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Interaction of spin-polarized atoms with a surface studied by optical-reflection spectroscopy
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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
e per wall collision. Measurements performed at a Pyrex glass surface provide a clear experimental confirma-
tion of the theory and yield a value ef~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 surfacgss1050-294{®6)02109-9

PACS numbg(s): 34.50.Dy, 32.80.Bx, 32.76.n

I. INTRODUCTION ing in the 1950s and 196(44]. The spin relaxation at the
walls of the vapor cells represented a serious obstacle in
The interaction of an atomic vapor with a solid surfacethese experiments. It was overcome by the usage of inert
may modify the optical properties of the vapor close to thebuffer gases that slow down the atomic motion thus prolong-
surface. Such effects can be studied by the reflection of ang the time between wall collisions. Alternatively, certain
laser beam at the surface. Thereby the atoms in a thin layesurface coatings, preferably containing hydrocarbon chains,
whose thickness is of the order of the optical wavelength, arean be used to prevent relaxation. They exhibit a strongly
probed. Information about the atom-surface interaction mayeduced interaction with the akali-metal atoms as compared
be obtained from the characteristic changes of the reflectivityith a bare glass surface, mainly due to a smaller adsorption
of the interface that occur when the wavelength is scannednergy, which results in a shorter average dwell time of the
across an atomic transition. This technique of reflectioratoms on the surface. The weak depolarization at coatings of
spectroscopy—designated as selective reflection othis kind was studied both theoretically and experimentally
evanescent-wave spectroscopy, depending on the angle iof detail mainly by Bouchiat and Brossel who singled out
incidence—has been applied in a number of experiments ttwo types of interactions responsible for the depolarization,
study alkali-metal atoms close to glass and other dielectrinamely, a dipole-dipole interaction and a spin-orbit interac-
surfaces[1-5]. Deexciting atom-wall collisions lead to a tion [15].
transient behavior of atoms near the surface, which results in In recent years, investigations of wall-induced depolariza-
a nonlocal response of the atomic medium to the excitingion of optically pumped atoms have been resumed in the
light field and gives rise to sub-Doppler features in thecontext of spin-polarized ion sources in nuclear physics
selective-reflection spectrigg—9]. The long-range van der [16—19. In these studies, a main goal was to find surfaces
Waals interaction between the atoms and the surface causeghat cause as little depolarization as possible and at the same
further modification of the specti®,10]. time meet the requirements of the specific technical applica-
Reflection spectroscopy can also be used to investigatéon, such as long-term stability. Several experiments that
the interaction of spin-polarized atoms with a solid surfaceuse spin-polarized nuclei to probe glass surfd@21 or
[11-13. At the surface the spin polarization is partly de- crystalline metal surfaceg§22] have demonstrated that
stroyed, since atoms colliding with the surface may stay adsurface-induced spin relaxation also bears some potential as
sorbed for a certain time during which they are subjected ta tool for studying surfaces and their interaction with atoms
depolarizing local magnetic fields, before they leave the surin a more general context from the surface-physical point of
face again and return to the gas phase. This phenomenon waigw. It was shown that relaxation rates provide information
first encountered in the early experiments on optical pumpabout 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
*Present address: Physikalisches Institut, Univarsitidelberg, in the 1960s to a wider class of surfaces therefore seems
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Present address: Fachbereich Physik, UnivérsBartmund  polarized atoms the decay of the spin orientation was mea-
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1050-2947/96/5¢)/216911)/$10.00 54 2169 © 1996 The American Physical Society



2170 STEFAN GRAFSTRM AND DIETER SUTER 54

depolarization at the walls of the container and therefore al-
lows one to extract information about the wall relaxation. In cw Laser
contrast to this type of experiment, we have developed a
technique, with which the polarization can be measured in ADC
the immediate neighborhood of the surface by polarization- P
selective detection of a reflected laser beam. We described RF | Lock-in]
the basic technique together with some theoretical consider- EOM
ations in an earlier pap¢t2]. 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- £ 1. Experimental setup and definition of the reference
nomenon quantitatively by our technique. We presented §ame. P's, polarizers; EOM, electro-optic modulator; RF, fre-
brief report on first quantitative results on the depolarizationyuency synthesizer; ADC, analog-to-digital convertef4 or /2,

of spin-polarized Na atoms at a bare glass surface in Refetardation plate; PBS, polarizing beam splitter; PD’s, photodiodes.
[13]. The present paper provides the detailed theoretical ba-

sis and gives a more complete presentation of experimentak|ected by a retardation plate and a polarizing beam splitter.
results mcludln_g both bare an_d coated_ glass surfaces. The pump beam is derived from the same dye laser and

In our experiment the atomic vapor in front of the surfacepassed through the glass-vapor interface at normal incidence.
under study is optically pumped with a laser beam of con-a magnetic field is applied perpendicularly to the pump and
stant power, which produces a ground-state-spin orientatioghe probe beam, and an electro-optic modulator modulates
In the steady state, diffusion of the atoms in a buffer gasine polarization of the pump beam between left and right
spin relaxation at the surface, and the optical pumping Ofjrcylar. This results in a forced precession of the magneti-
atoms leaving the surface lead to a gradient of the spin poation around the magnetic-field direction at the modulation
larization perpen_dlcular to the surface, so the medium befrequency[23]. The modulation frequency is set to the Lar-
comes optically inhomogeneous. The experimental setup igor frequency, which causes a resonant enhancement of the
described in Sec. Il. In Sec. lll we work out a comprehensivéyrecessing magnetization. The precession gives rise to a
theoretlcal'analy5|s, taklng fully into account the spatlal iN-modulation of the optical anisotropy and a corresponding
homogeneity of the medium caused by wall relaxation. Secmoduylation of the polarization of the reflected probe beam.
tlon IV presents _the experimental _results and their '”terPreConsequentIy, the signal can be extracted by a lock-in am-
tation on the baS|_s of the theory. Finally, Sec. V summarizeg|ifier, which ensures a very high detection sensitivity.
the results and gives an outlook. 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 transititimee D, line in our casg

The system investigated in our experiment consists ofind the optical resonance is recorded. On the other hand, we
spin-polarized Na atoms in Ar buffer gas in the vicinity of a can record the magnetic resonance by tuning the modulation
glass surface. The spin polarization in the Na ground statdfequency across the Larmor frequency, while keeping the
which is created by optical pumping of the atoms with alaser frequency constant at or close to the center ofDthe
circularly polarized pump beam tuned to the g line line. In this paper, we only discuss the optical resonance and
(A=590 nm, manifests itself as a macroscopic magnetiza-always assume that the modulation frequency coincides with
tion and makes the medium circularly birefringent. The at-the Larmor frequency.
oms close to the surface are probed by reflection of a linearly We used two kinds of cells, both made of Pyrex glass. In
polarized probe beam at the glass-vapor interface. The aene cell, we coated the walls with polydimethylsiloxane,
isotropy of the atomic medium reveals itself through awhereas the second cell was uncoated. The silicone coating
change of the polarization of the reflected probe beam. is known to prevent spin relaxation by wall collisions to a

The experimental setup is sketched in Fig. 1. Na vapotarge extent[19,24], whereas a bare glass surface causes
together with 130 mbar Afas measured at room tempera- strong depolarization. Hence, the two surfaces are suitable as
ture), serving as a buffer gas, is contained in a heated glagsiodel systems, as they represent two rather extreme cases.
cell that carries a glass prism on one side. The linearly poThe preparation of the cells has been described elsewhere
larized probe beam is delivered by a dye laser and hits thgL2].
interface between the prism and the atomic vapor at an angle The experiments were performed at a cell temperature of
of incidence that can be varied in a small interval 10  ~510-550 K with a Na number density of roughly%0
mrad around the critical angle of total internal reflection 10'” m~3 as estimated from the transmissivity of the sample.
with a resolution of~0.1 mrad. The polarization of the re- At the operating temperature the buffer gas pressure was
flected light is analyzed by means of a differential photode-~220-240 mbar. The pump beam had an intensity of
tector that measures the intensity difference between two or-25-75 mW/cnt, and the probe beam intensity was
thogonally polarized components of the light, which are~2-4 mWi/cn?. The strength of the magnetic field was set

Na Cell

Il. EXPERIMENTAL SETUP
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to ~42 uT, corresponding to a Larmor frequency 6300 TABLE I. Prefactqrsaij anq quantitieg;; for the different gl-
kHz. The earth’s magnetic field was compensated by threements of the reflection matrix. The elemepts apply to a spin-
orthogonal pairs of Helmholtz coils. polarized atomic vapor described in the 1/2+J’ = 1/2 model.
Ill. THEORY . aij Pij
- - pp 1-(ri)?
A. Reflection matrix pp

Seei— P r2igm,)

We consider the interface between a homogeneous isotrés {[1-(rN21— (ri)2 322 TXo
pic medium (glasg and the spin-polarized Na vapor. We 0N 2 0N 291 1/2 :
neglect the hyperfine structure and treat Bhetransition as sP {[1_(4"’)) GO Xo
a transition between two states with angular momentunss 1-(r{2)? Xo
J=1/2. This is a good approximation in our experiment, in 2¢
which the buffer gas causes a strong pressure broadening that

results in a homogenous optical line width 68 GHz and  \where k, is the vacuum wave vectd7]. The elements
masks the hyperfme structure.'Th.e ground—ste}te polarlzatlopij(z) are listed together with the prefactaag in Table I.
can be described by a magnetization vector with the comporhe quantities and & are the sine and the cosine of the

nentsm,, my, andm, in the reference frame defined in Fig. angle of refractions, in the absence of the atomic vapor
1. Light with a frequency close to tH2; transition, traveling

through the polarized medium, experiences a susceptibility n=nesing;=sing, £=1— n’=cos,, 4
given by[25]

whered; is the angle of incidence ang the refractive index
1 im, —im, of the glass. Note th&f is real wheng, is below the critical
2 angle of total internal reflectiof, and imaginary when it is
. _ ' aboved., whereasy is always real. The expression in Eq.
imy — —Imy 1 (3) is valid for all angles of incidence except for a narrow
. ) o . interval aroundd.. The width of the excluded interval is
where Xo 1S fche op'qcal susceptibility of the corresponding roughly given byyo(~1075), which is well below the di-
unpolarized isotropic vapor. vergence of the probe beam. Therefore, this restriction has

_ The re_flection at the interface is desqribed by the reflect,ot much practical importance, as the beam averages over a
tion matrix that relates th@- and s-polarized components gader interval.

Ei, and Ejs of the incident electric field to their reflected
counterpartE,, andE;s B. Calculation of the signal

X=xo| —im, 1 imy

In the experiment, the ground-state polarization is created

) (2)  through optical pumping by a pump-laser beam that propa-

gates in thez direction with a polarization that is modulated
©) ©) o between right and left circular. The transverse magnetic field
Here,r, ) andrgg’ are the well-known Fresnel coefficients, js griented along thg axis and forces the magnetization into
which describe the cas_e_that the atomic vapor is _rgplaped bY precession around thyeaxis. In the steady state the mag-
vacuum[26]. The quantitiesr;; represent the modifications netization rotates in the-z plane at the modulation fre-
caused by the presence of the vapor. gg is small  quency, so the off-diagonal elements of the reflection matrix
(xo~107°) they can be very well approximated in a first- show a corresponding oscillation, whereas the diagonal ele-
order expansion in terms of the tensor elemegats To low- ments are constant in tinfef. Table ).
est order the electric flelg in the atomic vapor can be ap- We Specify the probe beam, which in |inear|y po|arized at
proximated by the fieldE; with the vapor replaced by an anglea with respect to the plane of incidence, by fis
vacuum. This field is obtained from the incident wave byands-polarized electric-field amplitudes
multiplying its components with the appropriate Fresnel

transmission coefficientﬁat induces an electric polarization |=

P=g,xE; in the atomic vapor, which contributes to the re-

flect_ed field. This contrlbu_tlon dete_rmlnes thg flrst-_order COMp/e obtain the corresponding vectBrof the reflected wave
rectionsérj; to the reflection matrix. As outlined in Sec. |

(see Sec. Il C for more detajlsthe magnetization of the Na by operating the reflection matrix dn (We use boldface to

vapor and hence its tensor of susceptibility depends on thgistinguish these vectors from the three-dimensional repre-
distancez from the interface. Nienhuis, Schuller, and Ducloy entation. As described in Sec. I, this wave is analyzed by

calculated the reflected field produced by an arbitrar)})olanzatlon-selecuve detection in the following way: A re-

o . i tardation plate together with a polarizing beam splitter de-
z-dependent polarizatiof8]. The evaluation of their result fines a pair of mutually orthogonal polarizations, which in

with the polarization given byP(2) = eox(2)E; With X(2)  the most general case are elliptic and can be described by
according to Eq(1) yields two unit vectors

Erp
Ers

(0)
rpp+ 5rpp 5rps Eip

Eis

S sp rQ+ orgq

Eip cosy

E. : ®)

=E,4 .
o sina

coB

e'“sing

sinB

—e'*“cosB

. (6)

a;i © d
5rij:2_é[pij(o)+fo e|2k°§2(d_zpij(2))dZ], 3) o=
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TABLE Il. Theoretical signalAl/l, for different experimental quency. Then the componemt, parallel to the pump beam
configurations, expressed in terms of reflection matrix elementspscillates in phase with the polarization modulation in the
The labelss, p, and 45° refer to linear polarization perpendicular, sense that it reaches its extreme values each time the pump
parallel, and at 45° with respect to the plane of incidence, respeqyegm polarization passes through a state of purely circular
tively, whereasr anq I. F:ienote right and left circular polarization. polarization. Correspondinglym, oscillates with the same
See text for the definition of the parameters , and . 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,

Incident  Analyzer « B K Al ol lo
polarization  setting

p + 45° 0° 45° 0° Re(2rQors in which not only the magnitude but also the phase of the
s +45°  90° 45° 0° Re{2rQsrs precessing magnetization varies with the dlstance from the
45° p—s  45° 0o o° Re{rggﬁr’gs—r@ﬁrgp} wall. In this pape(r:I v;/et concentrate on the simplest case of
o —r 0° 45° 90° Rel2ir Qor* ) on-resonance modulation.

According to Table | the oscillating off-diagonal elements
of the reflection matrix contain a contribution from, and a
contribution fromm,, 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.
n all measurements presented in Sec. IV the out-of-phase

s I-r 90> 45° 90° Re[—2irQsrr)

The projections ofR onto e; and e, are transformed into
p- and s-polarized light, respectively, by the retardation

: . . I
plate. The parameteyd and « depend on its orientation and . i o
on the phase difference it produces. The beam splitter sep§lgnal (with respect to the polarization modulatjowas ac-

rates the two components and directs them onto two photoqu'rEd' which means tha, was selected. The contribution

diodes of the differential detector, which measures the inten2f Mz Provides no additional information. This signal part is
sity difference given by strongly suppressed close to the critical anglemass mul-

tiplied by ¢ (see Table)l
Al=|e,-R|?—|e,-R|?. 7) Under the assumption of on-resonance modulation, it is
sufficient to consider the amplitude of the precessing mag-
The signal is extracted by means of a lock-in amplifier,netization. We describe its spatial variation by a real function
which is referenced to the modulation frequency of the pumm, such that
beam polarization. Therefore, only those partsAdf that i
contain the modulated components of the magnetization m(z)=m.g(z) with g(z) — 1, ©)
(my, and m,) contribute to the measured signal, which be- e

comes where m,, is the magnetization in the bulk of the atomic
Al vapor. The variation ofn with z is caused by the interplay of
m°d=sin(Za)cos(Z,B)Re{r(O)ar* _r(0)5r*p} the diffusion of polarized atoms to the wall, where their ori-
lo PPETPS ssTS entation is partly destroyed, optical pumping at a constant
. . 2 (0) o % rate, and loss of polarization by collisions with buffer gas
+2 sin(25)Re(e"(cosx) rgp)érsp atoms, by diffusion of atoms out of the pump beam, or by
+e*i"(sina)2r(s?6rgs}, (8) reabsorption of fluorescence ligktadiation trapping The
evolution ofm with time at a distance from the surface is
where all higher-order terms were suppressedlgncE2 is  described by
the total intensity of the incident probe beam. In practice, Im 2m
only some particularly simple combinations of incident po- —=D—+P(1-m)—ym, (10)
larization and analyzer setting are used, involving linear and ot 0z

circular polarizations, as summarized in Table Il. In all cases e . .
listed, except the third one, the nonmodulated signal backVhereD denotes the diffusion coefficient of Na in the buffer

ground vanishes, which allows a high amplification and9as:P the optical pump rate, ang the relaxation rate in the

helps minimize the noise. In the third case this is true only ir1bUffe_r gas. The op_t|cal pumpingP) represents a source Qf
the region of total internal reflection, but the dc signal re_polanzatlon and drives the system toward complete polariza-

mains small also for partial transmission as long as the anglion (m=1), but is counteracted by the relaxation in the
of incidence is close enough to the critical angle. ?L:cffer ga)s. The stationary solution of EQ0) is given by
cf. Fig. 2

C. Inhomogeneous magnetization m(z

Collisions of the atoms with the surface lead to spin re- 9(2)= T~ =1-(1-go)exp( — u2),
laxation and reduce the atomic polarization close to the
probed interface. Therefore, an inhomogeneous layer exiswith the bulk limit m,,=m(z—»)=P/(P+ ), the bound-
at the interface, across which the magnetization varies as ary conditionm(0)=m..gy, and the inverse decay length
function of the distance from the interface. Furthermore, wew=[(P+ y)/D]"2 The homogeneous case corresponds to
have to keep in mind that the magnetization undergoes go=1. The boundary condition is determined by the wall
forced precession. The behavior becomes particularly simpleelaxation in the following way: One half of the atoms at the
if the modulation frequency is equal to the Larmor fre- wall are atoms arriving from the volume. They have traveled

11
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r probe beam polarization and analyzer setting. For the explicit

T form of g(z) given by Eq.(11) the functionv becomes
1
g(2) _ &
U=Upondo} 1+ 7—e uL—i2koLE|" (16

The dependence of the signal on the laser frequency of the
probe beam arises through the susceptibility which we
assume to be Lorentzian in shape, since the homogeneous
o pressure broadening caused by the buffer gas in our experi-
> ment exceeds the Doppler broadening. Witk |v|exp(¢),

we can rewrite Eq(14) as

I
1/n z

FIG. 2. Normalized magnetizatian=m/m,, as a function of the S=m..|v|(Re{xo}cosp— Im{xo}sine). 17

distancez from the wall. ) ) )
Hence, the signal as a function of the laser frequency exhib-

a mean distanc in z direction since their last collision with its & line shape that is a mixing of absorptitten{ xo}) and

a buffer gas atom, given by 2/3 of the mean-free-path in thélispersive(Re{x,}) contributions with a mixing angle given
buffer gas[28]. Therefore, we assume that their degree ofdy the phase ob. On the other hand, the absolute value
polarization is given byg(z=L). The other half consists of [v| characterizes the strength of the signal. In particular,
atoms that originally came from the same mean distance cag=0 corresponds to a pure dispersion line gnd — /2 to
rying the same polarization, but have made a wall collision2 pure absorption line, wheregs= 7 and ¢ = /2 give the

and return to the gas phase from the surface. These atorf@spective inverted structure.

have been partly depolarized, so their polarization is reduced In an earlier paper, we discussed the case of a homoge-
by a factor of 1- &, wheree denotes the probability of de- neously polarized atomic medium, characterized by

polarization. Within this modet, is related tog(z=L) by ~ 9(2)=1, for a situation, in which the angle of incidence of
the probe beam is close to the critical angle of total internal

1+(1-¢) reflection to within a few mradl12]. Before we discuss the
QOZTQ L). (12 inhomogeneous case, we summarize very briefly the results
of the analysis presented in R¢L2] for the homogeneous
This equation in combination with Eq11) establishes the medium, which can also easily be extracted as a special case

following relationship between andgg: from the general expressions worked out above: &et6,
— 6. be the detuning of the angle of incidence from the criti-
_ 2pL(1—go) (13) cal angle of total internal reflection. For small values&f

the signal strength given by .. drops with 14]5] when
o the angle of incidence is detuned from the critical angle in
where the approximation expul)~1-ul was used, gjther direction(actually, this asymptotic behavior is fulfilled

cT uL(1—go)+ 9o’

which is valid under typical experimental conditions. better for total reflection than for partial transmissioin all
. . experimental situations summarized in Table Il the line
D. Strength and shape of the optical resonance line shape makes an abrupt transition from purely dispersive to

As discussed in the preceding subsection, the steady-staélrély absorptive or vice versa at the critical angle, which
magnetizatiorm exhibits a spatial variation close to the wall Means thab yoy, jumps from real to imaginary at this angle.
described byy(z), whereas we assume that the density of the L€t us now tum to the inhomogeneous case. In the region
atomic vapor is constant, sg, is constant throughout the of totgl |nfternal refle_ct|0r§ is purely imaginary and the ex-
medium. In accordance with Eq8) and with the proper Pression in braces in Eq415) becomes rgal. Therefore, the
expressions fosr ,s and r ¢, [Eq. (3) and Table ] in mind, phase oby does not change compared with the homogeneous

the signal derived in Sec. Ill B can now be written as case, so the line shape is not affected, but only the strength
of the signal is modified. This finding is completely general
Al od and does not depend on the specific formg¢f). On the
S= I =Re{m..xov}, (14 other hand, in the region of partial transmission, whgiie

real, both the line shape and the signal amplitude are modi-

wherev is a complex-valued function of the angle of inci- fied by g(z).
dence of the probe beam and can be expressed as 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-
d—zg(z))dz}, (15 surep=230 mbar and a temperatufe=540 K the diffusion

coefficientD of the Na atoms in the buffer gas is approxi-
with v,om describing the homogeneous case corresponding tmately 2 cni/s. This follows from the valu®,=0.2 cnf/s
g(z2)=1 [29]. The expression in braces stems from thelisted in Ref. [30] via the transformation
evaluation of the reflection matrix. Note that the functionalD =D o(T/To)*po/p) with To=300 K andp,=1013 mbar.
expression fov,,,, depends on the particular combination of The mean-free-pathy. is obtained fronD via the relation-

v= Uhom{ g(0)+ f g'Zkotz
0
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shipD = L¢(v)/3, where(v) denotes the thermal mean ve-
locity [28]. With our parameters we find;~0.9 um, and
henceL~0.6 um~\ andkoL~2. The quantityP + y can

be estimated from the width of the magnetic resonance

line measured in a bulk experimeri3l]. We take 2
P+ y=2m7X10 kHz as a typical value for the pump beam %“
intensity actually used in the experiment. This gives =
1/u=56 um andky/u =600, which means that the inhomo- §D
geneous layer is very thick compared with the optical wave- @
length. Consequently, even close to the critical angle of total
internal reflection, whereé| is small, we have Ry|é|/u
>1. For example, By|&|/u=10 is fulfilled for | 5| as small
as 0.03 mrad. Hence, E(L6) can be approximated by Laser detuning [GHz]
0 =0pondo| 1+ & ! _ (18) FIG. 3. Signal as a function of the frequency detuning of the
2—e 2kgL¢ laser as measured with the uncoated celi-at— 0.4 mrad(circles.

) ) ) o The theoretical line shapgsolid curve has been fitted to the data.
Obviously, in the range of partial transmissioé ea) the  The fit yields a mixing angleo= —52°.

phase ofv is influenced by the degree of depolarizatioat
the surfa.ce,. so the optical line shape_d_epends.oNhen the _ the magnetization &=0, is not constant
angle of incidence approaches the critical angle from the side
of partial transmission¢ is real and goes to zero and the P 1
expression in brackets becomes imaginary. Therefore, the M,.0o= .
phase is shifted byr/2 as compared with the homogeneous VP+7vy JD/L el(2—¢e)+yP+y
case. However, when the angle of incidence is tuned farther
below the critical angle¢ increases and the bracketed ex- P has an absorptive Lorentzian dependence on the laser fre-
pression approaches 1, so the line shape evolves toward th@ency detuning, and this leads to an apparent narrowing of
shape predicted for the homogeneous case. the observed line, since the optical pumping becomes less
If we consider as an example a situation where we have efficient with increasing detuning, so the wings of the line
dispersive line shape in the region of total internal reflectionare suppressed. Hence, a purely Lorentzian line does not re-
the behavior can be summarized as follows: When the anglproduce the experimental line shape well and a mixed-phase
of incidence is tuned from above to below the critical angle,Lorentzian line multiplied by an expression of the type given
the phase makes a jump hyand the line shape is abruptly in Eq. (19) has to be used instead. The dampipgnd the
inverted[actually, the approximate form given by E.8)  pump rateP can be estimated from the dependence of the
becomes invalid very close to the critical angle and the inwidth of the magnetic resonance line on the pump power
version is not complete, depending on the valuggf Upon  [32]. We foundP,,,,~27X 10 kHz for zero laser detuning
further angular detuning, the line shape then approaches andy~2xXx2 kHz[33]. It follows that in the case of strong
absorptive shape. How fast this approach occurs strongly devall  relaxation & close to unity we have
pends on the value af, which therefore may be determined (D/L?)Y%/(2—¢)>(P+ y)¥? so the expression given in
from a measurement of the line shape as a function of th&q. (19) reduces to consk P/(P+ y)*? and the knowledge
angular detuning below the critical angle. This will be illus- of the particular value of is not required in advance for the
trated by the experimental data discussed in the next sectiopvaluation.
Figure 3 depicts the optical line as measured slightly be-
IV. EXPERIMENTAL RESULTS AND DISCUSSION low the critical angle ab=—0.4 mrad. The probe beam was
s polarized and the intensity difference between the compo-
nents of the reflected beam polarizedtat5° with respect to
We first turn to the discussion of the experimental resultghe plane of incidence was measured. We fitted a theoretical
obtained with the uncoated glass cell, in which a strondine shape of the type discussed above to the data by adjust-
surface-induced spin relaxation is expected. The optical linéng the center frequency, the width, the amplitude, the mix-
was recorded for a number of different angles of incidenceng angle(phase ¢, and a constant background level, while
and for several different settings of the analyzer and of th&eeping the ratioP,,,/y=5 fixed in accordance with the
polarization of the probe beam, corresponding to several ofbove estimation. The experimental line shape is fairly well
the possibilities listed in Table 1. reproduced by the theoretical curve, but some systematic de-
To characterize the line shape and signal strength, weiations are nevertheless presdof. Fig. 3. This is, of
fitted a mixed absorptive-dispersive theoretical line to thecourse, not surprising with regard to the unresolved hyper-
experimental data. To achieve a good fit, we must take intdine structure and the Doppler effect, which were both com-
account that the pump beam is frequency tuned together witpletely neglected in the theory.
the probe beam. This causes an additional modification of To extract the relaxation probabilig, we determined the
the optical line shape, since the pump rBt@aries with the  mixing anglee as a function of the angular detuning from
laser frequency. Therefore, the factor,g, contained in the critical angle, as depicted in Fig. 4. The theoretical func-
S=Re[m..xov} with v given by Eq.(18), which represents tion ¢=arg(), which follows from Eq.(16), was fitted to

(19

A. Uncoated cell



54 INTERACTION OF SPIN-POLARIZED ATOMS WITHA . .. 2175

o F T | . o F T 7]
s ; 45°
. -45° 45° s |
® -45 . o -4 5
2 -90° - %ﬂ -90° f
5 =
= d =
_135° - -135° b n
p Imp Oc00co0Dogng
-180° L | ﬁwfltimuﬂuum_ -180° L I |
-10 -5 0 5 10 -10 -5 0 5 10
Angular detuning [mrad] Angular detuning [mrad]

FIG. 4. Mixing angle of the optical line as a function of the ~ FIG. 5. Mixing angle of the optical line as a function of the
angular detuning from the critical angle of total internal reflection.angular detuning from the critical angle measured with the probe
Experimental datasquares are shown together with theoretical beam polarization at 45° with respect to the plane of incidence. The
curves for three different values of the depolarization probability.intensity difference between tree and p-polarized components of
The curve fore =0.47 represents the best fit to the data. the reflected beam was detected. The solid curve represents the

. i theoretical behavior fog =0.5.
the data withe as the only free parameter and with the as-

sumptionsL=0.6 um and 1k=56 um. The value ofu reliable results. At present, we estimate the corresponding
influences the curve only in the closest neighborhood of theincertainty with regard to the depolarization probability to
critical angle, but is of no importance for the overall behav-be ~20%.

ior, which is well described by the approximation given by In Fig. 4 the extreme cases ef=0 ande=1 are also

Eqg. (18). Consequently, the value af that results from the indicated. It should be stressed that complete depolarization
fit is virtually independent ofu. The fit deliverse=0.47, at the wall does not imply that the magnetization at the wall
corresponding ta,=0.034, and the data are very well de- vanishes completely. With the assumptions made ahout
scribed by the theoretical curve in the region of partial transand w, we find go=0.01 for e=1, which means that the
mission. magnetization at the wall is still 1% of the bulk valoe,,

In the case of total internal reflection the theory predictsalthough each wall collision is completely disorienting. This
the line to be close to an inverted dispersion line indepenis, of course, due to the magnetization that is carried to the
dently of the value ok. This is indeed essentially in agree- wall from the volume of the atomic vapor. An analogous
ment with the experiment, although the experimental lingphenomenon exists when a gas is in contact with a wall that
shows some asymmetry, which produces a systematic deviés kept at a different temperature than the volume of the gas
tion of approximately 15° of the experimental mixing angle itself. Then there is a temperature gradient across a certain
from the theoretical value@f. Fig. 4). A similar asymmetry layer of the gas close to the wall due to heat conduction, but
is observed in an analogous experiment that probes the butke temperature of the gas in the immediate neighborhood of
of the atomic vapor. Here, the probe beam is passed throughe wall is not equal to the temperature of the wall, a phe-
the vapor cell overlapping with the pump beam and the ponomenon known as “surface jump[28,34. The surface
larization of the transmitted light is analyzed. The findingjump of the magnetization at a completely disorienting sur-
that the asymmetry is also present in the bulk suggests thatfiace in our experiment is determined by the produttand
is not related to the interaction with the surface; we attributedepends on the buffer gas pressure.
it to the unresolved hyperfine structure. Figure 5 shows the result obtained with the probe beam

Note that according to Eq18) the quantity that deter- polarized at 45° with respect to the plane of incidence and
mines the dependence of the line shape on the angular dedth the reflected beam analyzed in terms of dtsand p-
tuning iskyL(2—¢)/e rather thare itself. Hence, a possible polarized components. In the case of partial transmission, the
error of L immediately affects the experimental value of the behavior is identical to the one discussed above in full agree-
depolarization probability. Here, both the value of the diffu- ment with the theory. Within the statistical error both mea-
sion coefficient itself as well as its transformation into thesurements yield the same depolarization probab#ity=or
mean-free-path . according to the most simple gas kinetic total internal reflection, we again observe a systematic devia-
theory represent possible sources of systematic errors. Afion of the same kind as above. However, it is interesting to
additional error may originate from the fact that the descrip-hote that in spite of this offset of the absolute value of the
tion of the basic line shape as Lorentzian is inaccurate bemixing angle¢ the experiment follows the theoretical pre-
cause of the hyperfine structure and the Doppler effect. Indictions as far as the change @fwith the angular detuning
deed, we observed that after a slight modification of thed is concerned: in Fig. 4 there is a slight decrease wiith
functional expression used to describe the line shape thiacreasingd, whereas in Fig. 5p stays constant. Further-
quality of the fit stayed more or less unchanged but the mixmore, with the configuration of Fig. 4 but with the probe
ing angle provided by the fit nevertheless changed by severdleam p polarized, we observed a slight increase ¢fin
degrees. This suggests that the correct theoretical descripti@greement with the theornot shown.
of the line shape is extremely important in order to achieve Not only the mixing anglep but also the signal strength
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and the curves represent the theory for three different values of
They were calculated for /=56 yxm andL=0.6 um. The loga-
rithmic ordinates for theory and experiment have been adjusted
with respect to each other to bring theory and experiment into line FIG. 7. Mixing angle of the optical line vs angular detuning as
for e=0.5. measured with a silcone-coated Pyrex glass surfaqearek to-
gether with a theoretical curve far=0.1. This curve does not
provides information about the depolarization at the surfacerepresent a fit to the data but serves to illustrate the rather weak
The dependence of the signal strength on the angular detudependence of the theoretical mixing angleson
ing is shown in Fig. 6, in which the experimental data are
depicted vs the angular detunidgin two log-log plots(for  contrast to the line shape that contains information alsout
6<0 and 6>0, respectively, together with theoretical only in the range of partial transmission.
curves corresponding to=0, £=0.5, ande=1. The signal
always reaches its maximum for zero angular detuning and
falls off on both sides of the critical anglsomewhat more
rapidly for partial transmission than for total reflection After the detailed presentation of the results from the un-
With increasinge, this signal decay becomes steeper. In thecoated glass surface, we now proceed to the discussion of the
angular regime depicted in Fig. 6, the dependence can beorresponding data from the silicone-coated surface, for
rather well approximated by a power law|® with s between  which a much weaker relaxation is expected. Again, the mix-
—0.5 and—1 but different for6<0 and >0 and depend- ing angle and the signal strength were determined for a set of
ing on the value ofe. In the absence of wall relaxation different angles of incidence. This time, the relationship
(¢=0) the theory predicts~ —0.5 for total reflection and (D/L?)¥%¢/(2—¢&)>(P+ v)¥? does not apply because of
s~ — 0.7 for partial transmission. In the extreme case of totathe much weaker wall relaxation, and we have to use some
depolarization at the surface the values are closer-fo  presumptive value of for the fit. The analysis of the mag-
Note that according to Eq18) the powers, which is the netic resonance line indicates thats roughly between 0.01
slope of the curve in the log-log plot, is only determined byand 0.0232]. Taking into account that the pump power was
e andL but independent ofe. In the approximation repre- lower than in the previous case, we consider
sented by Eq(18) the latter quantity only enters the problem (D/L?)¥%/(2—¢)=P¥2 andP,,,,/y= 2.5 to be reasonable
within the prefactorgy and therefore only shifts the curves assumptions. The small depolarization probability means that
vertically in the log-log plot without changing their shape the pumping efficiency is now less severely reduced in the
and slope. Unless the density of the sodium vapor and wings of the line. As a matter of fact, the line appears wider
number of experimental parameters such as photodiode sefor the coated than for the uncoated cell as a direct conse-
sitivities and light powers are accurately known, we cannoguence of this effect.
evaluate the absolute signal amplitude quantitatively and the The mixing anglep, as found from the fit with the param-
comparison between experiment and theory must be reeters chosen as stated above, is depicted in Fig. 7 for the
stricted to the slops. The experimental slope is very well same configuration of probe beam polarization and analyzer
reproduced by =0.5 in agreement with the result obtained setting that was also used in the measurement with the un-
from the evaluation of the line shajjgee above Therefore, coated cell illustrated in Fig. 4. Comparing the two figures,
the theoretical curves in Fig. 6 were adjusted in amplitude byve see that in the region of total internal reflection no sig-
a common shift along the ordinate in such a way that thenificant difference exists. This is indeed exactly the behavior
curve fore=0.5 falls onto the experimental data points, butpredicted by the theory, according to which the mixing angle
we would like to stress that the slope and not the amplitudés completely independent of the wall relaxation in this an-
is the relevant feature. gular regime. The systematic deviation-efL5°, which was
From Fig. 6 it becomes evident that, although the slopeabove tentatively attributed to the hyperfine structure, is
s in principle reflects the magnitude ef its dependence on present in the coated as well as in the uncoated cell.
€ is not very pronounced and far less characteristic than the Below the critical angle, however, the two cells differ
dependence of the line shape on the angular detuning. Thereery clearly in their behavior, the line shape observed with
fore, the line shape provides the better tool for achievinghe coated surface being almost purely absorptive in the
information about the wall relaxation. But it is worthwhile whole region of partial transmission. Along with the experi-
noting that the slope reflects the strength of the surface- mental data, Fig. 7 shows a theoretical curve §6¢0.1,
induced spin relaxation on both sides of the critical angle, inwvhich differs only little from the curve expected if wall re-

Angular detuning [mrad]

B. Silicone-coated cell
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100 e Dol 100 tabulated vapor pressuf85] is not applicable, at least in the
: [0V ] ] 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 authoif86,37).
E x e The comparison of the amplitudes measured with the
Angular detuning [mrad] coated and the uncoated cell—after rescaling the results to
equal vapor densities and laser powers—nevertheless allows
FIG. 8. Signal strength vs angular detuning observed with thelus to derive an improved estimate fer Even though this
coated cell in comparison with theoretical results for three differentcomparison is accurate only within a factor of2, it pro-
values ofe between 0 and 0.1. vides a more stringent boundary fer We find £<0.04,
o . which is fully compatible with the value of the order of 0.01
laxation is completely absetttf. Fig. 4). Indeed, as far as getermined from the magnetic resonance [i88]. Note that
the mixing angle is concerned, the experiment is compatiblgych a relative comparison of amplitudes requires the knowl-
with more or less any value of between 0 and~0.1, but  gqge ofy, in contrast to the evaluation of the line shape and
with values closer to zero appearing somewhat more likelyyhe slopes. All theoretical curves in Figs. 6 and 8 were
Itis only in t_he _immediat_e neighborho_od of the critical angle cg|culated with L ="56 um andL=0.6 um. A different u
where in principle the line shape still shows a more pro-eayves the shape of the curves essentially unchanged but
nounced dependence a@n but this angular interval is 100 modifies not only their absolute magnitude but also their
narrow to be resolved experimentally because of the diveryg|ative magnitude with respect to each other. For example,
gence of the laser beam. One should also keep in mind thg{;ip, increasing pump powep increases and the curves

the theory becomes inaccurate for very small angular detunyoye up and closer together, as the magnetization at the wall
ings (6]~ xol), so they are not well suited for a quantitative 5 griven closer to saturation.

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 We have presented an experiment for the quantitative in-
mixing angle in the case considered here, as the line is alestigation of the spin relaxation of optically pumped atoms
ways rather symmetric—either very close to absorptive beat a surface. The magnetization is sensed in the proximity of
low the critical angle or close to dispersive abdie the surface by a laser beam that is reflected at the surface.

Figure 8 is a log-log plot of the signal amplitude, as ac-The change of its polarization, which is induced by the an-
quired with the configuration chosen according to the fifthisotropy of the atomic vapor, is monitored. The combination
entry of Table Il, together with theoretical curves for0,  of an optical and a magnetic resonance ensures a very high
£=0.01, ande =0.1. They have been adjusted arbitrarily to sensitivity, allowing the detection of less thar® Jblarized
produce the best fit between experiment and theory foatoms. The analysis of the data is based on the fact that the
£=0.01. But again it is the slope rather than the absolut&toms are subject to a diffusive motion in an inert buffer gas.
amplitude that should attract the reader’s attention. Fronhe interplay of diffusion, optical pumping, and wall relax-
Fig. 8 it becomes obvious that it is not possible to determination results in the formation of an optically inhomogeneous
e from the experimental slope. The slopes of all three theotayer, where the magnetization decreases toward the surface,
retical curves are in perfect agreement with the experiments magnitude at the surface being determined by the extent
within the statistical fluctuations. of wall relaxation.

In summary, in the case of weak wall relaxation—as rep- The theoretical analysis of the reflection at this inhomo-
resented by the silicone-coated cell—we again find that thgeneous medium shows that the wall relaxation is reflected
theory can well reproduce the experimental data, but a quarby the shape and strength of the optical line observed when
titative deduction ofe is not feasible, neither from the line the laser frequency is tuned across the atomic resonance.
shape nor from the signal strength. It is only possible to puStrong wall relaxation causes a very clear modification of the
an upper boundary oa of about 0.1. However, it is worth- line shape for angles of incidence immediately below the
while noting that even a small wall relaxation e&=0.01  critical angle of total internal reflection, which can be uti-
causes a rather clear reduction of the magnetization at thized to deduce the depolarization probabilityper wall col-
wall, which is reflected by the absolute magnitude of thelision numerically. For a bare glass surface we fid0.5.
signal (see Fig. 8. Therefore, a thorough evaluation of the Measurements with a silicone-coated surface show that the
absolute signal strength—rather than relative quantities suchall relaxation is much smaller in this case<0.1), but the
as the slopes—may in principle provide more accurate in- exact value ofe is not accessible by this type of measure-
formation aboute. However, at present the knowledge of ment, because the line shape depends only weakly for
some of the experimental parameters is rather limited in acsmall wall relaxation. Similarly, the dependence of the signal
curacy and this prevents a safe evaluation of this kind. Thetrength on the angle of incidence provides a useful measure
Na number density has to be determined from the opticabf & only for strong depolarization at the surface. A relative
transmissivity of the sample, which is too low at the operat-comparison of the signal amplitudes measured with the two
ing temperature to be measured accurately, so a rather unceaurfaces indicates that the depolarization probability at the
tain extrapolation from lower temperatures is necessary. Thsilicone layer is below 0.04. As we will discuss in detail in a

=0
1
£=0.01

e=0.1

Theoretical amplitude Ivl
1)
1A opmydute [eonaIooy ],

0.1

V. CONCLUSIONS AND OUTLOOK
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forthcoming paper, the magnetic-resonance line providededuction of the depolarization probability. Therefore, a fur-
complementary informatiofi32]. Essentially, the magnetic- ther development of the method should include a more
resonance line is sensitive ¢oin the region where the opti- elaborate treatment taking the hyperfine structure and the
cal line is rather insensitive, and vice versa. Hence, bottiDoppler effect into account. Furthermore, the usage of sepa-
methods together represent a powerful tool for the study ofate lasers for pumping and probing would allow us to keep
wall relaxation over a wide range ef the frequency of the pump beam fixed. This would simplify
The values =0.5 found for the glass surface is lower than the evaluation, as it eliminates the modification of the atomic
one might expect from the adsorption energy of 0.71 eV thatmedium that results from the frequency tuning of the pump
has been reported for Na on Pyrex glass in the literd@8¢  beam.
From this energy a rather long average dwell time on the The method bears the potential to be applied to a wider
surface of the order of Ls follows, which should lead to an class of surfaces, including different coatings and also crys-
efficient depolarization. However, one should first of all betalline surfaces, such as, e.g., LiF. It is, of course, highly
aware that the surface used in the experiment is not welllesirable to improve the surface preparation, as well-defined
defined and its exact composition is not known. Further measurfaces are indispensable for the reproducibility of the re-
surements including several samples of the same kind amgults and for their interpretation in terms of surface proper-
necessary to clarify the reproducibility of the results and theies. An application of the method to various surfaces, pref-
possible presence of contaminants. Measurements of the waltably in a vacuum chamber offering strongly improved
relaxation of spin polarized Xe nuclei reported by Zenigl.  possibilities of preparation and control, is very much facili-
showed large fluctuations for bare glass surf488s On the tated by the fact that only the illuminated area of the surface
other hand, a long average dwell time on the surface does ni probed, which can be rather small. This is an important
necessarily imply that is close to unity. If a considerable advantage as compared with arrangements, in which infor-
fraction of the wall collisions are collisions where the atom mation about wall relaxation is deduced from the magnetiza-
does not stick to the surface but immediately bounces bacton in the volume of the atomic vapor, in which case all
to the gas phase, the average depolarization should be cleagyrrounding surfaces contribute.
below unity although the average dwell time still might be
very long. In other words, in this case the study of the depo-
larization probabilitye provides access to the sticking prob-
ability at the surface, which is an important quantity for ad- This research was supported by the Schweizerischer Na-
sorption kinetic§40]. tionalfonds and a “human capital and mobility” grant from
As discussed in this paper, the description of the basiBundesamt fu Bildung and WissenschaftContract No.
optical line shape as Lorentzian represents an oversimplifi93.023). Assistance from Tilo Blasberg is gratefully ac-
cation and this introduces a considerable uncertainty into thknowledged.
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