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Abstract. We study surface-induced spin relaxation with
a laser-assisted magnetic resonance experiment. Optical
pumping with polarization-modulated light in a trans-
verse magnetic field creates the spin polarization. For
detection a probe laser beam is reflected at the surface and
the change of its polarization is monitored. We present
a comprehensive theoretical description, taking into
account the spin relaxation at the surface, which leads
to a spatially inhomogeneous magnetization near the sur-
face as a result of the transient behavior of the atoms in
this region. Analytical expressions are derived for the
magnetic resonance signal, which show that the wall
relaxation causes a clear modification of the line shape,
characterized by pronounced wings. The experimental
results obtained with bare and silicone-coated Pyrex-glass
surfaces are well described by the theory. The bare glass
surface causes strong relaxation, whereas the silicone-
coated surface is only weakly depolarizing. The analysis of
the magnetic-resonance line shape indicates that the de-
polarization probability per wall collision is &0.01 in the
latter case. The results are compared with corresponding
results from the analysis of the optical resonance line
measured with the same setup. Both types of measure-
ments can be interpreted within the same theoretical
framework and are fully consistent with one another.

PACS: 34.50.Dy; 32.30.Dx; 32.70.Jz

I. Introduction

Atomic and molecular spins located close to an interface
experience additional interactions not present in the vol-
ume and can therefore be used as probes for the investiga-
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tion of surfaces. Such interactions may originate from
a redistribution of electrons inside a molecule that is
physisorbed or chemically bonded to the interface [1],
or they may be caused by electromagnetic fields at
the surface which couple to the spins, e.g. through the
nuclear quadrupole interaction [2—4]. These interactions
affect the evolution of the spins and can be measured
through the magnetic resonance spectrum. Besides shifts
of the positions of the magnetic resonance lines, they often
cause relaxation, which is closely related to the dwell time
of the adsorbed atoms and to the hopping rate between
different surface sites. Hence, the relaxation provides in-
sight into adsorption-desorption processes and surface
diffusion, as was first demonstrated by Bouchiat and
Brossel, who studied wall relaxation in optically pumped
alkali vapors contained in paraffin-coated glass cells
[5, 6].

In the past years, surface interactions of spin-polarized
noble-gas nuclei, mainly Xe, have been studied in a num-
ber of nuclear-magnetic-resonance (NMR) experiments,
which in particular have addressed the quadrupole
interaction with electric-field gradients experienced by
surface-adsorbed nuclei [2—4]. While conventional NMR
on surfaces is restricted to high-surface-area materials
such as powders and zeolites [1, 7, 8], these experiments
utilize optical methods for creating and detecting the spin
polarization, which results in a tremendous enhancement
of the sensitivity and makes possible the observation of
spins in a dilute atomic vapor. The Xe nuclei are spin-
polarized by spin-exchange collisions with optically pum-
ped Rb vapor. The spin precession is then monitored via
the Rb magnetization, which is probed optically. Colli-
sions of the atoms with the walls of the container affect the
spin evolution and cause a slight change of the magnetic
resonance lines. Very high spectral resolution, in addition
to the high sensitivity, is a prerequisite for these experi-
ments.

Recently, first NMR experiments on well-defined
single-crystal surfaces were reported, in which b-active 8Li
nuclei produced with an ion accelerator were adsorbed on
the surface [9, 10]. The spin polarization was again cre-
ated by optical pumping, but detected via the asymmetric



angular distribution of the emitted electrons. Thus, the
sensitivity could be pushed to the extreme submonolayer
range.

On the other hand, atom-surface interaction has been
investigated also by purely optical spectroscopy in several
experiments which take advantage of the fact that the
reflectivity of the solid-gas interface is modified by the
interaction [11—14]. In such experiments the deexcitation
of optically excited atoms by wall collisions and the modi-
fication of the optical transitions by long-range van der
Waals interaction could be detected.

We have demonstrated that this method of optical
reflection spectroscopy can also be applied for studying
spin-polarized atoms in the proximity of a solid surface
[15—18]. The electronic spin polarization of optically
pumped alkali atoms in a buffer gas is detected through
the change of polarization that a laser beam undergoes
when reflected at the interface. In contrast to earlier ex-
periments on spin-polarized gas phase atoms, only the
atoms close to the surface contribute to the signal. In [18]
we discussed the optical resonance line observed in this
experiment and showed that wall relaxation modifies the
line shape in a characteristic way, which allowed us to
deduce the depolarization probability per wall collision
quantitatively for a bare Pyrex-glass surface. The experi-
ment also allows us to study the magnetic resonance,
which is realized by optical pumping with polarization-
modulated light in a transverse magnetic field. The pres-
ent paper is devoted to the detailed analysis of this situ-
ation and addresses the question of how wall relaxation
influences the shape of the magnetic resonance line.

The paper is organized as follows: After a brief descrip-
tion of the experimental setup in Sect. II we work out the
theory and derive a general expression for the magnetic
resonance signal in Sect. III. In Sect. IV we discuss the
theoretical results as they apply under typical experi-
mental conditions, before we finally present the experi-
mental results in Sect. V. Section VI provides a conclusion
and contrasts the results concerning the magnetic and the
optical resonance line.

II. Experimental setup

The experiment, whose setup is depicted in Fig. 1, investi-
gates Na vapor close to a glass surface. The vapor is
contained in a heated glass cell together with Ar buffer
gas, and the interface under study is formed by the vapor
on one side and the surface of a glass prism molten
directly to the cell on the other side. We use a frame of
reference, in which the interface defines the xy-plane. An
intense laser beam tuned to the Na D

1
line (j"590 nm),

whose polarization is modulated between left and right
circular by an electro-optic modulator (EOM), passes
through the interface at normal incidence along the z axis
and optically pumps the atomic vapor, thus creating
a ground-state spin polarization. A static magnetic field is
applied along the y axis perpendicularly to the pump
beam and forces the atomic spins into precession around
the y axis. The polarization modulation together with the
transverse magnetic field results in the creation of a mac-
roscopic magnetization that undergoes a forced pre-

Fig. 1. Experimental setup and definition of the reference frame. P’s,
polarizers; EOM, electro-optic modulator; RF, frequency syn-
thesizer; ADC, analog-to-digital converter; j/4 or j/2, retardation
plate; PBS, polarizing beam splitter; PD’s, photodiodes

cession around the y axis at the modulation frequency. Its
magnitude shows a resonant enhancement when the
modulation frequency is tuned to the Larmor frequency as
given by the static magnetic field [19, 20].

The magnetization makes the atomic vapor circularly
birefringent. We take advantage of this optical anisotropy
for the detection of the precessing magnetization close to
the glass surface by reflecting a weak, linearly polarized
laser beam off the interface and analyzing its polarization.
The precessing magnetization gives rise to a correspond-
ing modulation of the polarization of the reflected probe
beam, which is detected with a differential photodetector
that measures the intensity difference between two ortho-
gonally polarized components of the light [21, 22]. The
signal is demodulated with a lock-in amplifier. The reflec-
ted beam probes only a thin layer of the atomic vapor
close to the interface, whose thickness is of the order of the
optical wavelength, and thus ensures a high surface selec-
tivity [16]. The angle of incidence is chosen close to the
critical angle of total internal reflection, h

c
, and can be

varied around h
c
within roughly $10 mrad with a resolu-

tion of &0.1 mrad with the aid of mirrors mounted
on rotational and translational stages driven by stepper
motors.

Spin relaxation at the surface decreases the steady-
state magnetization close to the wall and leads to the
formation of an optically inhomogeneous layer. This
spatial inhomogeneity of the medium is probed by the
reflected beam and influences the measured signal in
a characteristic way. On one hand, information about the
surface-induced spin relaxation can be extracted from the
strength and shape of the optical resonance, as recorded
when the laser frequency is scanned across the D

1
line with

the modulation frequency set to the Larmor frequency.
We discussed this aspect of the experiment in detail in
[18]. In the present paper, we discuss a different experi-
ment: here, we keep the laser frequency constant and
acquire the magnetic resonance spectrum by tuning the
modulation frequency across the Larmor frequency. In
particular, we discuss the modification of the magnetic
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resonance line by relaxation processes at the surface. The
analysis of this experimental situation requires a more
general treatment of the behavior of the magnetization
under the combined action of optical pumping, magnetic
field, diffusion in the buffer gas, and spin relaxation at the
surface.

The experiments on the magnetic resonance were per-
formed with the same two cells that were also used for the
study of the optical line in [18], so the results may be
compared directly. In one cell the Pyrex-glass surface was
directly exposed to the atomic vapor, whereas the other
one was coated by a layer of polydimethylsiloxane
[23, 24]. The bare glass surface causes strong spin relax-
ation, whereas the silicone-coated surface affects the spin
polarization only weakly, so the two surfaces are well
suited as model systems, representing two rather extreme
cases. The preparation of the cells has been described
elsewhere [16].

The cell temperature was &510—550 K correspond-
ing to a Na number density of roughly 1016—1017 m~3 as
estimated from the optical absorption of the sample. At
the operating temperature the buffer gas pressure was
&220—240 mbar. The pump beam had an intensity of
&5—100 mW/cm2, whereas the probe beam intensity
was &2—4 mW/cm2. The strength of the magnetic
field was set to &42 lT corresponding to a Larmor
frequency of &300 kHz. The Earth’s magnetic field was
compensated for by three orthogonal pairs of Helmholtz
coils.

III. Theory

A. Outline

We neglect the hyperfine structure and describe the
D

1
transition of the Na atoms in the J"1/2%J@"1/2

model, which involves two electronic states with angular
momentum J"1/2, each containing two Zeeman sub-
levels. The neglection of the hyperfine structure as well as
the Doppler effect is justified by the presence of the buffer
gas that causes a strong pressure broadening, resulting in
a homogeneous line width of &4 GHz, which exceeds the
hyperfine structure splittings and the Doppler width. To
calculate the reflection signal we must first derive the
precessing ground-state magnetization, which forms in the
steady state as a consequence of the interplay of optical
pumping, magnetic field, relaxation in the buffer gas and
at the surface, and diffusion of the atoms in the buffer
gas. The magnetization follows from the ground-state
density matrix, which is found as the stationary solution
of the equation of motion in the rotating-wave approxi-
mation. The wall relaxation enters the problem via the
boundary condition, as it determines the imbalance
between incoming and outgoing polarized atoms at the
surface. It gives rise to a spatial inhomogeneity, so the
magnetization varies as a function of the distance z from
the wall. From this z dependence we calculate the
reflectivity of the interface and finally arrive at an expres-
sion for the signal measured by the polarization-sensitive
detector.

B. Equation of motion

In the presence of the buffer gas the populations and
coherences of the excited state can be neglected due to
their fast decay, so the system can be reduced to the two
Zeeman sublevels of the ground state. In this limit the
optical pumping may be described by simple rate terms.
Let P

`
denote the optical pump rate associated with the

left circular component (p
`

) of the pump beam and P
~

the
corresponding pump rate originating from the p

~
com-

ponent. For the description of the ground-state dynamics
the following contributions must be taken into account
[19, 20]:

(i) An effective Hamiltonian that describes the influence
of the external magnetic field in y direction and the light
shift caused by the pump beam, which corresponds to an
effective magnetic field along the direction of the pump
beam (z direction).

H"!+X
L
S
y
#+

D

C
(P

`
!P

~
)S

z
. (1)

Here, S
y

and S
z

are Pauli spin operators. The Larmor
frequency in the external magnetic field is denoted by X

L
,

D refers to the detuning of the laser frequency u
-!4

from the
optical transition frequency u

0
(D"u

0
!u

-!4
), and C is

the optical dephasing rate. The first term in (1) describes
the external magnetic field, and the second term originates
from to the light shift.
(ii) An effective damping of the population difference and
the ground-state coherences, driving the system toward
thermal equilibrium, which is described by the rate con-
stant

c
%&&
"c#P

`
#P

~
. (2)

This damping is the combined effect of the pump light
(P

`
#P

~
) and other effects, such as depolarizing collisions

with buffer gas atoms and radiation trapping, etc., which
are subsumed under c.
(iii) The polarizing effect of the pump beam, which is
given by the difference of the two pump rates and builds
up a population difference between the Zeeman sublevels.
(iv) A diffusion term which describes the change of the
density matrix at a given distance z from the interface
caused by diffusion of atoms into and out of this layer.

Taking all these contributions into account, we can write
the equation of motion, which describes the time evolu-
tion of the ground-state density matrix o, in the following
form:

Lo
Lt

"!

i

+
[H,o]!c

%&& Ao!
1

2
1B

hgigj hggiggj

(i) (ii)

#(P
`
!P

~
)S

z
#D

L2o
Lz2

. (3)

hgigj hij
(iii) (iv)
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where D denotes the coefficient of diffusion. We assume
that the polarization of the pump beam is modulated
sinusoidally between left and right circular polarization,
so the pump rates can be expressed as:

P
$
"

P
0
2

(1$cos(u
3&
t)) . (4)

Then, the effective damping constant becomes c
%&&
"

c#P
0
, and the net pump rate is P

`
!P

~
"P

0
cos(u

3&
t).

We transform the equation of motion into a frame of
reference that rotates at the modulation frequency around
the direction of the external magnetic field. This is ac-
complished by the unitary transformation

º"exp(!iu
3&
tS

y
) , (5)

which transforms the Hamiltonian according to

HPHr"ºHº~1#i+ºQ º~1"!+dS
y
#+d

0
S
z

(6)

where we have omitted terms oscillating at 2u
3&

(rotating-
wave approximation) and introduced the abbreviations

d"X
L
!u

3&

d
0
"

P
0
2

D

C
. (7)

They refer to the detuning of the modulation frequency
from the Larmor frequency and to the light shift, respec-
tively. In the rotating frame of reference the equation of
motion within the rotating-wave approximation finally
becomes:

Lor

Lt
"!

i

+
[Hr, or]!c

%&&Aor!
1

2
1B#

P
0
2

S
z
#D

L2or

Lz2
.

(8)

We expand the density matrix in terms of spin matrices:

or"
1

2
1#mr

x
S
x
#mr

y
S
y
#mr

z
S
z
. (9)

The expansion coefficients are the components of the
magnetization in the rotating frame (mr

i
"Tr(orS

i
),

i"x, y, z). We are seeking the stationary solution of the
equation of motion, for which or becomes time-indepen-
dent. The condition oR r"0 leaves us with a set of ordinary
differential equations:

!D
d2

dz2 A
mr

x
mr

y
mr

z
B"A

!c
%&&

!d
0

!d
d
0

!c
%&&

0

d 0 !c
%&&

B A
mr

x
mr

y
mr

z
B

#A
0

0

P
0
/2B . (10)

The ansatz mr"l exp(!jz) for the solution of the cor-
responding homogeneous set of equations delivers the
following values of j :

j
1
"Jc

%&&
/D"k (11a)

j
2@3

"p exp (Gi0 ) (11b)

with the abbreviations:

X"Jd2#d2
0

(12a)

0"(1/2) arctan(X/c
%&&

) (12b)

p"SJc2
%&&
#X2

D
. (12c)

Values of j with a negative real part have been omitted as
they represent unphysical solutions, for which the magnet-
ization increases exponentially toward infinity with in-
creasing distance from the interface. Note that we name j

1also k to stay consistent with the notation used in [18].
The eigenvectors belonging to j

1@2@3
can be expressed as

l
1
"A

0

d
!d

0
B and l

2@3
"A

$iX

d
0
d B . (13)

From the condition d2/dz2"0 we obtain the asymptotic
solution of (10) for zPR:

mr
=
"

P
0

2c
%&&

(c2
%&&
#X2) A

!c
%&&

d
!d

0
d

c2
%&&
#d2

0
B . (14)

The general solution of (10) can now be written as

mr (z)"mr
=
#

3
+
i/1

c
i
l
i
exp(!j

i
z) . (15)

The coefficients c
i
have to be determined from the bound-

ary condition.

C. Boundary condition

To find the proper boundary condition we must consider
the origin of the magnetization at the interface (z"0). The
atoms at this location are either atoms arriving at the wall
by diffusion from deeper layers or atoms leaving the wall
after a wall collision or an adsorption-desorption process.
The magnetization mr

*/
carried to the interface by the

atoms arriving from the bulk is obtained from the follow-
ing arguments: Be p (z) dz the probability that an atom
arriving at the wall has travelled a distance z in z direction
since its last collision with a buffer gas atom. Then, assum-
ing that — on average — an atom that has suffered its last
collision at a distance z from the interface contributes to
the magnetization according to the value of mr (z) at that
distinct z coordinate, we obtain the relationship:

mr
*/
"

=
:
0

mr (z)p(z) dz . (16)

Under typical experimental conditions the decay lengths
1/j

i
with j

i
given by (11) are large compared with the

mean free path ¸
&3%%

of the Na atoms in the buffer gas (in
our case ¸

&3%%
+0.9 lm and j~1

1
+56 lm, see section IV).

This is indeed an essential prerequisit for the validity of
the diffusion term in (8). Therefore, the magnetization can
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be well approximated by a linear function of z on the
length scale of the mean free path. As p (z) falls off within
a few ¸

&3%%
, we can therefore consider mr as a linear

function of z in the integral of (16). Hence, the average
defined by (16) may be replaced by the magnetization at
an average distance ¸:

mr
*/
"mr (¸) with ¸"

=
:
0

zp (z) dz"2/3¸
&3%%

. (17)

The numerical value 2/3 ¸
&3%%

is valid under the assump-
tion that the distribution of free paths is exponential, and
isotropic in space [25]. Note that ¸ is simply the average
distance that an atom arriving at the interface has travel-
led in z direction since its last collision.

The atoms that leave the surface originally carried the
same average magnetization as above when they arrived
at the surface. However, because of disorientation by the
interaction with the surface, their magnetization has been
reduced by a factor 1!e, where e denotes the probability
that an atom is depolarized upon collision with the sur-
face:

mr
065

"(1!e)mr
*/
"(1!e)mr (¸). (18)

Finally, the total magnetization at the interface (z"0) is
given by the sum of the contributions of arriving and
leaving atoms, which both represent one half of the total
number of atoms:

mr(0)"
2!e

2
mr(¸) . (19)

The depolarizing atom-surface interaction enters the the-
ory via this relationship, which provides the boundary
condition necessary to determine the coefficients c

i
of (15).

With the approximation mr(¸)"mr (0)#¸(dmr/dz)(0)
the boundary condition can also be expressed as

dmr

dz
(0)"

e
(2!e)¸

mr (0) (20)

which is in complete agreement with the expression given
by Masnou-Seeuws and Bouchiat [26]. Here we have
assumed that the surface interaction diminishes the mag-
nitude of the magnetization without changing its direction
in the rotating frame, i.e., without changing the phase of
the precessing magnetization. In a more general situation
of coherent wall interaction the influence of the wall
cannot be described by a scalar and (18) has to be replaced
by a modified expression [27].

D. Stationary magnetization

The solution of (10) that satisfies the boundary condition
given by (20) reads as:

mr(z)"mr
=
#

P
0
d
0

2c
%&&

X2
]

exp(!kz)

1#
2!e

e
k¸ A

0

d
!d

0
B

#

P
0
c
%&&

d
2X2 (c2

%&&
#X2)

A exp(!pz cos0 )

]G cos (pz sin0) A
qX

!pd
0

!pd B#sin (pz sin0 )A
pX

qd
0

qd B H
(21)

with

A"A1#2
2!e

e
p¸ cos 0#A

2!e
e

p¸B
2

B
~1

(22a)

p"1#
2!e

e
p¸ cos0!

X

c
%&&

]
2!e

e
p¸ sin0 (22b)

q"
X
c
%&&
A1#

2!e
e

p¸ cos0B#
2!e

e
p¸ sin0 . (22c)

To complete the calculation of the stationary magnetiz-
ation, we transform the result from the rotating frame of
reference back to the laboratory frame and obtain:

m"A
mr

x
cos(u

3&
t)!mr

z
sin(u

3&
t)

mr
y

mr
z
cos(u

3&
t)#mr

x
sin(u

3&
t) B . (23)

Thus, we have finally arrived at an explicit expression for
the magnetization m, which rotates around the y axis at
the modulation frequency u

3&
. As a consequence of the

relaxation at the surface, the amplitude and phase of the
precessing magnetization vary with the distance from the
surface, so the medium is spatially inhomogeneous. It is
rather instructive to visualize the z dependence for differ-
ent cases. The situation becomes especially simple if the
radio frequency is exactly on resonance (d"0). Then
mr

x
and mr

y
vanish for all values of z, which means that in

the laboratory frame m rotates in the xz plane with only
the amplitude but not the phase depending on z. In this
case the oscillation of m

z
is always in phase with the

polarization modulation of the pump beam (Jcos(u
3&
t)),

with m
z
reaching its extreme values each time the polariza-

tion passes through a state of purely circular polarization.
The z dependence is given by a simple exponential ap-
proach of the magnetization toward its bulk value as
illustrated in Fig. 2a [17, 18].

In the general case of off-resonance excitation both the
amplitude and the phase vary with z. Figure 2b shows the
behavior of mr

x
and mr

z
for an rf detuning d"!5c

%&&under the assumption that each wall collision is com-
pletely disorienting (e"1). The most striking feature is
that the magnetization does not just rise continuously
toward the bulk value but goes through a maximum. At
this distance from the surface, the magnetization is higher
than in the bulk, despite the depolarization at the surface.
The reason for this phenomenon can be traced back to
a corresponding behavior in the time domain. When an
atom is completely depolarized at the surface and returns
back to the gas phase, it shows a transient behavior during
the period when the polarization is built up again by
optical pumping before reaching the steady state. If the
radio frequency is off resonance, this transient regime is
typically characterized by a damped oscillation of the
amplitude and phase, as illustrated by Fig. 3, which
shows the temporal evolution of the magnetization in the
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Fig. 2a, b. Magnetization in the rotating reference frame as a func-
tion of the distance z from the wall for on-resonance (a) and off-
resonance (b) radio frequency excitation. The x and z components of
the magnetization vector are plotted separately. They have been
normalized to the on-resonance bulk value P

0
/(2c

%&&
). The distance

z is given in units of the decay length k~1, which describes the
exponential curve shown in (a)

Fig. 3. Transient behavior of the magnetization (represented by its
normalized x and z components in the rotating frame) in the time
domain under the action of polarization-modulated optical pump-
ing under off-resonance conditions. The time is given in units of the
inverse effective damping rate

rotating frame, starting from complete depolarization.
The variation of the steady state magnetization in space
(Fig. 2b) is a remnant of this temporal behavior. Near the
surface a large fraction of the atoms is in the transient time
regime, since only a comparably short period of time has
elapsed since they suffered their last wall collision. As the
magnetization at a certain distance from the surface is the
sum of the contributions of a large number of atoms with
different individual histories as a result of the diffusive

motion, the temporal oscillations seen in Fig. 3 are washed
out in space, so only the much weaker spatial oscillations
of Fig. 2b remain.

E. Signal

The signal measured by the polarization-sensitive detector
can be calculated from the reflection matrix, which relates
the s- and p-polarized amplitudes of the electric field of the
incident wave to their reflected counterparts. In [18], we
discussed this calculation in detail and showed that the
signal is determined by the off-diagonal elements of the
reflection matrix, which describe the transformation of
one component of polarization (s or p) to the orthogonal
one upon reflection at the interface. In the case of a one-
dimensionally inhomogeneous medium the matrix ele-
ments can be calculated analytically to first order in terms
of the tensor of optical susceptibility [28, 18]. For spin-
polarized sodium vapor the following expressions are
obtained for the relevant matrix elements [18]:

dr
14@41

"ws
0 Gmm

z
(0)Ggm

x
(0)

#

=
:
0

e*2k0mz
d

dz
[mm

z
(z)Ggm

x
(z)] dzH (24)

with

g"n
0
sin h

i
(25a)

m"J1!(n
0
sin h

i
)2 (25b)

w"

in
0
cos h

i
m(cos h

i
#n

0
m)(n

0
cos h

i
#m)

(25c)

where n
0

is the index of refraction of the glass prism, h
i
the

angle of incidence at the interface, k
0

the vacuum wave
vector, and s

0
the susceptibility of the unpolarized sodium

vapor, which we assume to have a Lorentzian dependence
on the laser detuning. The upper sign in (24) applies to dr

14and the lower one to dr
41

. Note that g and m are the sine
and the cosine of the angle of refraction h

t
according to

Snell’s law for the case that the atomic vapor is replaced
by vacuum. In the case of total internal reflection m be-
comes purely imaginary, whereas g is always real.
With the magnetization according to (23) we can now
rewrite the elements of the reflection matrix in the follow-
ing way:

dr
14@41

"ws
0
Mcos(u

3&
t)(mM

z
GgM

x
)

#sin(u
3&
t) (mM

x
$gM

z
)N (26)

where M
x

and M
z

are defined by

M
j
"mr

=j
#i2k

0
m

=
:
0

e*2k0mz (mr
=j

!mr
j
(z)) dz (27)

with i"x, z. The integral of (27) was rewritten after integ-
ration by parts to obtain a form which is more suited to be
evaluated with the expression of (21). The evaluation
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yields:

M
x
"!

P
0

2c
%&&

]
dc

%&&
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%&&
#X2 G1#

c
%&&
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0
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0
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]

E
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e
k¸ H (28b)

with

C"!

1#i
p

2k
0
m

cos0

1#i
p

k
0
m

cos0!A
p

2k
0
mB

2
(29a)
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p

2k
0
m
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1#i
p

k
0
m

cos0!A
p

2k
0
mB

2
(29b)

E"!

1

1#i
k
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Below, we concentrate on the case that the probe beam is
s-polarized and the detector measures the intensity differ-
ence between the linearly polarized components of the
reflected beam oriented at $45° with respect to the plane
of incidence. As shown in [18], for this configuration the
signal (i.e., the modulated part of the measured intensity
difference normalized to the total intensity of the probe
beam) is given by

s"Re M2r*
s0

dr
14
N , (30)

where r
s0

denotes the Fresnel coefficient of reflection for
s-polarized light at an interface between glass and vacuum
for the given angle of incidence [29], and the asterisk
refers to complex conjugation. Other configurations of
probe beam polarization and detector arrangement can
also be used, but provide no additional information
[18]. On the basis of (26) we can now split the signal
into an in-phase part s

*1
(whose time dependence is

given by cos(u
3&
t)) and an out-of-phase part s

01(Jsin(u
3&
t)).
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These expressions provide a full description of the signal
and allow us to analyze its dependence on various para-
meters, such as detunings of the probe and pump laser
frequencies or the modulation frequency, angle of inci-
dence, and depolarization probability. In the following,
we shall consider a number of important limiting cases, in

which the theoretical expressions reduce to considerably
simpler formulas, which facilitate a clearer understanding
of various dependences. In particular, we shall work out
which quantities give experimental access to the depolar-
ization probability.

IV. Discussion of the theory

A. Experimental conditions

First of all, it is helpful to get an overview over some
typical numbers as they apply to our experiment. This will
allow us to further simplify the theoretical results of the
preceding section. We used a buffer gas pressure of
&230 mbar of Argon at a temperature of &540 K,
which gives a diffusion coefficient of &2 cm2/s [30],
corresponding to a mean free path ¸

&3%%
"0.9 lm. The

magnetic field was chosen to provide a Larmor frequency
of &300 kHz, and the modulation frequency was varied
between 200 and 400 kHz, corresponding to a maximum
rf detuning d

.!9
of $2n]100 kHz. As this is much more

than the maximum pump rate used in the experiment
(which is confirmed by the analysis of the rf lineshape,
see Sect. V) the maximum value of p is +(d

.!9
/D)1@2

+6]104 m~1. Close to the critical angle of total internal
reflection h

c
, the parameter m is related to the detuning

h
i
!h

c
between the angle of incidence and the critical

angle by
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c
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Hence, the condition
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is equivalent to
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where the above value of p, a wavelength of 590 nm
(D

1
line of Na), and a refractive index n

0
"1.5 were

assumed. For a straightforward interpretation of the
data we must restrict the measurements to angular detun-
ings well above the divergence of the probe laser beam,
which is much larger than 14 lrad. Therefore, we can
obviously consider p/(k

0
m) as a small quantity for all

practical purposes. As k is always smaller than p, this also
applies to k/(k

0
m). Therefore, we may expand C, S, and

E to first order in terms of these small quantities and
obtain:
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We will use these approximations throughout the paper in
the following.

B. Modulation frequency on resonance (d"0)

In [18] we discussed the properties of the optical reson-
ance line, as recorded when the laser frequency is tuned
while the modulation frequency is kept on resonance.
Therefore, the first question we address here concerns the
consistency of the expressions derived above with our
earlier results. If the modulation frequency coincides with
the Larmor frequency (d"0), (28) together with (34)
yields:
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The prefactor P
0
/(2c

%&&
) in (35) represents the amplitude

m
=
"Dmr

=
D of the rotating magnetization in the bulk, i.e.

for zPR (see (14)). From (21) we see that m
=

g
0

is the
corresponding amplitude at the surface (z"0). With the
definition v"2r*

s0
wgM

z
/m

=
, the out-of-phase signal can

now be written as s
01
"ReMm

=
s
0
vN in agreement with the

expression derived in [18]. The only difference is that the
complete treatment presented in this paper yields
m

=
"P

0
@(2c

%&&
) (with a saturation value of 1/2 for P

0
PR),

whereas the simpler treatment of [18], which did not take
into account the detailed mechanism of polarization-
modulated optical pumping, gave m

=
"P

0
/c

%&&
(with

a saturation value of 1, corresponding to complete polar-
ization). This deviation is, however, irrelevant for the
discussion and the evaluation of the data.

A brief summary of the main points worked out in
[18] is helpful for a comparison with the results on the
magnetic resonance line presented in the following para-
graphs: In [18] we showed that the phase and the absolute
value of v determine the shape and the strength of the
optical line, respectively. The line exhibits a mixed absor-
ptive-dispersive shape with the mixing angle given by the
phase of v. The extent of wall relaxation is reflected by
a characteristic dependence of the line shape on the angle
of incidence immediately below the critical angle of total
internal reflection. From this dependence the depolariz-
ation probability can be deduced quantitatively. For
a bare Pyrex-glass surface we found e+0.5. This method
is, however, useful for the determination of e only for
relatively strong wall relaxation. Under our experimental
conditions the line shape becomes rather insensitive to
e below e+0.1. Below we show that the magnetic reson-
ance provides more information about the wall relaxation
in this case.

C. Laser on resonance (D"0), partial transmission

We now turn to the magnetic resonance line, i.e., we
assume a constant laser frequency and discuss the depend-
ence of the signal on the modulation frequency. The situ-
ation becomes easiest to survey if the laser is exactly on
resonance and the angle of incidence is below the critical
angle. The experimental data presented in section IV were
acquired under these conditions. For zero laser detuning
(D"0) s

0
is purely imaginary, and for h

i
(h

c
(partial

transmission) m is real. In this case w becomes purely
imaginary, whereas r

s0
is real. Consequently, r*

s0
ws

0
is real

and we can rewrite (31) as
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Taking into account that the light shift d
0

vanishes on
resonance, i.e. for D"0, and using the approximations
given by (34), we arrive at the following expressions for
ReMM
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where 0 and p have been redefined as

0"(1/2) arctan(d/c
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For eP0 the formulas reduce to the expressions in front
of the braces, which describe the dispersive and absorptive
component of a Lorentzian line, respectively. They simply
correspond to the x and z component of the magnetiz-
ation mr

=
in the bulk. The expressions in the braces

describe the modification of the line caused by wall relax-
ation.

The key parameter that determines how strongly wall
relaxation affects the line shape is k¸(2!e)/e. It is helpful
to map out the range covered by this parameter under
typical experimental conditions. For c

%&&
"2n]10 kHz

and D"2]10~4 m2/s we find k~1"56 lm. From the
diffusion coefficient and the temperature we estimate the
mean free path to be &0.9 lm, so ¸"0.6 lm [18]. With
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Fig. 4. Signal ReMM
z
N as a function of the radio

frequency detuning, describing the out-of-phase
magnetic resonance signal immediately below the
critical angle of total internal reflection for zero
laser detuning. Curves for six different values of
k¸(2!e)/e are shown. Under the assumption
k~1"56 lm and ¸"0.6 lm they correspond to
values of the depolarization probability e per wall
collision ranging from 0 to 1. Normalization has
been chosen such that e"0 gives unity signal
amplitude

these values, complete depolarization at the wall (e"1)
yields k¸(2!e)/e"0.01, whereas with e"0.1 we find
k¸(2!e)/e"0.2. Hence, this parameter is well below
1 for strong wall relaxation, but increases rapidly when
e becomes smaller. Figure 4 displays ReMM

z
N as a function

of the rf detuning for a series of different values of
k¸(2!e)/e, which we have chosen such that they corres-
pond to values of e between 0 and 1 with k and ¸ as stated.
The figure illustrates that wall relaxation is reflected in
a very characteristic way by the magnetic resonance line.
The most conspicuous feature is that the wings of the line
become more and more pronounced with increasing e.
This phenomenon is directly related to the z dependence
of the magnetization discussed in Sect. III.D. In the case of
strong wall relaxation, we saw that the magnetization rises
more rapidly with z for large rf detuning (i.e. in the wings
of the line) than for d"0, as a consequence of the transi-
ent behavior of the atoms close to the wall. This leads to
a comparatively strong signal for large d and causes the
peculiar shape of the magnetic resonance line. We can
express the same finding in a different way, considering
the absolute signal amplitude: with increasing e the center
of the line is more strongly suppressed than the wings,
which results in an enhancement of the wings with respect
to the center.

D. Strong relaxation

From Fig. 4 we may tentatively infer that the line ap-
proaches an asymptotic shape with increasing e, so the
shape becomes more or less independent of e for strong
depolarization at the surface. This is indeed true, as we
will now demonstrate. The relevant parameter is again
k¸(2!e)/e rather than e itself, and we must consider the
case k¸(2!e)/e;1. Then also p¸(2!e)/e;1 holds
true unless the rf detuning is too large, and we can make
a first-order expansion in terms of p¸(2!e)/e. We drop
the restrictions of the preceding paragraph with regard to
the angle of incidence and the laser detuning and make
a completely general analysis, starting from (28) together
with the approximations listed in (34). The first-order
expansion then yields:
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where the real quantities R
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The dependence of the signal on d is completely contained
in R

x
and R

z
, which are independent of e. In the case of

partial transmission, where g and m are both real, the
in-phase signal can now be written as
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The line shape is given by the real expression mR
z
!gR

x
,

whereas the second factor ReM2N is a constant for a fixed
laser detuning and depolarization probability. Hence, e
influences only the amplitude of the signal but not the line
shape. On the other hand, for an angle of incidence above
the critical angle, m is purely imaginary with m"i DmD and
we get
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Again a situation arises, in which the expression
containing e only plays the role of a constant prefactor
with no influence on the shape of the magnetic resonance
line.

Hence, we have established that it is a general feature
that for k¸(2!e)/e;1 no information about the
numerical value of e can be gained from an analysis of the
line shape. Whether the angle of incidence is below or
above the critical angle and whether the laser is on or off
resonance is irrelevant for this result, which applies
both to the in-phase and the out-of-phase part of the
signal.
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V. Experimental results

A. General remarks

The signal was extracted with a two-phase lock-in ampli-
fier referenced to the modulation frequency, allowing the
simultaneous recording of both the in-phase and the out-
of-phase signal. The raw spectra are significantly distorted
because of the frequency-dependent phase lag produced
by the modulation system and the detector. To correct for
these errors we measured the frequency response of the
electronics in the following way: The polarization modu-
lation produced by the EOM was transformed to a power
modulation by means of a quarter-wave plate and a linear
polarizer arranged as a reverse circular polarizer. This
power modulation is in phase with the primary polariza-
tion modulation, with left and right circular polarization
being transformed to zero and maximum power, respec-
tively. The pump beam was then directed onto the differ-
ential detector, whose signal was measured with the
lock-in amplifier as a function of the modulation fre-
quency. The signal loop thus created contains all elements
that are present in the real experiment contributing to the
signal distortion. All spectra presented in the following
have been corrected correspondingly with respect both to
phase shifts and variations of the amplitude.

B. Uncoated cell

We first present the data measured with the uncoated
Pyrex-glass cell. Figures 5a and b display the in-phase and
the out-of-phase part of the magnetic resonance signal,
respectively, as measured slightly below the critical angle
of total internal reflection at h

i
!h

c
"!1.2 mrad. The

line is characterized by a rather narrow central feature
and very wide wings. The theoretical analysis in the pre-
ceding section showed that this appearance is the typical
indication of strong wall relaxation. Therefore, we fitted
the asymptotic theoretical line shape expected for
k¸(2!e)/e;1 to the data. We fitted both the in-phase
and the out-of-phase part simultaneously, minimizing the
total s2 by describing both curves by a common set of
parameters, comprising the effective damping rate c

%&&
, the

pump rate P
0
, the center frequency, and the angle of

refraction h
t
. A constant background was the only para-

meter that was adjusted individually for the in-phase and
the out-of-phase signal. The data is very well reproduced
by the theory (see solid curves in Fig. 5), which confirms
that the wall relaxation is so strong that the asymptotic
form discussed in Sect. IV.D represents a proper approxi-
mation. Using the general expressions of (38) instead and
including the depolarization probability e as a free para-
meter in the fit turns out to be meaningless, as e mainly
influences the prefactor without affecting the line shape
very much. Therefore, it interferes strongly with the pump
rate P

0
(which also appears as a prefactor) and conse-

quently the fit produces values of e and P
0

with extremely
large errors, so no useful information about e can be
gained besides the finding that it obviously must be rather
large. However, the optical rather than the magnetic line
shape provides more accurate information about the

Fig. 5a, b. In-phase (a) and out-of-phase (b) magnetic resonance
signal measured with the uncoated glass cell in the region of partial
transmission at a pump power of 10 mW. Only every tenth data
point is depicted. The solid curves represent a simultaneous least-
squares fit of the theory to both signals. Constant backgrounds have
been subtracted from the experimental data

strength of the wall relaxation in this case. In [18] we
deduced the relaxation probability e from the charateristic
dependence of the optical line shape on the angle of
incidence, and we found e+0.5, in full agreement with the
above finding that the magnetic resonance line is well
described by the asymptotic theoretical expression of
Sect. IV.D.

The dependence of the magnetic line on the pump
power offers an additional possibility for checking the
consistency of the theory. Therefore, we recorded the
magnetic resonance line for pump powers between 1 mW
and 20 mW and extracted the pump rate and the effective
damping rate in each case from a fit of the theory to the
data in the way described above. The data were taken at
an angular detuning h

i
!h

c
"!1.2 mrad, which corres-

ponds to an angle of refraction h
t
"87°. The best fit

between experiment and theory, however, is obtained for
h
t
+89.8°. This deviation can readily be attributed to

a misadjustment of the reference phase of the lock-in
amplifier by a few degrees. For the evaluation of the power
dependence we used a fixed value of h

t
"89.8° for all fits,

while the other parameters listed above were adjusted
each time. Figure 6 displays the results for a data set taken
at a temperature of ¹"540 K. The parameter labelled
‘‘pump rate’’ also incorporates the photodiode sensitivity
and the amplifier gain as well as the Na vapor density and
the angle of incidence, and is therefore given in arbitrary
units. Provided that these quantities stay constant, this
parameter should reflect the behavior of the pump rate
when the pump power is changed. We expect the pump
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Fig. 6a, b. Pump rate (a) and effective damping rate (b) as a function
of the power of the pump beam. The values were extracted from a fit
of the theoretical magnetic line shape to the experiment in each
individual case. The open circles represent data taken at a temper-
ature of 540 K, whereas the data shown as black squares were
obtained at 510 K

rate to be directly proportional to the power of the pump
laser beam, whereas the effective damping rate
c
%&&
"c#P

0
should show a linear dependence on the

pump power with an offset given by the intrinsic damping
rate c. Indeed, it is exactly this behavior that we find when
describing the experimental data by the theoretical ex-
pressions derived above. Thus, the fit of the theory to the
experiment not only gives a good agreement in each
individual case, but also provides the expected behavior of
the parameters as a function of the pump power.

In Fig. 6 we have also inserted data obtained at
¹"510 K at a Na number density that was a factor of
&5 smaller than in the previously described measure-
ment, as estimated from the vapor pressure listed in [31].
The pump rate has been rescaled with respect to the vapor
density and the angle of incidence, so the two data sets can
be compared directly. We find that the pump rates of both
measurements coincide rather well, whereas there is
a clear difference with respect to the effective damping
rate. While an extrapolation to zero pump power delivers
essentially the same value c

0
in both cases the damping

rate increases more slowly with the pump power for
¹"510 K than for ¹"540 K. We interpret this as an
indication that radiation trapping, i.e., reabsorption of
fluorescence light, plays a major role as a damping mecha-
nism [32, 33]. Then, c can be split into a part c

0
mainly

caused by collisions with buffer gas atoms or impurities
contained in the buffer gas that is independent of the
pump power, and a contribution c

1
caused by radiation

trapping which is proportional to the pump power. Radi-
ation trapping becomes more important for higher vapor
densities and this explains the observed dependence of the
effective damping on the temperature.

C. Coated cell

The silicone-coated surface causes much weaker relax-
ation than the bare glass surface. This is immediately
confirmed by the magnetic resonance line, which exhibits
an almost Lorentzian shape, as illustrated by Fig. 7. This
time we must use the complete theoretical expression of
(38) for a fit of the theory to the data and include the
depolarization probability e as an additional fit para-
meter. The fit delivers e"1.1]10~2 with a statistical
error of $7]10~4 as estimated from the spread of the
data around the theoretical curve. As indicated by the
statistical error the line shape is rather sensitive to vari-
ations of e in this case and therefore provides a way to
determine the depolarization quantitatively, in contrast to
the case of strong depolarization considered in the pre-
vious paragraph.

As discussed in the theoretical section, the determina-
tion of the depolarization probability depends on devi-
ations of the experimental line shape from a Lorentzian
shape. To assess the significance of these deviations, we
also fitted a purely Lorentzian line to the data, thus
neglecting the modifications caused by surface-induced
relaxation. Figure 8 depicts the data residuals for a Loren-
tzian line (Fig. 8a) as compared with the residuals found
with wall relaxation included according to (38) (Fig. 8b).
Clear systematic deviations are visible in the case of the
Lorentzian line. They are completely removed and only
noise is left if the line shape predicted by (38) is used
instead.

As in the case of the uncoated cell, we again studied the
dependence of the magnetic resonance signal on the
power of the pump beam. For several powers between
1 and 20 mW corresponding to light intensities of roughly
5 to 100 mW/cm2 we measured the magnetic line and
extracted the depolarization probability e, the nominal
pump rate P

0
, and the effective damping rate c

%&&
, which

are depicted in Fig. 9. The depolarization probability
stays fairly stable over the range of powers investigated, as
one would expect provided that the light does not change
the properties of the silicone coating. In Fig. 9a it is only
the data point at 20 mW that shows a significant devi-
ation. However, over several data runs the value of
e turned out to vary by more than a factor of two, which
clearly exceeds the fluctations expected from the statistical
noise. These variations seem to be partly correlated with
the pump power, in that e shows a tendency to increase
with the pump power. The underlying reason is not clear.
Both the possibility that there is some minor deficiency of
the theoretical description producing a systematic error as
well as the possibility that the behavior of the spin-polar-
ized atoms at the surface indeed changes have to be
considered.

While the variations of the depolarization probability
are relatively moderate, the nominal pump rate deter-
mined from the experimental data shows a rather
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Fig. 7a, b. In-phase (a) and out-of-phase (b) magnetic resonance
signal measured with the silicone-coated glass cell in the region of
partial transmission at a pump power of 10 mW. Only every tenth
data point is depicted. The solid curves represent a simultaneous
least-squares fit of the theory to both signals. Constant backgrounds
have been subtracted from the experimental data. The fit indicates
that the depolarization probability per wall collision is approxim-
ately 0.011

Fig. 8a, b. Data residuals obtained when a Lorentzian line is fitted
to the data shown in Fig. 7a, which means that wall relaxation is
neglected (a), as compared with the residuals delivered by a fit taking
into account the modification of the line shape caused by wall
relaxation (b)

Fig. 9a–c. Depolarization probability (a), pump rate (b), and effec-
tive damping rate (c), as extracted from magnetic resonance lines
recorded with the silicone-coated cell at different powers of the
pump laser beam

dramatic deviation from the behavior expected. For the
smallest pump powers used it rises with increasing power,
but then it stays more or less constant, in clear contrast to
the expectation that it should be proportional to the
pump power. The effect is rather striking, as the absolute
magnitude of the signal even decreases although the
atomic vapor is optically more strongly pumped. One
should keep in mind that the experimental parameter
plotted in Fig. 9b also contains the density of the Na
vapor, so the observed behavior could be caused by a de-
crease of the vapor density with increasing pump power. It
is known from experiments by Gozzini et al. and M.
Meucci et al. that silicone layers of the type used here can
show strange effects [34, 35]. These groups reported the
observation of light-induced ejection of alkali atoms from
such layers in alkali vapor cells. This effect was observed
even for very weak light intensities and resulted in vapor
densities by far large than expected from the equilibrium
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vapor pressure. There is no obvious correlation between
this effect and the behavior observed in our experiment,
where the vapor density seems to decrease with increasing
light power, but one may nevertheless speculate that the
effects might be related to one another. A clear indication
that the silicone layer has some influence on the Na
density in our experiment is provided by the observation
that the vapor density at a given temperature was much
lower in this cell than in the uncoated one. Moreover, it
increased considerably more slowly with temperature
than expected from the vapor pressure curve [31]. It
should be pointed out, that in our cell Na was partly
deposited directly onto the silicone-coated walls during
the filling procedure, a situation which according to Goz-
zini et al. prevents photoejection.

In contrast to the pump rate (or, as pointed out above,
rather the pump rate times the Na density) the effective
damping rate extracted from the experimental data (Fig.
9c) shows no strange behavior, but is rather in agreement
with the expectation that it should increase linearly with
the pump power. The extrapolated value for zero power is
close to the value observed with the uncoated cell. For
higher pump powers the values are smaller than in the
measurement presented in Fig. 6, but this can at least
qualitatively be attributed to the fact that the measure-
ments with the coated cell were performed at a smaller Na
vapor density, so radiation trapping should contribute
less to the effective damping.

VI. Conclusions and outlook

The experimental method presented in this paper provides
a novel tool for studying spin relaxation at surfaces. Op-
tical preparation and detection of the spin polarization
ensure a very high sensitivity, making possible the study of
the spin polarization in a thin surface layer of a dilute
atomic vapor containing only &105—106 Na atoms. Po-
larization-modulated optical pumping in a transverse
static magnetic field allows us to perform a magnetic
resonance experiment in this configuration, using a laser
beam for detection that is reflected at the surface under
study. In the steady state the wall relaxation leads to
a spatially inhomogeneous magnetization across a layer
close to the wall, in which the individual atoms show
a transient behavior when their polarization is built up
again after depolarization at the surface. This in-
homogeneous layer reveals itself as a characteristic modi-
fication of the shape of the magnetic resonance line, which
directly reflects the strength of the depolarizing atom-
surface interaction.

The experimental results obtained with bare and sili-
cone-coated glass surfaces provide a clear confirmation
that the basic features of the system are properly described
by the theory worked out in Sect. III. The theory not
only gives the correct magnetic line shape in both cases,
but also gives a correct description of the optical line
shape, as discussed in [18]. The evaluation of the
experimental observations both with regard to the mag-
netic and the optical resonance give consistent results
concerning the depolarizing properties of the two surfaces
studied.

For the bare glass surface quantitative information
about the depolarization at the surface is provided by the
optical resonance. The dependence of the optical line
shape on the angle of incidence immediately below the
critical angle of total internal reflection indicates that the
depolarization probability e per wall collision is approx-
imately 0.5 [18]. Under our experimental conditions, this
means that the magnetization at the wall is a fraction
g
0
"0.03 of the bulk value for a typical effective damping

rate c
%&&
"2n]10 kHz. In this case the theory predicts

that the magnetic resonance line has a shape which is
almost independent of the exact numeric value of e. In-
deed, the experimental line shape is very well described by
this asymptotic form. Although we cannot get accurate
information about the wall relaxation from the magnetic
resonance line in this case, it nevertheless provides an
interesting possibility for studying the relaxation in the
vapor itself. As we probe only atoms close to the surface,
i.e., in a thin layer at the outer boundary of the vapor, we
may expect a different behavior than in the bulk, espe-
cially with regard to the radiation trapping [32, 33]. Such
studies could be an interesting extension of the measure-
ments presented above.

To extract quantitative information about e from the
magnetic resonance line in the region e'0.1 it is crucial
to measure as far as possible into the wings of the line
(d<c

%&&
), where the deviations from the asymptotic line

shape are most pronounced. Furthermore, it is essential to
control the out-of-phase background thoroughly, so that
this parameter need not be fitted, but can be inferred from
an independent measurement. With these measures future
experiments should allow us to extend the range quantit-
atively accessible via the magnetic resonance to values
well above 0.1.

In the case of the weakly depolarizing silicone-coated
glass surface the situation is reversed. Here, the magnetic
resonance gives the more accurate information about the
depolarization as compared with the optical resonance.
From the latter we could only put an upper boundary on
e of roughly 0.04 [18], whereas the analysis of the mag-
netic resonance presented in this paper indicates that e is
approximately 0.01, which corresponds to g

0
"0.7 at

c
%&&
"2n]10 kHz. In summary, we thus find that the two

aspects of the experiment, namely the optical and the
magnetic resonance, are complementary to one another
with regard to the information they provide about the
depolarization probability e. For strong depolarization
the optical resonance is more sensitive, whereas for weak
wall relaxation the magnetic resonance represents the
better tool for the determination of e.

For the silicone-coated cell we found a strange de-
pendence of the signal amplitude on the pump power,
which possibly indicates that the Na density changes. To
clarify this behavior future measurements should include
the variation of several parameters such as temperature,
powers of the pump and probe beam, buffer gas pressure,
etc.. The question should be addressed, whether the ob-
served effect is related with observations reported by other
authors [34, 35]. Furthermore, for checking the reliability
of the method described in this paper, a direct comparison
with other, more conventional methods for studying wall
relaxation would be helpful.
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A further development of the method as a surface-
physical tool with an extension to other surfaces seems
promising. For example, the study of the temperature
dependence of the wall interaction provides information
about activation energies for desorption and surface diffu-
sion, as has been demonstrated by other experiments
[3, 4]. The method presented here offers the advantage
that it only probes the illuminated area and therefore also
can be applied to rather small surface samples, including
single-crystal surfaces.

This research was supported by the Schweizerischer Nationalfonds
and a ‘‘human capital and mobility’’ grant from the Bundesamt für
Bildung und Wissenschaft (contract no. 93.0231). Assistance from
Tilo Blasberg is gratefully acknowledged.

References

1. Slichter, C.P.: Ann. Rev. Phys. Chem. 37, 25 (1986)
2. Kwon, T.M., Mark, J.G., Volk, C.H.: Phys. Rev. A 24, 1894

(1981)
3. Wu, Z., Happer, W., Kitano, M., Daniels, J.: Phys. Rev. A 42,

2774 (1990)
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