ar 78.0 - 72.0 962.22 17.7428
Ar 72.0 - 66.0 960.59 17.7214
Ar 66.0 - 54.0 963.39 17.7623
Ar 54.0 - 40.0 1038.03 19.0767
Kr 115 - 107 1332.30 17.8184
Kr 107 - 98.4 1334.63 17.8413
Kr 98.4 - 90.2 1346.76 17.9656
Kr 90.2 - 73.8 1330.73 17.7765
Kr 73.8 = 54.7 1399.08 18,5731
Xe 162 - 150 1856.41 17.9236
Xe 150 - 139 1857.02 17.9276
Xe 139 - 127 1860.70 17.9513
Xe 127 - 104 1836,37 17.7526
Xe 104 - 76.2 1960.37 18.9607
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TABLE 12

Values of heat of sublimation, L, calculated from
the parameters of Table 11.

Gas Temperature (K) L (cal/mole)
Ar 81.2 1852
Ar 75.0 1900
Ar 69.0 1904
Ar 60.0 1914
Ar 47.0 2062
Kr 111 2612
Kr 103 2636
Kr 94.3 2670
Kr 82.0 2644
Kr 63.2 2780
Xe 156 3480
Xe 145 3596
Xe 133 3661
Xe 115 3632

Xe 90.1 3895
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Lattice Vibrational Energy

The lattice vibrational energy, E,qp» WYy DOW be
calculated using the thermodynamic relation,

Eysp = “Eg = L + P(vy=v)) . (41)
Physically, this equation is similar to the equation
E_(OK) = =E,(OK) = L(OK). This latter equation defines
the zero-point vibrational energy at O K. Equation (41)
applies for temperatures above O K; thus, the work done
by expanding gases must be subtracted from the heat of
sublimation. This adds the term P(vg-vs) which repre-
sents the amount of work done by expanding gases remov-
ed from the solid.

The specific volumeg v, andv,, of equation (41)
are the same as those used to calculate the heats of
subllmation.z The calculated values of E,4p are pre-
sented in Table 13.
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TABLE 13

Values of vibrational energy, E ib? calculated
using equation (41). v

Gas Temperature (K) E,ip (cal/mole)
Ar 81.2 285
Ar 75.0 243
Ar 69.0 213
Arx 60.0 181
Ar 47.0 139
Kr 111 381
Kr 103 331
Kr 94.3 288
Kr 82.0 258
Kr 63.2 205
Xe 156 693
Xe 145 529
Xe 133 445
Xe 115 281

Xe 90.1 272



V. GENERAL CONCLUSION

As can be seen from Figure 5, Figure 6, and Figure
7, the sublimation pressures of solid Ar, Kr, and Xe
have been measured over several orders of magnitude.
However, for each gas the pressure curves began to level
off at low pressures.

The cause of this deviation was the presence of
non-condensable impurities such as He in our gas samples.
As the sample temperature was lowered, most of the pri-
mary gas component was condensed. The concentration
of non-condensable impurities then became large in the
vapor phase. The vapor pressure curve then began to
level off because lowering the sample temperature fur-
ther had little effect on the vapor phase.

These curves were reproducible for different gas
samples and different runs. This indicates that the
impurities were present in our gas samples and not
evolved from the walls of the gas handling system. If
the data had not been repeatable or had changed with the
length of time the samples had been contained in the sys-
tem, this would have indicated that outgassing of our

system was contaminating the sample.

72
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Assuming the impurities present were non-condensable
gases such as He, it was possible to estimate the concen-
tration of the impurities present in the gas samples.
This was done by aésuming that the original gas pressure
before the sample was condensed was the pressure due to
the primary gas component plus the partial pressure of
the impurities. The lowest vapor pressure measured then
was equal to the partial pressure of the non-condensable
impurity gases.

Assuming that the ratio of the partial pressure of
impurities to the total gas pressure equals the impurity
concentration, the impurity concentration may be calcu-
lated. The estimated impurity concentrations found from
this analysis are: 0.2 ppm for Ar, 13 ppm for Kr, and
10 ppm for Xe. These values may be compared with the
impurity levels reported in Table 4.

The estimated values are probably accurate for Ar
but may not be so reliable for Kr and Xe. For these
latter two gases, the partial pressure af the lowest
temperatures measured of condensed impurities such as
Nz and 0, at the lowest temperatures measured, may be
higher because the sample temperature is higher. A
further source of inaccuracy at low temperatures is
the correction for thermal transpiration. Even though
the gas inlet tube used was of relatively large diameter
(%¥in. 1.d.) this correction became large at low temp-

eratures. The anomalously low values of static lattice
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energies and heats of sublimation for reduced tempgra-
tures, T*stsO.S, indicate a large overcorrection for
thermal transpiration.

Thus it is expected that actual vapor pressures
below 0.1 Torr should be somewhat higher than observ-
ed. This effect is masked at still lower temperatures
at which the measured pressure is increased due to im-
purities. For better low temperature measurements, an
improved correction for thermal transpiration and im-
proved techniques for gas purification are required.

At high temperatures our data may be compared with
that of previous workers. Most previously available
data 1is reported in terms of the parameters a and b in
equation (23). For comparison with our results some
of the values for a and b found by other workers follow.
For the temperature interval 83.6 = 66.1K Flubacher
et Qlo43 found a = «953.897K, b = 17.62836 for Ar.

For the temperature interval 115.8 - 83.3K, Beaumont

et 21-41 found a = -1127,58K, b = 16.04625 for Kr. For
the temperature interval 161 - 110K, Freeman and Ralsey
found a = =1840.0 and b = 16.972 for Xe. Our parameters
calculated for Kr differ significantly from those found
by Beaumont et gl.but are closer to the parameters
a==1346 and b = 17.833 found earlier by Freeman

and Halsey.“4 for the temperature interval 115 - 80 K.
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TABLE Al

Measured pressure and temperature points for Ar.

Ar Ar
Pressure Temperature Pressure Temrperature
(Torr) (K) (Torr) (K)
561.099 84.495 53.339 69.886
538.557 84.128 53.106 69.867
513.970 83.730 49.988 69.560
492.247 83.412 46,716 69.219
464.519 82.994 41.593 68.643
448.290 82.742 37 .246 68.106
443,067 82.661 36.375 67.992
420.063 82.266 34.477 67.735
385.901 81.666 32.091 67 .397
358.409 81.155 28.104 66.777
340.153 80.797 26.967 66.586
313.180 80.238 24.661 66.178
299.849 79.947 22.703 65.802
284,865 79.647 19.304 65.080
271.425 79.287 17.436 64.637
261.737 79.038 16.172 64.312
254.242 78.858 14.199 63.754
236.758 78.399 13.547 63.556
218.673 77 .892 10.636 62.552
204.450 77 .463 8.132 61.521
189.298 76.984 4.703 59.443
173.501 76.444 3.983 58.808
167.508 76.226 3.243 58.095
159.117 75.916 2.212 56,608
145.576 75.383 0.601 52.488
128.462 74.613 0.204 50.018
119.122 74,286 0.0675 47 .845
114.188 74.000 0.0660 47.739
98.050 73.138 0.0262 45.929
90.947 72.719 0.0218 45.492
.79.972 72.013 0.0158 44,807
73.900 71.589 0.0108 44,015
68.564 71.191 7.5x10'g 43.160
62.115 70.673 6.Ox18"3 42.769
57.647 70.286 3.8x10° 41.871
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Pressure
(Torr)

Ar

79

(Table Al continued)

Temperature

(K)

38.707
36.803
34.9717
33.930
32.146
30.400

Pressure
(Torr)

5.0x10-g
3.5x10°

Ar

Temperature

(K)

29.099
27.601
27.525
26.065
25.506
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TABLE A2

tieasured pressure and temperature points for Kr.

Kr Kr
Pressure Temperature Pressure Temperature
(Torr) (K) (Torr) (K)
505.261 114.914 92.135 100.213
502.293 114.855 82.361 99.378
482.453 114.457 '73.122 98.506
460.901 114.010 62.813 97.418
441.980 113.608 56.989 96.734
421.227 113.141 51.082 95.974
417 .699 113.072 43.539 94,889
400.137 112.649 39.466 94,238
393.148 112.494 21.663 90.450
380.794 112.179 20.965 90.250
370.278 111.939 20.202 90.029
359.921 111.650 19.003 89.660
351.269 111.433 18.953 89.644
341.909 111.169 17.324 89.114
327.079 110.772 14.773 88.189
318.285 110.512 13.995 87.877
310.807 110.305 12.781 87.366
300.348 109.982 12.709 87.328
287.134 109.600 11.733 86,882
283.954 109.476 10.923 86.468
263.805 108.828 10.044 86.027
261.753 108.746 8.820 85.316
249,681 108.341 7.754 84.635
241.268 108.029 7.065 84.138
238.618 107.926 6.733 83.879
209.386 107.799 5.893 83.215
222.243 107.317 5.387 82.761
221.013 107.279 4,549 81.896
209.386 106.799 3.604 80.746
193.818 106,138 3.181 80.156
181.424 105.588 2.525 79.054
175.569 105.304 2.110 78.199
168.667 104.978 1.962 77 .853
160.055 104.504 1.554 76.773
156.598 104.370 1.133 75,278
147.423 103.886 0.841 74.027
128.521 102.776 0.523 72.279
123.549 102.463 0.389 71.057
119.813 102.226 0.295 70.342
113.961 101.834 0.186 68.663
105.260 101.224 0.140 68.070
98.954 100.749 0.131 67.589



Pressure
(Torr)

0.092

0.0879
0.0619
0.0608
0.0467
0.0337
0.0231
0.0172
0.0136
0.0119
8.0x10

Kr
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(Table A2 continued)

Temperature

(K)

66.822
66.590
65.675
65.620
64.909
64.084
63.138
62.152
61.244
61.128
60.122

Pressure
(Torr)

Kr

7.5x1073
4.,6x%x10 3
3.5x10'3
2.1x1073
1.7x1073
1.0x10 4
8.6x10'4
5.2x10"

3.0x10"%
2.1x10'2
2.1x10"

Temperature

(X)

59.727
58.304
57.565
56.297
55.415
54.380
53.467
51.961
49.259
46.017
45.130
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TABLE A3

Measured pressure and temperature points for Xe.

Xe Xe
Pressure Temperature Pressure Temperature
(Torr) (K) (Torr) (K)
505.969 158.710 81.521 137.310
496.632 158.458 74.512 136.409
486,381 158.170 74.491 136.400
465.899 157.588 67.318 135.403
444,649 156.972 65.980 135.198
424,359 156.354 64.131 134.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>