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Item 1: Technical Progress Report*

During the current Grant period we have made good progress

toward our goal of better understanding thermodynamic properties

of rare-gas solids. We have completed a study of the vapor pressure
36

of isotopic Ar  , a studv which complements our earlier measurements

on normal Ar. We have succeeded in growing beakers of solid Ar and

propose now to measure liquid helium film flow into these beakers.

Finally, we have constructed an apparatus in which large single

crystals of Ar, Kr, and Xe are to be grown and their thermal conduct-

ivities measured from the respective triple points down to about

1°K.  Several related problems have also been investigated. The

work for the current year will be briefly described below under

these five headings: A. Vapor Pressures of Rare-Gas Solids,

B.  Measurements of Thermal Conductivity of Single Crystals of Solid

Argon, C. General Activity on Rare-Gas Solids, D. Solid Argon

Surfaces and Liquid He Film Flow, E. Law of Corresponding States.

The principal investigator has devoted half of his time to

the research of this Grant during the nine months of the academic

year and full time during three summer months.

A.  Vapor Pressures of Rare-Gas Solids

The most important goal of the research of this Grant is to

better understand thermodynamic properties of rare-gas solids and
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of molecular solids in general. The general scheme is to start

with a relatively simple thermodynamic property, for example, vapor

and sublimation pressure of.rare-gas liquids and solids.  After

this property had been measured satisfactorily and its theoretical

base understood satisfactorily then we would go on to other, more

difficult, properties. In the current Grant Period we have passed

smoothly through the critical half-way point.  We succeeded in

measuring the vapor and sublimation pressure of solid Ar, Kr, and

Xe to sufficient accuracy in 1970. During the current Grant Period
36

we measured the sublimation pressure of an isotope, Ar We have

made a detailed theoretical comparison between the Ar data and36

the earlier data in order to understand the theory of vapor and

sublimation pressure better than before. In the current Grant Period

we have also gotten a good start on the measurement of thermal

conductivity (described below under heading B).

The measurement of sublimation pressures of Ar, Kr, and Xe

was the thesis topic of Dr. Charles W. Leming, the first Ph.D. student

under this Grant. A reprint of this work appears in the Biblio-

graphy as number 24.

36The measurement of vapor and sublimation pressure of Ar was

done during the current period with Mr. Jon Opsal and Mr. David K.

Christen. In order to work with Ar , which is an expensive rare
36

isotope, it was necessary that we have a sealed system so that no

gas would escape. Because of the extensive experience obtained

in the laboratory in the initial measurements we were able to effect

several improvements over earlier measurements of vapor and sublima-
36tion pressure. For example: We were able to purify the Ar   by
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successive preferential distillations; this made it possible to

extend the measurements reliably down to 30°K. We were also able

to maintain the temperature constant to about t0.002°K for long

times; this made it possible to assure equilibrium conditions.

We were able to make improved corrections for the thermomolecular

effect; this increases the reliability of our results in the region

where the mean-free path of the gas atoms is commensurate with the

diameter of the tubing. Finally, we were able to extend the vapor

pressure measurements above the triple point into the liquid region

and then to go back and forth through the triple point.  This has
36

given us a good estimate of the triple point of Ar

Mr. Opsal and Mr. Christen are both very careful workers and

carried out this work painstakingly. Mr. Opsal is interested in

doing a theoretical thesis. We employed his knowledge and interest

in theoretical physics to carefully analyze the data on vapor and

36sublimation pressure of normal Ar and of Ar

This theoretical treatment has determined and made clearer

several aspects of thermodynamic properties. For example: We have

N       36
calculated from the data the static lattice energies of Ar  and Ar

as functions of temperature. We have likewise calculated the heats

N       36
of sublimation and the vibrational energies of solid Ar  and Ar

as functions of temperature, and compared them. We have also calcu-

lated the respective zero point energies, Debye temperatures, and

geometric mean lattice frequencies.

All of this work is described in a paper which is now being

typed in draft form. This paper will be submitted to Phys. Rev.

during December 1971 and reprints sent to the AEC, as usual. The
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work was described by Mr. Opsal at the August 1971 Meeting of the

American Physical Society. An abstract describing the work: "Subli-

36mation Pressure of Ar from 30°K to 84°K", by Jon L. Opsal, David

K. Christen, and Gerald L. Pollack, appears in Bull. Am. Phys. Soc.

16, 851 (1971).

One of the goals of the current Grant was to find a good

graduate student who could continue on the work and measure the vapor

pressure of other molecular solids. This proved difficult to do

because the decreased numbers of graduate students made it hard to

get a really good one who could do justice to this problem. We have

been fortunate in attracting Mr. Robert Gleitsmann, a first year

graduate student, to this problem and he has been a research assistant

under the Grant since October 15, 1971. His proposed work is

described below in the Proposed Technical Program, heading A.

Mr. Opsal ha  held an NSF Traineeship for his first three years

at Michigan State.

B.  Measurement of Thermal Conductivity of Single Crystals of Solid

Argon

The rmal conductivity    is the second thermodynamic property    of

rare-gas solids, after vapor pressure, that we have aimed at studying.

Our plan has been to use the knowledge we obtain in temperature and

pressure measurement and control, from our earlier studies of vapor

pressure, to design and carry through measurements of thermal

-
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Thermal conductivity is experimentally a rather difficult

quantity to measure well. We require large single crystals so that

the conductivity will not be limited by boundary scattering of phonons

at low temperatures. We require an adiabatically isolated solid,

as much as possible, so that the heat flux that is observed is put

in electrically and may be precisely determined. In addition, we

need to control and measure the temperature of the sample for long

times and to measure the temperature gradient along the sample

accurately.

The measurement of thermal conductivity of large single crystals

of argon is the Ph.D. thesis of Mr. David K. Christen. During the

past year Mr. Christen has designed and built an apparatus for these

measurements. The apparatus is now completed and has passed all the

necessarv vacuum and electrical tests. We have last week cooled

down the apparatus to see whether the temperature and temperature

gradients are in control and these also all appear to be in order.

The next step is to put in Ar and to attempt to grow a single crystal.

Some of the unique features of the techniques we will use and of the

apparatus are described below.

Rare-gas solids contract strongly between their triple points

and liquid He temperatures. In order to make sure that our sample

is always in good thermal contact with the appropriate thermal. sources

and sinks, and with the thermometers, we have built in a flexible

bellows which will always maintain good contact.

Thermal conductivity is very sensitive to single crystal size.

In fact thermal conductivity measurements of solid Ar have already

been reported for samples with small grains. We are aiming at making
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our measurements on large single crystals, perhaps 1 cm wide by

3 cm long. In order to make this possible, our apparatus is made

to allow careful seeding and growing of a single crystal of Ar.

Control of the growth rate is provided by a heated collar which

determines the temperature gradient at the solid-liquid interface.

The collar is controlled by a synchronous motor and step-down gears

which will allow growth rates of about 0.1 mm/hr. If necessary the

collar can also be used for subsequent zone refining and annealing.

The temnerature of the sample and its thermal environment is

controlled by a temperature regulator which is essentially a phase-

sensitive detector. This was bought with AEC equipment funds during

the current Grant period and it has performed very well so far.

The temperature and temperature gradients are measured by calibrated,

small Ge resistance thermometers.

The apparatus also makes it possible to isolate the solid, from

the outside, after it has been grown. This is done by sealing off

the solid Ar within its glass walls after a good enough sample has

been obtained, and then removing the Ar supply tube from contact

with the sample. The aim of this, as mentioned above, is to assure

that the thermal flux which is being conducted by the solid Ar and

Which results in the thermal gradient that we aim to measure, is

the thermal flux that we put into the system unmodified by thermal

leakage from ambient temperatures.

Mr. Christen has done excellently in building the apparatus

and he is clearly a very promising young scientist.  We expect that

these measurements will proceed smoothly and that during the proposed

renewal period we will have good preliminary data on the thermal

conductivity of solid Argon.
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C.  General Activity on Rare-Gas Solids

During the current Grant period the principal investigator

and his students have continued to maintain close contact with several

other laboratories working on the properties of rare-gas solids,

liquid helium, surface physics, and related fields. We have also

maintained an up-to-date comprehensive literature survey, and biblio-

graphy of research work in these fields.

The principal investigator gave an invited paper at the New

York A.P.S. Meeting in February 1971.  The title was "Coupling

Between Temperature and Pressure Waves in Helium II". An abstract

of this talk appears in Bull. Am. Phys. Soc. 16, 11 (1971).  This

work is based on the thesis research of Dr. G. F. Fritz, who obtained

his Ph.D. under this Grant in the fall of 1970. This paper is listed

as Number 25 in the Bibliography which accompanies this Technical

Progress Report.

The principal investigator gave three colloquia on the subject

of the law of corresponding states; research which has recently

been done under this Grant. The three colloquia were all given in

the spring of 1971. They were given at the Physics Department of

Michigan State University, at the Physics Department of McMaster

University in Hamilton, Ontario and at the Physics Department of

the Royal Military College in Kingston, Ontario.

In recent years there has been increasing interest in research

on rare-gas solids both in the United States and abroad. We have

established and maintained contact through correspondence with

some of the centers of this research. The main laboratories of
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this kind are in Puerto Rico, at the University of Puerto Rico in

Mayaguez, in England, in West Germany, and in the U.S.S.R.  Our

relations are close to the University of Puerto Rico whose research

on rare-gas solids is connected with the Atomic Energy Commission

laboratories in Mayaguez. We hope in future time to work more

closely with them.

D.  Solid Argon Surfaces and Liquid Helium Film Flow

The aim of this experiment is to study liquid helium superfluid

film flow into a solid argon beaker. This experiment has been of

interest to us for a long time. In the summer of 1970, we completed

a study of liquid helium superfluid film flow into a glass beaker

and into a glass beaker coated with neon. That was the thesis research

of Dr. C. J. Duthler. The present problem is a natural successor

to the earlier problem. This will be the thesis problem of Mr. T. 0.

Milbrodt, currently an NSF predoctoral trainee.

The idea of this research is to study liquid helium film flow

over a surface whose intbraction with helium is known. Earlier

experiments have used metal or glass beakers and the interaction

between He and these substances is not known. We hope that by using

argon beakers, and later perhaps beakers of other molecular solids,

we will· have a prototype system in which to study surface physics

and film flow.

This problem divides itself into two parts: First we must

grow a suitable beaker and second we must study the flow rate as

a function of pressure head, film thickness, height of beaker rim,

and other relevant variables.

10
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During the current Grant period we have succeeded in growing

solid argon beakers and in cooling them down to liquid helium

superfluid temperatures. The beakers are grown in a mold at the
0

triple point (83.8°K) using liquid nitrogen as a collant. The

temperature and growth rate are maintained and controlled very care-

fully by judicious use of heaters, Pt resistance thermometers, and

He and Ar exchange gases. We cool the samples to liquid He tempera-

tures by using liquid He itself as a coolant, as usual. The beakers

can be grown reproducibly. They are of good optical quality, i.e.

fully transparent, when grown and stay that way fairly well when

they are cooled and the mold is removed. The free standing Ar

beakers at 2°K are satisfactory for the purpose of measuring liquid

He heights with a cathetometer. The beakers have the right shape

for our purposes, the inner and outer walls are well defined, and

the lip over which the flow takes place is also well defined and

smooth.

We have also succeeded in transferring liquid He into the beaker

growing chamber and observing flow into the beaker. Our main problem

at present is that liquid helium is now flowing into the beaker

too fast. This is undoubtedly due to flow through the small cracks

in the sides of the beakers we have grown. This was one of the

problems we expected and we are now working to eliminate these cracks

from the beaker walls and to eliminate the associated excess flow

rates. We believe that this problem can be overcome by slower and

better controlled growth of the beakers, and this is what we are

trying next.

1
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A paper has been published which describes the work we did

under this Grant on helium film transfer into glass beakers. This

appears in the Bibliography as paper number 26. Reprints are

included with the Technical Progress Report.

Mr. T. 0. Milbrodt, the research assistant working on this

problem, is an NSF predoctoral trainee, as mentioned above.  His

traineeship ends on September 15, 1972. We are requesting in the
Budget funds to continue him on as a research assistant until the

end of the proposed Renewal period. We anticipate that, if all

goes as well as hoped, Mr. Milbrodt will be finishing his research

and getting his Ph.D. near the end of the renewal period.

E.  Law of Corresponding States

During the current period the principal investigator has continued

to work on theoretical aspects of the law of corresponding states.

A paper has been published entitled: "Application of the Law of

Corresponding States to Group-I and -II Metals", in Phys. Rev. A i,

2083 (1971). This paper is listed in the Bibliography as number 27,

and a reprint is enclosed which describes the work in detail.

The law of corresponding states can be naturally extended to

sublimation pressures of metals and other substances if one uses

the heat of sublimation and the lattice parameter to nondimensionalize
the pressure versus temperature curves. Such a law of corresponding

states is based on nondimensionalization of the Clausius-Clapeyron

equation. In. contrast  to  this, the usual  law of corresponding states

applied to rare-gas solids uses energy and distance potential parameters
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to nondimensionalize physical properties. This law of correspondind
states is based 6n the nondimensionalization of the SchrBdinger

equation. It seems likely to us that there are deeper parallels

between these two kinds of scaling laws and we plan to investigate
them further.

*This research has been supported by the U.S. Atomic Energy Commission

under Grant No. AT(11-1) - 1574.
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