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The Dicke-narrowed line shape of an atom in a wall-coated, bufferless atomic storage cell is com-
posed of two parts, a sharp central spike and a broad underlying pedestal. To understand the pede-
stal shape we find that it is necessary to account for various atom-surface scattering channels. Con-
versely, analysis of the pedestal shape yields information concerning these scattering channels. In
particular, nearly-Doppler-broadened pedestals, observed for alkali-metal hyperfine transitions in
cells with paraffin coatings, indicate that both a trapping-desorption channel and a direct inelastic
or quasielastic channel are accessible in the atom-surface scattering process. Alternatively, the ap-
pearance of much narrower pedestals, observed in cells with dichlordimethysilane coatings, indicates
that the trapping-desorption channel dominates the atom-surface scattering process.

I. INTRODUCTION

In microwave spectroscopy one often encounters situa-
tions in which the atomic or molecular dephasing times
are very long, so that collisions of gas-phase atoms with
the walls of a storage vessel have a non-negligible influ-
ence on the observed line shape. In one extreme, where
the storage vessel's surfaces are strongly depolarizing, the
atom-surface impacts produce a discontinuous change in
the phase of the atomic oscillator, and this results in an
additional broadening of the homogeneous linewidth by
an amount proportional to the rate of atom-surface col-
lisions. ' The details of the atom-surface interaction are
in this case lost, and the line shape simply depends on the
geometry of the storage vessel. However, if the storage
vessel's surfaces are weakly depolarizing, then the atom-
surface interaction potential, which perturbs the atomic
system for some brief period of time, results in a shift of
the atomic resonance frequency. ' Additionally, if the di-
mensions of the storage vessel are less then the wavelength
of the radiation, so that Dicke's criterion is satisifed,
motional narrowing of the Doppler-broadened line shape
occurs (it will be shown below how this "Dicke" narrow-
ing is also sensitive to the atom-surface interaction).
Thus, in the case of a weakly depolarizing surface the na-
ture of the atom-surface interaction is manifested in the
observed line shape, and one might expect the study of
atomic line shapes in such storage vessels to provide a
fruitful melding of surface and atomic physics.

Investigations of atom-surface interactions while tradi-
tionally the realm of the surface scientist have more re-
cently begun to draw heavily on techniques developed in
other areas of physics, particularly atomic physics.
Specifically, atom-surface interactions are now often stud-
ied directly by scattering well-collimated, nearly monoen-
ergetic atomic beams from various surfaces. Energy and
angular analysis of the scattered atoms provide insights
into the different scattering channels accessible to the in-

cident atoms. ' The relaxation of optically pumped
atoms, investigated through the use of optically (laser)
prepared and analyzed atomic beams, also directly probes
the atom-surface interactions. In addition to contribut-
ing to techniques which allow direct study of atom-
surface interactions, various experiments in atomic phys-
ics have indirectly probed these interactions. Experiments
investigating the relaxation of spin-polarized alkali-metal
atoms in storage cells with weakly depolarizing cell walls
have shed light on aspects of the alkali-metal adsorption
process. " The interaction of hydrogen atoms with a
fairly complicated surface, Teflon, has been probed
through a study of the frequency shifts in a hydrogen
maser, the results of which yielded insights into hydro-
gen adsorption and energy accommodation as well as
Teflon surface structure. In fact Zitzewitz and Ramsey,
recognizing the relationship between surface science and
atomic physics, suggested that "the hydrogen maser can
be used as an experimental tool to study atom-surface in-
teractions, albeit indirectly. " In this paper the relation-
ship between surface science and atomic physics is further
elucidated. Specifically, we show that motionally or
Dicke-narrowed atomic hyperfine line shapes in wall-
coated, bufferless atomic storage cells may be well under-
stood through consideration of the appropriate atom-
surface scattering channels, and that consequently these
line shapes yield information concerning the atom-surface
scattering process.

Dicke (or collisional) narrowing in an atomic transition
results in a line shape with a spectral width less than the
doppler width, ' and it is observed when atoms are con-
fined to small volumes of space through rapid velocity-
changing collisions. In order to observe this phenomenon
the atomic mean free path must be less than the wave-
length of the atomic resonance under study. In the study
of alkali ground-state hyperfine transitions, where the
transition wavelength is on the order of centimeters,
atomic confinement can be obtained through use of an in-
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ert buffer gas or by placing the radiating atoms in an eva-
cuated cell with a nonrelaxing surface. When the atom's
spatial confinement results from collisions with the
storage vessel's walls, the narrowed line shape is com-
posed of two components, a Doppler-free central spike
whose width is determined by the various relaxation pro-
cesses occurring within the storage vessel, and a broad
underlying pedestal with a width typically found to be ap-
proximately equal to the Doppler width. ' ' However,
the present analysis shows that the interactions between
interrogated atoms and storage-cell surfaces are crucial
for determining the pedestal shape.

Weinberg and Merrill' have discussed three different
scattering channels that are potentially accessible to an
atom when it impacts a surface with a near-thermal speed.
The atom may rebound "quasielastically" with very little
energy transfer between itself and the surface; a "direct
inelastic" scattering channel may be open, in which there
is significant energy transfer between the atom and the
surface; or lastly, the atom may scatter from the surface
through a "trapping-desorption" channel in which the
atom is physically adsorbed to the surface and subse-
quently, after full energy accommodation, desorbs. In an
elegant series of beam studies Hurst and co-workers'
investigated the accessible scattering channels for various
rare gases impacting clean metallic surfaces such as plati-
num (111) and polycrystalline tungsten. In their studies
atoms which underwent trapping desorption could be
clearly separated from those which underwent direct in-
elastic scattering.

The characteristics Hurst and co-workers found for
each of these channels can be briefly summarized. In the
direct inelastic channel the incident atom interacts with
the surface for a very short period of time compared to
the residence time associated with trapping desorption. '
(Surface residence time is important, since atomic spin or
hyperfine polarization relaxation in an evacuated cell is
due to atom-surface magnetic interactions; the longer an
atom is in the vicinity of the surface the greater the
surface's influence on the atom's internal state. ) The an-

gular nature of the direct inelastic channel was found to
be highly specular, and energetically was relatively elastic,
leading to a correlation between incident and exit atomic
speeds. Furthermore, for Ar scattering from polycrystal-
line tungsten, when the incident Ar atoms displayed a
Maxwell-Boltzmann speed distribution appropriate to the
surface's temperature, the atoms that were scattered
through the direct inelastic channel displayed a speed dis-
tribution richer in high velocities. Considering the
quasielastic-scattering channel one would expect the spec-
ular and elastic nature of the scattering to be even more
stringent than in the case of the direct inelastic channel.
With regard to trapping desorption, in addition to rela-
tively long surface-residence times this channel was found
to be characterized by a high degree of energy exchange
between the adsorbed atom and the surface. In the specif-
ic case of Ar scattering from tungsten, Hurst and co-
workers found that the emission angular distribution was
broader than cosine, that is, with more atoms at large an-
gles relative to the surface normal. Additionally, the ob-
served emission-speed distribution, was found to be defi-

cient in high velocities relative to a Maxwell-Boltzmann
speed distribution appropriate to the surface temperature.
They also observed that the probability of trapping
desorption could be enhanced if incident atoms had low
energies or approached the surface at a grazing angle.

Generalizing these results to vapor-phase atoms con-
fined by a spherical storage vessel, one may say that an
atom scattering through the trapping-desorption channel
should have a lower average emission energy than that ex-
pected from a Maxwell-Boltzmann distribution specified
by the surface temperature, and that the greater than
cosine probability of large-angle emission will enhance the
possibility of subsequent grazing collisions. Consequent-
ly, once an atom scatters through the trapping-desorption
channel the probability of a subsequent trapping-
desorption scattering event is increased. In the same vein,
the fairly elastic nature and potentially higher than ex-
pected (from surface-temperature considerations) emission
energies associated with the direct inelastic channel favor
subsequent direct inelastic-scattering events after an atom
has initially scattered through this channel. For the
present work then, the important conclusion to be drawn
is that in the gas phase atoms initially associated with ei-
ther a trapping-desorption channel or a direct inelastic
channel appear to display a strong propensity to remain
associated with that particular channel.

II. THEORETICAL ANALYSIS AND RESULTS

Motional narrowing in evacuated wall-coated cells was
first addressed by Dicke when he analyzed the spectrum
of the radiation emitted by an atom in a one-dimensional
box. Frueholz and Volk' generalized Dicke's analysis to
the three-dimensional case of radiating atoms in spherical
storage cells, and in a two-part analysis they specifically
analyzed the hyperfine line shape of a Rb atom confined
in a bufferless cell with a nonrelaxing surface. In their
analysis the trajectories of a single atom within the
storage cell are calculated using a Monte Carlo technique.
The resulting trajectory yields the times between wall col-
lisions as well as the Doppler-shifted frequency of the ra-
diation emitted by the atom. Within the Monte Carlo
portion of the analysis many properties of the atom-
surface interaction, as just described, may be incorporated.
After generation of the atomic trajectories, the analysis
treated the polarized atom as a classical radiator and the
emitted wave train was Fourier analyzed to yield the
Dicke-narrowed line shape. The line shapes so obtained
consisted of a central spike, matching experiment, and a
broad pedestal with a width well below the experimentally
observed approximately Doppler width. Despite extensive
analysis, no satisfactory explanation for the discrepancy
could be obtained. To remove any questions concerning
the applicability of a classical line-shape analysis the
current study combines a density-matrix approach with
the Monte Carlo atomic trajectories to generate the
Dicke-narrowed line shapes. Specifically, the line shape
of the Rb 0-0 hyperfine transition for an atom in a
spherical cell is analyzed. For simplicity the atom is
treated as a two-level system. We assume that depopula-
tion pumping to an upper electronic level by frequency-
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selected light creates a population imbalance between the
two levels, and a resonant microwave field is detected by a
decrease in the optical-pumping light. This is an accurate
representation of previously conducted experiments. '"

The density-matrix equations describing this system
have been derived previously. ' The three coupled dif-
ferential equations describe the temporal evolution of one
level's population, o22, and the real and imaginary parts of
the system's coherence. The equations depend parametri-
cally on the optical photon absorption rate B, the rni-
crowave Rabi frequency cubi, b, (t) the detuning of the mi-
crowave field from the atomic resonance frequency as
perceived by the moving atom, and phenomenological
longitudinal and transverse surface relaxation rates
y, =y2 ——y. During traversal of the cell y is set equal to
zero, but while the atom resides on the cell surface y as-
sumes a nonzero value. The apparent detuning of the rni-
crowave field frequency from the atomic resonance fre-
quency varies for each traversal due to differing Doppler
shifts. As the differential equation coefficients change
discretely only upon impact with the cell wall, and again
upon reemission from the wall, the equations may be
solved in closed form and the solution propagated from
impact to reemission to impact, etc. , as the trajectory
proceeds. The line-shape computation, performed on a
computer, calculates the atomic trajectory over a period of
time a factor of 5 greater than the inverse of the relaxa-
tion rates associated with the situation being studied. The
initial conditions for the computation are o.

22
——0.5, and

both the real and imaginary parts of the coherence set
equal to zero. As the line shape resulting from this pro-
cedure is quite noisy, it is r&ecessary to average several
hundred such line shapes. This requires the analysis of
approximately 300000 wall collisions. For simplicity all
calculations conducted have assumed that Rb atoms are
emitted from the cell surface with a cos(8) distribution.

Our initial calculations assumed that all atoms were
emitted from the surface with speeds distributed accord-
ing to a single Maxwell-Boltzmann speed distribution. In
light of the atom-surface scattering characteristics dis-
cussed previously, one would thus state that all the atoms
were proceeding through the same surface scattering
channel. The optical-pumping rate, microwave Rabi fre-
quency, and wall relaxation rate were adjusted so that in
the absence of atomic motion the hyperfine linewidth
would be approximately 30 Hz. The residence time was
taken to be 1&&10 ' s which is appropriate for the nonre-
laxing paraffin surface under consideration. ' The wall
relaxation rate was set at 1&10 s ', and the calculations
assumed a spherical cell with a radius of 4 cm. When
averaged over the time of flight between wall collisions
this wall relaxation rate thus contributed —10 Hz to the
motionless linewidth. It is worth noting that the absolute
values of the wall-residence time and the surface relaxa-
tion rate are not the physically important parameters in
the present analysis. Rather, it is the product of the two,
which specifies the amount of phase information lost
upon each collision, which is important. We have,
though, used physically realistic values for each quantity.
The results of this calculation are shown in Fig. 1(a). The
central spike displays the expected linewidth, however, the

pedestal is narrow with a width of 5.0 kHz compared to
the expected 9.2 kHz Doppler width. Just as in the classi-
cal Fourier analysis a discrepancy between the experirnen-
tally observed pedestal' and the theoretical analysis is
found.

It is reasonable to expect paraffin-coated glass surfaces
to be relatively smooth on a microscopic scale. Long
chain paraffin molecules will lie on the glass with their
long axes parallel to the surface and there may be a
several-monolayer-thick coating of paraffin on the sur-
face. Taken together these factors will tend to reduce sur-
face roughness. As a result to reconcile experiment and
theory we feel it is reasonable to postulate that the atoms
scatter from the surface through two different channels, a
trapping-desorption (TD) channel and a direct-inelastic or
quasielastic (DI) channel. As a first step in taking into
account the effects of the two scattering channels we draw
upon the concept of a critical speed for trapping S, . '

When an atom impinges upon a surface with a speed
below S„indicating a low kinetic energy, simple analysis
shows that it has a high probability of undergoing a TD
scattering process (see the Appendix). At the beginning of
each of the several hundred line-shape calculations needed
to generate a smooth hyperfine line shape an initial atom-
ic speed is selected from a Maxwell-Boltzmann speed dis-
tribution. If this speed is below the critical speed for trap-
ping the atom is assumed to scatter initially and subse-
quently through the TD channel. Consequently,
throughout a single line-shape calculation the atom is only
allowed to have speeds equal to or below S, . Conversely,
if the initial speed is above the critical speed for trapping
the atom scatters through the DI channel, and can there-
fore only have speeds selected from the speed distribution
that are equal to or above S, . This procedure incorpo-
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FICx. 1. Dicke-narrowed hyperfine line shapes for Rb in a
4.0-cm-radius paraffin-coated, bufferless cell obtained from the
trajectory and density-matrix analysis; the hyperfine linewidth
in the absence of atomic motion is 30 Hz; (a) all atoms scatter
through a single channel, (b) atoms scatter through either a
trapping-desorption or direct-inelastic channel.
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rates the observation that for a particular atom dual-
channel scattering is unlikely, and also provides a skewing
of each channel's velocity distribution while maintaining
an overall Maxwell-Boltzmann speed distribution. Addi-
tionally, if an atom scatters through the TD channel, it is
provided with a longer surface residence time. A simple
analysis indicates that the TD atom-surface residence
time should be approximately fifty times greater than that
of the DI channel (which was taken as 1X 10 ' s). Thus,
the only free parameter in this form of the calculation is
S, .

Using the same set of parameters that were used to gen-
erate Fig. 1(a), we find that as S, is increased the pedestal
broadens. This observation may be explained in a
straightforward manner. When the scattering process is
allowed to sample all speeds in the thermal distribution,
the resulting pedestal width is less than the Doppler
width, approximately 5 kHz. With the introduction of
S„atoms that proceed through the DI channel sample
higher speeds and display a higher effective "tempera-
ture" than those scattering off of the wall through the TD
channel. Consequently, the pedestal due to atoms under-
going DI scattering will be broader than the normal
thermal pedestal while the converse holds for those atoms
undergoing TD scattering. As S, increases both atomic
populations "heat up,

" and the pedestal widths associated
with the two groups of atoms increases. However, though
the pedestal width of the DI group increases without
bound, the pedestal width of the TD atoms is limited by
the normal ( —5 kHz) width.

The experimentally observed line shape is the sum of
the line shapes due to both groups of atoms, and the mag-
nitude of an individual group's line shape depends on its
fractional population as well as the degree of hyperfine
polarization. The greater these quantities are, the larger a
particular group's contribution to the total line shape.
Since the loss of hyperfine polarization that occurs upon
each wall collision is proportional to the surface residence
time associated with the impact, the degree of polarization
for atoms scattering through the TD channel, with its rel-
atively long residence time, is considerably less than it is
for atoms interacting with the wall via the DI mechanism.
Additionally, for reasonable values of S, a large fraction
of atoms are in the DI group. As a result, under certain
conditions the observed line shape will be dominated by
DI atoms and the pedestal width will be greater than the
normal thermal pedestal width. Of course, the observed
pedestal width cannot increase without limit. The frac-
tion of atoms in the DI group drops rapidly as S, in-
creases beyond the average thermal speed. As a result, for
very large values of S, the line shape will be due primarily
to those atoms proceeding through the TD channel, which
(while displaying low polarization) comprise the major
faction of all atoms. The resulting pedestal in this case
would display the normal thermal width.

As discussed in the Appendix, S, is expected to be sen-
sitive to both the atom-surface potential well depth D and
the single-impact energy accommodation coefficient u. In
the Appendix it is shown that a reasonable value for S, is
1.8X10 cm/s (the most probable speed in our calcula-
tions is 2.9X10 cm/s). This yields the line shape of Fig.

1(b) showing a 9.3-kHz-wide (nearly Doppler width) pede-
stal, in excellent agreement with the pedestal reported by
Robinson and Johnson. ' While this method of including
the effects of the two scattering channels in Dicke nar-
rowing is admittedly simplistic, the theory's ability to
match experiment with realistic input parameters provides
strong evidence for two-channel scattering in the alkali-
atom —alkane-surface system.

III. EXPERIMENT

As a consequence of our analysis, if the atom-surface
scattering proceeds exclusively through a single channel
that has access to all speeds, the pedestal should assume
the sub-Doppler shape of Fig. 1(a); observation of such a
Dicke-narrowed pedestal would run counter to all previ-
ous theoretical pedestal descriptions. The most reasonable
situation for observing such a pedestal would be in a cell
whose wall coating, while still nonrelaxing, was "stickier"
than paraffin; such a coating can be obtained by treating
glass with dichlorodimethylsilane. " In a detailed series
of studies Camparo has investigated the properties of
this coating material, and has found the wall relaxation
rate to be greater than that of paraffin due primarily to a
longer (more than 100 times longer) atomic residence time
on the former surface. For this sticky surface we would
expect TD to be the dominant scattering channel, and S,
to be well above the average thermal speed. This allows
within our model essentially all speeds to be accessed by a
scattered atom, and the pedestal width would then be anti-
cipated to be near the computed normal thermal width of
approximately 5 kHz. To test this prediction we have ob-
tained a Dicke-narrowed Rb hyperfine transition line
shape from a cell with this wall coating.

Figure 2 shows the experimental arrangement. Light
from a Sharp LT-026 MD single-mode diode laser, tuned
to the D2 resonance of Rb at 780.2 nm, was collimated
to a beam diameter of -2.2 cm. The diode laser output
power was approximately 1.6 mW, and its single-mode
linewidth was 44 MHz. The spherical resonance ceil was
located inside a solenoid surrounded by three layers of @-
metal shielding, and was heated by a wire-wound oven
which maintained a thermal temperature gradient in the
cell of some 30'C from the top to bottom; the oven wires
were braided to minimize any extraneous oven magnetic
field. A static magnetic field of a few Gauss was pro-
duced by the solenoid in order to isolate the Rb 0-0 hy-
perfine transition. Microwave power was supplied to a
microwave horn located inside the solenoid by a chain of
rf multiplication and amplification. At the resonance cell
we estimate that the full microwave magnetic field
strength in the absence of attenuation was roughly 14
mG. In order to employ phase-sensitive amplification the
rf field was chopped prior to multiplication by a diode
switch at a rate of -70 Hz. Simultaneously, the frequen-
cy of the approximately 106.8-MHz rf coming from the
voltage-controlled crystal oscillator was ramped by a
function generator, so that the microwave frequency
swept slowly over the 0-0 hyperfine transition.

By tuning the diode laser to the Dz Rb transition the
atomic population in the F =2 ground-state hyperfine



3772 R. P. FRUEHOLZ AND J. C. CAMPARO 35

PHOTODIODE
I

DIODE LASER

CELL

HORN

SOLENOID

LOCK-IN

REF

ISOLATOR

AMP

I -&jB I ATTENUATOR

[ x64 [ FREQUENCY MULTIPLIER

J1JL
GEN

SWITCH = VCXO
106.8
MHz

-8000 -6000 -4000 -2000 0 2000 4000 6000 8000

FREQUENCY (Hz)

TRIGGER
SIG AVG

(a)

FUNC

GEN

FIG. 3. Dicke-narrowed hyperfine line shapes for Rb" in a
2.8-cm-radius dichlorodimethylsilane-coated bufferless cell.
Dashed line, experimental; solid line, obtained from the trajecto-
ry and density-matrix analysis. The hyperfine linewidth in the
absence of motion is estimated to be approximately 1 kHz.
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FIG. 2. (a) Optical-pumping double-resonance experimental
arrangement for observing the Rb' 0-0 hyperfine transition line
shape. (b) Energy-level diagram of Rb showing the atomic
transitions of interest.

manifold was transferred by depopulation pumping into
the I' =1 ground-state hyperfine manifold. ' In the ab-
sence of microwaves at the appropriate frequency, this re-
sulted in a maximum for the transmitted laser intensity.
As the microwaves swept over the 0-0 hyperfine transition
at 6835 MHz, atoms in the (F = l, mF ——0) ground-state
Zeeman sublevel returned to the (F=2,mF ——0) ground-
state Zeeman sublevel with the effect of reducing the
diode laser transmitted intensity. The change in transmit-
ted laser intensity as the microwaves swept across the res-
onance thus mapped out the 0-0 hyperfine transition line
shape. The transmitted intensity signal was phase-
sensitive amplified by a lock-in amplifier, and stored in
the memory of a signal averager. Due to the fact that the
microwave power had to be extremely low in order to
avoid any possible microwave power broadening of the
line shapes (i.e., the microwave attenuator was set for 60
db), 1000 signal averages were required to obtain good
signal-to-noise ratios for the experimental line shapes.

The coating material was applied to the storage cell us-
ing the procedure of Zeng eI; al. " The cell contained a
barium getter in an appendage to insure that no impurity
gas, which might have evolved within the cell after fabri-
cation, would be present during the experiments. (I.S)
relaxation-rate measurements after flashing the getter re-
vealed that the dichlorodimethylsilane surface relaxation
times were on the order of 530 psec. This would imply

that an average atom made the several velocity-changing
collisions required for Dicke narrowing' before dephas-
lng.

The experimentally observed line shape is shown as the
dashed curve in Fig. 3. Since the relaxation rates have
broadened the central spike to a width of nearly 1 KHz,
reducing its relative amplitude, the line shape has the ap-
pearance of being exclusively due to the pedestal com-
ponent. The observed linewidth is approximately 4.8 kHz
with no hint of the spike. Using experimentally measured
parameters for B, ~ &, and y, and assuming that all
scattering proceeds through a TD channel that now sam-
ples the entire Maxwell-Boltzmann speed distribution, our
theoretical results normalized to the same maximum am-
phtude as experiment yield the solid curve of Fig. 3 [full
width at half-maximum (FWHM) 5.2 kHz]. The excel-
lent agreement with experiment is consistent with our ex-
pectation of exclusive TD scattering. Additionally, to our
knowledge this is the first observation of a pedestal which
is we11 below the generally expected Doppler width.

IV. DISCUSSION

The foregoing studies strongly suggest that in order to
properly describe Dicke narrowing in evacuated, wall-
coated cells it is necessary to take into account the atom-
surface scattering process. Our theoretical analysis pro-
vides a means of testing the validity of specific models of
the atom-surface interaction. If a model does not result in
line shapes matching experiment it may be rejected. On
the other hand, the ability to match experimental line
shapes does not unambiguously prove the validity of a
particular model. This would require the preciseness of
the much more complicated atomic-beam —surface
scattering experiments.

The models proposed, while admittedly simplistic and
perhaps not correct in all specific aspects, do appear to
correctly embody the major features of atom-surface
scattering for the wall-coating materials investigated.
Specifically, in the presence of two scattering channels the
ensemble of polarized atoms should have a
non —Maxwell-Boltzmann speed distribution. The ensem-
ble of polarized atoms in the presence of two-channel
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scattering is expected to be richer in high speeds com-
pared to a Maxwell-Boltzmann speed distribution at the
vapor temperature. Noting that the pedestal shape is in-
fluenced by the various polarized-atom Doppler shifts,
one can thus for the first time rationalize the broad, ap-
proximately Doppler width, Dicke pedestals observed in
the alkali-atom —alkane-surface. It would be worthwhile
to experimentally validate the expectation of a
non —Maxwell-Boltzmann polarized-atom speed distribu-
tion in the alkali-atom —alkane-surface system, since this
would simultaneously provide a direct experimental mea-
sure of the critical speed for trapping, which in the
present line-shape theory is a free parameter. In the pres-
ence of a single scattering channel the ensemble of polar-
ized atoms has a Maxwell-Boltzmann speed distribution
characterized by the vapor temperature, and under such
conditions it is both theoretically predicted and experi-
mentally observed that the Dicke pedestal is substantially
narrower than the transition's Doppler width.

On a final note it is worth mentioning that the present
studies represent the first indication of two-channel
scattering at thermal speeds in a system that would not be
considered as clean in a traditional high-vacuum sense.
Thus, since Dicke narrowing predates the study of scatter-
ing channels, it would appear that evidence indicating the
existence of various atom-surface scattering channels was
available, but unrecognized, decades prior to their actual
discovery.
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APPENDIX

In the Dicke-narrowed line-shape theory discussed in
the text we employed the critical speed for trapping S,
(Refs. 21 and 24) and used this speed to differentiate
atoms which predominantly scattered through the TD
channel from those which scattered mainly through the

DI channel. In this appendix the simple atom-surface in-
teraction model of Weinberg and Merrill is used to indi-
cate the manner in which the critical speed might be ex-
pected to depend on the physical properties of the atom-
surface interaction.

Consider an atom of kinetic energy c.; approaching a
square-well attractive potential with a well depth D. Just
prior to impact with the repulsive part of the potential the
atom s initial kinetic energy is E; =D+c;. Defining a
single-impact energy-accommodation coefficient a in
analogy with the standard thermal energy-accommodation
coefficient,

E —Ef
E; —kT ' (A 1)

where Ef is the atom's kinetic energy after impact, and T
is the surface temperature, we have

Ef ——(1 —a)(D +mv; l2)+akT . (A2)

S =
C

2a(D —kT)
m (1—a) (A3)

or considering the ratio of S, to the most probable
thermal speed vMp,

1/2

Sc ivMp = (A4)

From the work of Bouchiat and Brossel and Brewer '

we approximate D for the alkali-atom —alkane-surface
system as -0.1 eV. Thus, to obtain S, /vMp=0. 62 [i.e.,
S, =1.8&10 cm/s which is the value used in the calcula-
tion for Fig. 1(b)], we require a=0. 12. The fact that this
is a reasonable energy-accommodation coefficient
value ' again suggests that the concept of two channel
scattering is valid in the alkali-atom —alkane-surface sys-
tem.

We can now define the critical speed for trapping in the
following way: if v; &S„ then Ef &D and the atom falls
into the potential well and is considered "trapped. " Thus,
taking the limiting case and substituting S, for v; and D
for Ef in Eq. (A2),
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