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Desorption of helium atoms from thin films
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Investigation is made of the desorption of He atoms from thin films. Three different experimen-

tal geometries are used to study the dependence on substrate material, film temperature, and dura-

tion of the heat pulse. The major conclusions are that (a) the speed distribution is similar to a
Maxwellian, (b) the angular distribution is strongly focused about the normal direction, (c) desorp-

tion time constants differ systematically from estimates, and (d) a phonoatomic effect analogous to
the photoelectric effect is observed. The measurements are analyzed in terms of several theoretical

models. Conclusions are drawn about the time evolution of the film thickness and temperature.

I. INTRODUCTION

In spite of impressive progress in surface science, the
phenomenon of desorption remains relatively poorly un-

derstood. One reason for this situation is that few sys-
tematic and detailed experimental studies have been per-
formed, and what few there are tend to concentrate on
strongly adsorbed systems. Helium, which has a binding
energy substantially less than any other adsorbate, pro-
vides an ideal system to test theories of thermal desorp-
tion. Unfortunately, many of the standard techniques of
surface analysis which are useful for high-temperature
studies are difficult to apply in the cryogenic environment
which is necessary for studying the desorption of helium.

We have adapted techniques used in previous low-

temperature experiments on ballistic heat pulses to study
the desorption of He from a variety of surfaces. Small
thin-film heaters and sup erconducting bolometers on
single-crystal substrates were used to generate and detect a
flux of desorbed helium atoms with very high space and
time resolution. Using these devices we were able to
directly observe the time evolution of the desorbed flux as
well as the complete three-dimensional momentum distri-
bution of the atoms leaving the surface. Our techniques
allow us to investigate conventional thermal desorption in
which the substrate is characterized by a temperature, as
well as nonequilibrium desorption due to a low-power-
density beam of high-frequency phonons. The ability to
observe desorption due to a nonequilibrium substrate-
phonon distribution gives added insight into the micro-
scopic mechanism of desorption which is difficult to
achieve using standard methods.

Most of the first-principles quantum theories of
phonon-induced desorption assume that a weakly bound
adsorbate such as helium should be desorbed via one-

phonon processes which obey certain single-particle con-

servation conditions. Despite the simple and appealing
nature of this idea and the close connection to the theory
of inelastic atomic beam scattering, one-phonon desorp-
tion has not been observed previously in an unambiguous
manner.

One of the main motivations of our work was to find a
clear experimental signature of the conservation laws
which govern one-phonon desorption processes. This
proved to be a subtle and difficult problem because the
one-phonon quantum theories often yield predictions
surprisingly similar to phenomenological thermodynamic
descriptions of desorption in terms of heat fluxes, thermal
boundary resistance, and effective temperature. We have
attempted to clarify the differences between some of the
theoretical models and to use this analysis to interpret our
experimental results. The data suggest that both single-
phonon and multiphonon thermalization processes are im-
portant factors in desorption.

The thermal desorption of helium has been studied ex-
perimentally by a number of previous investigators. '2
Short reports of some of our results have been presented
elsewhere. Here we discuss this work comprehensive-
ly, summarize our interpretation of the data, and relate it
to various theoretical descriptions of phonon-induced
desorption. In Sec. II of this paper we describe our exper-
imental methods. In Sec. III we present a theoretical
framework based on simple models, which will guide our
discussion, by separating geometrical and phase-space
considerations from basic questions of mechanism. In
Sec. IV we describe the experimental data and our inter-
pretation and introduce a new differential pulse-width
technique. Section V contains a summary of our results.

II. EXPERIMENTAL TECHNIQUES

In this paper we discuss experiments in which He
atoms desorbed from a film by a heat pulse are detected as
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FIG. 1. Three different experimental configurations used in

the present work. (a) Heater-substrate geometry, (b) crysta1-
substrate geometry, and (c) angular distribution geometry.

a function of their time of flight by a superconducting-
transition bolorneter. Three basic configurations are used.
In the simplest, sketched in Fig. 1(a), an Ohmic heater
forms the substrate for the He film. The bolorneter is on
a separate sapphire substrate, a short distance above the
heater. This is called the "heater-substrate" geometry and
is used, for example, in the measurements of desorption
time constants. In a second geometry, depicted in Fig.
1(b), the heater is on the bottom of the crystal, and the He
atoms are desorbed from the upper surface of the sapphire
by phonons that have first propagated through the crystal.
This is called the "crystal-substrate" geometry and is used
to separate substrate-phonon from thermal desorption
processes, and to separate the effects of longitudinal and
transverse phonons. The third geometry, shown in Fig.
1(c}, is used to measure the angular distribution of the
desorbed atoms. As in the heater-substrate geometry,
desorption takes place directly from the surface of a ni-
chrorne film on a sapphire substrate. In this case, howev-
er, the sapphire crystal is mounted on a vertical turntable
which can be rotated by approximately +60'. The desorp-
tion flux is detected by a bolometer fabricated on the end
of a sapphire rod 2.5 mm in diameter which is mounted in
a fixed vertical position. The turntable is mounted on a
shaft which is supported by two sets of ball bearings. A
pulley-and-belt arrangement is used to connect the turn-
table shaft to a similar shaft at the top of the Dewar. One
set of plates of a parallel-plate capacitor is also attached
to the turntable shaft; the capacitance with respect to the
set of fixed plates can be measured to determine the angu-
lar position of the turntable. The heater film is precisely
positioned over the stationary axis of the turntable, so as
the turntable is rotated, the desorption angle changes, but
the heater-detector distance does not. Both the heater-
and detector-substrate crystals are mounted inside the
vacuum can and are not in contact with the helium bath;
they are therefore not as well thermally anchored as in the
previously described geometries.

All of these experiments are made possible in part by
the fact that thermal phonons propagate ballistically in

sapphire crystals at low temperature. This point is obvi-
ous in the crystal-substrate experiments which make
direct use of ballistic phonons, but indeed all of the exper-
iments depend on the fact that phonons are not scattered
from the crystal back into the heater, so that heat pulses
can be turned off as well as on very rapidly. In fact, the
techniques used in these experiments have grown out of a
long and systematic study of thermal phonon propagation
in sapphire crystals. '

Except where otherwise noted, care has been taken to
assure that experiments are performed under conditions
such that the mean free path in the gas is long compared
to the distance between desorbing film and bolometer.
However, although the desorbed atoms do not collide with
preexisting gas atoms, they may collide with each other.
A simple calculation indicates that if 5N atoms per unit
area are desorbed in time w, then the mean number of col-
lisions after time t is cr5Nin(tlat), where o is the cross
section. Substituting numbers typical of our experiments
in the heater-substrate geometry, if a full monolayer,
namely 5N =10' crn, is desorbed in 10 sec, with a
time of flight t =10 sec from heater to bolometer, and
we take o.=10 ' cm, then we may expect each atom to
make on the order of one collision. Thus, propagation
from surface to bolometer can be taken to be purely ballis-
tic only in the crystal-substrate geometry, where the
desorption fluxes are much lower.

Most elements of these experiments are conventional
and need to be described only very briefly here. Novel
techniques, including the use of very small, fast heaters
and bolometers, and an in situ method that we have de-
vised for measuring low gas pressures, will be described
in more detail below.

All of our experiments are performed in a cell im-
mersed in a temperature-regulated helium bath. He gas
monitored into the cell forms an adsorbed film on all ex-
posed surfaces. Usually, a small quantity (0.165 g) of
Grafoil in the cell serves as a ballast surface so that the
quantity of He gas needed is not too small to manipulate
in a conventional gas-handling system. The pressure in
the cell, when it is high enough (above 0.1 mTorr), may be
measured at room temperature by a capacitive gauge.

The sapphire crystals used in the heater-substrate and
crystal-substrate experiments were flat cylinders with
faces parallel to the C-X plane, and with an axis along the
Y axis of the sapphire's trigonal structure. The cylinders
were typically 57 mm in diameter and 9.5 mm thick (al-
though different dimensions were sometimes used). For a
crystal-substrate experiment in this case, desorption would
be due to phonons propagating along the Y axis (which is
not a singular focusing direction ). Longitudinal phonons
arrive at the upper surface in about 1 psec and transverse
phonons arrived in 1.63 @sec for fast transverse (FT) [1.72
@sec for slow transverse (ST)]. Phonon dispersion is not a
factor since typical heater temperatures were —10 K,
whereas the Debye temperature of sapphire is —10 K.
The substrate crystal for the heater in the angular distri-
bution experiments was rectangular in shape
(13&& 13 )& 6 mm) with the large faces on which the heater
film was deposited parallel to the C-X plane.
the samples were cleaned and handled with normal labo-
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ratory care, but the desorption surfaces are otherwise un-

characterized. In the present stage of development of the
techniques reported in this work, experimental difficulties
prohibit the use of modern methods of surface prepara-
tion and analysis. This point should be kept in mind in
interpreting the results presented below.

The new methods of signal analysis that we have intro-
duced in this study require the use of small, fast heaters
and bolometers which have high resolution in both space
and time. Both heaters and bolometers are evaporated
metallic films, where the heater is a square with 0.3-mm
sides and the bolometer is in the form of a serpentine strip
-0.3 mm in overall dimension (i.e., -0.1 mm area},
made by qhotolithographic techniques. The bolometers
are 2000-A films of Sn. The heaters are —600-A
films of Constantan or nichrome impedance-matched to
the 50-Q coaxial cables that transmit pulses to them.

A pulse generator is used to provide 10-V rectangular
pulses of variable width tz ( & 30 nsec) to the heater. If
less power is needed, an attenuator is used. The
bolometer-output signal, after broadband amplification, is
either displayed directly on an oscilloscope or signal-
averaged using a boxcar integrator.

The bolometer is maintained at its superconducting
transition at all temperatures by means of a magnetic field
(produced by a superconducting Nb-wire coil outside the
cell). We find that the performance (both speed and sensi-

tivity) of the bolometer is not noticeably degraded even at
temperatures as low as 1.5 K (T,=3.7 K for Sn). For
each measurement we choose a combination of inagnetic
field and bolometer bias current (typically —1—2 mA)
such that the bolometer signal is both stable and linear
with power.

Our bolometers usually detect a relatively slowly vary-
ing signal due to a Maxwellian distribution of arriving
atoms. It has been demonstrated in earlier experi-
ments that our bolometers have a response time of
—10 nsec, more than adequate for this purpose. More
critical to these experiments is the response time of the
heaters, which we now analyze.

Consider, as a typical case, a Constantan heater on a
sapphire substrate in vacuum at temperature To. A step-
function pulse of current causes power to be dissipated at
a rate W (in watts}. The temperature of the heater Tq as
a function of time is determined by the conservation of
energy,

W=C +g(& —&0), (2.1)

Ti, ——( W/g+ To)' (2.2)

where C is the heat capacity of the heater. The coeffi-
cient g, which may be calculated from acoustic-mismatch
theory, "' determines the rate at which phonons are radi-
ated into the sapphire. In our case we find /=1.47
)(10 W K, while

C=(1)&10 )T+(33&(10 )T WsecK

for a heater consisting of 5&& 10 g af Constantan. Sup-
pose that To ——2 K and 8'=1 W. In steady state condi-
tions, the heater temperature reaches

or about 16 K. The initial temperature rise, BT/dt
= W/C =10" K/sec, is very rapid. As T nears Tq, the
approach to steady state becomes exponential with a
characteristic time constant v~ ——Akc where Rk is the Ka-
pitza resistance, Rk (4——/TED, } '. This gives ri, -l &(10
sec. The net result is that the heater rises to its steady-
state temperature in 10 nsec or less, a time comparable to
the rise time of the input pulse.

When the pulse is turned off, the initial cool-down rate
is approximately /TED—/C, which is, once again, about
10" K/sec. The exponential decay to To has a time con-
stant C(4/TO) '=40 nsec, but as we shall see, at 3 K the
He film has a very much longer time constant. Thus,
even here the rate of change of heater temperature is prac-
tically instantaneous compared to other times in the prob-
lem.

The steady-state heater temperatures used to analyze
our results are obtained using Eq. (2.2). In some cases it
has been possible to cross-check these values with tem-
peratures obtained from the times of flight of the
desorbed atoms, with very good results. This point is dis-

cussed in Sec. IV.
In addition to knowing T~, it is necessary to know the

chemical potential p of the He gas in order to estimate the
thicknesses of our helium films, 5. The chemical poten-
tial is a well-known function of To and Pg, the pressure in
the helium gas, which must be measured. Since Pg is typ-
ically too low to be measured by most conventional
means, it was originally hoped that Grafoil manometry'
could be used. Unfortunately, we found that at low pres-
sure the very small quantities of gas in the open parts of
our cell were unduly sensitive to small departures from
equilibrium in the large quantity of gas adsorbed on the
Grafoil. It was therefore necessary to devise a novel
means of measuring pressure. '

We observed that, in all of these experiments, the signal
depended on the time between pulses, t„unless it was
longer than some critical value, t„.The critical repetition
rate t~ was found to be strongly correlated with Pg, vary-
ing over many orders of magnitude when the initial thick-
ness, 50, and To were changed. The reason is that t„is
the time needed by the film to return to its initial thick-
ness once the heater pulse is terminated. The rate of
change of film thickness is given by

d5
"dt

aPg

(2mmkii To)'
(2.3)

where a is the sticking coefficient and n is the number
density in the film. The first term on the right-hand side
of Eq. (2.3) is the rate per unit area of accumulation of
atoms adsorbed fram the gas. Nd„ is the rate at which
atoms desorb from the film. When the heater is first
turned off, the system is far from equilibrium; Nd„ is
negligible compared to the first term and 5 grows linearly
in time at a rate proportional to Pg. Later, as equilibrium
is approached, the two terms become comparable and 5
approaches 50 exponentially. The time constant of the ex-
ponential is governed by precisely the same physics we in-
vestigate elsewhere in this paper. Using Eq. (4.4) of Sec.
IV, with Ti, replaced by To, we find values of r which are
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=1 ML, (2.5)

where ML denotes monolayer. These measurements may
be regarded as the calibration of t„,as a means of measur-
ing Pg. The uncertainty in Ps is thus about 30%, but ow-

ing to the logarithimic dependence of p of Ps, the uncer-
tainty in )M, the quantity of primary interest, is only about
1%. This method was used to measure p even when Pg is
as low as 10 Torr.

It would be appealing to cite our results as a function of
film thickness 5o rather than p. Unfortunately, the func-
tional form 5o(p, T) is not known for He films on the
sapphire or Constantan substrates in these experiments.
Some guidance may be gained, however, from other sur-
faces for which it is known. In the case of He on
Grafoil, ' ' a plot of p versus N shows a first-layer pla-
teau at —p=142k~, which bends over at 5o-0.6 layers,
reaching a new second-layer plateau of —

)M, =30ktt begin-

very short compared to the observed values of t„.Thus,
except for a very brief period at the end, the film's

recovery is linear in time, so that t is proportional to
8Pg.

We have tested these ideas in two ways. One way is by
observing the signal as a function of t„in a heater-
substrate experiment. We expect the height of the bolom-
eter signal to grow essentially linearly from zero for
t„=t~,then break off sharply and become independent of
t„ata well-defined tiine t~ which depends on Pg, but not,
e.g., on heater power. Results in reasonable agreement
with this expectation are shown in Fig. 2.

We have also measured t„atpressures high enough so
that they could be measured directly (after appropriate
correction for thermal transpiration' ). Integrating Eq.
(2.3), we then expect to find

g1V (2~mk&To)
(2.4)a Pg

where hN is the change in the amount adsorbed per unit
area, n5, due to the heat pulse. The reuslts of the mea-
surements are given in Table I. Over a wide range of Ps
and heater power, Eq. (2.4) could be satisfied within 30%
by a single choice of the parameter 4N/a,

Q&/a = 1)& 10' atoms/cm
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FIG. 2. Intensity of the desorption signal versus t, for
Tq ——19 K (~ ) and Tq ——10.7 K ( g ). The coverage is less than
one layer. For both heater powers, t =10 sec.
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III. MODELS

The purpose of this section is to outline the basic possi-
ble mechanisms for desorption that one would like to be
able to choose between, and to introduce a formalism for
analyzing the results of flash-desorption experiments. We
shall see that the signal observed in these experiments de-
pends in rather complicated ways on the geometry and
other parameters of the experiment, but conversely, tht
quite different mechanisms of desorption lead to rather
similar signals. We first discuss various models of
desorption, then compute desorption rates for later com-
parison to data from two simple models that inay be con-
sidered extreme limiting cases. We then introduce the for-
malism by means of which desorption rates may be

ning at 5p 1.2 layers. This behavior is only weakly tem-
perature dependent. We would expect the same qualita-
tive behavior on an ideal sapphire or Constantan surface,
but at somewhat lower values of —p. ' Thus at a given
value of p, the Grafoil data give an upper limit to the film
thickness. A particularly useful fact to remember is that
when —p & 30k&, 5p & 1.2 layers.

TABLE I. Values (Ref. g) of t„for different coverages 1V [given in cm' (STP) of gas] and To. The
pressures Pg(t ) calculated using Eqs. (2.4) and (2.5) are given in comparison with the measured pres-
sures P~. The values of p in the last column were calculated from Pg(t„,).

[cm (STP)]

0.499
0.675
0.675
0.817
0.817
0.817
0.817
0.817

Tp

(K)

3.8
3.8
3.483
3.48
3.39
3.23
2.978
2.644

104t„
(sec)

12.5
1.67
9.76
0.12
0.2
0.51
1.34

10.2

pg(t„)
(mTorr)

0.1

0.7
0.12
9.4
5.6
2.1

0.8
0.1

pg

(m Torr)

0.13
0.6
0.13
7.4
5.3
2.9
1.0
0.14

(K)

67
59
60
44.6
45
45.6
44.5
44.2
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translated into detector signals, and finally, discuss the ef-

fects of geometry using one of the models as an example.
We do not, in this section, consider the further complica-
tions introduced by possible collisions between desorbing

gas atoms.

A. Models of desorption

Microscopic models of desorption generally assume
that the substrate-phonon bath interacts with isolated ad-
sorbed atoms. ' The simplest further assumption is
that single phonons of sufficient energy lead to desorption
of an atom while conserving the total energy and the com-
ponent of momentum parallel to the surface. Even in this

simple model, there is not general agreement over the na-

ture of the phonon-atom interaction. 3'

One may also consider processes in which an atom is
first excited by an incident phonon or phonons, then
desorbed by a subsequent one. The states into which the
atoms are excited are the bound states of the atom in the
attractive well due to the substrate. These may be the
states of a single atom on the substrate, or they may be
modified by the presence of other adsorbed atoms. In
these cases, rates are important because atoms may deex-

cite by radiating phonons before they can be desorbed.
A new level of complexity is introduced if one permits

the substrate phonons to interact with states of the film
representing motions parallel to the substrate. The film
can be thought of as having a temperature of its own,
loosely coupled to the phonons of the substrate. In the ex-
treme model of this kind, ' the film is treated as a con-
tinuum thermodynamic system, with desorption occurring
because the film is warmed, thereby raising its vapor pres-
sure.

As we shall see in more detail below, all of these models
tend to predict rather similar Maxwellian distributions of
desorbed atoms from a thermally pulsed substrate. In the
case of the thermodynamic model, the Maxwellian arises
because the desorption rate is deduced from considera-
tions of detailed balance with the adsorbate vapor. On the
other hand, single-phonon models produce Maxwellians
because only the Boltzmann tail of substrate phonons with
energy greater than the binding energy of the adsorbate
can cause desorption.

B. Two examples

We consider explicitly two representative models for
comparison to data. One is the simple detailed-balance
(SDB) picture, of which the thermodynamic continuum
model mentioned above is a special case. The other,
which we denote SPCME (single-phonon constant matrix
element}, is a simple example of a microscopic model.

In the SDB model the velocity distribution of desorbing
atoms is deduced by applying detailed balance to the in-
verse process of sticking from the vapor. In other words,
we assume the film is in a state that could be in equilibri-
um with a vapor, even though it is not. We further as-
sume that an atom incident from the vapor can suffer
only two possible fates: sticking, with probability a, or
elastic, specular reflection with probability 1 —a.

With these assumptions, the number of atoms per unit

time and area desorbed into solid angle d 0 and about 0 is
given by the sticking coefficient multiplied by the incident
rate,

dJ(Q, E)=(13 /2' m)'~ naE cos8 exp( PE—)dE dQ,

(3.1)

where E is the kinetic energy and m the mass of the
desorbed atom, 8 is the angle with respect to the surface
normal, and

n =A, exp(Pp),

where A, =Pi(2'/m)', and T=(k&P) ' is the film tem-
perature.

The second model that we consider is based on a micro-
scopic quantum-mechanical description of the desorption
process. The first simple one-dimensional quantum calcu-
lations of phonon-induced desorption were formulated as
early as 1935 since then the subject has received consid-
erable theoretical attention' and has become much
more sophisticated. The basic idea of these theories is
that surface atoms of a substrate are displaced from their
equilibrium positions when a phonon is reflected from the
interface. This, in turn, causes a time-varying force on the
adsorbed atoms which can perturb them sufficiently to
cause desorption. The Hamiltonian which describes the
phonon adatom interaction can be approximated as
H = —u V V where u is the surface displacement and V
is the adatorn-surface potential. The desorption rate is
proportional to the squared matrix element of the Harnil-
tonian. A perturbation-theory calculation can yield the
total desorption rate as well as the dependence on atomic
energy and angle. Although the detailed results depend
on the exact form of the interaction potential V, several
qualitative conclusions have emerged from the model cal-
culations. (1} If the adatom binding energy is less than
the Debye temperature of the substrate (as is the case in
all of our experiments), then desorption is expected to take
place via absorption of a single phonon or a sequence of
one-phonon transitions through excited states; multipho-
non effects are not important. (2) The desorption rate has
the Arrhenius form with w~ e~~ . (3) The desorption flux
is not isotropic. Atoms are ejected preferentially in the
direction normal to the substrate surface. (4) Atoms
which do emerge at larger angles have a lower average ki-
netic energy.

Rather than adopt any one of the proposed models, we
have formulated a simplified model which retains many
of the physically significant features of the detailed calcu-
lations. In particular, we assume that the helium-
substrate potential is translation-invariant (many of the
published calculations assume a highly corrugated poten-
tial with localized adsorption sites), and that desorption
takes place in a one-step process in which one phonon of
energy fico desorbs one atom. These assumptions imply
that both the energy and parallel momentum of the single
particles involved in the process are conserved. We also
assume that the cross section for interaction is indepen-
dent of the initial or final states of the atom, but depends
only on the square of the amplitude of the phonon dis-
placement, which is proportional to co '. Because of the
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single-phonon and constant-matrix-element assumptions,
we call this the SPCME model. The desorption rate per
unit solid angle, time, energy, and area is given by

J(Q,E}ccf d Kcos8 5(fico E—E—b)
N Q CE() co

The implicit assumption here is that the detector is linear.
For the case of superconducting thin-film bolometers, this
is satisfied for input varying slowly during a thermal re-
laxation time (of order 10 nsec here). In this regime the
signal is proportional to the energy flux delivered to the
detector,

X5(&((—p((), (3.2a)
Sp(t 0)=K (aEd(t) )Np(t 0) (3.6)

, , exp[ (E+Eb)p—]~E'~'
J(Q,E) ' E+ Eb

=0 otherwise.

cos9 if E+Eb )cp~~,

(3.2b)

C. Formalism for analyzing the signal

Regardless of the inechanism of desorption, the bolom-
eter signal S(t) depends, in principle, on desorption events
occurring at all previous times and at all points on the
desorbing surface. Let the contribution of particles
desorbing in unit time about t'=0 to the rate of arrival at
the detector be Np(t, O). Then,

Np(t, O)= f„dr f dJ(Q, E)5(t —l/u, ), (3.3)
S

where u, is the normal component of velocity,
v, =(2E/m)'~ cos8, l is the separation between the paral-
lel planes of desorption and detection, A, is the emitting
area, and the prime over the integral indicates that only
trajectories striking the detector are included. Neglecting
collisions, the total arrival rate at the detector is given by

N(t) = f dt'Np(t t', t') . — (3.4)

This general expression incorporates, in principle, the time
evolution of the film. If the desorbing velocity distribu-
tion is time independent, the only relevant argument of
Xo is t —t', the time of flight.

We may express the detected signal S(t) in terms of an
analogous function Sp(t, O) the signal arising only from
desorption in unit time about zero,

S(t)=f dt'Sp(t t', t') . —(3.5)

where p~~ is the parallel component of momentum of the

desorbed atom, k is the wave vector of the incident pho-

non and K~~ is its surface component, Eb is the adsorbed
atom's binding energy, c is the phonon phase velocity, and

f (co) is the Bose distribution function, f (co)
(egHh) 1)

—1

In this model only phonons with energy fico&Eb can
cause desorption, so f(co)-e ~. The energy 5 function
in Eq. (3.2a) then has the effect of extracting the factor
e ~ from the integral, which leads to the same Maxwel-
lian character as Eq. (3.1). The parallel-momentum 5
function, as well as the inequality which defines the re-
gion of integration, govern the angular distribution of the
flux. These two conditions are the basis of the highly an-
isotropic flux distributions obtained in one-phonon-type
models as discussed further in Sec. IV C.

With the use of the approximation f(co)=e ~, the
integral in Eq. (3.2a) can be carried out to yield

Here, K is the bolometer sensitivity, a is the sticking
probability for particles incident on the bolometer, and Ee
is the heat deposited by a sticking atom. For constant a,
this can be shown (Appendix A) to satisfy

Ed E+q——„5/2p—=L +E, (3.7)

where q„is the isosteric heat of desorption of the film on
the bolometer.

D. Geometric effects

To illustrate the effects of heater and detector
geometry, we apply our formalism explicitly to the SDB
model. Substituting Eq. (3.1) into (3.3) gives

Np(t)=(v, /l)na(mp/2m) exp( pE, )Ibi-,

Ibi ——f„dr f 'exp[ p(E„+E—„))dv„dv„,
with u, =l/t and E; =mv; /2. Similarly, the signal is ob-
tained from the integrated number, multiplied by sticking
coefficient and energy,

Sp(t, O) =K(v, /l)na (mP/2m) exp( l3E, )Iz, —(3.10)

Is ——f„dr f exp[ P(E~+Ez)—](E+L)dv„du& . (3.11}

Here, the effects of geometry have been subsumed in the
integrals IN and I~. Calculations of Ibi and Is in various
geometries are presented in Appendix B.

Let us summarize some salient results for a plane-
parallel heater and detector. For a point source, and a
detector that is either very small or very large,

(3.9)

Sp(t, O) =t„"[1—x (1—t„)]exp[(x+ n /2)(1 —t, )],iilax Sp

t„=t/t
x -'=1+yt'm,

(3.12)

(3.13}

(3.14)

where t is th'e position of the maximum. For a smail
detector, n =5 and y=2L/ml2. For a large detector,
n =3 and y=2(L+P ')/ml2.

The basic behavior here is that

(t, O) cc t "e P~l l2t (E—+L) (3.15)

P=(2t~/ml )(n/2~x} . (3.16)

with the power n changing from 5 for a small detector to
3 for a large one.

Operationally, one often wishes to find the temperature
of the desorbing gas from the position of the signal max-
imum. This is easily done if n is known. Differentiating
(3.12) yields
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FIG. 8. Desorption signal for different values of pulse width

0.2&t~(9 psec. The arrows indicate the ends of the pulses.
Shown are eight saturated signals for different pulse widths, ex-

posed on the same camera film.

constant, while the pulse width t~ was varied. A proper
analysis of these data requires deconvoluting the integral
in Eq. (3.4). There is, however, a qualitatiue trend in the
data which may be understood without further analysis.
As tz increases from -30 nsec to -0.5 @sec, the signal
increases, but it saturates thereafter, showing no appreci-
able change for longer pulses. We interpret this observa-
tion to mean that the film adsorbed on the heater has
reached steady state after -0.5 psec, so that keeping the
heater on for longer times has little effect on the signal.
This observation of saturation of the signal as a function
of tz makes it possible for the first time to directly mea-

sure the characteristic time r for a film to reach steady
state on a heated substrate. The saturation effect is em-

phasized in Fig. 8, where, for a film of initially —1.2 ML
and T&=11K, we find no change in the signal as tz goes
from 0.2 to 9 @sec, a time much longer than the times of
flight in the experiment.

Upon first reporting this phenomenon, we extracted
quantitative values for r from our data by observing that
the height of the signal maximum as a function of tz,
Sm,„(tz),approached its saturation value exponentially, »

S,„(tp)-1—e (4.3)

corresponding to an exponential decay of the film with
time constant v (see Fig. 9). For each set of initial condi-
tions (film p and ambient temperature), a value of 7 was
thus found by measuring S~,„(tz}for varying tz at con-
stant heater power, and hence a constant heater tempera-
ture T&.

With the same initial conditions, the procedure was re-
peated at different heater powers, thus generating data for
the dependence of ~ on Tq. Plots of lnv versus Tq

' were
found to be excellent straight lines, indicating a functional
dependence of the form

Eo/kB TAT=7pe (4.4}

O. I

0.05

I

O. I

I I I I I I

O. I5 0.2
I/T„(K )

FIG. 10. Plots of v. vs 1/Tq. Data shown are for two distinct
coverages, given in fifth (upper) and sixth (lower) rows of Table
II.where 7 p and Ep are empirical parameters having the di-

mensions of time and energy, respectively. Examples of
such behavior appear in Fig. 10.

Equation (4.4) is alternatively referred to as the Ar-
rhenius, or Frenkel, formula. This activated dependence
on temperature is a common prediction of theories of
desorption, ' which are in wide disagreement, however,
on the interpretation of ~o and Eo. A previous indirect at-
tempt to measure ~ by signal deconvolution was made by
Cohen and King. ' Cohen and King studied one of the
same systems we are dealing with here, namely He
desorbed from Constantan wire, and concluded that Ep
was the film chemical potential and ~o=2&(10 sec. As
we shall see, quite different results have been obtained in
the present study.

To study the dependences of Eo and ro, we repeated the
procedure described above for various initial temperatures
To and amounts of helium in the cell, No The fil.m
thickness on the heater is not easily related to Np since
the vast majority of the adsorbing surface area in the cell
resides in the Grafoil ballast, but for each experiment the
chemical potential was measured by the
critical —repetition-rate technique described in Sec. II.
The results of these measurements are shown in Table II
and Fig. 11.

Examination of Table II shows that ~o is always much
shorter than the value inferred by Cohen and King, being
in the range 10 to 10 ' sec. As seen in Fig. 12, Ep is
strongly correlated with p, given roughly by Eo——',

~ p ~.
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= (S)D(tp), (4.7)

where (S) is proportional to the mean signal due to a
particle emitted at t~. If the signal is either independent
of the particle's kinetic energy or if the emitted particles'
velocity distribution is constant in time, (S}is a constant.
Supposing this to be true, it means that the desorption
rate is proportional to the left-hand side of Eq. (4.7), i.e.,
the area under an appropriate curve of Fig. 13.

Alternatively, we evaluate the maximum of the right-
hand side of Eq. (4.6) as a function of t,

as
max

dt's

=D(t )max[G(t, t~)]

in Eq. (4.6). Note that the abscissa is t t~—. This lets us
test the tentative hypothesis that G depends only on the
difference between its two arguments (the launch and
detection times), indicating constant desorbed-atom tem-
perature. Insofar as the shape of the curves in Fig. 13 is
common, the hypothesis is confirmed. Moreover, the
result shows that the desorbed atoms reach their final
temperature almost immediately.

The time dependence of the desorption rate D(t) may
be separated out of Eq. (4.6) by the following argument.
We integrate Eq. (4.6) over t,

f dt =D(t ) f dt G(t, t~)at

case, Eq. (4.8) means that the desorption rate at time t~ is
proportional to the maximum of the appropriate differen-
tial curve. We have applied this latter technique to deter-
mine the function D(t) shown in Fig. 14. The results are
seen to be in reasonably good agreement with an exponen-
tial dependence. The time constant 0.12 psec agrees with
the value (0.11 psec) obtained by using Eq. (4.3), which
treats only the peak maxima.

This differential method thus yields all the information
available in the signal, obviating a model-dependent
deconvolution analysis. In Fig. 13 we see the evolution of
the signal coming from atoms desorbed at well-defined
times after initiation of the pulse. One may thereby track
the detailed evolution of both the film temperature and
desorption rate.

C. Angular distribution of desorption and the critical cone

The angular distribution of the desorbed atoms is one
of the few characteristics of desorption for which the two
models described in Sec. III provide radically different
predictions. The SDB model predicts a cos8 distribution,
while the angular distributions in the SPCME model is
determined by the parallel-momentum distribution of the
incident phonons and the kinematic conservation condi-
tions. The fact that the momentum of a phonon of a
given energy is more than an order of magnitude less than
the momentum of a free atom of the same energy leads to
some spectacular effects in the angular distribution which
can be illustrated by a simple diagram. Figure 15 shows

GD(tp) .— (4.8)
ATOM

P

Again, G~ is a constant if the film temperature (i.e.,
desorbed v distribution) is independent of time. In this
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FIG. 14. Desorption rate obtained from the maxima of
curves in Fig. 13 plotted semilogarithmically as a function of
time. The straight line corresponds to ~=0.12 psec.

FIG. 15. Curves of constant energy in momentum space for
atoms above the interface, and phonons below, drawn to scale
with Eb ——30 K (all energies in Kelvin). (a) Geometric construc-
tion which shows that parallel-momentum conservation leads to
atoms emitted almost normal to the interface. (b) The angular
width of the atomic critical cone depends on the energy, with
the high-energy atoms emitted into a narrower cone. This re-
sults in an atomic "rainbow" in the desorption spectrum.
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curves of constant energy in momentum space for atoms
and phonons, drawn to scale. In order to overcome the
binding energy, which we assume to be Eb ——30k&, a pho-
non with an energy of 40k' is required to produce an
atom with E=10kz. For a given incident phonon, the
momentum vector p of the desorbed atom can be found
by a geometric construction which ensures that K~~

——P~~.
Figure 15 shows that the atoms are emitted within a cone
with half-angle 5 given by

E +Eb
5=sin (4.9)

c 2mE

e=o

EATER

OLOMETER

TIME (p. sec)

I

40

FIG. 16. Experimental bolometer signal as a function of time
for several values of 8. Tq ——8 K. Experimental geometry is
that of Fig. 1(c).

which is less than 10 for the example shown. We have
used a sound speed of c =3 X 10' cm/sec, appropriate for
Constantan. Similarly, an energetic atom incident on the
surface from a direction outside the cone could not be ad-
sorbed with the emission of a single phonon and would be
obliged to reflect specularly from the surface. The simi-
larity with optical total internal reflection suggests the
name critical cone.

The kinetic relations imply the existence of another,
more subtle, effect in the angular distribution, which is il-
lustrated in Fig. 15(b). Because the atoin energy is a
quadratic function of momentum while the phonon ener-

gy is linear in momentum, the exact value of the critical
angle is energy dependent, and low-energy atoms can leave
the surface at larger angles than high-energy ones. This
correlation between energy and emission angle results in a
rainbowlike effect in the desorption signal.

The experimentally observed behavior of the angular
dependence of the desorption flux is shown in Fig. 16.
The signal intensity is a rapidly decreasing function of an-

gle, reaching half of its normal-incidence value at 15'. In
addition, the average arrival time of the atoms increases
with increasing angle, or equivalently, the average energy
decreases with angle, in accordance with the qualitative
results suggested by Fig. 15(b). Quantitatively, however,
the observed angular distribution is approximately twice
as wide as expected on the basis of the SPCME model.
There are several possible explanations for this discrepan-

cy. In the derivation of the SPCME model, we assumed
that the parallel momentum of the desorbed atom is due
entirely to the parallel momentum of the phonon that
desorbed it. In fact, the adatom has some initial parallel
momentum which influences the angular distribution.
The magnitude of the initial momentum can be estimated
in the opposite limits of a strongly localized adsorption
site and a completely mobile adsorbate which is at a finite
temperature. The momentum which the adsorbed particle
acquires by virtue of a transverse localization character-
ized by a length l is of order iii/l, which for l=2 A is
equal to the momentum of a free helium atom with
E= 1.4kii or a phonon with fico = 100kii. If the adsorbate
is modeled as an ideal two-dimensional gas at temperature
T, the rms transverse momentum is (2k&Tm)'~, which,
for T=2 K, is equal to the momentum of a phonon with
fico=130kB. The state of our helium films is probably in-
termediate between these two extreme cases, but in either
model the initial parallel momentum of the adatom is of
the same order as the momentum of the desorbing pho-
non. The effects of the initial adatom momentum can be
described phenomenologically by including the atom's
parallel momentum p~~ in the kinematic conservation con-
ditions and introducing a parallel-momentum distribution
g(p~~). The expression for the flux of Eq. (3.2) can be
generalized to read

J(E,Q) = f I d k d p~~ cos(8)g (p )

5~!X6 ACu+ —E—Eb2'

X ( II+ p II p II
) (4.10)

where the inequality

+ b pii/2m )c[(p ii
—p ii) ]

defines the limits of integration. This integral cannot be
conveniently expressed in closed form, but the fact that
the region of integration geometrically represents the in-
tersection of a cone and a paraboloid in the atom phase
space can be exploited to facilitate the numerical compu-
tation of the integral, which can then be used to calculate
the expected form of the bolometer signal. Figure 17
shows the results of a calculation of the bolometer signal
for the same experimental conditions of Fig. 16, assuming

g V ~~) ~exp( —p~~/2mk~»

with T equal to the ambient temperature. The model ap-
proximately reproduces both the angular width of the ex-
perimental signal and the change in the mean arrival time
with angle. The angular width of the signal is quite sensi-
tive to the value of the film temperature as shown in Fig.
18. As the film temperature approaches the substrate
temperature, the angular distribution becomes very simi-
lar to the cosO distribution expected on the basis of the
SDB model.

There are a number of alternative possible explanations
for the observed angular distribution which do not imply
single-particle conservation conditions. ' Of particular
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0
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FIG. 21. Bolometer signal, at two different amplifications,
when the bolometer is placed very close to the desorbing film,
showing desorption of hot atoms by two phonon polarizations
( Tq ——18 K and pulse width 0.09 psec). The time scale includes
the phonon time of flight through the crystal.

tion. The shoulder at shorter arrival times is due to direct
desorption.

The direct substrate-phonon part of the signal is analo-
gous to a photoelectric effect experiment in that the kinet-
ic energies of the desorbed atoms depend on the frequen-
cies rather than the intensity of the incident-phonon
beam. At present, unfortunately, our experiments are
constrained to use a thermal, rather than a monochromat-
ic, source of phonons. The incident phonons have a Bose
distribution at temperature T~. Consequently, although
only those phonons with energy iruu&Eb are capable of
causing desorption, we have not measured the threshold
effect analogous to the work function in photoemission
from a metal. Because of the thermal distribution of co,

the result is a Maxwellian distribution of desorbed atoms
at temperature Th, with an amplitude proportional to
exp( Eb /k~—Tq ) [see Eq. (3.2b)].

To analyze data like those in Fig. 19 we have used the
SDB model expression, Eq. (3.15). This equation is based
on the SDB model for the case of infinity extended source
geometry. In the present case, however, t is measured
from the time of arrival of the pulse at the desorbing sur-

face. The empirical fit to the thermal peak is shown in
Fig. 20. Once this fit is obtained, the thermal peak may
be subtracted from the data, leaving the direct phonon
peak, also shown in Fig. 20. The area under the direct
peak amounts to about 5% of the total signal.

Temperatures are derived from the positions of the
peak maxima, t, using Eq. (3.16). For both thermal and
substrate-phonon peaks, we assumed that n =3 in these
data. The measured chemical potential (

~ p ~

=22k~) is
used to evaluate L„asexplained in Appendix A. In Table
III, heater temperatures computed from Eq. (2.2) are com-
pared to the temperatures of the thermal and single-
phonon peaks evaluated by this procedure for the data in
Fig. 19. The results confirm our assertion that the
thermal peak is due to modest heating above ambient,
while the substrate-phonon peak follows the heater tem-
perature.

TABLE III. Calculated heater temperatures ( Tq ) compared
to substrate-phonon and thermal desorption temperatures for
data shown in Fig. 19.

Heater
(acoustic-
mismatch

theory)
Tp (K)

11.1+0.2
10.5
9.9

Substrate-
phonon

peak
r. (K)

10.8+0.4
10.2
9.6

Thermal
peak

T. (K)

2.6+0. 1

2.4
2.3

It is also possible to resolve peaks due separately to
longitudinal and transverse substrate phonons. To do so,
one must use heater pulses which are short compared to
the 0.72-psec difference in the transit time of the two po-
larizations across a 9.5-mm-thick crystal. In addition, to
improve resolution, a smaller mask was used (0.3 mm)
and the bolometer was moved closer to the desorbing sur-
face (0.3—0.4 mm). This has the effect of sharpening the
Maxwellian distributions for each of the modes of desorp-
tion, as well as enhancing the intensity of the signal from
a short pulse and narrow aperture.

The result of these manipulations is shown in Fig. 21.
The substrate phonon peak may be distinguished as two
shoulders, 0.72 psec apart, denoted HI and HT, where the
difference in their arrival times and their ratio of intensi-
ties agree with those of the longitudinal and transverse
phonons at the crystal interface, measured in a separate
experiment with a bolometer evaporated directly onto the
sapphire surface.

V. SUMMARY AND CONCLUSIONS

The important quantities characterizing the desorption
process are the total rate and the velocity distribution as a
function of time after the commencement of the heat
pulse. These have been measured and the following re-
sults have been obtained.

(1) The distribution of U, is consistent with either of the
two simple models discussed in Sec. II-- detailed balance
and. single-phonon constant matrix element.

(2) Because the models and experiments give approxi-
mately the same line shape, the desorption signal can be
characterized by a temperature. The latter is in good
agreement with a calculation of the heater temperature
based on the Joule heating rate.

(3) The desorption rate is approximately exponential in
time. The time constant ~ has the Arrhenius form
1 ='rpexp(PEp ), with rp and Ep values given in Table II
and Figs. 11 and 12. Typical results are ~0-10 sec and
Ep-2

~ p ~
/3, where p is the preexisting equilibrium

chemical potential.
(4) The atoms are emitted primarily in the forward

direction; approxiinately one-half emerge within 8~ =20'
of the normal direction, i.e., a much narrower range than
a cosine (8~ =60 ). The energy distribution varies with 8
in a "rainbow" effect.

(5) The alternative to the heater-substrate geometry
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used for the experiments above is the crystal-substrate
geometry. This experiment allows us to study desorption
due to a low-intensity, but high-temperature, phonon flux.
In the resulting signal we observe the phonoatomic effect
(dirmt substrate-phonon-induced desorption) as well as
conventional thermal desorption.

Our interpretation of these results is guided in part by
the simple models of Sec. III. As discussed there, more
sophisticated microscopic treatments make detailed as-

sumptions about the interaction with the surface, surface
homogeneity, and the absence of mutual interaction be-

tween adatoms which seem unwarranted in the present
context. Alternatively, the detailed-balance model may be
elaborated into what may be called a "thermodynamic
model. " ' This characterizes the film as a collective en-

tity with an equation of state corresponding to bulk liquid
He. While not designed for quantitative accuracy, it has

been shown to give excellent agreement with some of the
present data. For example, the prediction that the tern-

perature of the desorbing atoms becomes equal to that of
the heater at very short times is in excellent agreement
with the experimental observation (see Fig. 7). The reason
is that the thermalization time scale is found to be short
compared to the thickness (desorption) time constant r
In microscopic models the same observation is attributed
instead to direct substrate-phonon-induced desorption.

One of the most remarkable results of these experi-
ments is the narrow cone of desorption. At first, the cone
might seem difficult to reconcile with the law of detailed
balance unless a correspondingly anomalous behavior ob-
tains for the sticking coefficient. This possiblity can be
ruled out on the basis of recent experiments ' which in-
dicate that the sticking coefficient is -0.8, even at in-
cident angles as large as 45 . An alternative possibility is
that the regime of these experiments is far from equilibri-
um. The discussion in Secs. III and IV makes it clear that
many phonons are required to equilibrate the motion
along the surface. In the presence of a high-intensity,
high-frequency phonon flux, the atoms will desorb prior
to this equilibration. Thus, the observed cone may be evi-
dence for lateral nonequilibration. It is also possible that
the cone is a consequence of collisions among desorbing
atoms.

The phonoatomic effect experiment yields another intri-
guing result which has a plausible interpretation. We at-
tribute the shoulder at the leading edge to direct desorp-
tion by high-frequency incident phonons and the large
peak to thermal desorption following the absorption of
lower-frequency phonon energy in the surface region. The
high phonon intensities which keep the film far from
equilibrium in the heater-substrate geometry are absent in
this case, so we do not expect the thermal peak to have a
forward cone. Thus, an interesting test of these ideas is to
look for the angular dependence of desorption in the
crystal-substrate geometry. The prediction we make is
that the phonoatomic bump observed at normal emission
(Fig. 19) would be absent at angles 8 & 20 .

One of the mysteries in these results is the linear rela-
tion between the activation energy Eo and the ambient
chemical potential. The thermodynamic model has
Ep

~ p ~, but the observed value is two-thirds of this.

Naively, one might have expected instead a larger value
because the equilibrium

~ p ~

is smaller than the instan-
taneous value as the film depletes. We have no explana-
tion to offer of this simple, but mysterious, observation.

In this study we have found that careful examination of
certain aspects of desorption (line shape, time constant)
yields important new insights, but cannot distinguish be-
tween radically different models of desorption. However,
we have also demonstrated new techniques (angular distri-
bution, phonoatomic effect, the differential technique)
that do give promise of leading to deeper understanding as
the study of desorption is pursued to new regimes of tem-
perature, coverage, and incident-phonon intensity.
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APPENDIX A: EFFECTIVE LATENT HEAT
OF THE FILM, L

Since the bolometer signals in these experiments change
slowly compared to the intrinsic bolometer time constant

[ (50 nsec (Refs. 3 and 4)], we may regard the deposition
of atoms on the bolometer as steady state and isothermal,

the flux of energy (aEd )Xp maintaining the bolometer
temperature at T, above the ambient Tp,' Eq. (3.5) may be
interpreted to mean

Sp-(T —Tp)- (aEg )Xp . (Al)

(aEd )Np ————(Uf+ U )
Bt

8Uf de

The energy of the gas changes by the kinetic energy of the
atom deposited,

= —E, (A3)

and the change in energy of the film is evaluated assum-

ing the film is, at all times, in internal thermodynamic
equilibrium,

8 Uf Bsf
BN BX

(A4)

where Sf is the entropy of the film and N is the number
of atoms in the film. The chemical potential of the film

This flux of heat into the bolometer is removed from the
film-gas system whose total energy is Uf+U~, and is

written
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is equal to that of a hypothetical gas in equilibrium with
it, pgp, which obeys

Eg E—5——/2P+ q„,
where

(A6)

Sgp
Os~ =T

1Vgp

BSf
BN

(A7)

The quantity L =—q„—5/2p which is needed to evaluate,
e.g., Eq. (4.2), is obtained, in practice, from the chemical
potential of the film, measured independently as explained
in Sec. II. Using Eqs. (A7) and (A5), we find

BSfI.= —p —T
BN z

Here T (dSf /BN) r is typically a small correction
( & —10%) to —p at the temperature of the bolometer.
Since (dSf/dN)r for the bolometer is not accurately
known, the specific entropy of bulk liquid helium at the
same temperature is used instead.

APPENDIX 8: SPECIFIC CxEOMETRIES

Here we fill in the details of the calculations reported in
Sec. III for three different geometrical cases.

Ugp —TSgp+PVg p 3 Sgp 1
p T— +—. (A5)

Neo 2p Neo p

Thus we take E~ to be
2. Finite-area source and detector

We shall address briefly the cases of small, but finite,
area detector and either small or infinite source. Assume
both to be squares with sides 2b (source) and 2a (detec-
tor), respectively. Consider particles emitted a given point

p =(X,Y) which pass through the detector plane (z =l) at
p=(X', Y'). Those having

~

X'
~

and
~

Y'~ &a will strike
the detector. Then, the X component of velocity must
satisfy

ui =——u(1+x) & v„&u(1 —x}—:v2,

u =av, /l, x =X/a .

(85)

(86)

In evaluating the integral over u„ in Eq. (3.10), we in-
tegrate only over this interval. For sinall u, the relevant
integral is

I„=f du„e "=Io+5I-,
Q pE

Io —— dv„e =2u (1 e/3), —

e=mPu /2,
T

5I/u= f dz —f dz e

X
Z e Ez (e —2zz e2zz}

p

(87)

(89)

detector, so only E, enters.
Equations (84) can be written in reduced forin, which

permits a line-shape analysis of the parameters (especially
the film teinperature). This is discussed in Sec. III D.

1. Very-small-area source 5I= 2ex e—(810)

We treated the case where the desorbing area 2, « l,
so that it can be treated as a pointlike origin for the parti-
cle trajectories. We take the bolometer to be circular, cen-
tered about the intersection of the surface normal with the
bolometer plane. The rim of the circle lies at polar angle
8~ relative to this axis. Then particles emitted at t=O
will arrive at the detector at time t =l/u, only if their
parallel velocities are less than v, tanOm. Thus the in-
tegrals in (3.10) and (3.12) have this upper limit of in-
tegration for (u„+u~)'~ . Performing the integration, we
obtain

I„=2u(l—e/3 —ex e ') . (811)

2 2

I~=(A, +a u, /l ) 1—Pmuz 2a
2l2 3 2m

+ (812)

The approximations in (88) and (810) require e and
ex « 1. Since a typical u, is of order ( m p)'~, this means
a « l and aX « l . Thus (811) places restrictions on the
sizes of both source and detector. An identical procedure
for the y coordinate is straightforward, giving I~ I„I~-—
as

mI~ (2n.A, /m P)(1———e ),
Is ——(2~A, /mP)[(1 —e ")(E,+L+P

—(X /P)e ™],
X =pE, tan28 =p l2tan20 /2t'.

(81)

(82)

(83)

where the term in large square brackets must be small for
the approximation to be valid. Thus we may write it as
an expansion of an exponential. Since this term multiplies
exp( pm 1 /2t ) in —Eq. (3.9), the effect of finite
geometries is equivalent to replacing l in the Boltzmann
factor by an effective length l,ff defined by

In the opposite limits of very small or infinite detector
size, the signal (3.11) satisfies

@E (L+E,+p )t (large detector), (84a)
e 'So(t, O)- .

(L +E, )t (small detector) (84b)

The difference in energy prefactor arises froin the fact
that p ' is the average contribution per particle from its
parallel kinetic energy. This is negligible for a point

l,tt=l +2a /3+Az/2n. . (813)

This has a simple interpretation as a weighted mean-
square distance. Particles arriving at the given time t
travel a longer distance than in the case discussed in sub-
section l above, so their probability is reduced appropri-
ately.

We next address the opposite limit of a source of infin-
ite extent compared to the detector (b »a). As above, we
may consider X and Y' integrals independently. The
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former is

f dX f du„exp( P—E„)
bla —@+1

=au f dx f dze

=2au f dz e" =2au(m. /e)', (814)

since 8»a. Thus Itv ——8m.a /Pm. Similarly, one finds
Is ——(E, +L+P )I~, yielding, in this case of infinite ra-
tio of source to detector size,

So(t,O)=Ku, a (u, )e '(Sm13/vr)' a (L +E,+P ')/l .

Comparing this with Eqs. (84), we note that the same t
prefactor occurs in the opposite limiting case of a point
source and infinite detector.

3. One-dimensional source

Here we analyze the geometry reported by Cohen and
King. ' We take the detector to be a small square with
sides of length 2a. The wire is represented by a flat strip
along the X axis, having a very small width 5F and length
2b Thus .Eq. (3.10) becomes

Itv (2au——, /1) 5F f dXexp( PmX u, /—2l )

—v, «(bu, /u, 1), (816)

where we have omitted prefactors and defined a typical
thermal velocity

v, =(2/Pm)' (817)

S-t exp[ t, (l+—b /31 )/t ] . (819)

The peak shifts with b as

t =t,(1+b'/31')'",
which is equivalent to replacing l by (i +b /3)'

The sensitivity of the field-ionization detector is reported
to be inversely proportional to velocity. Thus in deriving
the signal the integral (816) should be divided by u, times
the average secant of incident angles. The latter geometri-
cal factor will be omitted here for simplicity; no qualita-
tive conclusion is altered. Incorporating v, in the above,
we obtain, from (3.5),

S-v, a(v, )erf(bv, /v, l)exp( PE, )—.

The line shapes of Cohen and King are consistent with
a(u, ) being inversely proportional to u, (for values of or-
der u, ). Assuming this dependence, increasing b beyond
b =1 does not change the short-time part of the curve.
This is because of the constraint v, =v,X/l; the associated
energy for X& l becomes excessive if v„&u„sothe ends
of the wire do not contribute. For most relevant times
( t -t, =l/v, ), the error function can be expanded, yielding
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