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THERMOELECTRICITY AND REFRIGERATION AT
IOW TEMPERATURES
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project during the period covered by this report.

Dr. John G. Daunt Director, Cryogenics Center
Dr. E. Lerner Assistant Professor
Dr. G. J. Goellner Research Associate
Dr. D. C. Hickernell Research Associate
Dr. D. L. Husa Research Associate
Dr. R. J. Roberts Research Associate
Mr. S. G. Hegde Research Assistant
Mr. P. Mahadev Research Assistant
Mr. S. N. Mahajan Research Assistant
Mr. J. Sangeorge Research Aide

Mr. E. Karan Research aAide

Mr. W.H.P. Van Iperen Research Aide

MlSS 0. Mezzina - Secretary

2. ~ Research Program

‘The research programs are:

i

(1) Thermoelecfricxty at very low tempe?atures.
(2) Physics of Adsorbed Gas Layers and Desorptlon
Refrigeration.

(3) Experimental Studies of Cryogenic Refrigeration.”

Under (1) The absolute thermo-electric power S, of loag
éingle crystals of 99.9999% pure gallium have been measured as
a function of temperature, crystal orientation, size and impuri-
ties between 4.2K and 1.4K‘using a superconducting quantum inter-
ference galvanometer with sensitivity of 10 voIlts.

It was found that the anisotropy of the metal affects the
thermo-power in a dramatic way. The algebraic sign of the thermo-
electric power along the A and B axes was positive throughout the
temperature range covered and for all the sizes employed. The

thermo-electric power along the C-axis changed sign from positive

to negative as the temperature was reduced. All the results in-
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indicated that the thermo-electric power, S(i),¢=A, B or C,
was a monotonically increasing function of temperature and
for constant sizeS(A))S (B) > 8 (C). arthermore S in-
creased as the diameter (d) of the sumple was reduced. The
~alues of the measured S rar~ 1 L:rv-en -2.9 to 12.0 x 1078
v/°k.

The temperature dependence of S a.ung th= A and B-axes
is explained on the basis of contributions from (1) electron
diffusion, (2) phonon drag, (3) processes which con*ribute to
deviations from Matthiessen's rule in the electrical resis-
tivity and (4) higher order electron-phonon processes (so-
called "phoney phonon drag"). The temperature dependence of
S along the C-axis is interpreted on the basis of an approach
suggested by Bailyn (1960), which was applied to data on the
alkali metals by MacDcnald et. al. (i960), assuming the exis-
tence of Umklapp electron-phonon scattering.

The variation of the diffusion thermo-electric power with
changes in the dimensions of the samples is obtained by extra-
polation of the data to absolute zero. The size-dependent be-
havior is then discussed in terms of a simple model based on
Nordhiem's rule (1935} and the sign and the order of magnitude
of the rate of change with energy of the electronic mean free
path [b @r\.Q/bE) and of the Fermi-surface area (B ?n.R/bE') is
obtained and compared with the results obtained on gold by

Huebner (1964). The value of (50"9/36) is negative for ali three

axes and its magnitude is smallest for B-axis and largest for C-

axis. The quantity'(aﬁal/%E) is positive for all three axes.
o —~
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In addition, the thermo-electric power of gallium allovs
with the indium and tin as impurity was ¢lso measured, The re-

sults are interpreted in the light of rccent theoretical pre-

dictions of Nielsen and Tavlor {1970}. Tie characteristic

thermo-electric pcirer of in2ium and tin as a function of tem-~

perature is obtaired using Kohler’s (1949) formula.

Two papers on the above wcrk are being prepared for pub-

T

lication.
Undex (2) a sreat dsal of work has been done and 1iis is

raported :n thne following papers, reprints of which are includ-

Pro—

g

ed in this F pori:
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L- 1. “Absorption of H23 wnid qQ‘ ~a "7 <ious substrates
3 below 30K", J.G. * :5.c and E. Lerner, Proc. 2nd
Internat. Symp. ouu 'Adsorption & Desorption Phenomena",
L¢ Florence, Apr. 1971. p. 127, Published by Academic

Press, 1972.

e e

1 2. "Measurement of Molecule-Surface Binding Energies by a

. Time-of-Flignt Diffusion Method", F. Pollock, H. Logan,
. J. Hobgood and J.G. Daunt. Phys. Rev. Letters 28,346,

E i . 1972, “"

) 3. "Adsorption of 3ne and 4o on Copper and on Argon-
i coated Copper below 20K", J.G.Daunt and E. Lerner,
‘. Journal Low-Teasperature. Phys. 8, 79. 1972

i 4. "Transitions in Neon Submonolayers Adsorbed on Argon
i, Coated Grafoil", E. Lerner, S.G. Hegde and J.G.Daunt.
Phys-Letters. 41A, 239. 1972.

5. "The Specific Heats of Submonolayers of 4He Adsorbed nn
Copper and on Argon and Ne~n monolayers on Copper at
Low Temperatures". P. Mahadev, M. F. Panczyk,

R. A. Scribner and J. G. Daunt. Phys. Letters 4lA.
221. 1972.

4 6. "Sume Ploperties of Two Phase Submonolayers of Adsorbed
He .ium". J. G. Da%py. Phyji Letters. 41A, 223. 1972




7. “Desorption Cooling below 12K using He4 desorbed from
S, nthetic Zeolite"™, J. G. Daunt and C. Z. Rosen.
Cxyogenics 12, 201. 1972
Under (3) we have designed, constructed and put into oper-
ation a new type of refrigerator, which maintains temperatures
down to 0.25K, and which only uses a supply of liquid nitrogen.

Details of this refrigerator will be presented in our next

Report.

VY P

John G. Daunt
December 31, 1972
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“ADSORPTION — DESORPTION PHENOMENA”
Publ. Academic Press, 1972

ADSORPTION OF *HE AND *HE ON VARIOUS
SUBSTRATES BELOW 30°K*

J. G. DAUNT and E. LERNER
Stevens Institute of Technology, Hopok.'n. New Jersey, USA

L. INTRODUCTION

This paper gives a brief preliminary report on some recent measurements of
adsorption isotherms of 3He, *He and neon deposited on copper and on
argon-coated copper. It also presents some previous (Daunt and Rosen, 1970a)
data on the adsorption of 3He and *He on synthetic zeolite for comparison-with
the recent data. From the data the isosteric heats of adsorptuon are caiculated as
1 function of coverage, and informiation regarding the monolayer coverage

sduced.

1l. THE EXPERIMENTAL ARRANGEMENTS

The measurements were made using apparatus which has been described
elsewhere (Daunt and Rosen, 1970a). The range of pressures covered was from
about 0.25 mmHg to 75 mmHg and the temperature range irom 4.2°K to 26°K.
The filling tube going from oom temperature down to the cold specimen
chamber had an inner diameter 2.16 mm. The thermomolecular pressure
corrections necessitated by this tube, which connected the specimen at the low
temperature to the pressure gauge at room temperature, were not greater than
3% for pressures of 0.5 mmHg and above. All necessary corrections for void
volumes, gas non-ideality, etc. were carried out in the same manner as described
previously (Daunt and Rosen, 1970a).

The copper surface for these adsorption studies was made in the form of a
sponge by sintering pressed copper powder (“Druid Copper”, Grade MD60 made
by Alcan Metal Powders Inc.) of average particle size 2 x 2 x 0.5 microns in a
hydrogen furnace at 650°C for 0.5 hours. This construction assured temperature

® Work supported by a contract with the Department of Defense (Themis
Program), the Office of Naval Research and by a Grant from the National
Science Foundation.
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128 J. G. DAUNT AND E. LERNER

homogeneity over the whole adsorbing surface. The specimen used in the
messurements comprised three such copper sponges in the form of discs, 5.00
cm dia. and 0.68 cm thick each, with a total mass of 170 g. The filling factor was
47.7%.

111. THE SURFACE AREA OF THE COPPER SPONGE

The surfirs srea, I, of the specimen was obtained from messurements of
adsorption isotherms of N, and argon taken at 77.3°K. The isothéams proved
very reproducible and showed no hysteresis. They were typical Type I
isotherms (Young and Crowell, 1962) and the value of the monolayer coverage,
Ve Was estimated by the “Point B” method (Young and Crowell, 1952). The
results are given in table 1.

Table 1. The monolayer coverage, Vg, and the surface area T as deduced
from N, and argon isotherms on a copper sponge at 77.3°K (see text).
The molecular areas, 0, are taken from Young and Croweil (1962)

| £ o z
Substance em3(STP)g A? mi/g
N, 0.11 16.2 (liquid) 048
N; 0.11 13.8 (solid) 041
Ar 0.11 13.8 (Liquid) 041
Ar 0.11 12.8 (solid) 0.38

The surface area T in m?/g was calculated from V,,, using the formula
(Young and Crowel’, 1962)

2=0.269 Vo

where ¢ is the molecular area of the adsorbed gas in A? and V,, is in
¢cm3>(STP)/g. As has been discussed many times, and reviewed, for example in a
previous paper (J. G. Daunt and C. Z. Rosen, 1970a), there is a question as to
whether the o for N, should be taken to be that for the liquid state (16.2 A?) or
that for the solid state (13.8 A2). In table 1 we show the values of ¥, and Z for
N, and Argon obiained from our 77.3°K isotherms, where Z is deduced from o
e values both for the liquid and the solid state. It will be seen that T deduced from
- the N, (solid) isotherm is about 8% lower than that obtained from the argon

(solid) isotherm. A similar discrepancy between the N, and argon data for
- evaluation of T was observed previously (Daunt and Rosen, 1970a) in our
i synthetic zeolite adsorption measurements. The cause of the discrepancy is not

Fo- %
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clear, but may be associated with some uncertainty in the value of o for argos..
We bave chosen o for solid N, as appropriate for calculation of Z, giving a
result of Z =0.41 m?/g for our copper sponge. This value has been used in all

data presented in this paper.
V. THE MEASURED ISOTHERMS
Figures 1 and 2 show the adsorption isotherms of “He on the clean bare

copper sponge and on a monolayer of argon deposited on the same sponge at the
following temperatures: 6.18°K, 7.90°K, 9.65°K, 11.60°K, 13.50°K, 15.08°K

k
£
¥
v

i- ¢ [ I S 1 1 1 UM NS NN IS W
» » E J «© E [ ) ~
PREISURE an Ny

7 Fig. 1. Adsorption isotherms for *He on bare Cu at temperatures as marked.
&

and 18.55°K. In depositing the argon, an amount of argon gas corresponding to
.- the measured amount required at 77.3°K to form a monolayer was admitted to
| the sample cell at rorm temperature, the cell was then cooled slowly over a
an

period of 19 hours from room temperature to liquid helium temperature. This
permitted adequate time for the argon to diffuse throughout the copper sponge
and to deposit evenly on it. By comparing figures | and 2, it will be noted that
e at any given temperature and pressure, the amount of *He adsorbed on the
argon covered copper sponge is less than that adsorbed on the bare sponge.
- The data for “He adsorbed o1 bare copper at the same selected temperatures
are shown in figure 3. By comparison with figure 1 for “He on bare copper, it
will be seen that the 3He curves show smaler adsorption at any gven
. temperature and pressure. However at the highest temperatures and pressures
reported these differences are very small and within experimental error. This

13
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130 J. G. DAUNT AND E. LERNER

«ssult is in qualitative agreement with the compazison of adsotption of *He and
“He on synthetic zeolite 13X as shown in figures 4 and S and as reported
previously (Daunt and Rosen, 1970a).

L
20

5
I

PRESSURE mm g

Fig. 2. Adsorption isotherms for *He on monolayer of argon on Cu at
temperatures as marked, .

L B IR B B S T

v ed(379) sia?

o
~

L]
PRESSURE ma 1y

Fig. 3. Adsorption isotherms for 3He on bare Cu at temperatures as marked.

Comparison of figures 2 and 3 shows that the introduction of an argon
monolayer on the copper lowers the adsorption of *He. even below that of 3He
on bare copper.

In order to make a qualitative and quantitative comparison of the results
using the copper sponge with earlier ones using synthetic zeolite, we show in

N
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ADSORPTION OF 3HE AND 4HE ON VARIOUS SUBSTRATES 131

figures 4 and 5, on the same scale in cm*(STP)/m?, the adsorption isotherms for
“He and 3He on synthetic zeolite (Linde Molecular Sieve, Type 13X) as
measured in our laboratosy previously (Daunt and Rosen, 1970a) at the

had L] [ T { L l L) 1 L ]— ¥ l ¥ i

PAESSURE ma Wy
Fig. 4. Adsorption isotherms of *He on synthetic zeolite 13X at tempera-
tures as marked.

% L T T YT T T T ]
gt -
o= 33 -{
1l e
_% o3 -
> won
“r / =
“"‘ 20401
o 7/ / 1
r ,
P i S S N j I ! . 1 ] i ]
[ 0 » «© 20 [ ©
PRESIURS am. g,

Fig. 5. Adsorption isotherms of He on synthetic zeolite 13X at tempera-
tures as marked.

following temperatures: 4.2°K, 5.11°K, 8.0°K, 10.0°K, 12.0°K, 14.0°K, 16.0°K
and 20.0°K. The character of these adsorption curves seems to differ from those

found with the copper sponge; they appear much “flatter” in the higher pressure
ranges. This may be associated with much smaller sizes of the voids in the

2eolite. ! 1' 2
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, Figure 6 shows the measured neon adsorption isotherms on the bare coppér
1 zponge anG on the copper sponge coated with a monolayer of argon at 22.6°K

an¢ -t 25.75°K. Here e much lower adsorption on the argon rnonolayer as
i ¢ ~ ++;with the adsorption on the bare copper is clearly evident.

Ne on Ar (22.63K)

0
Neen Cu (28 T2K)

venligto)/m?

o on A7 (28 TER) ___ormC -

ol

Lot 11
©

PRESIURE am Mg

WX s
o
-

[ LR

Fig. 6. Adsorption isotherms for neon on bare Cu and on monolayer of argon
on Cu at temperatures as marked.

.m:

I

Burvewiny

V. THE ISOSTERIC HEAT OF ADSORPTION

.- The data of figures 1, 2, 3, 4, and 6 have been used to construct plotsofInp
versus I/T for various constant coverages (V constant). It was found that these
Pic%> were linear over a wide range of temperature. The slope, [3 In p/a(/ DIV, is
equal t¢ Oy,/R, where Q. is the isosteric heat of adsorption. The results of these

T T T e M ¥ N T T T YA A Y

3 computations are shown in figures 7 and 8 which give Qq,/R in degrees Kelvin as

i i a function of the coverage, ¥V in cm3(STP)/m2,
: Figure 7 shows the results for neon on bare copper and on copper covered
P with a monolayer of argon; for *He on the bare copper and, for comparison, for
i *He on synthetic zeolite (Linde Molecular Sieve, 13X). The latter results were
recomputed from data presented in a previous paper (Daunt and Rosen, 1970a).
- It will be seen that Q, is significantly lower at all coverages for neon on a

monolayer of argon deposited on copper than for neon on bare copper. At a

o1
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Noon Co

Ne o0 Ar

Qe /R
{°K)

200} w —

‘He enCo

B OB OSSO s e M

il I 1 l

0.2 0.3 0.4 0%
Vem® (sTP)/ m?

=t
-
2

Fig. 7. The isosteric heat of adsorption, Q,/R, as a function of coverage V/Z
for: Neon on bare Cu and on monolayer of argon on Cu; *He on synthetic
zeolite 13X and *He on bare Cu.

. §
[ TS

vem?(sre)/m?

129~ g
0o}~ -
S + i
Qu/R
- Ky
é " :
-
‘ - 29— -
i
53 ]
3 g o 1 | | | J
E . X} 02 93 04 X}

Fig. 8. The isosteric heat of adsorption, Q¢,/R, as a function of coverage V/%
for *He on bare Cu and on monolayer of argon on Cu; —O— (Wallace and
Goodstein, 1970) and *He on bare Cu. 12
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134 ’ J.G. DAUNT AND E. LERNER

coverage of 0.24 cm3(STP)/m Q,/R for neon on copper is 400 K and for
neon on a monclayer of argon on copper Q,,/R is 320°K.

Figure 7 shows that the O, values for *He are significantly lower than those
for neon. At a coverage of 0.24 cm*(STP)/m? Q,,/R is 83°K for *He on bare
copper and 162°K on synthetic zeolite 13X. As is clearly shown in figure 7, Q,,
for “He on bare copper is much lower than that on zeolite 13X at any chosen
coverage below about 0.4 cm3(STP)/m?. The Q, values for neon are not as

_secure as those for “He. becaus¢ of the relatively much smaller number of
isotherms of neon from which calculations aic made. This relative lmprecxslon
particularly refers to the coverage dependence of Q;. -

Figure & shows' Q/R Yersus coverage for 3He and “He on the barc copper
and for *He on a monolayer of argon on copper. It also shows three points taken
from extensive data by Wallace and Goodstein (1970) for *He on a monolayer
of argon on copper. (he agreement between our results and those of Wallace and
Goodstein is fair and probably within the:errors introduced in the ncrmalization
of Wallace and Goodstein’s data to our own.* '

It appears that Q,, at any chosen coverage for *He on the bare copper is
higher than that for 3He also on the bare .opper. In comparing *He an bare
copper and on the argon monolayer, 1t appears that below a coverage of about
0.25 cm3(STP)/m?. Q;, on argon 1s smaller than on the bare copper, however
above the stated coverage there appears to be fittle difference between the
observed Q, values.

Although the precision in the Q,, values is much poorer than those in the
observed adsorption isotherms. a feature which makes it difficult to interpret
closely the variation of Q, with coverage, two main features appear in figures 7
and 8 for the helium data, name]y

(1) There appears to be a change in slope, or perhaps an inflexion at about
V'=0.24 for “He both on bare copper and on the argon monolayer and at about
0.17 cm3(STP)/m? for *He on bare copper.

(2) Both above ard below these coverages, Oy, is dependent on coverage and
shows uttle sign of becoming independent of coveragk even at the coverages
observed.

We interpret these two features as follows:

(1) The inflexions are mterpreted as indicating the approximate coverage at
which the first layer of adsorbed gas 1s completed. This yields ¥,, values ds
follows: For *He on bare copper and on the argon monolayer on copper

'» = 0.24 cra*(STP)/m?, For 3He on bare copper 0.17 cm®(STP)/m?. These

* To normalize Wallace and Goodstein's (1970) data to our own, we have
taken our *He on the argon monolayer to have a monolayer capacity, V,,, of
0.24 cm3(STP)/m? as explained in the text above No change has been mads in
Wallace and Goodstein’s data, nor can a companson of our V,, value with their
data be made, since they did not specify the surface area of their adsorbent

g ¥
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vaices & to be compared with some previous values, such those of McCormick
et al (i 68) who quoted ¥, = 0.33 for *He and 0.29 for 3He on bare copper
and thcse of Daunt and Rosen (1970a) who quoted ¥, to he probably less than
0.29 cm>(STP)/m? for *He on synthetic zeolite and 0.26 cm>(STP)/m? for 3He
on the same adsorbent (Daunt and Rosen, 1970b).

Table 2. Data of isosteric heat 'Qy) and estimated monolayer coverage (V,, ).

Ou/R (K)
At monolayer Vin
capacity -’ (STP)/m?
He? on bare copper §8 0.17
He* on bare copper 83 0.24
He* on Ar monolayer
on Cu 76 0.24
0Ou/R (K)
At V= 0.24 cm?*(STP)/m?
Neon on bare copper 400
Neon on Ar monolayer
onCu 320

The observation that ¥, for *He appears to be approximately the same for
adsorption on : ... copper as on the argon monolayer, taken with the fact that
.the Q,, values do not differ significantly for the two substrates, presumably
indicates that the surface area for adsorption is not different for the two
substrates.

{2) The way Q,, continues to increase as the coverage is reduced below the
monolayer coverage for the helium on all substrates used is interpreted as
indicatirg inhomogeneity of adsorbing sites.

We sum up our data on Q;, and V,, values in table 2, which gives our
evaluation of the quantities on the various substrates ai monolayer coverage.
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Measurement of Molecule-Surface Binding Energies by a Time-of-Flight Diffusion Method®

F. Pollock, H. Logan,t J. Hobgood,§ and J. G. Daunt

mwucwm.mmdw, Hobokexn, New Jersey 07030
(Received S November 1971)

A kinetic method for maasuring the properties of solid surfices is described, :0d re~
sults are reported for the binding of helium on cuaper and copper thickly plated with ar-

gon.

The purpose of this paper is tc describe a tech-
nique for studying the properties of solid si r-
faces and to report the results of the initial in-
vestigations on atomic binding energy to surface
sites using this method. The methnd uses kine-
tic rather than static measuremenis. %: the first
series of experiments we have meusured charac-
teristic time: for the transit of « pulse of helium
gas through a Iong narrow tube (tube diameter <
mean free path for molecule-molecule collision).
Keeping in mind that the arguments apgly to other
geometries, we shall use this one to fix our ideas.
Provided the gzs of the inp-t pulse is sufficicntly
dilute, the molecules e~ecute a one-dimensiaral
random walk with each step terminating at the
tube wall. The rate - - transit down a tube de-
pend:: on the diffusic: constant for one-dimension-
al motion which is given by

D=}Xxr, (1)

where X?~(diameter)? is the mean square step
length and is essentially temperature independent,
and 7 is the mean step time which does depend on
the temperatura of the system. There are two
contributions to 7. First, there is the kinetic
part 7, depending on the temperature through the
rms molecular speed. This part should vary as
T™V/2, For our geometry 7,~107°-107° gsec. The
other, more interesting part, is the capture time
on the surface. One expects tha! its principal
temperature dependence will be exponential, and
arguments can be made making this conjecture
more precise. If, now, ¢ is the probability that
an incident particle will be captured and 7, the
capture time, one can write for ¥

T=(1=8)T,+&(T,+7)=T,+¢7,. (2)

Thus, any characteristic time of the diffusion pro-
cess will depend on 7, and the product §7..

An analysis of the adsorption-desorption pro-
cess can be made analogous to the Einstein treat-
ment of the adsorption and emission of radiation
by atoms. Here, since the processes depend on
surface and molecular properties and the temper-
ature of the system, we may consider a system

in equilibrivm at temperature T, consiscing of a
gas of N, molecules of iterest in a volume V,
surrouaded by a2 surface made of the solid of in-
terest whose area is A. We assume a single bind-
ing energy per site of # (#>0) and v sites per
wnit area. The density of atoms both in the gas
and on the surface is low so that molecule-mole-
cule interactions may be safely neglected.

We then have a simple problem in statistical
mechanics. The density of particles on the sur-
face is

0=Z "Ny exp(W/kT), (3)

where Z is the single-particle partition function.
The gas density is

N, 1 -p
o __ 2 _ —F_
From elementary kinetic theory, the flux of mole-
cules striking the surface is
j=4pY, (5)

where U is the rms molecular speed, and the num-
ber captured gar unif time per unit area is, by
definition of the capture probability £,

do/d‘m = %{pt’. (6)

From the definition of the mezn lifetime 7. we
have

do/dlm =--g/T.. (7
Detailed balance then gives

40 (27K} o
ey am e
which is the result we sought and which has the
interesting property that while ¢ and 7. separate-
ly depend, sensitivei; perhags, on dynamical de-
tails of the molecule-surface interaction, their
product depends only on gross properties—the
binding energy, the density of sites, and the mole-
cular mass.!

The pre-exponential factor in (8) is very small
compared with 7, for all interesting tempera-
tures. The consequence of this is that one must

(8)
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opnrafe at temperatures much lower than #/k to
detect the effect of capture time. As 2 result the
time of transit of the pulse is extremely sensitive
o both the temperature and the binding energy.
Typically, bindirg energies bitween 100 and
200°K require or:erating at tempeztures between
5 and 11°K. With the use of noble gases we have
thea a2 very sensitive yet geatle probe o: .urface
properties, especially since mass sr~ctr. n.etry
makes possible the detection of a very low den-
sity of molecules.?

The experimental arrangement is simple. In
our inftial experiments the transit tube was of
copper, 400 cm long and 0.32 cm id., which
ccald be maintained isothermally at any tempera-
ture in the range 4.2 to 77°K. Helium gas could

f 2

FIG. i. The ocutput respounse sigoal from the gas de-
tector. Sis the signai Strength, ¢ s the time.

be injected into one end of the tube, at a tempera-
ture equal to that of the tube. For 2 measure-
ment, a square step pulse of helium of approxi-
inately 10 cma width is introduced into one end of
the evacuated tube and the time noted. The num-
ber of particles in the pulse is sufficiently small
as to justify the neglect of mclecule-molecule in-
teractions both in the gas and on the surface. A
mass spectrometer, in this case a standard leak
detector, measures the flow of helium from the
other end of the tube and the signal is displayed
on a chart recorder. Typical transit times, mea-
sured to the half-height of the leading edge of the
pulse, range from about 9 sec at 15°K to about

10 min or more at the low-temperature end of the
range. Figure 1 shows a typical output signal.
The output pulse shape is found to agree quite
well with the resulis of one-dimensional diffusion
theory with small d:iscrepancies that are tempera-
ture dependent, i.e, at high temperatures it is
slightly narrower than theory predicts, while it
is wider at low temperature. This eifect is not
yet completely understood, but does not seem to
affect the shape of the leading edge of the output
pulse from which the data are taken.

The most convenient quantity to measure seems
to be the ime of arrival of the half-maximum on
the rising siope of the outpu: curve. From the
p~.evicus comziderations we can write

tyya=af VT + 8/, N"‘, )

where 2 small constant term doe to lead-in and
lead-out delays is negiécted. In Fig. 2 we show 2
typical curve for half times, £,,,, on the bare
copper surface of the transit tube (which presum-
ably %as an oxide coating and perhane other im-
purities). In Fig. 3 we plot for two cases, He
on bare copper and He on argon-plated copper,
T(t,/,~a/VYT) vs 1/T, from the slope of which
we cun infer the binding energy values. For the

o2}
L ;'
4
0 —
| | 1
Co6 ons 0J0 a2
1744

FIG. 2. The time of arrival of the half~s:sximum,
/2 28 a function of the reciprocal of the absolute
temperature. A unit of time here is 3.75 sec.

second case the tube was coated with approxima’e-
ly twerty layers of argon. The binding energies
so obtained are Wy, c,=177K and Wy, 5, =102°K
Repeated measurements on the two substratey
give values that vary by roughly 5%, most of which
variation is probably due to in:omplete reproduci-
bility of the temperature of the tube from run to
run. We have been able to hold the temperature
of the transit tube, as measured by a gas-bulb
thermometer, constant usually to within less
than one part per thousand. Time measurements
at the low temperature are generally accurate to
within 2%, while at the highest temperatures the
error is probably less than 10%. This latter er-
ror is important in determining the coefficient in
the 7'/ term, but unimportant for low tempera-
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tures which are the data used for the energy de-
termination.

1t is difSewlt to FinG experimental resalts with
which to compare our findings. Ordinary thermo-
siatic measurements require significant cover-
ages, because of absolute or relative signal prob-
lems. Ar extrapolation fo zero coverage of the
results of Daunt and 1 erner® for the isosteric
heat of adsorption of helium on copper is roughly
consistent with oar results.* Fcr the argon coat-
ing Novaco and Milford® have calculated an ex-
pected bl ding energy for belium on the 100 face
of argon and find 100°K in very good agreement
with our result f 102°K. It should be pointed out

o'l

| I
006 n08 00 012 04 O 0IB
vy

F1G. 3. T*ty;,—a/NT) versus the reciprocal of the
nbeolute temperature. The squares represent the data
for He on bare copper, the circles those “or He on ar-
gon-plated copper.

that in sur derivation of Eq. (8) we assumed only
one binding state. Th: exiension to the more
general case is straightforward. Is particular,
except for very closely spaced levels only the
most tightly bound state contributes significastly
to the averzge sticking time. In the case of argoas
plating, presumably a cnllection of crystallites
exposing some fra_tion of each of the crystal
faces would be formed. We should expect then to
see the binding on the face that binds most stroag-
ly, which from theoretical considerations is the
1100) face.

*Work supported in part by a grant from the Natiomal
Science Foundation, and by cootracts with the U. 8. Of~
fice of Naval Research 2nd the Department of Defease
(Themis Program).

1Pev=..ment address: Wagner College, Staten Isiand,
N. Y. 10301.

$Permanent address: State University of New York st
Binghamton, Binghamton, N. Y. 13901.

"Througkout this discussion it has been assumed that
the diffusive process is so slow that the system is lo~
cally in equilibriua.:.

2y has been poiuted out that quite 2 long time ago sim-
flar experiments were attempted. The earlier attemnts
were limited chiefly by de*ection techniques and small
amounts of input gas could not be used. Sze J. de Boes,
The Dynamical Character of Adsorpéion (Oxford Univ.
Press, Oxford, England, 1968), 2nd ed.

3J. G. Daunt and E. Lerrier, in Proceedings of the
Second International Symposium on Adsorption-Desorp-
tion Pheromena, Flovence, Iltaly, 1971 (Academic,

New York, 1971).

“Measurements by D. W. Princehouse (to be published)
are in rough agreement with our for bare copper (pri-
vate communication from Dr. J. G. Dash).

5A. D. Novaco and F. Milford, J. Low Temp. Phys.

3, 307 (1970).
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Adsorption of *He and “He or: Copper and on
Argon-Coated Copper Below “) K*

J. G. Daunt 2ud E. Lerner

Cryogemics Cemter, Stevess Institme o, Teckwology, Hoboker:, New Jersey

(Received Decencber 10, 1971)

Measurements hare bees made of adsorption isotherms of *He and of *He
on copper ard on a monolayer of argon deposited on copper in the temperature
range 6.18-18.55 K and in the pressure rang - 025 10 75 Torr. From tl.ese many
isotherms, calculations have been made of the isosteric heat of adsorption
Q.. /R. In the limit of zero corerage on the argon monolayer Q /R = 76 + 2K
for 3He and 76 + 2 K for *He. For adsorption on thz bare copper, QR is
difficult 10 extrapolate 1o zero corerage, but it probably lies (for both *He
and *He) betweer 135 and 165 K. At theoretical monolayer helium corerage,
Q./R = 44 + 2K for *He on the argon monolayer and 47 + 2K for *He.
At theoretical monolayer helium corerage on the bare copper,Q /R = 61 + 4K
for 3He and 77 + 5 K for *He. The results are compared with theoretical
eraluations fov helium adsorbed on an argon monclayer and with some prerious
experimental data, and tiie agreement is found to be fair. All the daza are
summarized in tables. Finally, a review is giren of eraluations, including those
from this work, of the monolayer capacity of >He and *He on the sub<irates
studied.

1. INTRODUCTION

In the fast scveral years there has been considerable interest in the
propertics of adssrbed monolayers and submonolayers of the helium
isotopes on relatively simple substrates, particularly on monolayers of the
heavier rare gases deposited on a copper base.'~!? The copper basc has been
chosen to assure temperatuie homogeneity in situations where the vapor
pressure of the adsorbed helium is too small to permit heat exchange through
the vapor. Tlic sclection of the helium for adsorbate and the other rare gascs
for adsorbent has been largely motivated by the fact that these simple
systems should permit theoretical cvaluations to be made of their properties.
*Work supported by a contract with the Department of Defense (Themis Programi and with

the Office of Naval Rescarch and by a Grant from the National Saience Foundation.
7
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Morcover, the low temperature required to mcke meamngful experiments
with belium adsorbate adds, at kast in principk. a furiber simplicity to the
mterpretation of the results.

We havz, therefore, made experiments 0i3 i adsorpiion of *He and
*He on copper and on an argon monolayer depssitcs? on copper in the
temperature range 6.18-18.35 K. The temperature range was chosen because
cven monolayers or submonolayers of helium show appreciable vapor
pressures in it, and, in consequenc, it is possible to obiain rather casily
precise data that can be used for evaluation of the ivesienic heat of adsorpiion
Qs:"R'

In this paper, Sect’on 2 discusses some of 142 koy experimental ar-ange-
ments used iz the measurements. Section 3 presents the observations made
to daermine the surfzoe area of the subsirates. For the argon monolayer
substrates, we introduce a new formula for ¢ surface area based on the
assumption that monoiavers of argon on copper are a close-packed arrav.
S.tion 4 gives the observations of the 3He and *#He adsorption isotherms
in detai! and compares our results, where possible. with previous data.
Section 3 details the results of calculation of the isosteric heat of adsorption
Q.. R for the systems studied. and, again, where possible comparison is
given with previous data (Section 5) and with theory (Section 6). All the
pertinent data are summarized in tables. Finaliy, a discussion is given in
Section 7 of the monolayer capacity of the ficlium on th. substrates studied.
as revealed by theory and experiment.

2. EXPERIMENTAL ARRANGEMENTS

The apparatus for these measurements of adssrption isotherms was the
same as that used previously and described i detail by Daunt and Rosen.'?
The specimen temperature could be heid consiant to better than £0.005K
at any temperatuic between 4.2 and 26 K. The pressure measurements
ranged between 0.25 and 75 Torr. Thenmomolecular pressure corrections
were less than 3°, for pressuics above 0.5 Torr even at the lowest tempera-
turcs, and the accuracy of pressure mcasurement was within 0.5°,. For
detasls of the method of temperature and pressure measurement and of the
corrections esed in calculation of the mass adsorbed. reference is made to
previous papers.' 314

The copper surface was in the form of a siniered copper sponge. first
used in similar work by Dash and coworkers.' > We used the same type of
copper powder as Dash er al..':'* namely. “Druid Copper™ Grade MD60
from Alcan Mctal Powders. Inc., wiich is in the form. as reported by Dash
et al.. of flakes of mean dimension 3 g, The powder was first cleancd by
soai.ing in suitable soivents, dricd. aid then partially deoxidized by baking
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in a hydrogen famace a: 329°C for 05 b It was thin subsequently presseé
and sintered into disks, of dimeasions 50cm in diameter oy 0.68 cm in
thickness, in an H, furnace at 650°C for 0.5 . The specimen used consisted
of ilxme such disks, of toial mass 170 g und of fitiing factor 47.77,, which
were enclosed in a good-fit copper vessel. Subsequent 15 moanting the speci-
men in the ayostat, the final clcaning procedures and preexperimental
preparations were ideatical to ikose descrived eariicr.!?

The purities of the *He and *He used were 995 and 99.995 %, respoct-
ively. Both were further purified by passage over activated charcoal at 77K
prior to introduction into the cryostat. The argon used was of 99.9987,
pusily and tiis was jurther purified by passage over activated charcoal at
15K

In coting the specimen with a monolayer of argon, the procedure
adopted has already been described by us previously.'* This procedure,
which was only arrived at after extensive tniai-and-error m=thods, ensured
that the argon was indeed uniformly distributed over the surface of the
specimen and resulied in completely reproducible isotherms from run to run.

3. THE SURFACE AREA OF THE SPECIMEN

The basic experimenial data used for determination of the surface area
of the specimen are the adsorption isotherms of N, and argon measured ai
77.3 K. These have becn previously reported by us,'* along with data for
neon adsorption isotherms, and graphs of these isothenns were included
in that paper. It is merely necessary here to repeat that from BET analysis of
these data and from **Point B™ determinations (sce Young and roweli’¢).
it was found that thc monolayer coverage V, was 0.11 cm® (STP)/g for both
the N, and the argon.

The fact that the V,, values fer both N, aad argon were the same was
not too surprising. For example, Dask and coworkers' have reported 2
simi'ar result for their sintered copper calonncter. They rcporied, for a
volume of 10 cm? of siniered copper, V,, = 8.4cm? (STP) for both N, and
argon at 774 K.

There has been much difficulty in the past in assessing the surface
arcas X from the rieasured Vs owing to questions 2rising as to the appro-
priate valr &s of the molecular areas 6 to employ. Quite detailed discussions
of these ; ~oblems have been given by Dash and coworkers,! and by Daunt
and Rosen.'? These have pointed up the inadequacy of the “standard”™
method which as reported. for example. by Young and Crowell'¢ uses the
liquid - valuc (16.2 A%) for N, The general disagrecement of determinations
of X from argon isothcrm data as eompared with the X determinations using
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the ~stzndard™ N, method = noteworthy. It & proposed thercfore o adopt
another proceduse berz, as follows.

First, it will be assumed following, for exampk, the work of Sieeke®”
and of Novaco and Milford® thai on a metal susface, which type of surface
is found® 10 show no significant periodicity 1o adsorbate atoms. an adsorbed
monolayer of argon atoms forms a close-packed array.# It is further assumed
that the nearest-neighbor distance a between argon atoms is the Lennard-
Jones parameter p,,. as has been discussed in detail by Novaco and Milford *
“his is 3.83 A. as given by Hollis-Hall=21.** This gives a maximum molecular
area 6 of 11.5 A*, which is smaller than the generally accepied®® values for
both Tiquid and solid argon. This can be understood in view of the major
mfluence of the argon-metal attractive forces.

Now for a ciose-packed array of atoms with interatomic disiance a
cqual 1o 2(c:x)" °. the surface arca £ (in m*) for N_ atoms forming a mono-
layer in terms of 6 (in A%) is

Tim>) = 1.10 x 107 *%N_ tH
or

¥m*) = 02966V, )

where V., is the monolayer capacity measured in an? (STP) of the adsorbed
gas. It is to be noted that the numerical cocfficient in Eq. (2) is different from
that usually®® used ,9.269). This is because the area under a close-packed
array is nct completely covered with Ztoms.

To estim>tc the surface area of our specimen. therefore, we take the ¥V,
value of 0.11 cm?,(g of copper) for the argon, together with the value of ¢
for argon of 11.5 A%, and usc Eq. (2) above. The resultf is £ = 0.374 m*(g of
copper), with the monolayer nuinber of argon atoms = 7.9 x 10'® per m°.

It should be noted that in deriving Eq. (2). it is implicitly assumed that
the underlying metal substrate is smooth. In practice, this cannot be quite
true duc to flaws, pits, grain boundaries, and various kinds of dislocations.
These. in general, will tend to gather more adsorbed atoms than on a smooth
surface: hence, it is probable that the X value derived using Egs. (1) or (2)
represents an upper bound fur the effective surface area for further adsorption
after the apparent monolayer number of argon atoms have been adsorbed.

*This fact 1s well evidenced. for example. by the absence of diffract-un peaks in the scattering
of low-cnergy helium atoms 1 the expeniments of Palmer a1 al **

A ssmilar structure for monolayers of Xc on graphite surfaces has been shown 1o occur from
LEED experiments by Lander'® and has been discussed m connection with adsorpiton by
Barnes and Stecle.*®

$The value for T adopied 1n our previous paper' for the same copper speaimen (using the N,
value of 12, 61N ) cqual to 139 A% and £ = 0.269417) was 0.41 m° (g of copper). We suggest
that the derived data in that paper obtained using T = 041 m*® (g of copper). be corrected to
be corapatible with the nev. value of T given herewith, equal 1o 0.374 m? (g of copper)

2L




vcn s

Lo 12

-

i3

TS

I
X
-

- -

PR -

Adserption of *He snd *He on Coppes <]

4. THE HELZUM ADSCRPTION ISOTHERMS

The observed adscrption isotherms for *He on the bare copper sponge
taken at 1857, i5.08, 13.50, 11.60, 9.65, 790, and 6.18 K arc shown in Fig. 1.
Thase for >He, also o the bore copper sponge, taken at the same tempera-
tures are shown in Fig. 2. Prcliminary data on these were given by us®
previously, which dzta are now superseded. The amount of gas adsorbed is
presented in atoms/m” in the figures.

ittle previous data 2xist for adsorption isotherms of helium on a bare
metal with which to compare our data. The early work of Meyer®? on gold
gave two isotherms at 421 and 2.04 K, which were at much lower pressures
than those reported in this paper, so that no significant comparison can be
made.

Our observed adsorption isotherms for *He cn a monolayer of argon
deposited on the copper {295 x 10'® argon atoms{g of copper)j taken at
18.55. 1508, 1250, 11.60, 9.63, 7.90, and 6.i8 X are shown in Fig. 3. Those
for *He, also on 2 monolayer of argon deposited on the copper, taken at the
sariac temperatures are shown in Fig 4. Preliminary data for the results of
Fig 3 were given by us® previously, which data are now superseded.

To provide some comparison with our data, we show in Figs. 3 and 4
data for *He and 2He adsorption on a monolayer of argon deposited on

vt iaroms/m?)

PRESSURE (TORR)

Fig 1 Adsorption isotherms for *He on bare copper a1 temperatures as marked
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Fig 3 Adsorption i1sotherms for *He on a monolayer of argon on copper at temperatures
as marked -+ Adsorption 1sotherm for *He on a monolayer of argon on copper at
42K from McCormick et al..! - - - adsorption 1sotherms for *He on 1.05 layers of argon
on TiO, at 10K and 124K from Stecle.?? . 03
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Fig. 4. Adsorption isotherms for *He on a monolaycr of urgon on copper at temperatures
as marked. - -. - Adsorption 1sotherm for *He oa a monclayer of argon on copper at
42K from McCormick et al !

copper at 4.2 K reported by Dash and coworkers.! We also show in Fig. 3
data for “He adsorption on a monolayer of argon deposited or: TiO, powder
at 10.0 and at 12.4 K reported by Steele.?® Although these earlier measure-
nients were made at different temperatures, and in the case of Steele’s*3 data
the argon monolayer was deposited on a different substrate, all the experi-
mental data by the different workers are compatibie.

The general features of these results are that for the same substrate, the
amount of *He adsorbed is always less than that of *He under the same
conditions of temperature and pressure. Furthermore, in comparing the
adsorption on the argon monolayer with that on the bare copper, the amount
adsorbed is always less in the former case than the latter, under the same
conditions of temperature and pressure. Indeed, comparison of Figs. 2 and 3
shows that the introduction of an argon monolayer on the copper lowers
the adsorption of *He, even below that of *He on the bare copper.

5. THE ISOSTERIC HEATS OF ADSORPTION

The large number of adsorption isotherms at different temperatures
permit relatively accurate assessment of the isosteric heats of adsorption.
Plots of In p vs. 1/T taken from the data of Figs. 1-4 were made at 15 different
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constant coverages from 0.7 x 10'® to 13 x 10'®atoms/m®. For each
coverage there were three or more points, which were colinear, and the slope
Aln p/A(1/T) gives the isosteric heat of adsorption Q,, divided by the gas
constant R. Figure 5 shows Q,/R in degrees Kelvin obtained in this way as
a function of the coverage for *He and *He on the bare copper and on the
monolayer of argon. (These data supersede the preliminary data previously
reported by us.®)Figure 5 shows that Q_ /R issignificantly lower for adsorption
on the argon monolayer than that on the bare copper, both for *He and *He.

I Fig. 5, a theoretical evaluation of the *He and “He monolayer
coverage is indicaied. This is obtained by assuming that the monolayer for
both 3He and *He is completed when as many helium atoms are adsorbed
as the number of argon atoms in the previously deposited argon monolayer.
This theoretical definition will be discussed in detail later in this paper.

The relative flatness of the curves for vur data for *He and “*He adsorbed
on the argon monolayer indicates considerably more homogeneity of the
substrate than is the case for adsorption on bare copper.

BT T T T T T T T T T T T T |
iS0 +— THEORETICAL MONOLAYER -
COVERAGE
2SS S -
g 0o -
Fl=

HeON A N
50 _715( -]
He® ON Ar

28 p— o~ ———

o | I T L1 I L1 1 |

o] 2 4 6 8 10 12 14

v210'* (ATOMS /m¥)

Fig. 5. The isosteric heat of adsorption Q,,/R as a function of coverage for *He and *He on bare
copper and for *He and *He on a monolayer of argon on copper. — — Isosteric heat of
adsorption for *He on a monolayer of argon on coppe from Wallace and Goodstein”: - - -
1soteric heat of adsorpuon for *He on argon from Roy and Halsey'', - isoteric heat of

adsorption for *He on 1 05 layers of argon on TiO, from Steel and Aston.*
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Our data indicate that in the limit of zero coverage, the Q,,/R values for
3He and “He adsorption op an argon monolayer on copper are 76 + 2K
for both adsorbates. At tk : theoretical monolayer coverage on argon, that
for 3He is 44 + 2 K and for *He, itis 47 + 2 K. It is not possible to make an
unambiguous extrapolation of Q,/R to zero coverage for *He or *He
adsorbed on the bare copper; it seems clear, however, that the values are
relatively high, lying possibly between 135 and 165 K.* It should be noted
here that Pollock et al.2* have determined the binding energy in the limit
of zero coverage of *He on bare copper and give a value of 177 K. This
would correspond, as deduced from Eq. (3), to a Q,,/R value at 10K of
about 202 K.

At the theoretical monolayer coverage of *He and *He on bare copper,
our results give Q,,/R = 61 + 4K for 3He and 77 + 5K for *He.

Previous evaluations of Q,/R from adsorption isotherms of “He on a
monolayer of argon on copper have been made by Wallace and Goodstein,’
and these data are shown in Fig. 5 for comparison with ours. Included in
Fig. 5 also are previous data for *He adsorption on an argon monolayer on
TiO, powder reported by Steele and Astor..2” The Q,,/R in the limit of zero
coverage which can be extrapolated from Wallace and Goodstein’s’ data
is in close agreement with our valu: .or *He. We felt, however, that this
agreement is somewhat fortuitous in view of the very different temperature
ranges over which the two different sets ¢f measurements were made.
One would anticipate, following Eq. (3), that Wallace and Goodstein’s
value would fall about 15K below ours. The data for 7,,/R of Steele?” for
adsorption of *He on an argon monolayer on TiO, is, not too surprisingly,
greater than our data by a considerable amount.

6. DISCUSSION OF THE HEATS OF ADSORPTION

In order to estimate the heat of adsorption theoretically, a model that
has so far received the most attention is one in which the helium adsorbate
atom is considered to be held in the van der Waal's field on the surface of a
bulk argon crystal [in general, above the (100) face] and interactions between
adsorbate atoms are neglected. If E,, is the maximum depth of the van der
Waal'spotential at the adsorbent site, E,, the zero point energy of the adsorbate

*These values can be compared with that found calorimetrically by Chon et al.?* of 150K for
*He on Platinum Black at 0 = 03 Theoretical cstimates of the binding energy for helium on
a pure metal can be made, based on caiculations of the potential normal to the surface v *ny
theoretical computations of this potential have been made (sec Mavroyanms?®® for a surr .nar . °f
these), which s generally given in the form: U = — Ugy/z% To obtain the binding encrgy t ,,.
one supposes that the equilibrium distance 1s approximately one-half of the sum of the *He-*He
and the Pt-Pt distances, giving z,, = 2.70 A Using th:s. the values of U., arc found to range
in the major computations cited?® from 115 to 175K a¢ @ = 0 for *He on Pt Those for *He
on Cu would te similar
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atomat thesite, and E the binding energy, then theisosteric heat of adsorption
is related to these quantities as follows:

|E/k} = |Enfk] — (Eofk) = lim (Q.,/R) —3T _(3)

where 0 is the fractional cowcrage 0=1lisa monolayer) and k is the Boltz-
n..nn constant.

This model which considers helium adsorption on the (100) face of a
bulk argon crystal has been studied by Steele and Ross,?® Ricca and
coworkers,® Novaco and Milford,” and by Lai, Woo, and Wu.!® The last
authors also considered adsorption on the (111} face of an argon crystal.

Although this model is not directly applicable to our expenmenlal
situation in which the argon is only a monolaycr on a copper surface, it is
of interest to review the final numerical data obtained in these theoretiéal
investigations. These are summed up in Table L. It.will be seen that the value
of |E/k| at the adsorbent site is calculated to lic between 93 and, 99 K and
that the later, more refined calculations do not differ significantly in the
resultant |E/k| values from the early evaluation of Steel¢ and Ross.

No detailed experimental data are as yet available for helium adsorption
on argon crystals, although work has been reported by Lee and Gowland?®
~n thick argon layers deposited on copper. They found experimentally that
0./R in the limit of zero *He coverage on argon deposits of thickness
approximately 2.1 x 102 atoms/m? in the temperature range 3-5 K whs
205 K. At somewhat higher coverage limgy_,(Q,/R) fell to about 145K.
These values are considerably larger than the |E/k| values of Table I. Leeand
Gowland suggested that the difference may in part be due to diffusion of the
*He 1nto the argon. Pollock et al.?* have made direct measurements of the
binding energy |E/k| by a time-of-flight method for *He adsorption on a

thick argon layer (about 20 layers) deposited on copper and found a value
of 102 K. i
TABLE 1

Results of Calculation of the Binding Encigy E for Helium on the Adsorbent Sités of a Bulk
Argon Crystal”

Adsorbent Adsorbate |E, /K. (Eo/k), |E/kI,

Authors crystal face atom K K K
Steele and Ross?® ©(100) 1 *He 188 936 94 4
Ricca et al ® (100) *He 183 -
Novaco and Miiford® " (100) *He 182 834 98.6
Latetal'® (100) *He - — 93 5.
Lai et al ' (tn *He - .- 473

1

“Heis, E,, 15 the value of the potential minimunm, and Ej1s (hc zero-point energy of the adsorbed
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TABLE It

" Results of Calculation of the Binding Encrgy E for Helium on the Adsorbent Sites ¢£ an Argon

Monolayer Deposited on 2 Copper Substraie”

Adsorbase
Authors Adsothent atom 1E. K tE, k) IE &
Jackson* argon monolayer *He 2 345 665
Novoco and Milford®  argon menolaver *He 114 515 625
Novaco and Milford®  argon monolayer *He 14 56.6 574

“Here, E,, is the value of the potential minimum. and E, is the zero-point energy of the adsorbed
atom.

Theoretical treatments of the case of adsorption of helium on an argon
monolayer deposited on a copper substrate have been given by Jackson.*
and by Novaco and Milford.® In the latter treatment, the argon is assumed
1o be a close-packed array with interatomic distances of 3.84 A, and both
evaluations are made on the basis of no interactions between adsorbate
atoms. Their final data arc given here in Table II.

The experimental data on limy ., (Q,,/R) and |E/k| for helium adsorption
on an argon monolayer on copper are summed up in Table HI. which
inciudes the earlier results of Wallace and Goodstein,” as well as those of
this paper. The data of Stcele and Aston*” for adsorption on a monolayer
of argon on TiO, powder is also given in Table IIl. By comparison of
Tables I and HI, it will be seen that the theoretical evaluaiions of |E/k| are
very close to the experimental results. It is unfortunate that there does not
appear to be better agreement between the various experimental data.
Howeve, it must be noted here that the term 37T in the cvaluation of |E/k|

TABL” 1l

Experimental Results for Iiny, . (Q,, R) and the Binding Energy |E & for Helum Adsorbed on
an Argon Monolaycr

IE.K)
Adsorbate  lim, .., (Q,, R). T,.. deduced from
Authors Adsorbent atom K K Eq (3).
K
Thi paper argon monolaycr *He 76 10 Si
on copper
Thus paper argon monolaycr ‘He 76 10 51
on copper
Wallace and argon monolayer ‘He 82 4 72
Goldstem’ on copper
Stecle and argon monolayer *He 125 15 875
Aston?’ on T1i0, powder

“Herc. T,, 15 the average temperature of the measurepent
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by Eq. (3) plays a significant role for these relatively loosely bound systems.
It would therefore be of interest to make further experimental evaluations
of Q./R over wider temperature ranges in order 1o estimate more exactly
its temperature variation.

Roy and Halscy'! have estimated the coverage variation of O/R for
3He adsorbed on 2 monslayer of argon on copper from the cxperimental
data of Dash and cowork>rs.>® This estimation, based on a paich theory of
adsorption, is shown in Fig. 5. It falls close to our data, although, after
consideration of the very different temperature range used in Dash ez al’s
experiment compared to ours, one would expect Roy and Halsey’s values
to be some 15 K lower than ours. Again, this poinis up the need for a more
thorough investigation of the temperature variation of Q./R.

7. THE MONOLAYER COVERAGE

As remarked in Section 3, a theoretical evaluation of the monolayer
coverage has been adopted in Fig 5, defined as the coverage at which the
number of atoms adsorbed (cither *He or *He) is equal 1o the number of
argon atoms in the previously deposited argon monoiayer. That is io say,
for adsorption on a close-packed array onc assumes only one adscrbed
atom per unit cell to constitute monolayer coverage. This means that cnly
one-half of the possible adsorption sites are occupied. This definition is
frequently used, as for example, by Novaco and Milford,* and by Dash and
coworkers,>-3-3!

For adsorption on a closc-packed array of argon atoms forming a
monolayer on the basic substrate, this definition of monolayer coverage
makes ¥, = 7.9 x 10'® atoms/m> [0.29 cm?3 (STP)/m*], if the interatoraic
distance between argor: atoms is taken to be the Lennzrd-Jones distance
po = 383A.

Experimentally, owing to the possibility of relative .nobility of the
adsorbate helium atoms (scc Novaco and Milforc®). it is pozsible tiat a
dynamic adjustment may take place permitting r.yore than 7.9 > 10'Y atoms/
m? in a mono'ayer, although it is very unlikely that all the adsorption sites
can be occupicd as a monolayer, as has been suggested by Steele and Ress.*®
Experimental estimates to date of the n.onolayer capacity of ad.orbed
helium come from interpretation of adsorption isotaerms. In particular,
the “Point B” method, or its variants,'® has been used, which in the case ol
heliums are subject to some imprecision. The first significant work in these
cvaluations was that of Meyer?? for *He on gold, who found V, = 13 x
10'® atoms/m>. A much more definitc cvaluation was made by Hobson*’
in his clegant v ry low pressure me-.surcments of *He adsorbed on pyrex
glass. From hi> data. onc estimates that V,, ranges octween 8 x 10'® and
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TABLE ¥V
Sonsr Momotryer Capacitacs of *He and *He
»iomotncr expecy
Axthors Motisod Sabuirate Adzoctaie
2s0m2 aomsae® ' (STP) e’

Thes paper theory dosc-packed Heer “He 79 <« 10°° 029

arpon monolaser
Meyer™ apt. gold “He i3 102 05
Hobson®” apt prrex *Hc 59 < 10°° 030033
Dash et &L* ape argoe; moookzser  *Hr 03 < 10°° 0

o8 copper
Dashad?® capt argon mocokaser  *He 93¢ <« 10°* 03

on copper

“Sex Section 7 for these evaluations.

9 x 10'® atoms/m>. The more recent work of Dzsh and coworkers,! for
adsorption on an argon monolayer deposited on copper. yields (according
to our interpretations of the surface 2rca £ of their specimen®): for *He,
¥, = 105 x 10'"®atoms/m*: for *He, ¥, = 9.4 x 10'®atoms/m>. These
data are summarized in Table IV. The experimental results for ¥, for
adsorption on the argon monolayer, therefore, appear to be somewhat
larger than the theoretical definition. The fact that V for *He on pyrex
glass is numerically so similar to that which onc estimates cheoretically for
adsorption on a close-packed argon layer indicates that on pyrex the mono-
layer of *He, if it is also close packed, has interatomic spacing of about 3.8 A.
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Adsorpeirm isochermrs of meonm o Grxedl 2rd om amgom-corind Goafedd kave beer mrras.oed Betweem 17 K and 27 Ko
Foxo the sopom-cvated subsinge, evideooe 2ppeased for 2 torsiion of the meom 2120 2 il two-fitewe e with

crzical ey et 215 K

Adsorplion isothzrms of submonolayers of neon on

i 24 zapaite ("Grafod™) [1] cozted with 21 5on0-
zyer of zigon, have becn measured, this substrate -
me been found presiously [2] 1) be a setziwedy hoszo-
gzneous. The measurements wete made using an appa-

aivs and 2 method which has been previously desc:ib-
«d by us [31. The Graicil substrate w2 0.013 =m thick.
1.9 cn wide, wound in a2 dosspacked helix of mass
3331 g lts susface arez, Geduced from an wrgon ad-
orption isotherm [2) 21 T7.3 K. w2s 672 m>. Tose 2r-
gon monolaver was iniforml, deposited on the Grz2 oil
before measLrement of the neon isotherms was begun.
Neon adsereiion isotherms were measurea at 17.26 K,
20.22K. 2764 X, 25.71 K and 27.0Q K and are shown
in fig. 1(3). Fig. 1 (a) shows estimates of the mono-
ayer cowerage: the theosetical monolaver coverage of
7.9 X 10" atoms/m? being that corr=sponding to a
<lose-packed surface laves {4} and the other estimaic
of 10X 10'8 atoms/m? being that of Antoniou et al.
[5] on graphitized carbon (Su1.21cn 6).

Fig 1(a) indicates that a transition occurs in the
range cf cur observations. the curves being simiser in
character to those ohserved, for example, by Fis (er
and McMillan [6} for krypton on NaBr. At the lower
pressures we interpret our data to mzan that at sub-
monolayer covesage tw o phases exist sstmultancously.
If as . first approximation. we interpret our data in
terms of a van der Waals 7-D system. in the same way
that Ross und Winkler did for argon on graphite [7).

* Work partaally supported by a Gran! from the National
Science Foundztion and by contrzcts with ONR 2nd DOD
{Themis Program)

we cbizin 2 critical temperature of 215 K.

T speciiic he2r measurments of submonolzvers
(2 = 0.5) of pron on gaphitized carbon (Spheron 6)
by Steele 2nd Kzl (8] and by Antonios et 4. |5)
showed 2nomalies with maximz 21 162 K 2ad 14K
respectively_ which were inteipreled 25 due loa
“meliing”. over 2 temperature range. of the adsorbete.
Alihxugh 2 quantitative comparison - these results
with our da12 is not possible. d:» to the Gifferencesin
the substrates. it seems esident that both our 2dsorp-
tion and their c2icrimeiric experiments suggest that
th=se srbmonolavers z1e two phase svtems.

Ev interpreting our isothern data in terms of 2 mod-
ificd Fouler isotherm. 25 has been done by Fisher and
McMillan [6]., we coaclude that the neon-neon laeral
interaction energy is approximately 58 K.

2
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Fig 1 3) Adsorptinn isotherms for neon on argan-cozicd
Grafoal at temperaturcs as marked points Vare for 17 26 £.
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We have also cbserved ads. -piion isotherns for
neon on baze Grafoil. 2s shoun in fiz 1 (b). The two
(at 25.71 K and 27.90 K) os perhaps three (one at
22 64 K) isotherms which are mostly below monolayver
covera ¢ show no exidence of a transition in the system.
The marked steps observed in the 17.26 K ané 2¢: 22K
sotheris above monolayer coverage are iadicative of
second laver formation. We have computed the isosteric
heat of adsorption (Q,/R) in the usual way [9] from
ous data znd the results, 25 a function of the coverage.
are shown in fig. 2. Fig 2 also shows for comparison
(Q4/R) observed by Antoniou et al. [5] for neon on
Spheron 6 at 29K.

We wich to thank Mr. W.H.P. Van Ipere=. for his
help in the experiments.
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modd of the adsorbeu systeme.

We have measured the specific heat of adsorbed
ers of * He deposited on three substrates,
- Jnamely: 1) bare copper, 2) copper coated with a
monolayer of argon and 3) copper coated with a
{ monolayer of necon. The copp:r was a sintered
i_sponge [1] of mass 655 g and total surface area, as
previously deter mined [2,3], 260 m®. It zvas located
1 ;.m an adiabatic calozizucter. The same calorimeter
‘and sponge was used for substrates 2) and 3), the
—argon and neon monlayers being put down before
_coaling to liquid helium temperatures. Measurements
were maie with each of the three different substrates
L_:21 *He fillings of the calor’ .neter in amounts 15, 30,
50, 60, 70 and 87.5 cm® STP).
The results for subs.ates 1) and 2) extend and
| _ilargely confirm previous data of Princehouse [4] for
bare copper and of Stewart and Dash [5] for argon-
-coa'ed copper.
The specific heat, C, for near-monolayer coverage
of *He on all three substrates could be described by
the addition of two terms: one a two-dimensional
(2-D) Debye function, and the other due to the eva-
_poration of *He from the adsorbed film into the
3-D vapor. At least for substrate 2}, v/here the effec-
tive binding energy, E', :s approximately coverage
independent, the evaporation term can be evaluated
“[6] from thecry.
Typical results from our data for a coverage, x =

. 0.93 monolayers, on substrate 2) are shown by the
+ circled points in fig. 1. The full curve is a theoretical

* Supported in part by a grant from the National Science
Foundation and by contracts with ONR and DOD (Themis
Program).
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Spdﬁchsd‘ﬂemumm,umldamwmmuwmmm
betweea 06X :nd 4K. Near mosolayer coverages the films s’sow two dimensional Debye behavior. £.t fower
coverages, down 10 0.4 mosolayers, the specific ezt per atom is anomalous and is unexplained by any s~gie phase

12
093 MONOLAYERS He® ON
—  ARGON MONOLAYER
1o
o8|
£
Wk
06 |-
041 EVAP INTO
- 3D VAPOR /
{
’l
— ,/,
| |
% | 2 3 4
«T(K)
Fig. 1.

one obtained with 8 = 24.5K in the 2-D Debye
function and with £' = 61.5K in the evaporation
term [6] . Satisfactory agreement is evident. More-
over the vaiue of E' is in agreement with that ob-
tainable in other theoretical and experimental
evaluations [3]. It is found that Stewart and Dash’s
[1 data for the specific heat of *He on argon-
coated copper, with coverage x = 0.9, can also be
well described by these two terms with 8 = 26.5K
and E' = 61.5K. Our results for near-monolayer
coverage on the bare copper also can be described
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in a similar way with 8 = 28.3K for x = 0.85 and
6 =30.0K forx = 1.07.

For the neou-coated copper, the near-monolayer
coverage (x = 0.8) film also showed a 2-D Debye
behaviour below about 2 K, with 6 = 22.0K.

At coverages below the monolayer coverage, the
specific heat per adsorbed atom increases with decreas-
ing coverage at any temperature below about 2.5 K.
[lustrating this fig. 2 shows the specific heat per
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atom for x = 0.14 on the neon-coated substrate.
Fig. 1 of the subscquent letter [6], gives our results {
forx = 0.2 on the argon monolayer. In these figs.
curves for the 2D Debye solid and for the 3-D eva-
poration term, with their appropriate 6 and £’ values
have been included and they clearly show that the
sum of these two terms aicre does not describe

the low coverage results.

It has not been found possible to account for the | .
low coverage results by any homogeneous single L
phase model [7] of the adsorbed system, whether
gaseous or condensed, nor by a solid two-patch mode!
as proposed by Stewart and Dash [5]. It has been
found [6], however, that a two-phase model can
describe the results qualitatively and, at least for
substrates 2) and 3) quantitatively. The full curves ’
of fig. 2 and of fig. 1 of ref. [6] were computed ~

|

using this two-phase model.
L.
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A two plase mocel for helium submonolayers adsorbed on argon and neon monolayers is proposed which consists
of two-dimensionx: (.*-D) solid-tike islands, of coverage independent lattice parameter, surrounded by a quasi-ideal
2-D vapor. This model can approximate the observed specifi. heats of such submonolayers proviaed an anomalous
term is iatsoduced which may be associatea with those atoms located around the perimeters of the islands.

A two-phase model. with one phase a mobile 2-D
gas. is considered to explain the specific heats given
‘iz the previoas letter [1]. The model 2] zssumes
that the adsorbate forms solid-like tw >-dimensional
i2-D) isians. surrounded by a quasi-ideal 2-D vapor.
. The island atoms are assumed to be in register with
the substrate. regardless of their total number. This
system. at fractional coverage x (x—1 is a2 completed
monolaver) has ihese terms in its specific heat:

1) A 2-D lattice term. due to vibrations in the
slang.. which is assuméd to be a 2-D Debye function,
Le. £ /Nk=D(T/0). with § indeperdent of x and

-withf <« m.
2) A desorption term, due te evaporation into the
2D voids above the surface. in which is included a
.small term due to the specific heat of the 3-D vapor.
By extending the theoretical work of Fisher and
McMillan [3] on the 3-D vapor pressure to a two-
phase system, term 2) gives, at sufficiently low
temperatures. a specific heat per atom:

G _ ey V( _\rix
Nk h3 n R\1-x,

~f

XAE 3T AT Jexpl- ) (1)

where 1715 the 3-D vapor volurie in the calonimeter,
ng, the number of moles 1n a hellum monolayer in the
calonmeter and where £ 1s the effective binding

* Supported 1n part by a grant from the National ,cience
1 oundation and by contiacts with ONR and DOD (Themis
Program)
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epergy, being equal to the binding energy for zero
coverage less the adsorbate pair interaction energy
[4]. Note that C, 1s »ropurtional to 1/(1--x) and to
m32,

3) A desorption te m, due to evaporation (rom
the islands mto the 2-1) vapor in which a small term
Je to the 2-D vapor 1tself 1s included Thas yields a
specific heat per particle:
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G [ommk?] A [ ]—x) -1 2
3 _jammkt £ P X7 ((E +T?} X
Nk [ hz ]nmka {( 2"‘7) }

X exp(—E4/T) (2)

where A is the total surface area in the calorimeter
and E, is the lateral (2-D) binding energy of an atom
at the perimeter of an island. Note that Cj is prop-
ortional to (1-x)/x and to m.

4) A 1-D lattice term, due to vibrations around the
perimeters of the islands. This yields a negligib' -
small contribution.

5) An ‘anomalous’ term, perbaps due to one or
more of the following. a) Transitions between sites
of different energies around the ‘fretted’ edges of
t"1e islands, which would give a term proportional to
the perimeter, b) Transitions between different areal
configurations, assuming sorae distortion in the 2-D
lattices; ¢) following Roy and Halsey 5], termis
due to distributions among heterogeneous sites of
long 1ange potential variation.

We have applied this model to the specific heat
data [1,6] for *He and *He on argon and neon mone-
layers on copper and have found that, at low cover-
ages, the sum of 1) through 3) does not completely
represent the data. There remains the anomalous
term. As an tllustration of this, fig. 1 shows the
experimental data points (o for Mahadev et al. {1},
X for Stewart and Dash [6]) together with curves
showing terms 1), 2) and 3) separately for 0.2
monolayers * He on an argon monolayer on copper.
The full curve, roughly agreeing with expeniment,
was obtained by adding the curves for terms 1), 2),
and 3), together with a two-level Schottky function
with energy gap AE/k = Sk. We have taken a two-
level function to be a first approximation for the
‘anomalous’ term. Thus we find that we can describe
the experimental results by summung four tenns, a
process which introduces five assignable vaniables
9,E' E, and AE and the maximum value of the
two-level function It has been found that for five

PHYSICS LETTERS 25 Sept.mber 1972

different coverages [1] of *He o tiw ¢ gon mono-
layer, all the experimental data can . accounted

for using the same values of four of these variables, —
namely 6 = 24K, E’' = 61.5K, E, = 21.5K and AEfk =
= 5K and with a variation of the maximum value of
the two-level function proportional to 1/x1/2_ This
proportionality is suggestive of a mechanism associated
with those atoms located around the perimeters of th-
islands. It is noted that the values of E' and £, are co
sistent with previous esti.nates of these terms from
other data [6—8] . Furthermore, with a change only
in § from 24.5 K for *He to 26.5 K for *He, the
same values of the other parameters account very
satisfactorly for the cbserved specific heats of four
different coverages (6] of *He on argon. In addition
for three different submonolayer coverages of 4 He on
the neon monolayer [1] the same situation holds,
namely all the specific heat data can be approximated
by the model with the following values of the param-
eters; 8 = 22.0K,E' =46 0K, E, = 16.0K and

AE[k = 5 K, and with the maximum value of the
two-level function the same as that for the argon
substrate at equivalent coverage.

I wish to thank Dr. P. Mahadev for his help and
Drs. F. Pollock and A.D. ! .vaco for valuable discus-
S10Ds.
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Two cryostats were built for desorption cooling in the temperature range below 12 K, : ' i
using desorption of He? gas from synthetic zeolite. The desorption cooling experiments

carried out with these cryostats are described. The initial temperatures chosen were

120K, 100K, 80K, and 6.0 K and initial pressures between 0.25 atm and 1.00 atm

(1atm = 101 kN m*2). Final temperatures ranged down to 1.83 K. Measurements were |

made of the rate of warm-up under various power loadings (powers up to 12.8 mW were

employed) at the final fow temperatures and the results, as a function of the avesrage

temperature, are presented. With the larger.cryostat, containing 130 g of synthetic

2eolite refrigeration was maintained for pericds longer than 25 hours. An assessment

is maae on the limitations of the cooling grocess based on the results re yorted here anc ,

on previous experiments on adsorption isotherms. Data are presented in tabular form.

for the expected duration of refrigeration‘and total refrigerative capacity at various
temperature levels from 3.0 K to 6.0 K for 1 kg of synthetic zeolite; as an example, '
this would permit refrigeration to be maintained between 4.0 K and 5.0 K for 130

hours for a 1 mW power loading.

Desorption cocling below 12 K using He' desorbed

from synthetic zeolite
J. G. Daunt and C. Z. Rosen

The expeiimentai investigations reported here were uader-
taken in a study of the potential application of desorption

cooling as a second stage for futher lowering of temperature

in miniaturized refrigeration systems. Desorption cooling
offers some advantages, especially in simplicity, for main-
taining temperatures in the range 2 K to 10 K, starting
fion: temperatures readily produced by mechanical

refi gerators! or solid hydrogen packs.2

1
The method is well-known, having been devised many
years ago by Simon3 and used for helium liquefaction by
Mendelssohn* as early as 1931. Moreover, some experi-
mental studies of the performance of desorption cooling
systems in the temperature range below 20 K using
activated charcoal as the adsorbent were made some time
ago by van Itterbeek and van Dingener® and by Kanda.6
More recently Bewilogua and Reichel” have reported
similar experimental studies at lugher temperatures
{40--70 K) using silica gel as the adsorbent, Some of our
preliminary results on desorption cooling using various
adsorbents, namely: charcoal, silica gel, alumina, and
synthetic zeolite, have already been reported8.? by one
of us (JGD). These results indicated that synthetic
zeolite (Linde Molecular Steve, type 13X) was a more
favourable material for desorption cooling, using He4
as the work:ng gas, in the temperature range 2 K to 10K
than many others. A more detailed experimental study,
therefore, of desorpticn of He? from synthetic zeolhte
seemed justified and the results are presented below.
In the meantime we have pubhished 011 detatled

JGD s Director of the Cryogenics Center, Ste ens Institute of
Technology, Castlepoint St, Holbroken, NJ, USA and CZR 1s

with the American Institute of Physics, 335 East 45 St, New York,
USA. Received 28 September 1971

measuremenits of the adsorption.isotherms of He3 and He4
on synthetic zeolite 13X in the femperature range 4.2 K to
20 K, together with the deduced equilibrium thermo-
dynamic data, 1iwe latter are of value in interpretation

of the present desorption experiments.
' i

A description of the synthetic zeolite adsorbent together
with details of its preparation is given in section 1.
Section'2 describes the experimental arrangements and
procedures. The latter covered not only measurement of
the final pressures (py) reached from a variety of initial
temperatures (T;) and pressures (p;) but also covered .
extended me: urements of the maintenance of the low
temperatures for periods up to 25 hours. During these
extensive runs, heat was applied electrically in various
measured amounts up to about 13 mW to the desorbed
sample cell and the resuiting warming rates recorded.
Data from many of these runs are reported in section:

3 together with other pertinent experimental results

that were obtained.

Section 4 discusses the results in detail, presents an inter-
pretation of the physical processes determining the -
desorption coolings and the refrigeration capacities, and
provides in tabular form engincering data for future design

1. Details of the adsorbent and its preparation

The synthetic zeolite which was used in our experiments
as adsorbent was obtamed from the Linde Division of
Union Carbide Corporation and is referred to as ‘Molecular
Sicve 13X The chemical composition of a hydrated un+t
cell 1s given by Nagg [(A10;)g4(S10, )06 | 276H,0. 1t

4 201
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Table 1. Data on content by volume of 2eolite 13X
peliets having 2% by weight of water. (From Me F. Harris, 16
. cation)

Volume . % of pellet volume
Intrar.cystal void 281
Selid portion of crystal 23
Solid portion of binder 93
Intercrystal void 334

consists of SiO; and A10, tetrahedra which build up
structural units of truncated ocuahedra, cailed fcages!2-13.14
of interior diameter 6.6A. The p-cages are tetrahedrally
arranged and there are 8 f-cages in a unit cell. The
‘tetrahedral framework of the f-cages enclose lar ¢ poly-
hedral cavities called a-cages!3-15 having a free g.amater

of about 1i.8 A. There are 8 a-cages per unit cell, which

is 2 cube of side 24.95 A. The 8 a-cages and 8 B-cages

per unit cell provide an intracrystal void volume of

8080 A3, or about 50% of the total volume of the crystal.

Pellets of zeolite 13X were used in the experiments reported
here. They were specified to contain 20% by’ weight of

an ‘inert clay binder’. They were approximately */¢ in

(6.4 mm) long and /¢ in (1.6 mm) in diameter. The
partially dehydrated pellets used contained about 2% by
weight of water and had a density of about 1.0 g cm™3:

this water is necessary to prevent structural distortion.!®
The different volumes occupied by the crysials and the
binder16 a-e noted in Table 1 taking one pellet as the basis
for 100% of the volume.

In both the cryostats used in our experiments, each
desorption cell was first filled with pellets to its

maximum capacity. In doing this, an clectric vibrator

was used to maximize the filling. Then this filling of
zeolite was removed and dried in a vacuum oven at 110°C
for over 24 hours. It was then weighed in a covered
weighing bottle at 10om temperature. An identical heating
and weighing procedure was repeated several times until
there was no further weight change. The final weight of
the filling for the first (small) cryostat (System A) was
3.53 g, which corresponded to a pellet density of about
1.08'g cm3. This treated and measured quantity of
zeohte was then replaced in the desorption cell. The
weight of the pellets for the sccond cryostat (System B)
was measured after an identical procedure and was 129.6 g.

After the abdve procedure of filling cach desorption cell,

the following preparatory treatmen: was carried out before
experunents began: (1) lugh-vacuum pumping at 60°C for
several hours, (2) high-vacuum pumping at room temperature
for more than 48 hours, (3) purging several times with dry
He? gas at room temperature, and (4) high vacuum pumping
at room temperature for more than 4% hours It is noted
that purging with the adsorbate 15 recommended by
Brunauer!7 to be one of the most effective methods of

* punifying the surface.

Furthermore. between each desorption run we adopted a
routine of high va: uum pumpmg of the desorption celf at
room tempera ure for 48 hours in order to assure repro-

ducibility of vur data -
r 4

202

2. Experimental arrangements and procedures

Two desorption apparatus were »sed in the experiments,
a small scale one (System A) contaming 3.53 g of 13X
adsorbent and a larger one (System B) containing 1296 ¢
of 13X adscrbeut.

Svstem A is described first. In 1. the adsorbent was con-
tained in 2 desorption cell, V) . comprising a copper

vessel of internal volume 5.70 ain® and mass 24.2 2 to
which was z2ttached a calibrated germanium resistance
thermometer (Solitron, type No 2401), a 100 £2 heater
comprising a bifilarly wound 2wg No 32 Evanohm wire

and 2 Z 8 mm id thin walled stainless steel filling and
exhaust tube which led to the room temperature part of the
cryuztat. The vessel V) was located within an inner
vacuum vessel, V, . which in tumn was located within an
outc vacuum vessel V3. The outer vessel V3 was immersed
in a liquid He? bath at 4.2 K and could be evacuated to

high vacuum.

The inner vacuum vessel, V,, was equipped with two
calibrated germznium resistance thermomelers, (same type
ason V;).a 200 52 heater (similar to that or Vy). One
resistance thermometer and the heater were connected 1o
an electronic temperature controller by means of which V,
could be maintained at any dcsired preset temperature
between 4.2 K and 80 K with a long term precision of
$0.003 ¥ By having initially exchange gas in V3, the
desorption cell Vy cculd be filled w'th He# gas at any
desired initial teraperature in the above mentioned
temperature range. Before starting a desorption run. V,
would be highly evacuated in order to isolate V; thermally

from its survoundings.

System B, with the larger amount of adsorbent |
incorporated a larger diamaeter tube for pumping on the
desorption cell and a separate tube for measurement of the
pressure in the cell. 1t incerporated otherwise similar
general qualitative zrrangements as System A and it is
sketched in Fig.1. The significant differences were as
follows: the desorption cell. V. was a cylinder of copper
with internal dimensions 10.2 cm long and 5.1 cm id and
weighing 386 g. The pumping tube connected to V| was
0.90 cm id and 5.0 cm long between Vy and V, (see Fig.1).
1.85 cm id and 48.0 cm between V, and the 60 K level.
vherte it enlarged to 3.68 ¢m id to the top flange of the
cryostat. 1t comtained two radiation baffles, as shown in
Fig.1. Above the top flange it enlarged to 5.1 cm id and
led through a hiquid nitrogen cooled trap to a NRC B-2 oil
booster pump backed by a /3 hp (248 W) rotary mech-
anical pump (Welch DuoSeal 1400).

The tube (not shown in Fig.1) leading to the

de-crption cell, V. for measurement of the pressure wag
2.7 mm id and 2.5 cm long between Vy and V, and

5.8 mm id and 81.3 cm long between V, and the top of
the cryostat. The pressure in the desorption cell was
measured by various gauges located at room temperature.
mcluding. for the final pressures. p. reperted below,
helem calibrated Veeco thermocoupie gauges, tvpes
DV3IM (0 1000 um)and DVSM (] 100 um)

After cach cryvostat was cooled to 4 2 K, an experimental
desorpuion run proceeded first by adjusting Vy 1o g

desired minal temperature, 7,. with exchange ‘cas withm

it so that Vi attamed the same tamperature Then dried
Hed gas of punity 90 995 after passing through a charcoal

¢ ¥
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obtained in the desorptioa cell with 72+0 power losding
Desorption were: (1) withost the Boosser Pumy 2% wit 5010 70 pm

u pumpng o hg for pumpieg with the mechasical purty 'one 2ad (2)
i_.m about 10 10 13 gm for pumping with the Booster pump.

|" Pomp These pressare values are corrected omes, corrections

i havisg bees made in the case of System B for thesmo-
H - molecular pressure effects!S and in the case of System A

for the pressure deop due to the gas flow up the tube
between the desorption cell and the gacge, as well as for

the thermomolecular pressure effects.

l In each desorption run the iemperatuse of the desorption
cell and its pressure were obsce~ed throughout the
duration of the run. Moreover measured heating powers
were applied in varying amounts, when desired, 10 the
desorptior: ceB and the resulting temperature and
pressure changes observed.

| iotinmest B vionvod BN yopoonet

3. The experimental results

The initial data of interest are the minimum final temper-
atums,T! and their associated pressures, p,, attained by
desorption from various initial temperatures, 7;, and
prmg.mobxnedmhs,obamedusingbo(h
cryostats {System A and System B) are presented in
Tables 2 and 3, which also include sample data on the

m’

| i

Table 2. Desorption experiments data taken without use of
booster pump (final pressure £0 to 70 um)

CPTITIIRY DT Dy e e AN AT RS NN,
h\‘l‘

. T.K p.am T, K r=TiTlimn T
> 10
j 60 095 183 328 15
80° 025 480 1.67 10
- 30 048 370 216 35
{ 51 80°* 050 364 220 10
s 80 0.50 372 215 35
£0 0.50 375 213 40
s I 8.0 083 33 242 20
. B o- 80° 1.00 307 261 10
e 8.0 1.06 325 2.46 30
Scole {cm)
4 .- 10.0. 0.25 7.04 '.42 -
; ¢ ; 106° 050 6.10 1.64 -
:  , w 100 1.00 485 2.06 -
2 120° 025 945 1.27 -
§ Fig.1 Scale drawing of the second desorption cryostat 1?-0: 0.50 851 141 -
1 . (System B) in section 120° 1.00 1.27 1.65 -
2 ? ® The data marked v.*ih an asterisk were taken using System A.
1 - purifier maintained at 77.4 K, was introduced intc Vi A . i
2 . 10 a predetermined mitial pressure, p;. When equilibrivm La)l;le 3. Desor(;;!um: expenme;:)ts d?'t; takc:g with “;)"f
¢ was attained, V; was thermaliy isolated. This was ster pump {final pressure 10 to 13 um {System
7 e achieved by high-vacuum pumping of V,. The
g desorption was initiated finmediately thereafter, after T.K P, atm Tt ooin- K r=T/Tf on
] . pj and T; were recorded. : il
3 .. Desorptions were carried out using the 1400 Welch 8.0 0.50 3.20 250
; meckanical pump for pumping on the desorption cells 8.0 0.50 3.10 258
2 . and, in the case of System B, using in addition the 80 1.06 272 294

NRC B 2 Booster Pump. The final pressures. py

LX)
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F1g.3 Plot of the observed r value: == T /Ty . ) versus
initial pressure, p,, for initial temper- ture, 7;, of 8.0 K.
The data were taken using the Booster and the mechanical
pump

ime. 7. taken to reach 7y . from the imitial con-
ditions and evaluation of the ratio r, where

r= T,/T/‘mm. Table 2 gives the results for desorption
using the mechanical puap (Welsh model 1400) only
for both System A and System B, whereas Table 2

presents the results obtamed for desorption using the

204
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roll il

p=J.5cm
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Intigl tempercuure, 7,.K

Fig4 Plot of the cbserved r values r = T/T; . | versus
initial temperature, T ior two initial pressires p, = 0.5 atm
approx and p; = 1 atm approx. The data were taken using
the mechanica! cump only

Booster Pump as well as the mechanical pump on System
B only.

Fig.2 shows a p'ut of the observed r values as a function
of initial presaure, p;, for initial temperatures. 7,. of
6.0K. 8.0K, 10.0K, and 12.0 K for dzsorption to
pressurcs {py) o1 50 to 70 um (mechanical pumping
only). Fig.i( shows a plot of the obscrved 7 values as a
function of initial pressure. p;, for initial tcmperature

T; = 8.0 K for desorption to 10 to 13 pm (Oil diffusion
Booster Pump). It wili be scen that the ratio, 7, for a
given pumping arrangement increascs monotonically with
increasing p; and. at constant p;.» .>creascs with
increasing T;. Also the increase in 4 ratio. r. for
desorption using the Booster pump with System B is
clearly shown for the 7, = 8. 0K and p, = 0.5 atm

(1 atm = 101 kN m"2). use of the Booster Pump
decicases the value of 77 mm by aboui 157 below

the value obtained with tle mechanical pump alonc.

Fig.4 presents the desorption data, plotting the ratio, r,
versus the mitial temperature. 7. for different imitial
pressures. p,. of about 0.5 and 1.0 atm and for
desorption to pyvalues betweer 50 and 70 um s
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e s showm v Fag S wikich i for 2 raw stantang wink
=80Kwxdg = 05 I thiss faguoe i willl Be
soe that the devorption was fnst made wsirg the
mercizaicd panvp aliow, wink wihnds the farall seevgers-
tare was sedioed 6o 373 K an about 40 mivanes, amd
ot etz 98 Az thits Lowe the Boosser Poanp s
actixased and fontieer desoepiiom aoolng ovewmed and im
aboet 20 mixutes e cewepezataoe el g0 2 sieady valoe
of 320K It reaxaimed 2t 3 70K for appeox” ezl 20
moreres ik 3 very soff wanme-mp ratz, At whick thmme
5.0 =W of heat wrs seppited to the saneple by oxvares of
the ciectrical heater. This heating was moirtafoed
wntil mizote 250 20d the desorption oz setifed down to
2 rzasoeably steady 112 of warmming deving thés pesiod.
Af mizuie 250 the heating was icreased 10 12.8 W
and was raimtzined 31 thes vakor aceil rdecie 516, Tre
1ate of warmine doring thés period is shown on the graph
of Fie.5. A1 pdeute 516 the beating was cut off and a1
the same time the Booster Pumyp was deactiveled, so that
the pomping from this time on was by the medurical
pump zlone. By minute 1304, when the run was
terminated, the temperaivre of the adsospiion cefl had
fallen 10 435 K.

Many desorption runs simitar to that shown in Fiz 5

were made and from them the ating rates, d77¢r. for
various iaput heating powers P, and a1 various v2lues of
the average temperature and pressure werz determined.

Ty pical data obtained in this way, using Sys._m B,

are shown in Fig 6, which piots two curves of ihe steady
warming rate (d7/dz) ve-sus the heat’ag power. P, for
warmings at about 3.5 K £ C.1 K ané at about

5.5 K £ 0.3 K. The numbers in parenthesis to the right

of each point in Fig 6 gives the zierage pressure in microns,
which vasies here from 19 to 36 microns. It is evident that
these values of (d7/d1) increase approximately lincarly with
P and grow larger as the average temperature is reduocd at
constant P. 1t is further evident that the zero power rate
of temperature rise is quite small, (d77dr) <5 mK s°!

By cxtrapolation of the curves backwards. one cstimates
that the heat leak io the absorption ccll (System B) in the
absence of Leazer power (P = 0) lics between 0.2 and

0.5 mW.

8

77 r,-8K
’:; & 0.5 atm -
4 SZ -
g 4.". ..... Hegting off, o=
D T booster pump off  4.35K
& 3 ~ - 12 Bmw
E 7 ' heoting on , -
® 2 Booster ! Smw

. on  heating on

) )
O 00 200 300 400 SO0 600 1300

Time,min

Fig5 Piot of remperature versus time for a typical run with
system Bwith 7 - 80K andp, - 0.5atm For detasicd
commieniary see text
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Fig6 Mot of observed warmvop anes. T/} e mncro-
Kedeve per see. versus hearer poses_ P, x» ssilengtis for the
System B The 10 corwe: 20¢ 107 J0EY2gE IERNPECILINES
TS5K201 Kard 55K 2035 K. The romsbers ks parenaheses
10 the right of eack poug gwe the svexage presure oo e
diesorption ael @ sty

4. Discussion

it is of interest to consider in connexion with our results
the va.izbles which affect the low temperature seached,
and in particular 77 g, in the desorption process. Fora
given adsorbent mlanland‘otkmgps the rjo
variavles are:

1. The in:tial temperature_ T;
2. The initial pressure. F;
3. The heat capacity of the desorption cell and its addendz

4. /he residual heat leak into the desorption cell and,
if applied. the power dissipated in the cell

5. 1::¢ throughpat and pressure capability of the pump
6. The flow resisiance of the pumping linc

7. The flow resistance within the pores of the adsorbent
material.

Considering first iiem (3). the heat capacity of the desorption
cell and its addenda. we note that for Systcm A the mass of
copper in the desorption cell was 24.2 g and that Jor
System B 286 g. If we consider, as an example, a cooling
from 8.0 K to 4.0K, the enthalpy diffcrence, AH, for the
copper between these two temperatures is about 0.024 1
for System A and 0.28 J for System B. This. is to be com-
pared w th the heat of desorption in cach system. Taking.
as previously reported by us.!0 the heat of desorption at
2%2yer coverage to be about 500 J mole! | the surface arca
of the synthetic 1colnc 13X lo be 527 m- g" and a ‘layer’
to be about 0.3 em? (STP) m*2, then the total heat of
desorption per layer (at about 2 lay ers coverage) is about
12.5 J for Systen: A and 460 J for System B. It appears
therefoiz that in the desorption process. the cooling of

the copper part vi the desorption cell. imposes a very small
load on the coolant process at these Jow temperatures.
However as s discussed later, the total heat capaeity of the
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Fgl Skeack of 2 typicall farelly of adesrpt:or actier s
pletting 2.2 Cems adborbed, w, versus presure . Foor
Tl eoher aoe showt_nkvoe Ty >12>T3>T‘,
The pette A8C sepweseres 3 desorption raw. For detaled
CXTRIRCIZACS, S0 SEXT..

desoeption celll of System A, indinding its addenda 2nd the
zzolite. may be of somr sgaificance relatwre 1o thr coolene
power of the des mpthon process. dee 1o tine reketively
semll 2meent o z2ulite emploved. At much higher temperz-
texes, for exarmple mgid nitrogen termperatures., this
favourable ligh: “loading’ of the desorption cell is no longer
valid, as we have found i separate experiments.}? Fos
iritial temperaiures therefore below about 12 K. it is
possible. at least f: « the larger ayostat (System B) to
peglect in first approximation the effect of item (3). the
heat czpacity of the desorptior: 21l ard is addenda and
contents, oa the cooling process.

One may therefore consider the cooling process. for
sufficientlv 'ow mitial temperatures as described 250ve.

to be as indicated in Fig. 7 which sketches a family of
1vpical equilibrium adsorpiion isstherms of thz mass
adsorbed versus vapour pressure. Mote that

Ty > T, > I3 > Ty If the initial mass adsorbed is

and the initial pressure. p;, represented by the point A,
then a desorption would be represented by the path A—B.
where at B the mass adsorbed is my (mg<m;) and the
pressure py (p,( p;). There is also a contribution to the
cooling process due to iscntropic expansion of the gas from
the void volume of the adsorption cell (Simon expansionzo).
This results in further reduction of the difference between

my and m;.

For adequately 10w values of 7; . as discussed above. the
difference between my and m; -vould be small, as
sketched in Fig.7. The final temperature reached

(in Fig.7, this is T3) therefore is determined by py- Each
adsorbent will have its own characteristic family of
isotherms similar to that sketched in Fig.7 and hence for
a given py the value of T will be charactenstic of the
material used. For synthetic zeolite 13X the 1sotherms
between 4.2 K ar 20.0 K have been published by us
clsewhese 1011

A companison of the %ai3 reported here with estimates of
desorption collings calerlated from our previoushy measured
1sotherms shows that for ;= 6.0 K and 8.0 K there 15 good
s¢'f-consistency. (Quantitative comparisons however are
not possible because the isotherm data doces not go below

—-
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42K ks comparing m thhe v was' S conilings
obtaiued v itth T; = (0O K aud 120 K we fiand fhnt the
diesoryiz s esperunants ¢l mod oxadh 6o fempetioes

28 Dow 25 o woudl exges fooun dhe ot by
purthing s, = sy This moy be nsorpesond 25 o fudicg wom
M&ulmﬂwﬁmmm@m;&)ﬂru’
sallues wens agrnsabily s o tiee oy, alney, dine
porsanmoiity’ 6o 2 non-meghigibile selatfar Beat aetent of -
thee desovaeion el and s adiend 28 these highey

salies of T

Nomw py i peacticall stantions s dearrmined penerally by -
dymaomicall comadienat®ras thod e hrgely ~odeperdiors

of the adsovinenr matesinl bus thed ace de omminnd Be the
appantes wsed. kn poareioe there o dhays soane heas
firakk neco vhee adsovbent muteriof and) therr oy By syome
refrigerrine foad appled. Yo offser thits heat 2putt power,
P. tiorse must be 2 contimeoes destrptsoe, i araoas
st gvem by P= Om, winere  is the eat of
desoqpeicm 21 the poat (. p). In 2y gowem appomtes,
the gs (oo mp from to parzp willl im gemeral
determime gy the vaaiahics (5). (6). 208 (7) being those
witich 2me 2pproprieie i this detzromeEion.

'Mu-.

For the 2pgeraims weed s owr ¢ - erizxents, toth foe
Sistem Azd System B.we k- 3 ériefl dhe valnss
of (4).(5), 204 (6). The residrad bezs beak #to
desorption ozfl of Sysizen A was aboet 235 W, whereas
s thet into the cefl of System s was (25 s2zt2d caslirr)
from 200 ;W 10 300 sW. Moreoser, a5 re,weied in
section 3. pany inpent powers were 2ppbed to the
desorpiion cell of Sysiem B in 2moents up to 12.8 milh.
The approxirmuie values of the hent of adsorpison
(desorption; are known for He? on synihetic 2eokite
from our previc.ss woik 101

Item (5). the characiceristics of the pump are kisown
2nd item (6). the flow resistance of the pumping tubes
was estinmted in a snanner similar to that previsasly
erploved by onc of us (JGD).2! In the situztion here.
account was taken of the change from Foiseuille flow 10
Knudsen flow as one went up the pumping tube towasrds -
room temperature. The evaluations of items (4). (5). and

{6) at our disposal in this way lead to the foilowing

conclusions:

(2) The primary limitation on pyand hence on 7,

for System A and System B. when used with the Booster
Pump. was the flow resistance of the pumping tubes.
Larger tubes with lower resistance would result in

loveer T, until limitations due to items (3) or (7) would
be encountered.

(b) The pri nary limitation on p,and hence on 7,
for Systera B using the mechanical pump alone was the
pump 1t .¢lf. that is. item (3).

{¢) No «vidence was apparcent for any himitation on

Py duc "o pressure drops within the pores of the

adsorb:nt. This may appcear at first somewhat su.prising
m vie x of the finding m carlier work Y that this process
was a hmiting factor i adsorption pumping using cocoanut
charcoal gragns as adsorhent 1t 1s not m fact contradictorn
however when one conaders the much higher pressures that
arc obtaimed m the present experiments It should be
noted however that this factor may hecome of agnificant
mfluence if desorptions to much lower temperature

than those reported here were 1o he carried out
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Soume prnars sy S mndie ammeeening the oBseraed
Wy st sl spnifinian gewers were agpiind o
the deseogtfinn eefll. Fow gl power, £ the gos
B2 wifll oo apyroninadr consttg prouifiad e i
st e i depleciom of G s adisoefund (4
diormsiom off the efat off degftiom £, ghivem frmmnfingely
Befion). For 2 stenfiy puanging sexime thesfov, fora
ginen powes 2 fiesz will be 2 Spumnicilc equiitcinm
wilnzelme Bnfirsd sppronimucinn therfoee, the

stz off the sz willl fillyw @ comsenmt pressne fms,
as indhic.tedl By e ine B~C i Frip 7. Thitsfime fsome
of Wiy zod the rrae of wemmine, &5 dw eorined Sy the
nﬁn:cﬁ'(a@mﬁn&cggi:m%ﬁuwam

p=—@=—g(§)P (:-;) ®

hﬁmﬁﬂ&:qﬁm&ﬂﬁm(@’@f}szm@moﬂ'
Tz=dp. To amoss s vrsieion wisa T ol p we Erve
es2d oo previces zfsoeption éxat0-1E 2od cleziond
(h,’&f},gn;&émiy. Fir 8 <5reg the ez fow fooy
pezsszees, pexely 10,50, 100, 3 M0 = The
vatees of (SzzfoT ), withch zze 2 prpeiive, e expressed
f2 e’ (STP) of Bir® per o of adsoctrine zeotzz 13X
peréazez K i & Be obseoved ikt Begmaea 35 K
224 7.5 K, (8=737), s 2 strore frartion of 7.

2o gEzntel GorSlnr i 2brol-tz wakae i ikis
teoperature remee. I 5 boweres, for bras drpendeni
o02p. Forexzzple 21 3.5 K # is2fnoss endependeat
of p in ib> peessere w2es 10 to 200 =, wherezs 2l
5.5 K it vesizs wiihin 2 r2nse of = 5% for peassane
chznzzs betweza 10 22d S0

For the daiz of Fiz 6 therefore, whare the pesssase
rzoze was from 19 to 36 pm=, ons may take the finst
2pproximation (SfoT ), to be constast at 2m sehected
average temperature. In this case equation 1 would
predict 2n 2pproximetely Enear r2i2tion berween
(d7/ds) 2nd P for the conditions cizining in these
experimeats, 2nd this is suppsrted by the experimental
data presented in Fig 6.

Qur experimental datz moreover show that the warm-up
rate (d7/dr) at a gives power level increases with
decreasing average temperature. For example at

P=5.0 mW, 1k ratio of (d7/dz) at T = 3.5 K to that

at T=~5.5 Kis approxymately 2.7:1. From Fig8 onz
notes that the ratio of the value of (am/ar)p at5.5Kto
its value at 3.5 K for pressures between 19 and 28 um is
app+ ximately 2.5:1. Since the value of @ is approxi-
mately independent of T, the agreement between these
two ratios (at least within the error of our knowledge of
the values of (3m/oT), apparent here) provides good
confirmation of the general vahidity of equation 1.

Now a commient regarding lengthy periods of
refrigeration with the desorption system, as for example
was carried out from minute 250 to minute 516 in the
desorption run using System B which is shown in Fig.5.
It will be seen i~ the figure that (d7;dr) Jinunished
gradually over this period. This can be attnibuted to
significant depletion of the mass adsorbed. In fact. for
this run the mass adsorbed decreased from aporoximately
0.4 cm ? (STP) m2. As has been shown earlier!? by us
for He? on 13X. the heat »f desorption. Q. mcreases
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refrioerative power boadings of 12V, 5 e, 20d 10517,
for a wed isolzted desorption cell {see text)

Temperzivre

Power Fron3Kw04K Frem4K:05K From5KiwoK

T mW Ar=64hours Ar=130hours  Ar = 200 hours

AE=2303 AE=460J AE=720

5mW/ Ar=123hours At=26hours Ar=40hours
AE=230J AF =460J AE=7303

10mW At=64hours At=13hours At=20hows
AE=230J AE=4603 AE=730J

as i is decreazed. This increase in Q, which would take
place gradually will result in a diminution of (d7/dr) for
constant power P, as is evident from equation 1 and
reflected in Fig.5.

The increase in Q duriag these pericds o1 prolonged
pu.mping moreover results in a corresponding decrease.

in m when P is constant, 1n order to preserve P = — Qm.
Since m and pyare directly ielated to each other. prolonged
pumping also results 1n a gradual (small) decrease n p,.

For example in the rur tliustrated n Fig.5. p, decreased
from 28 um at minute 250 to 35 um at mn ute 500. Such
an offect 1s qualitatively illustrated 1n the diagrom o1 Fig.7
by the oroken path line B->C’
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