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Summary

Referance is nade to the first itwo final technical
reports {contract llo TL-92-961.-3UC..2405 and — 1721) for the
doveription of ths anparaiuc for growing argon single orystals,
for er exposition of the experimentel set up for neasuring the
golf diffusion coefficient in thesa crystals and for a thorough
disecussica of the firct prelininary results.

Llthough & rough evalution of U = D, exp (~3/2T) was

possilble, Zfurnishing

Dy = 35C + 150 on?/sec

Q - 4150 + 15C oal/mole

it was gsoon realized thet large systematic: errors were present
in these neasurement, affecting particularly the value of D,.

It wao also realized that the tracer technique applied to large
crystals could be hardiy perfectioned and consequently it was
hopeless to reduce drastically the errors. In order o obtain
nore precise information on tho diffusion, it was decided to try
a noGified technique of measursment, using always the tracer
nethod, but operating on thin polyerisitalline layers of argon.
It was thought that the effect dueo to the grain boundaries -
vhich should bs present in non negligible quentity in this case -
was certeinly mmch less important than other perturbing effects
present vhen working with large crystals, nanely extended
distillation phencmena and partial detachment of the crystal
from the walls of the crucible vhere it was prepared.

Transperent layers of solid argon of uniforn thickness
ware precared by slow condensation of the vapor on a cold wall,
held at a constant temperature. Cn theee layers, 10 to 8C microns
thick, diffudon experiments were performed, using 436 as a tracer.
The orystal was held in a strong temperature gradient. The
penetration of the tracer into the crystal was followed
continmuowply with a mass spoctroneter. Penetration ourves were
obtained with the same procedure used in prévious experinments.

A4 great improvement of the experimental results was
observed: 1) the diffusion coeffioient thus measured is 80 times
omeller than that - sasured on large orystals 2) this change is
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to be asoribed mostly to a strong reduction of D,, while the
activation energy was not remarkadly affeoted 3) neasuremsnts
oould be perfortwd in a nore extended temperature range, namely
down to 635°K 4) tlhe penetration curves follow more closely the
diffusion equation. '

The experimental points are pretty well aligned in a
in D versus i/T plot, although a slight bending of the ocurve
seens to be | resent. is as average the following values were
obtained ) 2

o = 15 4+ 1€ en“/sec

G = 4120 4+ i0C cal/mole

It ic seen that D, differs by a factor 20 from the value
previously obtained, while ¢ is only changed by one percent.

The oh\served reduction in T, can be explained, if
distillation of the large crystals during diffusion is taken
into account,

The new values of T, and Q are certainly affected by
mch soeller systematic errors; the accuracy now obtained is
thought to be satisfactory, due to the difficulty of the
experiﬁent. The discussion of the results already given in the

previous report is not altered by the new experiments. The discrepancy

with the theoretical value is always present and the reasons

for this are not clear.

The measurenent of the coefficient of thermal conductivity

of solid argon wes not yet completed. However & great progress was

nade in the design and the peiformance of the apparatus. The
conditions for growing cylindrical rods of solid argon of éood
quglity were understood. i’any crystals were prepared, their
cjange of hardness with decreasing teuperature was studied, It
8 learned how to cool the crystals down to liquid helium
terperature without danaging them. Clamps to held tight the gas
ternoneter to the crystial were designed and choixed at luw
temperature. On the basis of these studies, the final apparatus
was completed. The first neasurements of the thermoconductivity
coefficient are under way. Cn the bacis of these otudies, the
final apparatus wes completed. The first mescurenents of the
thermoconductivity coefficient are under way.
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ie_Introduction

After several diffusion experiments, performed on large
crystals of solid argon prepared by the Bridgman technique, which
gave preliminary values for the self diffusion coefficient as a
function of temperature from 789K to 83°X (see final tecanical
reports refeming to Contracts llo.s DA-91-§91-3UC-1403 and -1721),
it was realized that with the technique used it was hopeless to
reduce drastically the large systematic errors, affecting
particularly D,, and consequently to obtain better overall results.

In fact, vhen a large crystal of argon - prepared in a
orucible - is used to perform diffusion experinment, it is impossible
to avoid completely i) some detaching of the crystal fron the
walls 2) some rodistillation of the crystal during diffusion.
These phenomena are related to the high vapour pressure of solid
argon in the terperature range interestin for diffusion and are
corplicated by the low thermal conductivity of the crystal. These
sane reasons nake it practically impossible to use the standard
pectioning technigue so widely used for measuring diffusion
coefficients.

To improve the reliability of the diffusion data, the
technique used was gomewhat changed. We gave up on trying to
perforn diffusion on single crystals (or assemblies of large size
crystals) prepared by the Bridgman technique. 4 thin layer of
polycrystalline argon was instead deposited on a cold flat wall
of 1}

phage, as to have a clear crystal and an even thickness. Cn the

own surface area; the layer was slowly growvn from the vapor

lafer the diffusion experiment was then performed in the usual
wfy (see preceding reports). 4 large gradient of temperature io
nteined in the cell on top of the laysr, as to avoid redistillation.
The detaching phenomenon can thus be completely avoided. From the
results obtained it is epparent, that no sizable effeot was deteciod,

due to the use of polycrystals instoad of single orystals.
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3. Experinental

8.1, The measuring cell ~ Two slightly different apparatuses were
used to perforn the experiments. They are shown in figure i and 3.

In the first apparatus, the oylindrical netallic cell
is covered by m optical glass, used to observe the qualify of the
solid argon surface. The hottom of the cell is the upper part of
& copper block irmersed in liquid nitrogen; the temperature is
thermo~regulated at +0.0i% by using a heater and a Pt thernmometer
just below the bottom of the cell. The latoral wall of the cell
was nade of stainless steel tubing, C.l m thick. The volune of
the cell was V=i.40 cns, the hight 1.5 cn and the diffusion area
5=0.95 cn?; along the cell a temperature gradient of about 50°X/cm
was mantained, The significant quantity for calculating the
diffusion coefficient from the experimental data is given by A.% ’
where A is the ratio between the average nunber density in the
vapor phase and the number density in the solid; in the first
apparatus A %-was equal to 1,79 10~%cn at T-309K. The gags inlat
and outlet were two copper capillaries, (.4 nm, inner diameter;
the cell weas connected to the mass spectirometer through a thin
capillary of less than 0.07 mm. inner Giameter. All the capillaries
entered the cell from the lateral wall.

The second apparatus was built as to have a better
defined diffusion surface and a smaller dead volume above ile
crystalline layer. This apparatus does not contain any looking
gless, since observations of the orystal surface nmade with the
tirst apparatus had shown that at small growing rate, the layer was
always even and transparet. The botton of the cell was again the
upper part of a electrolitic copper block as in the first apparatus
butf it was nore carefully polished and flattened. The lateral wall
made of a short lenght (0,62 cm) of stainless steel tubing the

y & soldered joint, as in the first apparatus, but by a onall
indiun 0-2ing; in this way the diffusion surface was nore clearly
defined. The volume of the second cell is 0.72 ona, the diffusion
surface 1,16 om®; the temperature gradient is about 109K/on; as s
consequence the quantity A% has the nmore favorable value of

1,01 10~30n at 809X. The temperature of the copper block is held
constant by thernmoregulating the liquid nitrogen bath and by ueing

11 thickness beeing 0.6 mm, The vacuun thightness was asoured not
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% & heator supplied with a stabilized power cupply. The terpersture
% above the coll is heléd conctant by using a suall liquid oxygen

i - trap and a thornoregulating uint. The teoperatures above and . -
. below are both regulated within ),1°¥,. The inlet and outlet
capillaries enter the ail fron above.

2.2 Experinentsl procedure ~ After having nessured the
temperature of the cell botton and conirolled its constanoy, the

argon was condensed by pushing gradually the gas into the ocell
with a metallic syringe. The rate of condensation correponded to
about i micron of cryotal (in thickness) per ninute. The layer
was always condensed at the same temperature at which the diffusion
wags perforned. The total thickness of the layer was always at
loast six tines the average diffusion penetration depth, ranging
from 30-40 /u below the triple point to about 10/u at 709X, The
argon vapor pressure during condonsation was neasured with a
mercury nanoneter of relatively smell dead volume; and found to

be constant within +C.i mm Hg. The vapor pressure thus determined
was used to caloﬁlate the tenmperaturo during each diffusion
experinent.

Waen the condensation is completed, the cell is closed
and some tine is allowed to elapse for conditioning; about 1.7cnd
of A36 tracer isc then introduced at the vorking pressure, by the
sane method described in the preceding report,;the introduction
lastgd about one minute ; the 436 concentration in the tracer was
1.1%, against C.337 in the atmoopheric argon. The diffusion time
wag never longer than 75 nmimutes; the decrease of A36 4n
oonoentration in the vapor was continously followed with the

88 spectroniedor. The gas used for the analysis was always less

han 1% of tke total amount of argon in the vapor overliing the

orystal., After diffusion was completed, the orystal wtansrldullly
% evaporated by using the syringe and the concentration decresse
T, agein followed with tho nass spectrometer. The -avaporation was
certainly ocourring by parallel layers (except prodadly for s
small region at the bordor). The better rsliability of the
evaporation process o 0 %2in ponotrniion curxves - in comparioon
wita provious otgexinmonts ~ was confirmed by the experinental
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rosulta, which &re much nore self consistent than in diffusion
rurs uning large size crystals. A conpbte plot of the concentration
change, ao recorded by the mass spectroneter is shown in fig.3.

It is seen that the delay time in the response of the analysing
czplllary ~ due to its dead volune - is S0 to 100 seconds and

Lty the tine needed to reach the maximum concentration is 8 to S
minutes {neasured from the beginning of the tracer introduction).
Tho initial concentration ¢, in the vapor above the crystal -
necessary for calculatirg the diffusion coefficient - was evaluated
roughly fram the balance of the isotopic species. The final value
of ¢, - uoed for calculation - wag obtained by best fitting tho
oxperinontal diffusion curves with caleulated ones.

2.3 Tesults

The neasurcnonts of the self diffusion coefficiont wore
perfurned in the temperaturo range between triple point (33.80K)
ané 659%; it is seen that a large #,1oveiront was obtained by using
the new method, as far as the extension of the explored tomperature
range is concerned. Cn the other hand, we had txuble with thormow.
regulation just below the triple point, due to the high vapor
prossure anC to the necessity of using thicker layers of argon
(abovo so/u). Zuno carried out very noar to the triple point were
not reproducible and gave large apparont diffusion coofficicient
{ 5.107° o’ sec). Thorefore the measuronent above 8C%% are not
roliadloe.

Dotween 8C%K and 659K the self diffusion coefficient
decreases fron about 10"10 to 10-12 cmz/sec. The diffusion . .
coefficient was calculated fromthe law of disappearing of the
tracer froa the vapour phase. The values of D calculated fron: the
penetration curves are not always in agreoment with these values
but, as a rule, tho penetration curves follow the corrected trend
for a diffvgion law down to zero tracer concentration,

In fig.4 all reoliable valueo of D moasured until the
groceont nonont are collected. They are grouped as follows

) Tirst sories of noasuronents nmade on large crystals, already
published; thooo valuos wero olighily corrected, in order to take
into account approximately the effect of the detaching of orystal
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from the wall. For this reason the free surface S of the axystal

§ wap evaluated to be 1.1 o’ ingtead of 0.5 on’. Consequently

; the D, value is decroased from 350 on/sec to 75 on?/bto.

o 2) Second series of neasurements made on large orystals. The
diemeter of tho orucible was about the same as in 1) but the dead
volune was & few times smaller. In theso runs the surfacoe of the
orystal was found to be slightly bend; the phenomenon of
detaching was more oxtended than in i),

3) Tirst series of measurements nado on thin layers; tho first
apparatus described in this report was used.

4) Second series of measurements nade on thin layers; second
apparatus usod,

It is soon that the diffusion coefficient moea_.ured on
thin layers is about 3C times smallor than that previously
neasured. The points relative to 4) are slighty higher than those

. relative to 3).

« The points obey an approximately linear relationship in

- 8 1InD ~ /T diagran. lowover, a slight bending of tho ourve is
apparent, giving a higher activation enorgy at highoxr termperature.
Sinece the point at the highest temporatures are certainly affeoted
by errors, we are not sure as yet if the bending of tho ourve
roprasents a real effoct. The point at 659X appears to lie outside
of tho linear law.

‘ Fron the complete collection of data shownin fig.4, one -
seen clearly that ti.e value of D igooggngggparatus used is nodified,
whilo Q is not strongly effected, ranging, in difforent runo, fronm
380q to 4200 cal/ncle. ‘

ALs an average the results ortained -, thin layers give
approxinately, fron 809 to 709X,

Dy = 15 4 10 on3/sec

Q = 4i2C + 10C cal/mole

- These valuoo are in good agreement with those derived, Ly

; ' veing the theorem of corresponding statos,from Yen's neasurements
i on Xe. It is possible that these values are still affected by
suall oysteuatic errors and that the txue D, value is still *
lower.
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In conclusion, we point cut that we have finslly
obtained reliable veluos of the solf-diffusion coofficlient
of solid argon; these valuos are otill in strong disagreoenent
with thoso calculated fron tho activation state theory by
Fioschi, Ilardelli and lepanai. The reasons for the

disagreenent are not yot undorstocd.
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Z. Introduction

1 thoe final report cf the preceding ocontract, the
roggons for carrying out the exporiment and tho plan of neasurenents
were already Giscussed. o only want to renind the reader that the
experinmont 1o worth to e performed only if one can be sure of the
geod quelity of the crystel. This involves the following problens.

a) %o premoro cylindriesl rod of crystalline argon made of a
single exryotel or at least of a few crystals having a gize of the
ordor of thn latorcl dimensiorm of the rod.

b) to ccol osuch a rod to the heliunm temperature without spoiling
or damaging the crystal.

¢) %o learn how to handle the crystal at low temperature end
how to attack to it the heater and the thermometers to be used

for the measurenent.

For this purpose we had nade a preliminary design of the
apparatus, waich wags illustrated in the previous report.

In the present contracting year we were involved in
checking the performance of the various parts of the apparatus.
These parts were built and checked separately, as described in
detail in the following. The final version of the apparatus - as
a product of thoese studies - was finally constructed. llo direct
measurenionts of the thermal conductivity coefficient were carried

out as yot.

o

2. Axperimental

a) Purification of argon.

Ve had first to face the problenm of the purification
of argon, in order to get & gas having & total impurity content
as low ag -0 p.p.o. This was accomplished by using very pure argon
ao n gtart and by purifying it further by gettering methods. 3a
gotiers were found to be the best purifying agent. Analysis vero
nade by using an ATLAS CHy naso gpectronetes .. This inotrunent
allcws ocsily to oee impurities of water, carbon nmonoxide and
nitrogan. but it io not able to detect oxygen, which reacis
complately inside the naos spectrometer, if present in gnall
anounts, i.any analyses were carried out to learn out to uoce the
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instrument; we think we ae now able to Coteot inmpurities
(exception nade for oxygen) in amounts ao low as i0 p.p.u.

Further studies are planned in connection with the measurenent of
thernal conductivity of impure orystals. To avoid contanination of
the pure argon, the vacuum and handling line schould be very clean;
no solvent shoculd be used to avoid contamination of the vacuun
grease; & static vacuum of the order of 10-4 mnlg must be kept

in the line #r more than 48 hours. This was accomplished by
building a vacuum line, half metallic and half pyrex, easily
denountable for cleasing purposes and containing the minirmn
nunber of stopcockes and C-rings. |

b) Freparation of crystalo

The part cf the apparatus used for preparing the
cylindrical rod of crystalline argon was built and checked
separately. Tho method for growing the cryotal is baged on the
same principles already used in the diffusion experiment. “he
pyrex crucible, 6 to 7 cm. long, C.57 en2 inner diameter, iso
thermally anchored at both ends to a metal envelope, made of copper,
vhere the thermal gradiont, noeded for growing the crysial, is
ogtablished. The gradient is maintained by & omall heater
situated in the upper part of the metal envelope; the lower part
of the envelope io attached to & copper rod which is immersed in
liguid nitrogen. The regulation and programmation of the
tempofature is piloted by the same therioregulating unit already
used for the diffusion experiment. The torperature can be held
conﬁfant within +0.029%. The ecrystal is grown from the liquid at
a ¥ate of i-2 mm., por hour in a gradient of temperature of about
198 per cm. The liquid layer above the growing crystal was several

illineter high, in order to obtain a surface convex tovard the
top of the crucible. )

Good cloar specimen of solid argon were prepered in this

way, but wo wore not able es yot to obtain a single orystal in
the form of & rod. The lest osamples wero cbtained with the
slovest growing rates and with the purost argon; in this case,
the grain pizo was about. 3 to 4 rm,; the grain boundariec were
viewgd fron the side, after detaching the cxrystal from tho wall
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and effecting a thernmal attaci.
The orystalline rods, prepared as deocribed above, oar
. b detached from the walls of the crucible by slightly purping
¢ above the crystal, provided that tho temperature is made uniform
throughout the lenght.

Cnce the crystal is detached, it can be slipped out from
the crucible by pulling it up with the use of an anckor embedded
in the upper part of the crystal. The crystal can thus by handled
without subjecting it to any otrain whatsoever.

c) Cooling of the crystal to helium teuperature.

A few pins were performed to study tho behaviour of
the cryctal during the cooling procoss. It ios to be reminded that,
since tho expansion coefficient of solid argon is high, the
crystal must be cooled to helium tenperature before the connections

‘ to the thormometers are mede. It is hoped the! with this precaution
. the thermal contacts, made by using spring clamm will remain good
during the measurement at temperatures above 49X,

Cnce tho crystal was prepared, it was pulled out of the
crucible and suspended in the middle of a glass container situated
on top of the crucible, in such a way that its behaviour could be
followed by eye from the outside.

The temperature was initially that of boiiing liquid
nitrogen; the liquid nitrogen wes then pumped out at the lowest

2 c¢n kg. It was observed that at this tempersturo the orystal

fnot change its shape, while at tenperatures nearer to triple

oint, a deformation of the crystal ocecurred at tho level of the

anchor, under its own weight. Bofore the outer liquid nitrogen

¥ ,7 was totally ovaporated, iC to 20 ci. of pure heliun wore introduced

* in tho glass containey. in order to favor heat exchangoe and avoid
disillation to colder wall as much as possible.

Cnce the nitrogen had complesoly ovaporated, the liquid

heliun transfer wac immediately started in tho dewar, First the
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whole apparatus was slowly cooled uoh’xg the cold hellun vapor and
finally the dewar wao filled with liquid helium. During this
process the qualities of the crystal wore not appreciadly changed;
we did not observe any opacity or deterioration of the orystal
caused by its high vapor pressure. At heliunm temperature the rod
was still oylindrical in shape, transparent and clear; the diameter
was found to be reduced of 2-3 tenths of a nillineter, since some
argon did evaporate during the cooling, distilling as a white
opaque layer to the surrounding colder walls. The use of helium
gss oo an ovaporation inhibiting agent has given us the noans of
avoiding tho detoriorating effect of a sudden drop of terporature
as observed by other authors on crystel with high vapor precsuro.

During these exprinents, the hardness of the orystal was
chocked by using a fine needle operated from outside. Just helow
tho melting point, solid argon is very soft., just like butter; it
is easily punctured and, if suspended it deforms slowly under ito
own welght; on the contrary at the heliun temperature solid argon
is pretty hard and the testing noedle hardly ponetratcs into the
cryntal.

The experiments above doscribed have allowed us to
cofiotract the whole apparatus and to plan the experinment to
e ninor details. The apparatus is now ready; the meacurements
111 be started in the new contracting period.
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Figure captions

- Fig., 1, The first apparatus for neasuring diffusion

coofficient in thin layexs.

~ Fig. 2. Tho second apparatus for neasuring diffusion

coefficient in thin layers. C1 Cz Cs inlet and outlet
capillaries; T T, pletman themoneters; 2, 2g 33

heators; A measuring cell; 3 indiun gaskets

Pig. 3. A typical experimental diffusion curve as recorded
by the nass spectroneter (second apperatus used). The
broken curve shows the theoretical curve fronm which L is
caloulated. The penetration curve is obtained from the
evaporation curve after meking corrections for delay in
the capillary and for nixing in the vapor.

-~ Fig. 4. Plot of all values of D, as a function of tenpxature

<+ First series of measuronents on large crystals

(corrected surface)

X Second seric of neasurenents on large cxystals

(corrected surface - snaller dead volune)
! lieasurements on thin layers; first apparatua.

ﬂ i.easuronent on thin layers; second apparatus.

e - c—— v A—

Yen's results on xonon, after reduction of U, and Q
values by neans of theorem of corresponding states.

— P A ———

Theoretical caloulation by Fieschi, Nardelli and
Repanai.
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ANNEX

Personnel utilised during the reporting period

Dr. G. Boato, Dr. [.. De Pag and Dr. A, Bernd have
contimed their part-time activity in this program. In the
last oix months Nr, De Pas took complete charge of the
diffuoion experiment; et first the thermal conductivity
experinont was care of lir. Tonti, who took a thesis in the
subjoct. Unfortunately ixr. Tonti left the group in September;
aftor that Dr. Bernd took complete charge of the thermo-
conductivity experiment and ic now aided by Lir. Pesce, &
graduate student. The technicians i:r Parodi and I'r. Castoldi
built nochanical and electronic devices; lLir. Posgo helped in
the diffusion experiment and carried out the mass spectrometrio
analyses. Dr. Casanova and Dr. llardelli took part in
theoretical discussions of the experinents.

Expenses (unofficial surmary)

Cr. i., De Pas Lit., 1.200.C00
Dr. A. Bernd Lit. 1.200,000
lir. A. Pozzo Lit. 1,200,000
Dr. 3. Casanova Lit, 400,000
Dr. G. NHardelli Lit., 200,000
ir. A, Parodi Lit. 200,000
liaterials and expendable
suppliea Lit. 2.000,00C
Adninistrative services,
goneral oxpenses, etc. Lit, 600,000
TOTAL Lit. 7.000,000

———————



