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The thermal desorption of helium films in the presence of their equilibrium vapor is studied ex-

perimentally for small but rapid departures from ambient temperature. The results are analyzed
within the framework of a quasithermodynamic phenomenological model based on detailed bal-

ance. Under the usual experimental conditions, isothermal desorption at the temperature of the
substrate is a general prediction of the model which seems to be substantiated. For realistic ad-

sorption isotherms the time evolution of the net desorption Aux nevertheless appears to be
governed by a highly nonlinear equation. In such circumstances, a number of characteristic relax-
ation times may be identified. These time scales are distinct from, and in general unrelated to, the
coverage-dependent mean lifetime of an atom on the surface. To characterize the overall non-

linear evolution towards steady state, a global time scale, defined in terms of both initial- and

steady-state properties, is introduced to summarize the experimental data. Internal evidence sug-

gests a criterion for judging when collisions among desorbed atoms are unimportant. When this
condition is satisfied, data for near-equilibrium desorption agree well with the predictions of the
model. Combining our results with ear1ier data at higher substrate temperatures and diA'erent am-

bient conditions, the overall picture is consistent with scaling properties implied by the theory.
We show that the values of the parameters deduced from a Frenkel-Arrhenius parametrization of
the global relaxation times, as well as a variety of other aspects of desorption kinetics, are actually
consequences of the shape of the equilibrium adsorption isotherm.

I. INTRODUCTION

The kinetics of the adsorption and desorption of
atoms and molecules on solid surfaces is an area of con-
siderable scientific and technological interest. While
many of the technologically significant problems concern
complex chemisorption systems, the relative simplicity
and weak interactions responsible for physisorption give
rise to the hope that the kinetics of these systems might
be understood in terms of such fundamental quantities as
the dynamic gas-surface interaction potential. The ex-
pression of interest in physisorption kinetics from this
point of view has been marked by the recent appearance
of an entire book devoted to the subject. ' At the same
time, a renewed awareness of the power and utility of
phenomenological, quasiequilibrium approaches, em-
phasizing detailed balance and equilibrium thermo-
dynamic considerations, ' has been voiced in the litera-
ture.

Over the past several years in our laboratory, Aash

desorption techniques have been used to measure the
desorption times of helium films, the sticking probability
for low-energy helium atoms incident on our substrates,
and to provide evidence that helium atoms can be direct-
ly evaporated by nonequilibrium phonons. During
that same period, a continuum thermodynamic descrip-
tion was developed that showed promise of being able to
account for the measured desorption times and other re-
lated phenomena. ' In this paper we present new ex-
perimental data on the dynamical evolution of a rapidly
heated helium film together with an extended and de-
tailed phenomenological analysis that allows a direct

comparison between this theory and the experiments.
As we shall see, the comparison is very successful.

Our conclusion will be that, with reasonable assumptions
about both the sticking coefticient and the qualitative
character of the equation of state, our observations point
to essentially equilibriumlike behavior. Because of the
phenomenological nature of the analysis, our results do
not resolve any fundamental theoretical problems, but
they do aid in sorting out the differences between what
microscopic theories predict and what experiments often
measure. Further, they serve to explain the origin of a
number of otherwise puzzling features of these and prior
experiments.

Microscopic theories of desorption generally attempt
to predict the mean residence time of an isolated atom
on a homogeneous surface at temperature T. This quan-
tity is universally parametrized in the Frenkel-Arrhenius
form,

E//cB T
7 = 'Toe

where E is usually of the order of the binding energy of
the atom to the surface, but where the prefactor
varies considerably from one theory to another. Inti-
mately related to the question of desorption rates is the
probability that an incident atom will stick to the sur-
face.

We shall argue that when a physisorbed film is dis-
turbed from equilibrium with its vapor, its evolution to-
ward a new dynamic steady state can be described by a
set of coupled ordinary differential equations that is gen-
erally rendered nonlinear by the nonlinearity of the ad-
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sorption isotherms (amount adsorbed versus vapor pres-
sure at each temperature) of the film, even if the sticking
probability is assumed to be insensitive to changes in
coverage. Consequently, the time dependence of the
desorption is not a simple exponential, and there is no
single time constant to be compared to Eq. (1). Never-
theless, it is possible to extract from the predictions of
the model the characteristic time to reach steady state
that an experimentalist might extract from comparable
data. When this time, which we call ~,„~, is analyzed in
the time-honored Arrhenius plot (log~or, „~ vs T,
where T, is the substrate temperature), the result, like
the real experimental data, is a very good straight line
over decades of ~„~, thus seeming to &ustify the use of
Eq. (1). Like the real data, however, the slope of the
plot is less than the binding energy, and the prefactor
has no obvious interpretation.

In order to obtain easily measurable signals, prior ex-
periments in our laboratory depended on very large dis-
turbances of the film from equilibrium. For a variety of
reasons, that made the results difficult to compare even
to the phenomenological model, much less to microscop-
ic theories. In this paper we present data for much
smaller disturbances, where many of the previous
difficulties are sidestepped. In this limit, we find not
only qualitative but also quantitative agreement with the
model. The new data agree with the older data where
they overlap. The new data are made possible in part by
an improved system of signal recovery, averaging, and
handling, which also leads to a more sophisticated quan-
titative analysis of the data and qualitative comparison
with the model. We are able to understand not only the
gross time dependence, but also many more subtle
features having to do with initial and final conditions,
and involving adsorption as well as desorption.

This paper is organized as follows: In Sec. II we re-
view the recent history out of which this work grows.
In Sec. III we present the new theoretical analysis, and
in Sec. IV the new experiments. We conclude in Sec. V
with a few comments about the present situation.

II. HISTORICAL BACKGROUND

In an attempt to explain this and other related experi-
ments, Weimer and Goodstein ' ' presented a simple
analysis based on thermodynamic quasiequilibrium ideas.
The rate of change of the coverage n (t), or number of
adsorbed atoms per unit area, when the sticking
coefficient o. is assumed to be independent of tempera-
ture and coverage, as well as direction and energy, is
given by

dn =cr(J; —J, ),
dt

(2)

where J; is the flux incident from the vapor and J, the
flux desorbing from the heated surface. Presuming the
vapor to be ideal,

PgJ =
+2~mk~ T,

where Pg is the equilibrium pressure in the gas and m
the mass of the He atom, while detailed balance implies

J, = Pf
+2m.mk~ Tf

where Tf (t) is the instantaneous temperature of the film,
and Pf(t) is the pressure of the vapor that would be in
equilibrium with the film at temperature Tf and cover-
age n (t) When .heat is injected into the film at a rate
d U /dt, and it is assumed that this film remains in
quasiequilibrium, conservation of energy requires that

dTf de
dt dt

=C& +(pf+TfSf) +o'(Q, —Q;) . (3)
dt

Here, the first term on the right-hand side, with C& the
heat capacity at constant coverage, accounts for the heat
needed to raise the film's temperature; the second term,
with Sf the partial molar entropy of the film, is the la-
tent heat carried away by desorption, while Q, and Q;
represent the outgoing and incoming fluxes of kinetic en-
ergy, assumed to be given by

Q, =2k' TfJ,
and

A few years ago, Sinvani et al. reported a new tech-
nique for studying the desorption of thin helium films.
The experimental arrangement was similar to that de-
scribed below in Sec. IV. When the adsorption substrate
was heated rapidly from ambient temperature To to final
temperature T„ they found that the helium film reached
a new steady-state thickness in a time ~ that could be de-
scribed by Eq. (1) with temperature T„exponent
E= ——', po, where po was the film chemical potential be-

fore heating, and ro=10 sec. These results did not
correspond with any of the then available microscopic
theories" ' which focused, primarily, on calculating
the mean lifetime of a single atom in an assembly of in-
dependent particles on the surface. In other words, none
of these theories addressed the problem of determining
the relaxation time for a strongly interacting film, per-
turbed from equilibrium by rapid heating, to reach a
new steady state in the presence of its equilibrium vapor.

Q;=2kgTpJ; .

From the point of view presented here, Eqs. (2) and (3)
govern the time evolution of the film's coverage and
temperature. To complete the equations and evaluate
the coefficients, the film is assumed to have the proper-
ties of a thin slab of incompressible bulk liquid helium.
This means that the adsorption isotherm is then given by
the Frenkel-Halsey-Hill (FHH) equation

pf(T, n) =@~(T)+AV,„,(n),
where pl(T) is the chemical potential of bulk liquid heli-
um in coexistence with its vapor at temperature T. The
excess van der Waals potential of the substrate, AV„„ is
taken to be

AV, „,= —y/5

with 6, the film thickness, related to n by the liquid den-
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sity, pl, and where y is characteristic of the helium-
substrate system. Since the gas is ideal, Eq. (4) may be
reexpressed as

P (T 12) =P (T)8

which relates the vapor pressure of the film at finite cov-
erage to the vapor pressure of bulk liquid helium at the
same temperature.

In a pulsed desorption experiment, energy dissipated
in an Ohmic heater escapes partially into the helium film
via Kapitza boundary resistance, Rz, and partially into
a phonon-transparent sapphire crystal via boundary
resistance R, . The part that escapes into the helium be-
comes dU/dt of Eq. (3). As an order of magnitude ap-
proximation, all parameters (Rx, Ctv, etc. ) are evaluated
from bulk liquid properties, including most importantly
the sticking coefficient, cr, which is taken to be constant
and equal to 1. The resulting equations are then
linearized for small departures from equilibrium.
Defining the reduced dynamical variables

and

g( t ) = [6f(t ) —5p]/5p

dO dXj =a —b +cO,
dt dt

dX=
dt

=fX+gg .

These are coupled linear differential equations with con-
stant coefficients (a, b, c,f,g,j ) to be evaluated from exist-
ing data, and the energy deposited in the metallic heater,
as discussed in Ref. 10.

In analyzing the behavior of Eqs. (7) and (8), it turns
out that the most important experimental parameter is

Pg, the preexisting gas pressure. For one thing, Pg
governs the rate of exchange of both mass and energy
between film and vapor. For another, it can vary over
many orders of magnitude, while all other quantities
affecting the coefficients vary relatively slowly. In prac-
tice, the experimental range of Pg was 10 —10 Torr.

Under these actual experimental conditions, the solu-
tions of Eqs. (7) and (8) yield a particularly simple pic-
ture of desorption. It was found that the film tempera-
ture jumps rapidly to its steady-state value, essentially
equal to T„while desorption proceeds much more slow-
ly, with a time constant v. given approximately by

6 )& 10 po/kg To
—12

7 =
y 2. 5

e sec .
0

(9)

By contrast, the experiments of Sinvani et al. could
be parametrized by

9 2pp /3 kg T&v=10 e ' sec, (10)

8( t ) = [Tf ( t ) —Tp ]/Tp

where 50 and T0 are the initial undisturbed values, then,
for X and 9 «1, Eqs. (2) and (3) reduce to

with the data taken in the limit T, » Tp (i.e., 8»1).
Nevertheless, in spite of differences between these formu-
las, if the experimental result was extrapolated to the
limit T, =T0, reasonably good numerical agreement be-
tween these time constants was found. Of course, this
crude agreement could be considered no more than sug-
gestive inasmuch as Eq. (9) states the dependence of the
time constant on initial temperature for a film negligibly
perturbed from equilibrium, whereas Eq. (10) describes
the result for a variety of f'tnal film temperatures, all ar-
rived at from the same equilibrium starting point. In
other words, the predictions of the linearized theory and
the par ametrization of the data refer to explicitly
different sets of experimental boundary conditions.

To make a more realistic appraisal, either the full,
nonlinear equations would have to be solved in detail, or
the experiments would have to be pushed to very small
values of 0 and the dependence of ~ on initial tempera-
ture studied. There were, however, serious obstacles to
each of these procedures.

In principle, the nonlinear equations could be integrat-
ed numerically (and this had been done in a few special
cases), but there was good reason to doubt whether the
results could be meaningfully compared to the experi-
ments. First, considerable evidence accumulated that
under the extreme conditions of the experiments, col-
lisions between desorbing atoms affected the results in
ways that rendered the interpretation of the existing
data problematic and which, naturally, the model could
not account for. Second, the basic assumption of the
model, that the film evolves through a sequence of states
of internal equilibrium, might not be entirely justified
when the substrate temperature was forced to jump by
as much as 10 K in a few nanoseconds. On the other
hand, pushing the experiments into the near-linear re-
gime, 0«1, did not appear to be feasible. Very few
atoms would be desorbed in such an experiment, and the
experimental signal is proportional to the net rate of
desorption.

In the present work we have adopted a combined stra-
tegy of improving both theory and experiment. The ex-
periments have been performed at small but non-
negligible 0, obviating the objections above, but still re-
quiring solutions to the nonlinear equations. We have
also worked out techniques for finding dependable ap-
proximate solutions to the nonlinear equations. As we
shall see in the following sections, this combination not
only permits a realistic comparison of theory and experi-
ment, it also affords considerable insight into the behav-
ior of both of them.

III. THE NONLINEAR THEORY

In this section we discuss how Eqs. (2) and (3) may be
analyzed without being limited to small departures from
equilibrium. That analysis is greatly facilitated by the
fact that, when the preexisting gas pressure is sufficiently
low, rapid heating of the substrate causes the tempera-
ture of the film to jump quickly to its final temperature,
leaving desorption to take place isothermally and much
more slowly. That behavior, which was previously ob-
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served for small departures from equilibrium, turns out
also to occur for larger ones. The physical reason is
that, according to detailed balance, when the gas pres-
sure is low, so is the rate of desorption, leaving no mech-
anism for the film to get rid of the energy flowing into it
from the substrate. It therefore warms until it reaches
nearly the temperature of the substrate, at which point
the net energy flow slows down to the rate that desorp-
tion can manage to carry away.

That observation suggests a procedure for simplifying
the equations. Rather than examine the case of small 0
and 7, we look at the limit of small Pg for arbitrary 0
and 7. Technically, the analysis requires the use of
singular perturbation theory, as discussed in detail in
Ref. 23, but the results are particularly simple. If the
substrate is not heated too violently, the film tempera-
ture jumps to its final value T„equal to the substrate
temperature, in a time so short that the film thickness
can be taken to be undisturbed, and this result is insensi-
tive to the precise values chosen for C& and Rz.
Desorption then proceeds isothermally, according to the
equation

1.0
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0.2-

1.0

- 0.8

- 0.6

2X

-04

- 02
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dt
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which arises from Eq. (2) with cr =1.
Approximating Pf(T, n) by means of the FHH equa-

tion of state, as given in Eqs. (5) and (6), Eq. (11) be-
comes a highly nonlinear differential equation for n (t)
that cannot be integrated analytically. However, numer-
ical solutions, compared to numerical integrations of the
full, coupled differential equations for n (t) and Tf(t),
give excellent agreement for Pg as high as 10 Torr,
i.e., over the entire experimental range of Pg A typical
example of the results is shown in Fig. 1, where numeri-
cal integrations of the full and approximate equations
are compared for Pg = 10 Torr, To ——3.5 K, and
50——0. 8 layers. In either scheme nearly all of the tem-
perature change occurs in less than 100 nsec, while
desorption evolves over some microseconds.

Additional insight can be gained by considering equa-
tions of state other than the FHH isotherm. If Pf(T, n)
were a linear function of n, Eq. (11) would have a simple
exponential time dependence with a single time constant
even for large disturbances from equilibrium. For exam-
ple, if the adsorbate were a submonolayer classical ideal
gas bound with energy co to a smooth substrate, the
equation of state would be

Pf(T, n)= n —@co

A
(12)

where f3=(k&T) ' and A=hi(2~mk+T)' . Then Eq.
(11) is of the form

dn

dt
=kdn —c,

where kd is the desorption rate constant, and c is a con-
stant term representing readsorption. The solution is

—kdt
n (t) —np=(n„—np)(1 —e ),

FIG. 1. Comparison of exact (solid lines) and approximate
(dashed lines) solutions to the bulk-continuum model for
To ——3.5 K, P~ =10 ' Torr, and 5o ——0.8 layers, when T, =5.25
K. The dynamical variables are scaled to their steady-state
values so that B=B(t)/B„ for the upper pair of curves, and
X=X(t)/X„ for the lower pair. Time is in units of @sec.

where n„ is the steady-state value, n (oo ). The desorp-
tion time constant, ~=kd, is

—1

r=hP, e ' ',
which has the activated form of Eq. (1).

The behavior of a film with a linear equation of state
is sketched in Fig. 2. Starting at (np, Tp) the system
jumps essentially instantaneously to (np, T, ), then fol-
lows the T, isotherm to (n„,T, ). For such a system, ex-
periments involving large changes in n and T would still
measure the mean dwell time (at T, ) typically calculated
from microscopic theory [see Eq. (13) below]. This be-
havior would occur not only for the particular model
represented by Eq. (12), but for any instance in which
the adsorption energy is constant, and the adsorbed
atoms or molecules do not interact with each other (this
is known as Henry's law).

Unfortunately, Henry's law does not obtain in phy-
sisorption on real surfaces. Even on the most homo-
geneous surfaces, high-binding-energy sites dominate ad-
sorption precisely in the limit of low coverage where
Henry's law might be expected to apply. At higher cov-
erage, interactions between adsorbate particles can cause
various phase transitions and layer formation, leading to
complicated behavior in the dependence of Pf ( T, n ) on
n. On less homogeneous surfaces, variation of the bind-
ing energy over the surface may smear out much of this
structure, and Pf(T, n) typically has a sigmoid shape,
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FIG. 2. Isothermal desorption of a two-dimensional classi-
cal ideal gas.

SURFACE COVERAGE

FIG. 3. Isothermal desorption for a system with positive
curvature as defined in the text.

qualitatively similar to the Brunauer-Emmett- Teller
(BET) formula. For either homogeneous or inhomogene-
ous substrates, the FHH equation, Eqs. (5) and (6), is ex-
pected to become valid for films of more than a few lay-
ers, provided the adsorbate wets the substrate, but it
shares the same qualitative shape as the BET isotherm
over the entire range of n.

Figure 3 indicates the situation when Pf ( T, n ) is not
linear. We have chosen to illustrate the case
a'Pf/Bn &0, which we shall refer to as having positive
curvature. This is how both FHH and BET look in the
low-coverage region. The dashed curve indicates the be-
havior of the system as it jumps from (no, TO) to
(no, T, ), and then follows the T, isotherm down to
(n„,T, ). Depending on how this behavior is analyzed,
one can identify four different kinds of time constants:

(1) The mean dwell time on a homogeneous surface is
obtained by equating adsorption to desorption, as one
would in equilibrium, and writing

Pf(T„n)
&( n ) +2nmk~ T, . (13)

n

r(n )

n;

r;(n;)

where n; refers to the number in each type of site
(g; n; =n) and r; is derived from the partial pressure

This time is proportional to n/Pf, the inverse slope of
the line drawn from Pf(T„n) to the origin, and depends
on the instantaneous coverage. For an inhomogeneous
surface with a nonuniform distribution of binding sites,

Pf;(T, n; ).
(2) If Eq. (11) is linearized for small n no, —but finite

T, —To, we obtain

dn dPf /dn
=const+ (n no) . —

dt 2m.mks T,
(14)

r),)(n) = A A c)pf
Bn T,

—pf (T, , n)/k~ T,
e

(3) The time constant in Eq. (9) arising out of the solu-
tion of the linearized (infinitesimal T, —To) equations,
Eqs. (7) and (8), is similarly governed by the inverse
slope of the To isotherm evaluated at no, (Bn /dPf )r
This may also be written in a more general activated
form by substituting To for T, and using the equilibrium
value of the chemical potential in Eq. (15),

This procedure yields an instantaneous, or local, linear-
ized time constant, r~,~(no), in the neighborhood of no at
temperature T, . This time scale is proportional to the
inverse slope of the tangent to the T, isotherm at no,
(Bn /BPf )T „,shown in the figure. One could visualize

repeating this procedure at any point in the trajectory
along the T, isotherm leading to a succession of instan-
taneous time scales, r~,~(n), and a continuous renormal-
ization of the constant appearing in Eq. (14). Expressed
in terms of the instantaneous chemical potential of the
film, a general formula for this time scale, suggestive of
Arrhenius-like behavior, is
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A Ao Bpf
o. Bn

—pf ( Tp tl p )/kp Tp
e (16)

(4) A fourth scale usefully characterizes the global
time evolution of the film as it progresses down the T,
isotherm from no to n„. Since the system is not ex-
ponential in time there is no single time constant, as we
have seen above. Nevertheless, n (t) behaves as shown in
Fig. 4, rising at first and then bending over to an asymp-
tote at n„. An experimentalist, obtaining data of this
form, would be inclined (as Sinvani et al. were) to treat
it as if it were a simple exponential, which it resembles
qualitatively if there is not too much curvature on a log-
arithmic plot, and extract a single time constant. This is
most conveniently done by extrapolating the initial slope
the steady-state coverage n„, as shown in the figure.
Accordingly, we define a global time constant, 7 p as

no —n„
—(dn Idt)o

where n„ is the solution of

T, ' Pf(T„n„)=TO ' Pf(TO, no),

(17)

and (dn!dt)o is the initial rate of desorption, given by

dn Pf(T, , no)

dt 0 +2irmkii T,

Pf ( Tp tl 0 )

+2irmkii To

In terms of the figure, ~,„~ is proportional to the inverse
slope of the chord connecting the point (n o, T, ) to
(n„,T, ). It depend. s on the total amount desorbed.

Thus, given a model (or experimental data) for the
equation of state of the film, Pf ( T, n ), the predicted
values of 'T

p
are easily found without solving the non-

linear diff'erential equation, Eq. (11). Our discussion of
the dynamics in terms of strictly geometrical properties
of the equilibrium adsorption isotherm rests, however,

on the assumption of a coverage-independent sticking
coefficient. Should o. depend on n in an important way,
then the connection with the equation of state becomes
less direct as additional terms enter the definitions of ~~, ~

and 7exp.
In Fig. 5 we plot the calculated values of ~,„„,using

the FHH equation of state, for a variety of initial condi-
tions (see Table I for the relevant parameters. ) Since the
ordinate is logarithmic and is plotted versus To/T„ this
figure is comparable to the Arrhenius plots (logior
versus I/T, ) that Sinvani et al. used to analyze their
data. The result is an excellent straight line over de-
cades of 7

p just as observed in these experiments. The
intercepts of these curves give ~O=10 " sec, and the
slopes give a characteristic energy somewhere in the re-
gion between

~ po ~

and 0.5
~ po ~, where po is the equi

librium chemical potential. The intercept of each curve
with the axis To/T, = 1 is the solution for that set of ini-
tial conditions of the linearized equations, Eqs. (7) and
(8).

In Fig. 6 we compare the predictions of the model
with data from Sinvani et al. (open squares) and from
our own experiments, described in the next section (solid
squares). The agreement is quite good, especially for the
more recent experiments, where To/T, is closer to 1.
Since the experimental films are less than about two lay-

10
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O
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10

Do fl ss

K

h 10

0n, -n„ 10

10
0.0 0.2

I

0 4

To /T
0.6 0.8 1 0

+ex p

FIG. 4. Number desorbed per unit area vs time for iso-
therms with positive curvature.

FIG. 5. Global time constant as a function of inverse sub-
strate temperature for a variety of initial conditions. Bottom,
middle, and top solid curves correspond to the first three rows
of Table I, respectively. Broken and dashed curves represent
rows 4 and 5.
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TABLE I. Relevant parameters for the sequence of exam-
ples plotted in Fig. 5.

TQ

(K)

3.5
3.5
3.5
2.0
1.0

—Pp
(K)

55
70
90
40
20

Pg
(Torr)

5.3 x 10—4

7.3 X10-
2.4x 10
1.8 x 10-'
3.1x 10-'

—pp/Tp
(dimensionless)

15.7
20.0
25.7
20.0
20.0

np

(layers)

0.87
0.79
0.72
0.97
1.33

ers thick though, the FHH equation of state cannot be
very accurate, and the agreement appears to be fortui-
tous. Nevertheless, the qualitative fact that FHH has
positive curvature in this low-coverage regime seems to
be more important in accounting for the data than its
quantitative accuracy.

Note that the two sets of initial conditions (no and
To) shown in Fig. 6 are apparently quite different, yet
both sets of experiments and theoretical predictions fall
on nearly the same curves. That is because these initial
conditions do have, very nearly, the same ratio of po to
To, which means, in effect, (almost) the same Pg, and
this scaling is generally found to hold when the resulting
~,„~ are plotted against the dimensionless ratio, To/T, .

l0

-5|0

t/)o
O
CD

-7
IO

—9
IO

—II
IO

0.0 0.2
I

0.4 0,6 0.8 I. O

FICx. 6. Comparison of the global time-constant data and
continuum-model predictions from this work for Tp ——2. 10 K,
—pp ——40 K (solid squares and solid line, respectively) with the
data of Sinvani et al. for Tp=3. 48 K —pp=72 K, and our
corresponding model predictions (open squares and dashed
line).

IV. EXPERIMENT

As mentioned above, the experiments were essentially
similar to others previously reported by our laboratory,
except that they were designed to use much smaller dis-
turbances from equilibrium. The desorption substrate
was an evaporated Ohmic heater on the surface of a
phonon-transparent sapphire crystal, and the detector
was a superconducting transition edge tin bolometer, on
a separate sapphire wafer, 1.2S mm above the heater.
The experiment consists of pulsing the heater periodical-
ly and observing the resulting signal carried to the
bolometer by desorbed helium atoms. A new cryostat
was constructed, carefully designed for low heat leak
and long liquid-helium —bath life, in order to facilitate
systematic data collection. In addition, two important
changes from previous practice were the use of a rela-
tively large area heater to enhance the signal due to
small heater pulses, and a new, more efficient, system for
data retrieval, storage and analysis.

The heater was a SOO-A-thick nichrome film evaporat-
ed directly onto the optically polished surface of a sap-
phire single crystal. Scanning electron micrographs indi-
cate the surface roughness of the sapphire to be less than
2SO A. The bottom of the crystal is immersed in the
helium bath, and the top, on which the heater is eva-
porated, forms the Boor of an oxygen-free high-
conductivity (OFHC) copper adsorption cell, to which
the crystal is sealed by means of an indium gasket. The
bolometer wafer is secured in place by sapphire spacers
attached by means of Apiezon vacuum grease, and the
cell also contains 0.175 g of Grafoil (surface area
—4&&10 cm ) so that an adsorbed monolayer on all sur-
faces in the cell corresponds to a conveniently measur-
able quantity of gas. The surface area of the heater was
1.10 mm (about 10 times larger than those previously
used in our laboratory) and its resistance (47.5 II) was
well matched to the SO-6 impedance of our transmission
lines.

The bolometer was a 2000-A Sn evaporated film, pho-
tolithographically fashioned into a serpentine -0.3 mm
on a side (total area -0. 1 mm ). It could be operated at
any temperature below the superconducting critical tem-
perature of tin, T, = 3.7 K, with the aid of a magnetic
field perpendicular to the plane of the bolometer. In a
separate series of experiments, it has been found that
this type of bolometer has a peak sensitivity of -200
V/W at a typical bias current of —1 mA, surprisingly
independent of operating temperature once optimal bias-
ing conditions (magnetic field and current) are deter-
mined.

When the heater, initially at temperature To, is sud-
denly pulsed with electrical power 8' it is assumed to
come to a temperature Th given by

d Tpg
W=Ch +o, (Ta To) . —

dt

Cz is the heat capacity of the nichrome film and o., is
the analog of the Stephan-Boltzmann constant for radi-
ating phonons into the sapphire substrate, calculated
from the elastic constants of both heater and substrate



5206 M. WEIMER, R. M. HOUSLEY, AND D. L. GOODSTEIN 36

assuming perfect interface bonding between them.
The coefficient o., is related to R„ the Kapitza thermal
boundary resistance of the heater/sapphire interface, by
cr, '=4TOR, . With this assumption, the heater reaches
a steady-state temperature

T, = ( 8'/o, + To )
'

in a maximum time given roughly by

7X10-'
sec .

TQ

(18)
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FICx. 7. Electronics for the desorption time-constant mea-
surements.

In estimating this time, we have ignored heat lost into
the helium film. As we saw in the preceding section,
that heat causes the helium film to rise to essentially the
same temperature, T„ in a comparably short time after
which little further heat exits by that route. The net re-
sult is that heater and helium film may both be thought
of as jumping to temperature T, in a time negligibly
short compared to desorption times, and that Eq. (18)
should be reliable for calculating T, within the scope of
the acoustic-mismatch model.

A block diagram of the instrumentation is shown in
Fig. 7. Desorption is caused by heater pulses of 10 V
amplitude, 5 nsec risetime, and width t~ &30 nsec, at-
tenuated as necessary in 1-dB steps. A synchronous
reference signal activates the data-acquisition electron-
ics. The bolometer output is coupled to a room-

temperature wide-band (dc —70 MHz) preamplifier via a
100-pF tantalum capacitor which, in combination with
the 50-Q input impedance of the preamplifier, creates a
high-pass filter eliminating the dc offset of the bolometer
biasing circuit while allowing signals up to several hun-
dred psec duration to be recovered with minimum dis-
tortion.

The observed broadband noise of the system, dominat-
ed by the amplifier electronics, is —15 pV rms referred
to the preamplifier input (equivalent to —7&&10 W
heat input to the bolometer signal before signal averag-
ing). To limit this noise by reducing unnecessary band-
width, a low-pass filter, carefully chosen to preserve both
the amplitude and phase of all important Fourier com-
ponents of the signal, is needed. A convenient choice
proved to be a two-pole, 10-MHz Bessel filter syn-
thesized from a single capacitor and inductor.

Signal recovery and signal-to-noise enhancement were
accomplished by means of a LeCroy 3500 system serving
as a waveform digitizer and signal averager. On each
trigger, the entire bolometer signal, as a function of time
after the pulse, is digitized as typically 1024 or 2048
points at 40-nsec intervals with eight-bit nominal resolu-
tion (as much as ten-bit eff'ective resolution was possible
after signal averaging). The signal-averager throughput
(700&& 1 kbyte samples per second) is fast enough so that
it is almost never the factor limiting pulse repetition
rates. This represents an enormous gain in signal-
averaging efficiency over the previous method, a boxcar
integrator, which effectively measures only a small gated
portion of the signal from each pulse. The digitized and
averaged signal may be stored on floppy disk and re-
called for later viewing and manipulation.

In essence, the experiments probe the kinetics of both
desorption and adsorption by observing the signal as a
function of the pulse duration, tz, and the pulse repeti-
tion time t, Varyin. g t„(or equivalently, v„= 1/t„)
probes readsorption or recovery of the film. In particu-
lar, when t„ is sufficiently long, t, & t„„the film generally
regains thermodynamic equilibrium between pulses (un-
less it is on a flat portion of the isotherm where
dPf/dn =0), as shown by the fact that the signal be-
comes independent of t„. Since t„, depends on the preex-
isting gas pressure P~, it can be used to measure that im-
portant parameter (with an uncertainty of —30%%uo) and
hence also the equilibrium chemical potential, po (since

pQ depends logarithmically on Pg, its uncertainty is
much smaller, of order a few percent). The parameter
t„, also serves to limit the maximum repetition rate of
the experiment for signal-averaging purposes. For thin
films and/or low temperatures, t„, may be as large as 10
sec in some cases, so that the efficient digital signal
averaging described above is particularly important.

All experiments are performed at sufficiently low Pg to
ensure that the mean free path in the preexisting gas is
long compared to the distance between heater and
bolometer. A more difficult problem concerns collisions
between desorbing atoms. Unless the mean number of
collisions per atom can be kept small compared to 1,
backscattering of desorbed atoms into the film and
collision-induced forward focusing of desorbed atoms
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into the fixed solid angle subtended by the detector'"
may well afT'ect the time evolution we are trying to mea-
sure. This clearly appears to have been the case in pre-
vious measurements. The mean number of collisions
per atom for a typical run has now been estimated to
have been about 5. ' For the small departures from
equilibrium used in the present experiments, the times
characterizing desorption can be longer than the mean
transit time of atoms between the heater and bolometer,
t. In this case, a rough estimate of the number of col-
lisions expected per atom, v, is given by

v-6—
7

(19)

S(t)= f dt'ri(t') f d r'So(r —r', t —t', P, ),
0

(20)

when the desorption is isothermal and the sticking prob-

where ~ is a time characterizing the desorption, and 6 is
the number of monolayers in the film. Typical values
for our films are b —1 ML (monolayer), t —10 psec, and
~) 5 psec.

To summarize the experimental situation, the work re-
ported here improves over previous observations mainly
by allowing analysis of signals due to smaller distur-
bances from equilibrium. This permits a more direct
comparison to theory principally because collision effects
are considerably reduced.

As mentioned above, the purpose of the new data
gathered for this study was to probe the kinetics of
desorption and adsorption by varying the pulse width,
t~, the repetition rate, t„, and the heater power (and
hence T, ), all at lower heater power than had been used
before. To keep this survey manageable, all the data had
the same initial conditions, To ——2.09 K and
Pg =5.8)& 10 Torr corresponding to po ———40 K and a
mean free path in the undisturbed gas of 94 mm (about
80 times the source-detector separation. ) The pressure
Pg was deduced from the critical repetition rate at max-
imum power (t„,= 14 msec), as discussed above, and
checked periodically throughout the experiment. The
cell was filled with 1.69 STPcc of helium gas, one-third
admitted at 77 K and the rest bled in at 4.2 K. The cell
was then slowly cooled to To, and maintained there for a
full week before any data were taken. The data
comprised nearly 1000 waveforms, each signal averaged
over 1000 or more triggers. The values of T, that were
used, and the parameters used in calculating them, are
summarized in Table II.

%'e do not know the mean equilibrium helium film
thickness on the nichrome heater in these experiments,
but we can assign an upper limit of 1.2 ML which is the
helium film thickness on the more strongly absorbing
Grafoil substrate at our equilibrium values of T and p.

Some examples of typical bolometer signals at low
heater power are shown in Fig. 8. The signal is believed
to be given by AdES(t), where Az is the detector area,
K the sensitivity in volts per watt, and S(t) the rate at
which energy is deposited per unit area at the bolometer.
This can be put in the form

W/W, „
(dB)

0
—17
—20
—22
—24
—25
—26
—27

T.
(K)

10.549
4.038
3.457
3.140
2.877
2.764
2.663
2.575

0.199
0.519
0.606
0.667
0.728
0.759
0.787
0.814

Uncertainty
due to a

10% imprecision
in W/o. ,
+0.005
+0.012
+0.013
+0.013
+0.013
+0.013
+0.012
+0.011

ability independent of coverage. Here, ri is the instan-
taneous excess rate of desorption, at time t' from point
r', above the equi1ibrium value that would otherwise
have originated from the heater surface. The second in-
tegral spans the area of the heater, whereas the bolome-
ter is considered to be a point detector situated at
(x,y, z)=(r,z). Assuming no collisions, and constant
sticking coefficient O.

d at the bolometer,

V)

C:

lo
I

l5

TIME (t sec)

I

20 25 30 35

FICx. 8. $(t) vs t, as a function of t~, for T, =2.88 K and

v, =70 Hz. Main figure: t~ =0.35, 0.70, 1.2, 2.0, 3.0, and 5.0
psec. Inset: t~ =5.0, 20, 35, and 50 psec.

TABLE II. Heater temperature T, calculated as a function
of pulse power W, from Eq. (18). W,„=2 W/1. 10 mm,
1/g, =6800 K mm /W, and To ——2.095K.
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a &(2k~ T, +Eb )
—f d r' Z2

r —r'['
(26)

In practice, this problem can usually be solved. In
our experiments it is almost always possible to find an
intermediate time, tI, such that tI —t~ is large compared
to the characteristic width of So, so that all particles
desorbed in the pulse have plenty of time to reach the
bolometer, but that is still very short compared to the
time required for the film to return to equilibrium after
the pulse. Then,

S tdt=An tp
0 L0

O

The choice of tI is almost always obvious from the
data themselves (e.g. , 35—70 @sec in Fig. 8). It must be
borne in mind, however, that there are conditions —such
as desorption for nearly infinitesimal temperature varia-
tions, or for very short pulse widths —under which it
may not be possible to separate cleanly the time scales
corresponding to desorption, adsorption, and the width
of the propagator, which is necessary for this to be a vi-
able means of reconstructing b, n (t~ ).

One other point we have ignored in formulating Eq.
(20) the way we did is the fact that atoms that would
have desorbed from the heater during time t~, if the
heater had not been pulsed, would have had temperature
To rather than T, . This introduces an error which is
usually small, and the area under S(t) is strictly propor-
tional to bn (t~ ) provided

ri,qt~ 2k~(T, —To) (( 1
b n (t~ ) 2ktt T, +Eb

(27)

where ri,q is the desorption rate in equilibrium. This
condition is best satisfied for small disturbances (small
T, —To), thin films (large Eb), and if t~ is not too much
longer than the time to reach the steady state.

As an example of this kind of analysis, we show in

Fig. 10 plots of f o' S(t)dt versus tz for calculated sub-

strate temperatures T, =3.46 K (upper curve) and
T, =2.88 K (lower curve). In both cases, Eq. (27) is well
satisfied, so that the ratio of the points at any t~ should
be equal to the ratio of the values of b, n (t~ ).

These data exhibit many of the features of the model
discussed in the preceding section. For example, both
curves extrapolate to zero signal at a finite t~ -50—100
nsec. This is the expected time scale for both heater and
helium film to reach their final temperature, and corre-
sponds to the difference between the full numerical in-
tegration and the approximate model in Fig. 1. After
this time the curves have a slope proportional to the rate
of change of surface coverage ri, higher for the higher
substrate temperature, and at long t~ the curves become
largely independent of pulse width and saturate. In
practice, there is some difficulty in finding the saturation
value of f S dt for a moderate-strength bolometer signal
near steady state, owing to the continuing arrival of
hotter gas atoms than would arrive at equilibrium, and

C)
LLI

C9
LLJ

IO 30 50

PULSE WIDTH (psec)
FIO. 10. f dt S(t) vs t~ for T, =3.46 K (squares) and

T, =2.88 K (circles). Same pulse-width sequence applies in
both cases, excepting the first point at t~ =0.10 psec, which is
indicated only for the higher temperature. Full scale in the in-
set is 1.5 times that of the main figure.

versus t, constructed from second differences of the data
[the equivalence of this definition of r&,&(t) to our previ-
ous one, in terms of the instantaneous slope of the ad-
sorption isotherm, is demonstrated in Ref. 23]. In agree-
ment with the main figure, ~~,&

is constant at -0.5 psec
for the first 1 psec of desorption, but then increases as
the film evolves. This increase is consistent with the
qualitative curvature of the isotherm depicted in Fig. 3.

to small heat leaks from heater to bolometer by paths
other than desorption. Nevertheless, the qualitative
similarity to Fig. 4 is clear, and quantitative analysis is
not difficult.

To get a clearer picture of the quantitative behavior of
the data, we plot logiori(t) versus t for the data at
T, =3.46 K, in Fig. 11. The first five points fit a pure
exponential for n (t), with characteristic time r=0. 51
psec, but subsequent points depart from that behavior.
According to the arguments of Sec. III, v. =0.51 psec
characterizes the solution of Eq. (15) (it is the local time
constant near equilibrium coverage), and the subsequent
departure from exponential behavior in n (t) is due to
nonlinearity of the equation of state of the film. The in-
set of Fig. 11 shows

(dn Idt)r)„(n (t))=-
(d nldt )
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FIG. 11. Finite-difference approximationtion to the net rate of
c ange o sur ah f f ce coverage with time plotted on a logarithmic
scale for T, =3.46 K. Straight line is an exponential fi wi
~=0.51 psec. Inset shows a finite-difference approximation to
the local time constant vs time on a linear scale.

=n(t ) J d r'S (r —r', t t, P, ) . —
Bt

(28)

Thus, b comparing S(t) curves for pulses of width t~
d +At one obtains the instantaneous desorption

rate at t~, multiplied by the propagator referenced to
An example is shown in Fig. 12, w ere we ave

plotted ES(t)lht~ versus t t~, from t =0. —o
f r the data at T, =2.88 K. When the curves are@sec, ort e aaa

o facilitate1' d to the same maximum value, to facinorma ize o e
1 comparison, they become large y in is ingvisua corn

ro a ator,able, qualitatively confirming that the p p g
So(t —t~), is asica yb

'
all the same in all of these cases.

Th lobal time constant, ~earp
is cois constructed from theeg ', is co

f Fi . 10 as it is constructed from the mhe model ofdata of ig. , as
r b, n t) to theS III b extrapolating the initial linear b, nec. , y ex

of bn For, .point w ere ih t intercepts the saturation va ue o
the case discussed above, T, =3.46 K, we n
psec. a ues orV 1 f the entire data set have already been
shown in ig. , wF' 6 here we saw that they are in goo

~ ~

agreement ot wib h th the model, and with previous ex-
i n roblemperiments. Uncertainties due to the saturation pro em

mentioned a ove, an ind b d in determining the initial desorp-
tion rate, are s ownre shown by the error bars in the figure.

An alternative method of analyzing the ata is possi-
ble for pulses short compared to thehe time to reach satu-
ration. Differentiating Eq. (20),

LLJ
CL
LLJ

C3
. il&4i4K

i. 'ad@

ll &, I JlI'
Jl
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I

IO

I
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I

l5
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BS( t .t ) /Bt vs t —t~ via finite differences for
5 Q35 Q7Q d, =2.88 K. Front to back: t~ =0.15, 0.2,

0 90 psec' At =0.10, 0.10, 0.15, 0.20, and 0.30 psec, respective-
ly.

This observation is consistent with our assumption that
the desorption proceeds isothermally [ideally, to account
more properly for the fact that hn (b, tz ), the change in
amount desorbed between t~ and t~+ At actually varies
in t is sequence, e c
~ Q ~

the curves should be normalized to the
same area].

We turn our attention next to experimen s in
the pulse repetition ime,t t time t is varied and all other pa-
rameters are xe ~fi d An example is shown in Fig.
where v„=1/t, . Here, t~ was 50 psec, long enoug o
reach steady state att T =2.88 K (the pulse width can be
seen as an offset in the signal during the pulse-on perio,
probably cause y e ed b th effect on the bolometer of the

~ ~

magnetic e ue ofi ld d t the current in the heater . As t„ is
f 1 to 14 msec, the signal increases anincreased rom o

fi 11 saturates. The reason is that the onger t„e
more the film readsorbs between pulses, un i, '

gntil t is long
enough to allow the film to regain its equilibrium cover-
age.

I F 14 we plot the integrated signa ls S (t)dtn ig. w

fversus t„, for the data of Fig. 13, and for another set o
sec and T, =4.04 K. Notice

that both sets of data saturate at t„well below t„,=
msec, w ere t« ish the recovery time for pulses hot
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enough to desorb essentially the entire film.
The slope of each curve in the figure should be pro-

portional to the net rate of adsorpt h h
~ ~

rp ion, w ic we expect
is given by

—n(t)= P
Q2 k T [ f(TO)„n ) Pf (To)„no))] .—(29)

This anses from Eq. (2) with all temperatures set equal
to To on the millisecond time scale of th ese experiments.

a e s ape of theseEquation (29) makes it clear that the sha e
curves is governed by the adsorption isotherm at To.
For example, if Henry's law (Pf ~ n) obtained thee, e curve

e a pure exponential. The data at T, =2.88 K,
in which ri (t) a eapp rs constant until close to saturation,
are of the form to be expected if (8 P /Bn
that P T n) Pth Pf 0, « f(To, no) until almost the end of the
recovery period.

The data at T, =4.04 K, however, have an "S"shape,
with a slope that increases befo b dre en ing over near sat-
uration. According to Eq. (29), however, ri (t) should
never increase with t since (BP /8 ) 0

'
n T) is a thermo-

any a sorption system.ynamic stability condition for d
possible explanation of the anomaly might be that our

assumption of constant sticking coeS '
e cient, cr, is violat-

ed, but there is a sim ler dp and more convincing explana-
tion: the behavior is due to the forwa d f ffwar ocusing effect

~ ~of collisions among desorbing gas atoms. The idea is
t at at small t„, where relatively few atoms adsorb and

esorb with each pulse, the linear region is collisionless.
owever, at t ~„~3 msec, there is enough desorption in

each pulse for collisions to begin to affect the data.
This conclusion is supported by an independent

ana ysis of the integrated signal for long t at T =4.04
K. Assuminssuming o =1, using our independent, calibration

geometric integral over d r' in Eq. (26) w fi d
imi o . ML desorbed to produce a signal of the size

observed. However, we have alread l dy p ace an upper
imit o 1.2 ML on the amount adsorbed. The

discrepancy can only be reasonably reconciled b a 1-

g e orward focusing effect of collisions on the

'e yappea-

desorbing atoms.
Thesehese arguments suggest that data of the kind shown

in Fig. 14 are an effective test of nearly collisionless
, i.e., t at thedesorption. The criterion is Bri /Bt &0 i.e.,

curve in Fig. 14 never be concave upward. Althou h thea, = . (the highest-power pulses in our ex-
oug t e

periments) do not pass this test, the data at T, =2.88 K
and below all do so. These are also the data that are in
best agreement with the phenomenological model, as dis-
cussed in Sec. III.

There are severeral other interesting and consistent
features of these experiments which have a direct bear-
ing on substantiating our theme that th de esorption dy-
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namics of these films is dominated by the nonlinearity of
the underlying equilibrium adsorption isotherm and, in
particular, the sign of its curvature.

Let us begin by comparing Fig. 8 to Fig. 1 3. In the
first case, where t„ is held constant at its saturation value
while t~ is varied, all the signals share the same rise, but
differ at longer times. In the second case, where t~ is
held at its saturation value and t, varied, the signals rise
along different curves, but share the same long-time be-
havior. The reason for this observation can be under-
stood from Eq. (20) by referring to Fig. 15.

In the figure, the path followed by each of the two
types of experiments is traced. The solid line illustrates
what happens when the heater is turned on, while the
dashed line shows what occurs when it is subsequently
turned off. In those experiments where t~ is varied at
constant saturation t„, each cycle starts from the equilib-
rium point, (no, To), and changes the endpoint of
desorption (n„T, ) by changing t~. The common initial
desorption rate accounts for the initial rise shared by all
of the signals in this sequence since it originates from
the first atoms to reach the detector. On the other hand,
the tails differ because extending t~ changes both the in-
tegral in Eq. (20) as well as the desorption rate near the
cycle endpoint. By contrast, when t„ is varied at con-
stant saturation t~, each signal is due to a cycle in which
desorption ends at the same steady-state condition
(n„,T, ), but begins at a diff'erent initial condition,
(np Tp), depending on t„This di.ff'erence in initial con-
ditions is clearly reflected in a different rise in the signal,
but how do we understand the common tails? Since t~ is

P (T, , n )—
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SUR FACE COVERAGE

FICx. 1 5. Desorption at temperature T, and readsorption at
temperature To illustrated schematically for different experi-
ments over a positive-curvature segment of the vapor-pressure
isotherms. Refer to text for discussion.

the same for all of the curves in this sequence, we might
have expected each one to be identical in shape to the
others when properly scaled to reflect the relative
amounts desorbed. This is what we would predict from
Eq. (20) if the desorption were exponential in time with a
single time constant, but for a realistic isotherm we
know that is not the case. How does this distinction
affect the signal shapes we observe?

Suppose, as an example, we compare the signals for
two different repetition periods —the t„which brings us
back to n 2 from steady state versus t„, the critical re-
petition period, which ensures our return to n o. To do
this we first linearly scale the trajectory from n 2 to n „
so that it gives the same An as the trajectory from no to
n „, and the two signals then have the same area. This
sealing can be visualized as stretching the distance from
n2 to n„along the horizontal line at P~(T, , n„) until it
equals the distance from no to n „while at the same time
stretching the corresponding segment of the T, isotherm;
the two trajectories can now be compared directly. Be-
cause of the positive curvature of the isotherm illustrat-
ed, the actual vapor pressure at no, PI(T„no), exceeds
the scaled value,

[(no —n „)/(n z
—n „))P~( T„n 2 ) .

As a consequence, the initial desorption rate [i.e. , the
distance to the line at PI(T„n„)] in the t„, experiment
exceeds that of the scaled t„experiment. Because the
two experiments give the same An, however, at some
point in time the desorption rate along the t„ trajectory
must dip below that of the scaled t„ trajectory (even
though this never happens as a function of coverage)
since An is just the area under the ri (t')-versus-t' curve
out to t~. Therefore, if the isotherm has the structure il-
lustrated, the relative weighting of desorption events
favors earlier times relative to later ones with increasing
repetition period; were the curvature to be reversed, we
would find exactly the opposite result. Put another way,
our observation that the signals in fact favor relatively
later desorption events with decreasing t„confirms with
the predictions for an isotherm with positive curvature.
That this effect is as pronounced as it is in the data is an
indication of how strong this nonlinearity in the iso-
therm may indeed be. A parallel discussion of the
desorption rates for a linear isotherm (which produces a
simple exponential time dependence) would reveal a sig-
nal shape independent of t, because the segments from
nz to n„and from no to n„ form corresponding sides of
similar triangles and the scaling procedure then makes
the trajectories overlap identically.

We have also made observations in which either t, or
t& is held fixed, below its saturation value, while the oth-
er is varied. For example, the behavior of the time-of-
flight spectrum as a function of pulse width at a repeti-
tion interval well below t„ is illustrated in Fig. 16. The
substrate temperature, vertical scale, and the pulse-width
sequence are identical with those in Fig. 8, so there is a
one-to-one correspondence between the waveforms of
each figure: the only difference is that the repetition rate
has been changed from 70 to 1000 Hz. Sweeping
through tz, the amplitude of the signal at first increases
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FKy. 16. S(t) vs t, as a function of t~, for T, =2.88 K,
v, =1000 Hz. Main figure: left to right, t~ =0.35, 0.70, 1.2,
2.0, 3.0, and 5.0 psec. Inset: t~=5.0, 20, 35, and 50 psec.
Same vertical scale as in Fig. 8.

as previously, though at a noticeably slower rate; it. then
abruptly reaches a maximum but, unlike before, de-
creases with even longer pulse widths after that. The
efI'ect, while at first both curious and surprising, can also
be understood in terms of Fig. 15.

The key is to recognize that the actual closed path fol-
lowed by the system is determined by a self-consistency
condition, imposed by the periodicity of the experiment,
that requires the number desorbed in each pulse to be
equal to the number that can be adsorbed before the
next one. Thus, while the amplitudes and shapes of the
time-of-flight signals illustrated in Fig. 16 exhibit unusu-
al features, the sequence of areas, and therefore the num-
ber desorbed, follows a simple and uniform behavior,
growing steadily with tp until reaching a maximum value
proportional to the amount which can be reaccumulated
in the film during t„. Referring to Fig. 15, suppose that
no n~ ——b, n (—r~ ) is also equal to An (t, ), the maximum

number which can be readsorbed between pulses. This is
emphasized in the figure by the fact that no, n ~, nz, and
n„are labeled in a way marking off equal An increments
between them. We then reason crudely as follows. For
tp ( tp we always trace out cyc les starting at n o becausep —p]
the film is capable of reaccumulating a hn equal to the
amount desorbed in the repetition time allotted. When
tp exceeds tp, however, the maximum amount whichp) 7

can be desorbed must be limited by An (t„); since the to-
tal desorption time has increased, the only way the sys-
tem can still desorb the same amount as previously is for
it to do so at an overall slower rate. This means begin-
ning from a reduced vapor pressure (i.e, sliding down the
isotherm) so that, for example, we execute a cycle be-
tween n

&
and n z maintaining the same An. With tp

large enough, the system finally ends up cycling between
n z and n„. More generally, if t„ is insufficient to
guarantee the film always returns to equilibrium, or if tp
is not long enough to ensure that the film is always
driven arbitrarily near steady state, then we will probe a
succession of intermediate cycles in the figure whose
starting and ending point will depend on both tp and t„.

The decrease in signal amplitude we observe in Fig. 16
therefore has a natural explanation. Its onset marks our
emergence from pulse-width —constrained desorption
into the regime of repetition-rate —constrained desorp-
tion where the signal area remains fixed. The amplitude
of these wave forms must consequently decrease as they
become broader in order to preserve their area and keep
the number of atoms desorbed constant. For very short
pulse widths, the signal versus time is identical with that
in the time-constant experiment (compare Fig. 8),
whereas for long pulses it looks just like the waveforms
in the repetition-rate experiment (compare Fig. 13). A
linear equation of state demands an interesting predic-
tion in this regard which runs counter to the actual be-
havior of the data. Were this to be the case, then each
waveform in Fig. 16 would be a miniature of the corre-
sponding one in Fig. 8 with a scale factor that depended
on the pulse width (and, of course, approached 1 as tz
went to zero). This assertion follows from the self-
similarity property of the exponential functions which
are solutions of the linear equations of motion. That is,
except for a scaling factor, equal-width segments of the
n (t)-versus-t curve are identical and, as a consequence,
the net desorption rate as a function of time looks the
same independent of one's starting point; it is only this
initial condition which varies with t„ for fixed tp. As we
have already pointed out in our discussion of Fig. 13,
however, aside from the decrease in amplitude resulting
from the need to preserve area, any further discrepancies
between the waveforms of Figs. 16 and 8 must be attri-
buted to a substantial nonlinearity in the isotherm.

V. CQNCI. USIDNS

We believe we have succeeded in this paper in show-
ing that many quantitative and qualitative features of
our flash desorption experiments can be plausibly ac-
counted for on the basis of phenomenological arguments
and the equilibrium thermodynamic properties of ad-
sorbed films. In particular, even though the kinetics of
desorption obey highly nonlinear equations yielding no
simple time constant, an overall time scale for reaching
steady state can be extracted from our model by a rela-
tively simple procedure. When this prediction is com-
pared with experiment, very good agreement is found,
especially under conditions where collisions between
desorbing atoms become unimportant. The central
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physical picture that emerges is that when the substrate
of a film in equilibrium, and with a low vapor pressure,
is suddenly heated, the film temperature jumps rapidly
to that of the substrate, and it subsequently desorbs at a
rate that is governed by its vapor pressure and the cur-
vature of its adsorption isotherm.

A major lesson of this analysis is that a great deal of
information regarding the behavior of these films may be
deduced from phenomenological reasoning. The role of
more sophisticated, microscopic theories then becomes
to predict those quantities that are the starting points of
these arguments: equilibrium isotherrns and sticking
coefficients. The former is a standard problem of many-
body theory. The latter, calculation of the sticking
coefficient, is the key theoretical problem in desorption
kinetics.

We have assumed throughout a constant sticking
coefficient equal to 1. That assumption is consistent
with the spirit of our model, and there is experimental
evidence that it is of that order of magnitude in the sys-
tem we have studied. However, there is also evidence
that it may be significantly smaller on other surfaces.

We would hope, then, that one consequence of our
work would be to re-emphasize the importance of
finding the sticking coefficient, both theoretically and ex-
perimentally. The theoretical task is to relate the stick-
ing coefficient to fundamental properties such as the

time-dependent adsorption potential. The experimental
challenge is to measure the sticking coefficient, as a func-
tion of parameters such as film coverage and incident en-
ergy and angle, particularly on surfaces that are —unlike
the ones we have used —well characterized by tech-
niques such as Auger spectroscopy and electron
diffraction.

In spite of these remaining unsolved problems, howev-
er, one should not lose sight of the striking success we
have demonstrated in bringing theory and experiment to
the point where they can be reasonably compared. That
success justifies the fundamental assumption of
quasiequilibrium desorption, and opens the way for more
detailed experiments to be compared with more precise
theories in the future.
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