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We present an experiment for the investigation of the interaction of spin-polarized Na atoms with a dielectric
surface. A laser beam, which is resonant with an atomic transition, probes the spin polarization near the
surface. It is reflected at the surface and the change of its polarization is measured. Our analysis takes into
account that the spin polarization is reduced near the surface because of surface-induced spin relaxation. The
theory shows that strong wall relaxation leads to a clear modification of the shape and strength of the optical
line. The dependence of the line shape on the angle of incidence immediately below the critical angle of total
internal reflection provides a sensitive tool for the quantitative determination of the depolarization probability
« per wall collision. Measurements performed at a Pyrex glass surface provide a clear experimental confirma-
tion of the theory and yield a value of«'0.5. The case of weak wall relaxation is exemplified by experimental
results from a silicone-coated glass surface, which are equally well reproduced by the theory. The method
offers the prospect of using surface-induced spin relaxation for the study of surface properties and atom-surface
interactions for various surfaces.@S1050-2947~96!02109-9#

PACS number~s!: 34.50.Dy, 32.80.Bx, 32.70.2n

I. INTRODUCTION

The interaction of an atomic vapor with a solid surface
may modify the optical properties of the vapor close to the
surface. Such effects can be studied by the reflection of a
laser beam at the surface. Thereby the atoms in a thin layer,
whose thickness is of the order of the optical wavelength, are
probed. Information about the atom-surface interaction may
be obtained from the characteristic changes of the reflectivity
of the interface that occur when the wavelength is scanned
across an atomic transition. This technique of reflection
spectroscopy—designated as selective reflection or
evanescent-wave spectroscopy, depending on the angle of
incidence—has been applied in a number of experiments to
study alkali-metal atoms close to glass and other dielectric
surfaces@1–5#. Deexciting atom-wall collisions lead to a
transient behavior of atoms near the surface, which results in
a nonlocal response of the atomic medium to the exciting
light field and gives rise to sub-Doppler features in the
selective-reflection spectra@6–9#. The long-range van der
Waals interaction between the atoms and the surface causes a
further modification of the spectra@5,10#.

Reflection spectroscopy can also be used to investigate
the interaction of spin-polarized atoms with a solid surface
@11–13#. At the surface the spin polarization is partly de-
stroyed, since atoms colliding with the surface may stay ad-
sorbed for a certain time during which they are subjected to
depolarizing local magnetic fields, before they leave the sur-
face again and return to the gas phase. This phenomenon was
first encountered in the early experiments on optical pump-

ing in the 1950s and 1960s@14#. The spin relaxation at the
walls of the vapor cells represented a serious obstacle in
these experiments. It was overcome by the usage of inert
buffer gases that slow down the atomic motion thus prolong-
ing the time between wall collisions. Alternatively, certain
surface coatings, preferably containing hydrocarbon chains,
can be used to prevent relaxation. They exhibit a strongly
reduced interaction with the akali-metal atoms as compared
with a bare glass surface, mainly due to a smaller adsorption
energy, which results in a shorter average dwell time of the
atoms on the surface. The weak depolarization at coatings of
this kind was studied both theoretically and experimentally
in detail mainly by Bouchiat and Brossel who singled out
two types of interactions responsible for the depolarization,
namely, a dipole-dipole interaction and a spin-orbit interac-
tion @15#.

In recent years, investigations of wall-induced depolariza-
tion of optically pumped atoms have been resumed in the
context of spin-polarized ion sources in nuclear physics
@16–19#. In these studies, a main goal was to find surfaces
that cause as little depolarization as possible and at the same
time meet the requirements of the specific technical applica-
tion, such as long-term stability. Several experiments that
use spin-polarized nuclei to probe glass surfaces@20,21# or
crystalline metal surfaces@22# have demonstrated that
surface-induced spin relaxation also bears some potential as
a tool for studying surfaces and their interaction with atoms
in a more general context from the surface-physical point of
view. It was shown that relaxation rates provide information
about activation energies for desorption and surface diffu-
sion, as well as the local density of states of a metal surface
at the Fermi energy. An extension of the studies performed
in the 1960s to a wider class of surfaces therefore seems
promising.

In most previous experiments on wall relaxation of spin-
polarized atoms the decay of the spin orientation was mea-
sured in the bulk of the atomic vapor. Under suitable experi-
mental conditions, this decay is predominantly caused by
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depolarization at the walls of the container and therefore al-
lows one to extract information about the wall relaxation. In
contrast to this type of experiment, we have developed a
technique, with which the polarization can be measured in
the immediate neighborhood of the surface by polarization-
selective detection of a reflected laser beam. We described
the basic technique together with some theoretical consider-
ations in an earlier paper@12#. The theoretical treatment pre-
sented there did not yet take the wall relaxation into account,
but assumed a homogeneous spin polarization throughout the
atomic medium. However, the experimental data provided
some evidence that wall relaxation leads to a characteristic
modification of the observed signal. Meanwhile, we have
extended the theory to include the influence of wall relax-
ation, thus opening up the possibility of studying this phe-
nomenon quantitatively by our technique. We presented a
brief report on first quantitative results on the depolarization
of spin-polarized Na atoms at a bare glass surface in Ref.
@13#. The present paper provides the detailed theoretical ba-
sis and gives a more complete presentation of experimental
results including both bare and coated glass surfaces.

In our experiment the atomic vapor in front of the surface
under study is optically pumped with a laser beam of con-
stant power, which produces a ground-state-spin orientation.
In the steady state, diffusion of the atoms in a buffer gas,
spin relaxation at the surface, and the optical pumping of
atoms leaving the surface lead to a gradient of the spin po-
larization perpendicular to the surface, so the medium be-
comes optically inhomogeneous. The experimental setup is
described in Sec. II. In Sec. III we work out a comprehensive
theoretical analysis, taking fully into account the spatial in-
homogeneity of the medium caused by wall relaxation. Sec-
tion IV presents the experimental results and their interpre-
tation on the basis of the theory. Finally, Sec. V summarizes
the results and gives an outlook.

II. EXPERIMENTAL SETUP

The system investigated in our experiment consists of
spin-polarized Na atoms in Ar buffer gas in the vicinity of a
glass surface. The spin polarization in the Na ground state,
which is created by optical pumping of the atoms with a
circularly polarized pump beam tuned to the NaD1 line
(l5590 nm!, manifests itself as a macroscopic magnetiza-
tion and makes the medium circularly birefringent. The at-
oms close to the surface are probed by reflection of a linearly
polarized probe beam at the glass-vapor interface. The an-
isotropy of the atomic medium reveals itself through a
change of the polarization of the reflected probe beam.

The experimental setup is sketched in Fig. 1. Na vapor
together with 130 mbar Ar~as measured at room tempera-
ture!, serving as a buffer gas, is contained in a heated glass
cell that carries a glass prism on one side. The linearly po-
larized probe beam is delivered by a dye laser and hits the
interface between the prism and the atomic vapor at an angle
of incidence that can be varied in a small interval (610
mrad! around the critical angle of total internal reflection
with a resolution of;0.1 mrad. The polarization of the re-
flected light is analyzed by means of a differential photode-
tector that measures the intensity difference between two or-
thogonally polarized components of the light, which are

selected by a retardation plate and a polarizing beam splitter.
The pump beam is derived from the same dye laser and
passed through the glass-vapor interface at normal incidence.
A magnetic field is applied perpendicularly to the pump and
the probe beam, and an electro-optic modulator modulates
the polarization of the pump beam between left and right
circular. This results in a forced precession of the magneti-
zation around the magnetic-field direction at the modulation
frequency@23#. The modulation frequency is set to the Lar-
mor frequency, which causes a resonant enhancement of the
precessing magnetization. The precession gives rise to a
modulation of the optical anisotropy and a corresponding
modulation of the polarization of the reflected probe beam.
Consequently, the signal can be extracted by a lock-in am-
plifier, which ensures a very high detection sensitivity.

The experiment allows two modes of operation. On one
hand, the modulation frequency may be set to the Larmor
frequency and kept constant, while the laser frequency is
scanned across the optical transition~theD1 line in our case!
and the optical resonance is recorded. On the other hand, we
can record the magnetic resonance by tuning the modulation
frequency across the Larmor frequency, while keeping the
laser frequency constant at or close to the center of theD1
line. In this paper, we only discuss the optical resonance and
always assume that the modulation frequency coincides with
the Larmor frequency.

We used two kinds of cells, both made of Pyrex glass. In
one cell, we coated the walls with polydimethylsiloxane,
whereas the second cell was uncoated. The silicone coating
is known to prevent spin relaxation by wall collisions to a
large extent@19,24#, whereas a bare glass surface causes
strong depolarization. Hence, the two surfaces are suitable as
model systems, as they represent two rather extreme cases.
The preparation of the cells has been described elsewhere
@12#.

The experiments were performed at a cell temperature of
;510–550 K with a Na number density of roughly 1016–
1017m23 as estimated from the transmissivity of the sample.
At the operating temperature the buffer gas pressure was
;220–240 mbar. The pump beam had an intensity of
;25–75 mW/cm2, and the probe beam intensity was
;2–4 mW/cm2. The strength of the magnetic field was set

FIG. 1. Experimental setup and definition of the reference
frame. P’s, polarizers; EOM, electro-optic modulator; RF, fre-
quency synthesizer; ADC, analog-to-digital converter;l/4 or l/2,
retardation plate; PBS, polarizing beam splitter; PD’s, photodiodes.
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to ;42 mT, corresponding to a Larmor frequency of;300
kHz. The earth’s magnetic field was compensated by three
orthogonal pairs of Helmholtz coils.

III. THEORY

A. Reflection matrix

We consider the interface between a homogeneous isotro-
pic medium ~glass! and the spin-polarized Na vapor. We
neglect the hyperfine structure and treat theD1 transition as
a transition between two states with angular momentum
J51/2. This is a good approximation in our experiment, in
which the buffer gas causes a strong pressure broadening that
results in a homogenous optical line width of;4 GHz and
masks the hyperfine structure. The ground-state polarization
can be described by a magnetization vector with the compo-
nentsmx , my, andmz in the reference frame defined in Fig.
1. Light with a frequency close to theD1 transition, traveling
through the polarized medium, experiences a susceptibility
given by @25#

xJ5x0F 1 imz 2 imy

2 imz 1 imx

imy 2 imx 1
G , ~1!

wherex0 is the optical susceptibility of the corresponding
unpolarized isotropic vapor.

The reflection at the interface is described by the reflec-
tion matrix that relates thep- and s-polarized components
Eip and Eis of the incident electric field to their reflected
counterpartsErp andErs

FErp

Ers
G5F r pp~0!1dr pp dr ps

dr sp r ss
~0!1dr ss

GFEip

Eis
G . ~2!

Here, r pp
(0) and r ss

(0) are the well-known Fresnel coefficients,
which describe the case that the atomic vapor is replaced by
vacuum@26#. The quantitiesdr i j represent the modifications
caused by the presence of the vapor. Asx0 is small
(x0;1025) they can be very well approximated in a first-
order expansion in terms of the tensor elementsx i j . To low-
est order the electric field in the atomic vapor can be ap-
proximated by the fieldEW t with the vapor replaced by
vacuum. This field is obtained from the incident wave by
multiplying its components with the appropriate Fresnel
transmission coefficients.EW t induces an electric polarization
PW 5«0xJEW t in the atomic vapor, which contributes to the re-
flected field. This contribution determines the first-order cor-
rectionsdr i j to the reflection matrix. As outlined in Sec. I
~see Sec. III C for more details!, the magnetization of the Na
vapor and hence its tensor of susceptibility depends on the
distancez from the interface. Nienhuis, Schuller, and Ducloy
calculated the reflected field produced by an arbitrary
z-dependent polarization@8#. The evaluation of their result
with the polarization given byPW (z)5«0xJ(z)EW t with xJ(z)
according to Eq.~1! yields

dr i j5
ai j
2j H pi j ~0!1E

0

`

ei2k0jzS ddzpi j ~z! D dzJ , ~3!

where k0 is the vacuum wave vector@27#. The elements
pi j (z) are listed together with the prefactorsai j in Table I.
The quantitiesh and j are the sine and the cosine of the
angle of refractionu t in the absence of the atomic vapor

h5n0sinu i5sinu t j5A12h25cosu t , ~4!

whereu i is the angle of incidence andn0 the refractive index
of the glass. Note thatj is real whenu i is below the critical
angle of total internal reflectionuc and imaginary when it is
aboveuc , whereash is always real. The expression in Eq.
~3! is valid for all angles of incidence except for a narrow
interval arounduc . The width of the excluded interval is
roughly given byx0(;1025), which is well below the di-
vergence of the probe beam. Therefore, this restriction has
not much practical importance, as the beam averages over a
broader interval.

B. Calculation of the signal

In the experiment, the ground-state polarization is created
through optical pumping by a pump-laser beam that propa-
gates in thez direction with a polarization that is modulated
between right and left circular. The transverse magnetic field
is oriented along they axis and forces the magnetization into
a precession around they axis. In the steady state the mag-
netization rotates in thex-z plane at the modulation fre-
quency, so the off-diagonal elements of the reflection matrix
show a corresponding oscillation, whereas the diagonal ele-
ments are constant in time~cf. Table I!.

We specify the probe beam, which in linearly polarized at
an anglea with respect to the plane of incidence, by itsp-
ands-polarized electric-field amplitudes

I5FEip

Eis
G5E0Fcosasina G . ~5!

We obtain the corresponding vectorR of the reflected wave
by operating the reflection matrix onI . ~We use boldface to
distinguish these vectors from the three-dimensional repre-
sentation.! As described in Sec. II, this wave is analyzed by
polarization-selective detection in the following way: A re-
tardation plate together with a polarizing beam splitter de-
fines a pair of mutually orthogonal polarizations, which in
the most general case are elliptic and can be described by
two unit vectors

e15F cosb

eiksinbG , e25F sinb

2eikcosbG . ~6!

TABLE I. Prefactorsai j and quantitiespi j for the different el-
ements of the reflection matrix. The elementspi j apply to a spin-
polarized atomic vapor described in theJ51/2↔J851/2 model.

i j a i j pi j

pp 12(r pp
(0))2 x0

2j
(j22h212i jhmy)

ps $@12(r pp
(0))2#@12(r ss

(0))2#%1/2 ix0

2j
(jmz2hmx)

sp $@12(r pp
(0))2#@12(r ss

(0))2#%1/2 ix0

2j
(jmz1hmx)

ss 12(r ss
(0))2 2

x0

2j
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The projections ofR onto e1 and e2 are transformed into
p- and s-polarized light, respectively, by the retardation
plate. The parametersb andk depend on its orientation and
on the phase difference it produces. The beam splitter sepa-
rates the two components and directs them onto two photo-
diodes of the differential detector, which measures the inten-
sity difference given by

DI5ue1•Ru22ue2•Ru2. ~7!

The signal is extracted by means of a lock-in amplifier,
which is referenced to the modulation frequency of the pump
beam polarization. Therefore, only those parts ofDI that
contain the modulated components of the magnetization
(mx andmz) contribute to the measured signal, which be-
comes

DImod
I 0

5sin~2a!cos~2b!Re$r pp
~0!dr ps* 2r ss

~0!dr sp* %

12 sin~2b!Re$eik~cosa!2r pp
~0!dr sp*

1e2 ik~sina!2r ss
~0!dr ps* %, ~8!

where all higher-order terms were suppressed andI 05E0
2 is

the total intensity of the incident probe beam. In practice,
only some particularly simple combinations of incident po-
larization and analyzer setting are used, involving linear and
circular polarizations, as summarized in Table II. In all cases
listed, except the third one, the nonmodulated signal back-
ground vanishes, which allows a high amplification and
helps minimize the noise. In the third case this is true only in
the region of total internal reflection, but the dc signal re-
mains small also for partial transmission as long as the angle
of incidence is close enough to the critical angle.

C. Inhomogeneous magnetization

Collisions of the atoms with the surface lead to spin re-
laxation and reduce the atomic polarization close to the
probed interface. Therefore, an inhomogeneous layer exists
at the interface, across which the magnetization varies as a
function of the distance from the interface. Furthermore, we
have to keep in mind that the magnetization undergoes a
forced precession. The behavior becomes particularly simple
if the modulation frequency is equal to the Larmor fre-

quency. Then the componentmz parallel to the pump beam
oscillates in phase with the polarization modulation in the
sense that it reaches its extreme values each time the pump
beam polarization passes through a state of purely circular
polarization. Correspondingly,mx oscillates with the same
amplitude but out of phase by 90°. This holds true indepen-
dently of the effective strength of the relaxation in the buffer
gas and at the surface. In the case that the modulation fre-
quency is off resonance a more complicated situation arises,
in which not only the magnitude but also the phase of the
precessing magnetization varies with the distance from the
wall. In this paper we concentrate on the simplest case of
on-resonance modulation.

According to Table I the oscillating off-diagonal elements
of the reflection matrix contain a contribution frommx and a
contribution frommz, which, of course, are 90° phase shifted
with respect to each other. We can select either part of the
signal by properly setting the phase of the lock-in amplifier.
In all measurements presented in Sec. IV the out-of-phase
signal ~with respect to the polarization modulation! was ac-
quired, which means thatmx was selected. The contribution
of mz provides no additional information. This signal part is
strongly suppressed close to the critical angle, asmz is mul-
tiplied by j ~see Table I!.

Under the assumption of on-resonance modulation, it is
sufficient to consider the amplitudem of the precessing mag-
netization. We describe its spatial variation by a real function
g, such that

m~z!5m`g~z! with g~z! →
z→`

1, ~9!

wherem` is the magnetization in the bulk of the atomic
vapor. The variation ofm with z is caused by the interplay of
the diffusion of polarized atoms to the wall, where their ori-
entation is partly destroyed, optical pumping at a constant
rate, and loss of polarization by collisions with buffer gas
atoms, by diffusion of atoms out of the pump beam, or by
reabsorption of fluorescence light~radiation trapping!. The
evolution ofm with time at a distancez from the surface is
described by

]m

]t
5D

]2m

]z2
1P~12m!2gm, ~10!

whereD denotes the diffusion coefficient of Na in the buffer
gas,P the optical pump rate, andg the relaxation rate in the
buffer gas. The optical pumping (P) represents a source of
polarization and drives the system toward complete polariza-
tion (m51), but is counteracted by the relaxation in the
buffer gas. The stationary solution of Eq.~10! is given by
~cf. Fig. 2!

g~z!5
m~z!

m`
512~12g0!exp~2mz!, ~11!

with the bulk limit m`5m(z→`)5P/(P1g), the bound-
ary conditionm(0)5m`g0, and the inverse decay length
m5@(P1g)/D#1/2. The homogeneous case corresponds to
g051. The boundary condition is determined by the wall
relaxation in the following way: One half of the atoms at the
wall are atoms arriving from the volume. They have traveled

TABLE II. Theoretical signalDI /I 0 for different experimental
configurations, expressed in terms of reflection matrix elements.
The labelss, p, and 45° refer to linear polarization perpendicular,
parallel, and at 45° with respect to the plane of incidence, respec-
tively, whereasr and l denote right and left circular polarization.
See text for the definition of the parametersa, b, andk.

Incident Analyzer a b k DImod/I 0
polarization setting

p 645° 0° 45° 0° Re$2r pp
(0)dr sp* %

s 645° 90° 45° 0° Re$2r ss
(0)dr ps* %

45° p2s 45° 0 0° Re$r pp
(0)dr ps* 2r ss

(0)dr sp* %
p l2r 0° 45° 90° Re$2ir pp

(0)dr sp* %
s l2r 90° 45° 90° Re$22ir ss

(0)dr ps* %
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a mean distanceL in z direction since their last collision with
a buffer gas atom, given by 2/3 of the mean-free-path in the
buffer gas@28#. Therefore, we assume that their degree of
polarization is given byg(z5L). The other half consists of
atoms that originally came from the same mean distance car-
rying the same polarization, but have made a wall collision
and return to the gas phase from the surface. These atoms
have been partly depolarized, so their polarization is reduced
by a factor of 12«, where« denotes the probability of de-
polarization. Within this modelg0 is related tog(z5L) by

g05
11~12«!

2
g~L !. ~12!

This equation in combination with Eq.~11! establishes the
following relationship between« andg0:

«5
2mL~12g0!

mL~12g0!1g0
, ~13!

where the approximation exp(2mL)'12mL was used,
which is valid under typical experimental conditions.

D. Strength and shape of the optical resonance line

As discussed in the preceding subsection, the steady-state
magnetizationm exhibits a spatial variation close to the wall
described byg(z), whereas we assume that the density of the
atomic vapor is constant, sox0 is constant throughout the
medium. In accordance with Eq.~8! and with the proper
expressions fordr ps anddr sp @Eq. ~3! and Table I# in mind,
the signal derived in Sec. III B can now be written as

S5
DImod
I 0

5Re$m`x0v%, ~14!

wherev is a complex-valued function of the angle of inci-
dence of the probe beam and can be expressed as

v5vhomH g~0!1E
0

`

ei2k0jzS ddzg~z! D dzJ , ~15!

with vhomdescribing the homogeneous case corresponding to
g(z)51 @29#. The expression in braces stems from the
evaluation of the reflection matrix. Note that the functional
expression forvhomdepends on the particular combination of

probe beam polarization and analyzer setting. For the explicit
form of g(z) given by Eq.~11! the functionv becomes

v5vhomg0H 11
«

22«

1

mL2 i2k0Lj J . ~16!

The dependence of the signal on the laser frequency of the
probe beam arises through the susceptibilityx0, which we
assume to be Lorentzian in shape, since the homogeneous
pressure broadening caused by the buffer gas in our experi-
ment exceeds the Doppler broadening. Withv5uvuexp(iw),
we can rewrite Eq.~14! as

S5m`uvu~Re$x0%cosw2Im$x0%sinw!. ~17!

Hence, the signal as a function of the laser frequency exhib-
its a line shape that is a mixing of absorptive~Im$x0%) and
dispersive~Re$x0%) contributions with a mixing angle given
by the phase ofv. On the other hand, the absolute value
uvu characterizes the strength of the signal. In particular,
w50 corresponds to a pure dispersion line andw52p/2 to
a pure absorption line, whereasw5p andw5p/2 give the
respective inverted structure.

In an earlier paper, we discussed the case of a homoge-
neously polarized atomic medium, characterized by
g(z)51, for a situation, in which the angle of incidence of
the probe beam is close to the critical angle of total internal
reflection to within a few mrad@12#. Before we discuss the
inhomogeneous case, we summarize very briefly the results
of the analysis presented in Ref.@12# for the homogeneous
medium, which can also easily be extracted as a special case
from the general expressions worked out above: Letd5u i
2uc be the detuning of the angle of incidence from the criti-
cal angle of total internal reflection. For small values ofd,
the signal strength given byuvhomu drops with 1/Audu when
the angle of incidence is detuned from the critical angle in
either direction~actually, this asymptotic behavior is fulfilled
better for total reflection than for partial transmission!. In all
experimental situations summarized in Table II the line
shape makes an abrupt transition from purely dispersive to
purely absorptive or vice versa at the critical angle, which
means thatvhom jumps from real to imaginary at this angle.

Let us now turn to the inhomogeneous case. In the region
of total internal reflectionj is purely imaginary and the ex-
pression in braces in Eq.~15! becomes real. Therefore, the
phase ofv does not change compared with the homogeneous
case, so the line shape is not affected, but only the strength
of the signal is modified. This finding is completely general
and does not depend on the specific form ofg(z). On the
other hand, in the region of partial transmission, wherej is
real, both the line shape and the signal amplitude are modi-
fied byg(z).

For a closer discussion of the modifications introduced by
the wall relaxation, it is useful first to bring to mind some
typical experimental parameters: For an Ar buffer gas pres-
surep5230 mbar and a temperatureT5540 K the diffusion
coefficientD of the Na atoms in the buffer gas is approxi-
mately 2 cm2/s. This follows from the valueD050.2 cm2/s
listed in Ref. @30# via the transformation
D5D0(T/T0)

3/2(p0 /p) with T05300 K andp051013 mbar.
The mean-free-pathL free is obtained fromD via the relation-

FIG. 2. Normalized magnetizationg5m/m` as a function of the
distancez from the wall.
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shipD5L freê v&/3, where^v& denotes the thermal mean ve-
locity @28#. With our parameters we findL free'0.9mm, and
henceL'0.6mm'l andk0L'2p. The quantityP1g can
be estimated from the width of the magnetic resonance
line measured in a bulk experiment@31#. We take
P1g52p310 kHz as a typical value for the pump beam
intensity actually used in the experiment. This gives
1/m556mm andk0 /m5600, which means that the inhomo-
geneous layer is very thick compared with the optical wave-
length. Consequently, even close to the critical angle of total
internal reflection, whereuju is small, we have 2k0uju/m
@1. For example, 2k0uju/m>10 is fulfilled for udu as small
as 0.03 mrad. Hence, Eq.~16! can be approximated by

v5vhomg0S 11
«

22«
3

i

2k0Lj D . ~18!

Obviously, in the range of partial transmission (j real! the
phase ofv is influenced by the degree of depolarization« at
the surface, so the optical line shape depends on«. When the
angle of incidence approaches the critical angle from the side
of partial transmission,j is real and goes to zero and the
expression in brackets becomes imaginary. Therefore, the
phase is shifted byp/2 as compared with the homogeneous
case. However, when the angle of incidence is tuned farther
below the critical angle,j increases and the bracketed ex-
pression approaches 1, so the line shape evolves toward the
shape predicted for the homogeneous case.

If we consider as an example a situation where we have a
dispersive line shape in the region of total internal reflection,
the behavior can be summarized as follows: When the angle
of incidence is tuned from above to below the critical angle,
the phase makes a jump byp and the line shape is abruptly
inverted @actually, the approximate form given by Eq.~18!
becomes invalid very close to the critical angle and the in-
version is not complete, depending on the value ofg0#. Upon
further angular detuning, the line shape then approaches an
absorptive shape. How fast this approach occurs strongly de-
pends on the value of«, which therefore may be determined
from a measurement of the line shape as a function of the
angular detuning below the critical angle. This will be illus-
trated by the experimental data discussed in the next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Uncoated cell

We first turn to the discussion of the experimental results
obtained with the uncoated glass cell, in which a strong
surface-induced spin relaxation is expected. The optical line
was recorded for a number of different angles of incidence
and for several different settings of the analyzer and of the
polarization of the probe beam, corresponding to several of
the possibilities listed in Table II.

To characterize the line shape and signal strength, we
fitted a mixed absorptive-dispersive theoretical line to the
experimental data. To achieve a good fit, we must take into
account that the pump beam is frequency tuned together with
the probe beam. This causes an additional modification of
the optical line shape, since the pump rateP varies with the
laser frequency. Therefore, the factorm`g0 contained in
S5Re$m`x0v% with v given by Eq.~18!, which represents

the magnetization atz50, is not constant

m`g05
P

AP1g

1

AD/L2«/~22«!1AP1g
. ~19!

P has an absorptive Lorentzian dependence on the laser fre-
quency detuning, and this leads to an apparent narrowing of
the observed line, since the optical pumping becomes less
efficient with increasing detuning, so the wings of the line
are suppressed. Hence, a purely Lorentzian line does not re-
produce the experimental line shape well and a mixed-phase
Lorentzian line multiplied by an expression of the type given
in Eq. ~19! has to be used instead. The dampingg and the
pump rateP can be estimated from the dependence of the
width of the magnetic resonance line on the pump power
@32#. We foundPmax'2p310 kHz for zero laser detuning
andg'2p32 kHz @33#. It follows that in the case of strong
wall relaxation (« close to unity! we have
(D/L2)1/2«/(22«)@(P1g)1/2, so the expression given in
Eq. ~19! reduces to const3P/(P1g)1/2 and the knowledge
of the particular value of« is not required in advance for the
evaluation.

Figure 3 depicts the optical line as measured slightly be-
low the critical angle atd520.4 mrad. The probe beam was
s polarized and the intensity difference between the compo-
nents of the reflected beam polarized at645° with respect to
the plane of incidence was measured. We fitted a theoretical
line shape of the type discussed above to the data by adjust-
ing the center frequency, the width, the amplitude, the mix-
ing angle~phase! w, and a constant background level, while
keeping the ratioPmax/g55 fixed in accordance with the
above estimation. The experimental line shape is fairly well
reproduced by the theoretical curve, but some systematic de-
viations are nevertheless present~cf. Fig. 3!. This is, of
course, not surprising with regard to the unresolved hyper-
fine structure and the Doppler effect, which were both com-
pletely neglected in the theory.

To extract the relaxation probability«, we determined the
mixing anglew as a function of the angular detuning from
the critical angle, as depicted in Fig. 4. The theoretical func-
tion w5arg(v), which follows from Eq.~16!, was fitted to

FIG. 3. Signal as a function of the frequency detuning of the
laser as measured with the uncoated cell atd520.4 mrad~circles!.
The theoretical line shape~solid curve! has been fitted to the data.
The fit yields a mixing anglew5252°.
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the data with« as the only free parameter and with the as-
sumptionsL50.6 mm and 1/m556 mm. The value ofm
influences the curve only in the closest neighborhood of the
critical angle, but is of no importance for the overall behav-
ior, which is well described by the approximation given by
Eq. ~18!. Consequently, the value of« that results from the
fit is virtually independent ofm. The fit delivers«50.47,
corresponding tog050.034, and the data are very well de-
scribed by the theoretical curve in the region of partial trans-
mission.

In the case of total internal reflection the theory predicts
the line to be close to an inverted dispersion line indepen-
dently of the value of«. This is indeed essentially in agree-
ment with the experiment, although the experimental line
shows some asymmetry, which produces a systematic devia-
tion of approximately 15° of the experimental mixing angle
from the theoretical values~cf. Fig. 4!. A similar asymmetry
is observed in an analogous experiment that probes the bulk
of the atomic vapor. Here, the probe beam is passed through
the vapor cell overlapping with the pump beam and the po-
larization of the transmitted light is analyzed. The finding
that the asymmetry is also present in the bulk suggests that it
is not related to the interaction with the surface; we attribute
it to the unresolved hyperfine structure.

Note that according to Eq.~18! the quantity that deter-
mines the dependence of the line shape on the angular de-
tuning isk0L(22«)/« rather than« itself. Hence, a possible
error ofL immediately affects the experimental value of the
depolarization probability. Here, both the value of the diffu-
sion coefficient itself as well as its transformation into the
mean-free-pathL free according to the most simple gas kinetic
theory represent possible sources of systematic errors. An
additional error may originate from the fact that the descrip-
tion of the basic line shape as Lorentzian is inaccurate be-
cause of the hyperfine structure and the Doppler effect. In-
deed, we observed that after a slight modification of the
functional expression used to describe the line shape the
quality of the fit stayed more or less unchanged but the mix-
ing angle provided by the fit nevertheless changed by several
degrees. This suggests that the correct theoretical description
of the line shape is extremely important in order to achieve

reliable results. At present, we estimate the corresponding
uncertainty with regard to the depolarization probability to
be;20%.

In Fig. 4 the extreme cases of«50 and «51 are also
indicated. It should be stressed that complete depolarization
at the wall does not imply that the magnetization at the wall
vanishes completely. With the assumptions made aboutL
and m, we find g050.01 for «51, which means that the
magnetization at the wall is still 1% of the bulk valuem`,
although each wall collision is completely disorienting. This
is, of course, due to the magnetization that is carried to the
wall from the volume of the atomic vapor. An analogous
phenomenon exists when a gas is in contact with a wall that
is kept at a different temperature than the volume of the gas
itself. Then there is a temperature gradient across a certain
layer of the gas close to the wall due to heat conduction, but
the temperature of the gas in the immediate neighborhood of
the wall is not equal to the temperature of the wall, a phe-
nomenon known as ‘‘surface jump’’@28,34#. The surface
jump of the magnetization at a completely disorienting sur-
face in our experiment is determined by the productmL and
depends on the buffer gas pressure.

Figure 5 shows the result obtained with the probe beam
polarized at 45° with respect to the plane of incidence and
with the reflected beam analyzed in terms of itss- and p-
polarized components. In the case of partial transmission, the
behavior is identical to the one discussed above in full agree-
ment with the theory. Within the statistical error both mea-
surements yield the same depolarization probability«. For
total internal reflection, we again observe a systematic devia-
tion of the same kind as above. However, it is interesting to
note that in spite of this offset of the absolute value of the
mixing anglew the experiment follows the theoretical pre-
dictions as far as the change ofw with the angular detuning
d is concerned: in Fig. 4 there is a slight decrease ofw with
increasingd, whereas in Fig. 5w stays constant. Further-
more, with the configuration of Fig. 4 but with the probe
beam p polarized, we observed a slight increase ofw in
agreement with the theory~not shown!.

Not only the mixing anglew but also the signal strength

FIG. 4. Mixing angle of the optical line as a function of the
angular detuning from the critical angle of total internal reflection.
Experimental data~squares! are shown together with theoretical
curves for three different values of the depolarization probability.
The curve for«50.47 represents the best fit to the data.

FIG. 5. Mixing angle of the optical line as a function of the
angular detuning from the critical angle measured with the probe
beam polarization at 45° with respect to the plane of incidence. The
intensity difference between thes- andp-polarized components of
the reflected beam was detected. The solid curve represents the
theoretical behavior for«50.5.
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provides information about the depolarization at the surface.
The dependence of the signal strength on the angular detun-
ing is shown in Fig. 6, in which the experimental data are
depicted vs the angular detuningd in two log-log plots~for
d,0 and d.0, respectively!, together with theoretical
curves corresponding to«50, «50.5, and«51. The signal
always reaches its maximum for zero angular detuning and
falls off on both sides of the critical angle~somewhat more
rapidly for partial transmission than for total reflection!.
With increasing«, this signal decay becomes steeper. In the
angular regime depicted in Fig. 6, the dependence can be
rather well approximated by a power lawudus with s between
20.5 and21 but different ford,0 andd.0 and depend-
ing on the value of«. In the absence of wall relaxation
(«50! the theory predictss'20.5 for total reflection and
s'20.7 for partial transmission. In the extreme case of total
depolarization at the surface the values are closer to21.
Note that according to Eq.~18! the powers, which is the
slope of the curve in the log-log plot, is only determined by
« andL but independent ofm. In the approximation repre-
sented by Eq.~18! the latter quantity only enters the problem
within the prefactorg0 and therefore only shifts the curves
vertically in the log-log plot without changing their shape
and slope. Unless the density of the sodium vapor and a
number of experimental parameters such as photodiode sen-
sitivities and light powers are accurately known, we cannot
evaluate the absolute signal amplitude quantitatively and the
comparison between experiment and theory must be re-
stricted to the slopes. The experimental slope is very well
reproduced by«50.5 in agreement with the result obtained
from the evaluation of the line shape~see above!. Therefore,
the theoretical curves in Fig. 6 were adjusted in amplitude by
a common shift along the ordinate in such a way that the
curve for«50.5 falls onto the experimental data points, but
we would like to stress that the slope and not the amplitude
is the relevant feature.

From Fig. 6 it becomes evident that, although the slope
s in principle reflects the magnitude of«, its dependence on
« is not very pronounced and far less characteristic than the
dependence of the line shape on the angular detuning. There-
fore, the line shape provides the better tool for achieving
information about the wall relaxation. But it is worthwhile
noting that the slopes reflects the strength of the surface-
induced spin relaxation on both sides of the critical angle, in

contrast to the line shape that contains information about«
only in the range of partial transmission.

B. Silicone-coated cell

After the detailed presentation of the results from the un-
coated glass surface, we now proceed to the discussion of the
corresponding data from the silicone-coated surface, for
which a much weaker relaxation is expected. Again, the mix-
ing angle and the signal strength were determined for a set of
different angles of incidence. This time, the relationship
(D/L2)1/2«/(22«)@(P1g)1/2 does not apply because of
the much weaker wall relaxation, and we have to use some
presumptive value of« for the fit. The analysis of the mag-
netic resonance line indicates that« is roughly between 0.01
and 0.02@32#. Taking into account that the pump power was
lower than in the previous case, we consider
(D/L2)1/2«/(22«)5Pmax

1/2 andPmax/g52.5 to be reasonable
assumptions. The small depolarization probability means that
the pumping efficiency is now less severely reduced in the
wings of the line. As a matter of fact, the line appears wider
for the coated than for the uncoated cell as a direct conse-
quence of this effect.

The mixing anglew, as found from the fit with the param-
eters chosen as stated above, is depicted in Fig. 7 for the
same configuration of probe beam polarization and analyzer
setting that was also used in the measurement with the un-
coated cell illustrated in Fig. 4. Comparing the two figures,
we see that in the region of total internal reflection no sig-
nificant difference exists. This is indeed exactly the behavior
predicted by the theory, according to which the mixing angle
is completely independent of the wall relaxation in this an-
gular regime. The systematic deviation of;15°, which was
above tentatively attributed to the hyperfine structure, is
present in the coated as well as in the uncoated cell.

Below the critical angle, however, the two cells differ
very clearly in their behavior, the line shape observed with
the coated surface being almost purely absorptive in the
whole region of partial transmission. Along with the experi-
mental data, Fig. 7 shows a theoretical curve for«50.1,
which differs only little from the curve expected if wall re-

FIG. 6. Signal strength as a function of the angular detuning
from the critical angle. The squares indicate the experimental data
and the curves represent the theory for three different values of«.
They were calculated for 1/m556 mm andL50.6 mm. The loga-
rithmic ordinates for theory and experiment have been adjusted
with respect to each other to bring theory and experiment into line
for «50.5.

FIG. 7. Mixing angle of the optical line vs angular detuning as
measured with a silcone-coated Pyrex glass surface~squares! to-
gether with a theoretical curve for«50.1. This curve does not
represent a fit to the data but serves to illustrate the rather weak
dependence of the theoretical mixing angle on«.
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laxation is completely absent~cf. Fig. 4!. Indeed, as far as
the mixing angle is concerned, the experiment is compatible
with more or less any value of« between 0 and;0.1, but
with values closer to zero appearing somewhat more likely.
It is only in the immediate neighborhood of the critical angle
where in principle the line shape still shows a more pro-
nounced dependence on«, but this angular interval is too
narrow to be resolved experimentally because of the diver-
gence of the laser beam. One should also keep in mind that
the theory becomes inaccurate for very small angular detun-
ings (udu;ux0u), so they are not well suited for a quantitative
evaluation of the data.

It should be pointed out that in contrast to the case of
strong wall relaxation the assumptions about the functional
form of the line shape do not have very much impact on the
mixing angle in the case considered here, as the line is al-
ways rather symmetric—either very close to absorptive be-
low the critical angle or close to dispersive aboveuc .

Figure 8 is a log-log plot of the signal amplitude, as ac-
quired with the configuration chosen according to the fifth
entry of Table II, together with theoretical curves for«50,
«50.01, and«50.1. They have been adjusted arbitrarily to
produce the best fit between experiment and theory for
«50.01. But again it is the slope rather than the absolute
amplitude that should attract the reader’s attention. From
Fig. 8 it becomes obvious that it is not possible to determine
« from the experimental slope. The slopes of all three theo-
retical curves are in perfect agreement with the experiment
within the statistical fluctuations.

In summary, in the case of weak wall relaxation—as rep-
resented by the silicone-coated cell—we again find that the
theory can well reproduce the experimental data, but a quan-
titative deduction of« is not feasible, neither from the line
shape nor from the signal strength. It is only possible to put
an upper boundary on« of about 0.1. However, it is worth-
while noting that even a small wall relaxation of«50.01
causes a rather clear reduction of the magnetization at the
wall, which is reflected by the absolute magnitude of the
signal ~see Fig. 8!. Therefore, a thorough evaluation of the
absolute signal strength—rather than relative quantities such
as the slopes—may in principle provide more accurate in-
formation about«. However, at present the knowledge of
some of the experimental parameters is rather limited in ac-
curacy and this prevents a safe evaluation of this kind. The
Na number density has to be determined from the optical
transmissivity of the sample, which is too low at the operat-
ing temperature to be measured accurately, so a rather uncer-
tain extrapolation from lower temperatures is necessary. The

tabulated vapor pressure@35# is not applicable, at least in the
coated cell. We observed a considerably lower vapor density
in this cell than in the uncoated one, even though the tem-
perature was higher. We attribute this to the absorption of Na
by the silicone layer. Related observations have been re-
ported by other authors@36,37#.

The comparison of the amplitudes measured with the
coated and the uncoated cell—after rescaling the results to
equal vapor densities and laser powers—nevertheless allows
us to derive an improved estimate for«. Even though this
comparison is accurate only within a factor of;2, it pro-
vides a more stringent boundary for«. We find «,0.04,
which is fully compatible with the value of the order of 0.01
determined from the magnetic resonance line@32#. Note that
such a relative comparison of amplitudes requires the knowl-
edge ofm, in contrast to the evaluation of the line shape and
the slopes. All theoretical curves in Figs. 6 and 8 were
calculated with 1/m556 mm andL50.6mm. A differentm
leaves the shape of the curves essentially unchanged but
modifies not only their absolute magnitude but also their
relative magnitude with respect to each other. For example,
with increasing pump powerm increases and the curves
move up and closer together, as the magnetization at the wall
is driven closer to saturation.

V. CONCLUSIONS AND OUTLOOK

We have presented an experiment for the quantitative in-
vestigation of the spin relaxation of optically pumped atoms
at a surface. The magnetization is sensed in the proximity of
the surface by a laser beam that is reflected at the surface.
The change of its polarization, which is induced by the an-
isotropy of the atomic vapor, is monitored. The combination
of an optical and a magnetic resonance ensures a very high
sensitivity, allowing the detection of less than 105 polarized
atoms. The analysis of the data is based on the fact that the
atoms are subject to a diffusive motion in an inert buffer gas.
The interplay of diffusion, optical pumping, and wall relax-
ation results in the formation of an optically inhomogeneous
layer, where the magnetization decreases toward the surface,
its magnitude at the surface being determined by the extent
of wall relaxation.

The theoretical analysis of the reflection at this inhomo-
geneous medium shows that the wall relaxation is reflected
by the shape and strength of the optical line observed when
the laser frequency is tuned across the atomic resonance.
Strong wall relaxation causes a very clear modification of the
line shape for angles of incidence immediately below the
critical angle of total internal reflection, which can be uti-
lized to deduce the depolarization probability« per wall col-
lision numerically. For a bare glass surface we find«'0.5.
Measurements with a silicone-coated surface show that the
wall relaxation is much smaller in this case («,0.1!, but the
exact value of« is not accessible by this type of measure-
ment, because the line shape depends only weakly on« for
small wall relaxation. Similarly, the dependence of the signal
strength on the angle of incidence provides a useful measure
of « only for strong depolarization at the surface. A relative
comparison of the signal amplitudes measured with the two
surfaces indicates that the depolarization probability at the
silicone layer is below 0.04. As we will discuss in detail in a

FIG. 8. Signal strength vs angular detuning observed with the
coated cell in comparison with theoretical results for three different
values of« between 0 and 0.1.
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forthcoming paper, the magnetic-resonance line provides
complementary information@32#. Essentially, the magnetic-
resonance line is sensitive to« in the region where the opti-
cal line is rather insensitive, and vice versa. Hence, both
methods together represent a powerful tool for the study of
wall relaxation over a wide range of«.

The value«50.5 found for the glass surface is lower than
one might expect from the adsorption energy of 0.71 eV that
has been reported for Na on Pyrex glass in the literature@38#.
From this energy a rather long average dwell time on the
surface of the order of 1ms follows, which should lead to an
efficient depolarization. However, one should first of all be
aware that the surface used in the experiment is not well
defined and its exact composition is not known. Further mea-
surements including several samples of the same kind are
necessary to clarify the reproducibility of the results and the
possible presence of contaminants. Measurements of the wall
relaxation of spin polarized Xe nuclei reported by Zenget al.
showed large fluctuations for bare glass surfaces@39#. On the
other hand, a long average dwell time on the surface does not
necessarily imply that« is close to unity. If a considerable
fraction of the wall collisions are collisions where the atom
does not stick to the surface but immediately bounces back
to the gas phase, the average depolarization should be clearly
below unity although the average dwell time still might be
very long. In other words, in this case the study of the depo-
larization probability« provides access to the sticking prob-
ability at the surface, which is an important quantity for ad-
sorption kinetics@40#.

As discussed in this paper, the description of the basic
optical line shape as Lorentzian represents an oversimplifi-
cation and this introduces a considerable uncertainty into the

deduction of the depolarization probability. Therefore, a fur-
ther development of the method should include a more
elaborate treatment taking the hyperfine structure and the
Doppler effect into account. Furthermore, the usage of sepa-
rate lasers for pumping and probing would allow us to keep
the frequency of the pump beam fixed. This would simplify
the evaluation, as it eliminates the modification of the atomic
medium that results from the frequency tuning of the pump
beam.

The method bears the potential to be applied to a wider
class of surfaces, including different coatings and also crys-
talline surfaces, such as, e.g., LiF. It is, of course, highly
desirable to improve the surface preparation, as well-defined
surfaces are indispensable for the reproducibility of the re-
sults and for their interpretation in terms of surface proper-
ties. An application of the method to various surfaces, pref-
erably in a vacuum chamber offering strongly improved
possibilities of preparation and control, is very much facili-
tated by the fact that only the illuminated area of the surface
is probed, which can be rather small. This is an important
advantage as compared with arrangements, in which infor-
mation about wall relaxation is deduced from the magnetiza-
tion in the volume of the atomic vapor, in which case all
surrounding surfaces contribute.
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