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Regionally specific hyperfine polarization of Rb atoms in the vicinity(~10"° cm) of surfaces
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We maderegionally specifioneasurement of the hyperfine polarizati@l) of Rb atoms in the vicinity
(~107° cm) of coated and uncoated Pyrex glass surfaces in optical pumping cells. This is in contrast to the
previous hyperfine polarization studies, where the quantity measured is the bulk hyperfine polarization, which
depends on surface interactiosmgeraged over the entire cell surfac&¥e probe the hyperfine polarization of
the Rb atoms in the vicinity of cell surfaces using the evanescent wave of a weak laser beam. We find that the
polarization in the vicinity of uncoated surfaces is significantly lower than that in the bulk. The polarization
decreases rapidly with decreasing distance from the surface. By contrast, the polarization in the vicinity of a
silicone-coated Pyrex glass surface is independent of the distance from the cell surface and is equal to the bulk
polarization. Regionally specific measurement of the hyperfine polarization as a function of the penetration
depth of the evanescent wave allows us to deduce the hyperfine polarization, its normal gradient, as well as the
normal gradient coefficients, at the cell surface. We present the values of these quantities for three repre-
sentative uncoated cells.
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I. INTRODUCTION Rb atoms on paraffin-coated cell walls by studying the gas

Hyperfine polarization of alkali-metal atoms has beenPhase relaxation of spin-polarized Rb atof63. Coatings
studied for decades, partly because of the important role gan also dramatically reduce the surface relaxation rate of
plays in atomic frequency standard4,2]. The physical spin-polarized inert gas atoms that do not possess a nuclear
quantity measured in those studies was the bulk hyperfinquadrupole moment such &Xe [7,8]. However, the relax-
polarization. Due to surface interactions, the hyperfine polaration rate for'?®xe was found to vary widely among simi-
izations in the vicinity of cell surfaces can be significantly |arly coated cell§7]. This mysterious behavior of coatings is
different from that in the bulk and therefore exhibit a largenot understood and is probably the reason that coatings have
spatial gradient normal to the surface. Since under most eX;qt yet found wide use in atomic physics. The main difficulty
perimental conditions the thlckne_ss of this surface layer igp, studying coatings is the lack of a simple method to quan-
more than three orders of magnitude smaller than the Cery the regional quality of coatings, thus making it hard to

d|me_nS|o_n(~_1 cm), _the_ spatial variation of the hyperfln_e determine whether a coating is regionally damaged or defec-
polarization in the vicinity of cell surfaces cannot be studied..

when one probes the atoms in the bulk, as was done in pre-
vious studies. On the other hand, information about hyper—f the hyperfine polarization of Rb atoms in the vicinty

fine polarization very close to the cell surfaces is importan -
in, e.g., designing miniature atomic clocks. Furthermore, the™ 10~ ¢m) of uncoated and coated Pyrex glass surfdégs

bulk hyperfine polarization depends on surface interactiond € hyperfine polarization near the surfaces is very sensitive
averaged over the entire cell surfacesen though surface [0 surface interactions, and therefore can be used to charac-
interactions may vary from place to place on the cell walls. Itterize the property of surfaces. In silicone-coated optical
is therefore desirable to develop a technique that will allowpumping cells, we have been able to obtain two-dimensional
regionally specific measurement of hyperfine polarization at2D) images of surfaces by measuring the hyperfine polar-
micron/submicron distance from the cell surfaces. ization at micron or submicron distance from the cell sur-
This technique will also be useful in the study of coatingsfaces[10]. The images provide direct evidence for the exis-
in optical pumping cells. One of the principal relaxation tence of the so-called “hot spots,”i.e., the defective areas on
mechanisms of polarized alkali-metal atoms is the surfaceoated surfaces. The ability to quantify and map the coating
interactions on cell walls. It is found, however, that if the cell quality in optical pumping cells will be helpful in developing
surfaces are coated with saturated paraffins or certain kindatings of good and reproducible quality.
of silicones, the wall relaxation can be significantly reduced, In this paper, we will report more details of our experi-
which in turn can greatly enhance the atomic polarizatiormental study of the hyperfine polarization of Rb atoms in the
that can be achieved and produce extremely narrow linevicinity of uncoated and coated Pyrex glass surfd@gsThe
width in atomic spectroscopy3]. Consequently, coatings basic idea of the experiment is to use a strong pump beam to
have the potential to be of great use in many fields, such asreate hyperfine polarization in the Rb vapor and to probe
precision atomic measurements, frequency standards, highe hyperfine polarization near the surfaces using the evanes-
sensitivity atomic measuremenii4], polarized sources and cent wave of a weak beam. Evanescent wave spectroscopy
targets, medical imagind], etc. Bouchiat and Brossel made provides a unique way to study surface interactions of alkali-
an extensive study of the surface relaxation of spin-polarizednetal atoms and has been used by several grilipsl§.

Recently, we have made regionally specific measurement
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The hyperfine polarizatiogS-1), where4S and 7l are, Frequency | Tigger|  pigital
respectively, the spins of the electron and the nucleus, is Generator Oscilloscope Computer
obtained from the following equation: 1 1

Probe :
(S-I)ZTI’(S-Ip):M(N—a—%>, (1) Leser tockin [
Na+Nb Ja b
wherep is the density operator of the ground-state Rb atom,
andN, and N, are, respectively, the population densities of gt
the ground-state hyperfine multiplets of total angular mo- °
mentaa=1+1/2 andb=1-1/2, with g, and g, being their
respective statistical weights. F6fRb atoms,|=3/2 and K
therefore the ground-state hyperfine multiplets are?,g, wm\o\; Chogper

=5 andb=1,g,=3. When all of the®’Rb atoms are in the
multiplet a, (S-1)=0.75. For®Rb, 1=5/2 andthereforea. FIG. 1. The experimental setup. PD1 and PD2, silicon photo-
=3,0,=7 andb=2,9,=5. When all of thé"*Rb atoms are in  gjpges. LP, Glan-Thompson linear polarizer.

the multipleta, (S-1)=1.25.

Due to surface interactions, the density operator and cortures about 10 °C higher than that of the tip where the Rb
sequently(S-1) is a function of the distancefrom the cell metal is by placing the tip in a small chamber and flowing
surface. Regionally specific measurement of the hyperfineoom-temperature air through the small chamber. As noted in
polarization as a function of the penetration depth of theRef. [19] and also observed in the present experiment, Rb
evanescent wave allows us to determine the normal gradienensity in coated cells can be significantly lower than that in
coefficientu, which plays an important role in the theory of uncoated cells. All Rb densities reported here are directly

surface interactions and is defined by measured rather than inferred from the cell temperature, us-
ing the method described in Ref20]. The experimental
Ll = upz=0), (2)  setup is shown in Fig. 1. The Rb cell is mounted inside an
N | = oven and heated by flowing hot air into the oven. Cell tem-

whered/an=n-V andn is a unit vector in the direction of perature and the temperature of the tip where the Rb metal is
are measured using thermocouples attached to the cell body

the z axis, which is perpendicular to the cell surfatey ; C2 . .
plane and points into the cell. In describing coherent surfaceand the tip. By adjusting the air fiow into the small chamber,

interactions, it is essential to treatas an operator in Liou- the temperatures of the tip andothe body can be controlled
ville space, acting on the density operaggrwhich is re- mdepende_ntly to better than 0.2 °Cusing a_feedback system.
garded as a vector in Liouville spak&7]. Under our experi- The oven is mounted on a rotation stage with a resolution of

o : ; . 0.001°. A truncated right angle fused quartz prism is attached
ir:%r:%l]ggngj;tlonsu 's characterized by a scalps,, which to one of the windows of the cell using index matching sili-

cone fluid.
KS - 1) Nl =g Single-mode diode lasers operated in the free-running
Ms1 = —<S- Do (3)  mode with a linewidth of 45 MHz and followed by a Glan-
Z=

Thompson linear polarizeLP) (extinction ratio of ~107°)
and will be referred to as the normal gradient coefficientprovide linearly polarized pump and probe beams. Both
[18]. beams arg-polarized and diffraction limited, with an angu-
lar beam spread of 0.025°. The pump beam is incident per-
pendicularly on the cell surface. Its frequency is tuned to the
transitionsc,,d; or ¢,,d,, depending on whether the cell is
A. Experiment filled with isotopically enriched’Rb (98.3 at. % or Rb of
The Pyrex glass cells used in the experiment are Cy"ndri_natural abundance. The designation of the transitions is indi-

cal in shape. Their diameters vary from 12 to 30 mm ancf@ted in Fig. 2. The transitioreg andd, are not resolved due
their lengths from 1.6 to 50.0 mm. The cells contain isotopi-© collisional and Doppler broadening. The same is true for
cally enriched Rb(98.3 at. %’Rb) or Rb of natural abun- the transitions; andd,. The pump beam depletes the popu-
dance. They also contain,Nbuffer gas of various pressures. lation of the hyperfine multiplel, causing an accumulation

The pressures refer to 25 °C. We use both coated and u@f the Rb atoms in the hyperfine multiplat
coated cells. The coating is done using Surfé&isiliconiz- To use the phase-sensitive detection method, the probe

ing agen}, following a procedure similar to that described in P€am is modulated by an optical chopper at a frequency of
Ref. [19]. For coated cells, care is taken to make sure that900 Hz. The probe beam has an intensity QfW_/C”‘Z- It
coated surfaces are not covered with Rb atgfis This is 'S incident at the same spot where the pump is and at an
achieved by the following precautiong) Cells are made to angle slightly larger than the critical angég=sin(1/Ve))
have a 90° bent rather than straight stem so that during Rbsin(1/n,), wheree; andn, are, respectively, the dielectric
filling no Rb metal will get into the cell bodyii) During the  constant and index of reflection of the glass. The probe beam
experiment, the body of the cell is maintained at temperaundergoes total internal reflection at the interface between

Il. EXPERIMENT AND RESULTS
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0.920

maintained at 25 °C when absorption spectra are taken, all
the transition frequencie®gr, can be assumed to be un-
shifted. By comparing the absorption spectra with the known
frequencies of the transitions between the hyperfine multi-
plets of the ground and excited states of ], one can
convert the time base of the recorded reflectiRiyw) into

an absolute frequency base.

0.915

0.910

0.905

Signal S(») (a.u.)

0.800 B. Average hyperfine polarization(S-1)

Experimental study is done in two types of cells: cells
I filled with isotopically enriched RK98.3 at. %®'Rb) and
0.890 L—1 L L L those filled with Rb of natural abundance. Since the experi-
377100 3r7io4  377i08 377112 mental methods and results are similar for these two types of
Probe Beam Frequency a/2r (GHz) cells, we will focus on the study &fRb, briefly mentioning
FIG. 2. A representative attenuated total internal reflection sig-the differences th".’lt may arise Tor the. cells ﬁ"ed. with natural
nal S(w) in a cell filled with Rb metal of natural abundance and Rb. In 0867”5 filled  with 'So_tc’p'ca”y enriched Rt_)
5 Torr N,. The Rb density is 2.76 1083 cm™3, The incidence angle (98.3 at. %°'Rb), the N, pressure is 25 Torr. We choose this
of the probe beam corresponds to a penetration depth of/nki1 ~ Pressure to insure that the transitionsand d; have suffi-
The signal is averaged 10 times. The dashed line corresponds to §ent overlap. In these cells, tfeRb atoms make little con-
absorption and therefore is equal@g/C,. The reflectivityR(w) is  tribution to the signal except at high cell temperatures and in
obtained by dividing the signaR(w)C,/C, by the dashed line the study of bulk hyperfine pumping. The pump beam is
C,/Cy. tuned to the transitions; andd,. The®'Rb hyperfine polar-
ization(S-1) in the vicinity of cell surfaces is obtained from

the Pyrex glass and Rb vapor. The size of the probe beam [d. (1). Therefore, one needs to know the population densi-
sufficiently smaller than that of the pump beam so that it cariies N, and Ny, near the cell surfaces. Due to surface relax-
be completely overlapped by the pump beam. The frequenc§tion, however, the population densities and consequently the
of the probe beam is scanned across the[Rbline. The yperfine polarization in the vicinity of surfaces are func-
reflectivity R(w) of the probe beam is measured using thetions ofz. A convenient way to study thedependence of the
following method. A photodiode PD1 measures the intensityhyperfine polarizatiofS-1) is to introduce the average hy-
of the reflected probe beam. Its output is given byperfine polarization(S-1), which for a given penetration
Ciliasef @) R(w), wherel ,so{w) is the output intensity of the depthd is obtained by replacingN,(z) and Ny(z) by their
p_ro_be Iaser.and:l takes care of the reflectivity and transmis— average valuega and ﬁb Here the penetration depthof
sivity of various optical components such as linear polarizerthe probe beam is defined by

wedges, windows of the oven, prism surfaces, etc. The out-

0.895

put of P1 is fed into a lock-in amplifier. The intensity of the d= Ao 1 5)
laser beam is monitored by a second photodiode PD2, the 27 e s 9-1'

output of which is equal taC,l,se{w), With C, having a ) ) )

similar meaning toC,, and is fed into the same lock-in to With Ao being the wavelength of the beam in the vacuum.
divide the output of P1, so that any intensity change or fluc-The average population densitiblg and N, are determined
tuation of the laser beam during the frequency scan is caras the fitting parameters that give the best fit between the
celed out. The output of the lock-in is therefore given by measured reflectivityR (w) and the calculated one. The de-

tails for the calculation ofR (w) and the determination cﬁa

Sw) = &R(w), (4) andﬂJ are described in the Appendisee Appendix A 4 a
Cz and A 4 d. The z dependence of the actual population den-

S . . : . . sities N, and N, manifests itself in the dependence of the
which is obviously independent of laser intensity. A typical . = — .
total internal reflection signal is shown in Fig. 2, and the@verage population densitié¢, and N, on the penetration
procedure for obtaining the reflectivitg from the data is depthd (Fig. 3. _
explained in the caption of Fig. 2. The values olN, andN, thus determined are used in Eq.

Since no wavemeter is used in the laser frequency scan td) to compute the average hyperfine polarizatignl ). Fig-
correlate time and laser frequency, signals are recorded amre 4 displays the dependence of the average hyperfine po-
the oscilloscope as a function of time rather than frequencyarization(S-I) on the penetration depthin some represen-
The conversion of the time base to the absolute frequenciative coated and uncoated cells. It is important to note that
base is done as follows. The probe beam is allowed to paste average hyperfine polarization near the cell surfaces as
through a reference cell filled with Rb metal and no bufferplotted in Fig. 4 is regionally specific rather than averaged
gas. The absorption spectra are taken in the same way as tbger the entire cell surfaces. That is, the measured average
reflectivity R(w) so that the recorded reflectivitg (w) and  hyperfine polarization is determined by theggional surface
absorption spectra have the same time base. Since the celliigeractions. The spatial resolution of the hyperfine polariza-
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FIG. 3. The dependence of the normalized average populatlorcD 012 ®| 18 4.1
densitiesN,/N (O) andN,/N (CJ) on the penetration deptthin a ] H| 18 41
representative uncoated céflo. 17). The cell contains isotopically 0.08 |- <| 09 7.4
enriched Rb(98.3 at. %$'Rb) and 25 Torr N. The Rb density is - ol 17 8.2
6.2x 103 cmi 3. The pump beam intensity is 1.3 W/éniThe av- 0.04 | :
erage excited-state populatuNg/N (A), which constitutes a few - Of 83 43
percent of the total population, is also indicatsde Appendix A 4 0.00 2 1 X 1 L 1 . 1
3. 00 10 20 30 40
tion in thexy plane is determined in the present experiment Penetration Depth d (p.m)

by the size of the probe beam, which is about 1.0 pigj.
In the coated cell, the dependence of the average hyperfine FIG. 4. The dependence of the average hyperfine polarization
polarization on the penetration depth is studied for two dif-(S:1) on the penetration depttl in a coated(®, M) and three
ferent pumping intensities 1.3 W/émand 8 mW/cm. At uncoated(O, O, ¢) cells filed with isotopically enriched Rb
1.3 W/cn? pumping intensity, the average hyperfine polar-(98.3 at. %8'Rb) and 25 Torr N. The Rb density for each cell is
ization is 0.70+0.02 and is independent of the penetratiomdicated in the legend. The pump beam intensity is 8 mW/fon
depth within experimental uncertainties. That is, the Rb vathe ™ data and 1.3 W/ cifor all the other data. The uncertainty in
por is almost fully polarized all the way to the cell surface.the penetration depth due to the diffraction limit of the probe laser
For pumping intensity 8 mW/cfnalthough the average hy- beam is not shown in the figure.
perfine polarization is substantially small€.32+0.02, it is
still independent of the distance from the cell surfaces. Thi¢rage bulk hyperfine polarization is similar to that used to
is in sharp contrast with the uncoated cells, in which theobtain the average surface hyperfine polarization. The only
average hyperfine polarization near the surfaces is signifidifference is that the probe beam, instead of undergoing total
cantly smaller than that in the bulk. The distance over whictinternal reflection, passes through the cell and the transmis-
the average hyperfine polarization changes rapidly is on thgivity as a function of the probe beam frequency is measured.
order of 102 cm. Thus, we come to the conclusion that in Details are given in Appendix A4 b and A 4 d. Numerically
the vicinity of uncoated surfaces, the relaxation rate of hy-<calculated reflectivityR (w) and transmissivity/{w) are also
perfine polarization is dominated by surface interactionsshown in Fig. 5 and Fig. 6. The fit is excellent.
whereas the relaxation rate near coated surfaces is still domi- We note that the average hyperfine polarizati&al) in
nated by bulk interactions such as collisions with Rb atomd=ig. 4 does not seem to be approaching the bulk value
and buffer gas molecules. (~0.7) asd increases. To understand this, we made a simu-
Shown in Fig. 5 and 6 are the typical data®8Rb hyper-  lation study, which allows us to study the average hyperfine
fine pumping in the vicinity of cell surfaces in coated andpolarization for large values a that would otherwise be
uncoated cells. In spite of its narrow linewidth, the pumpdifficult to achieve experimentally due to the diffraction limit
beam pumps all velocity groups as a result of collisionof the probe beam.
broadening and velocity-changing collisiof22]. This is The penetration deptd as defined by Eq(5) does not
also confirmed by the hyperfine pumping data in Figs. 5 andlepend on the frequency of the probe beam, and therefore
6. For comparison, bulk hyperfine pumping data taken in theserves as a convenient frequency-independent length scale.
same coated and uncoated cells under the same experimeridlysically, it represents the & lecay distance of the ampli-
conditions are also shown. The method of obtaining the avtude of the evanescent wave when the frequency of the probe
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FIG. 5. (Color onling Comparison of the hyperfine pumping  FIG. 6. (Color online Comparison of the hyperfine pumping
near the surfacés) and in the bulkb) in an uncoated’Rb cell(no.  near the surfact) and in the bulkb) in a coated’Rb cell (no. 16
9) with 25 Torr N,. The temperature is 100.0 °C and the Rb densitywjth 25 Torr N,. The Rb density is 7.58 102 cm3. The pump
is 5.8x 10'>cm™>. The pump beam intensity is 1.3 W/émThe  peam intensity is 1.3 W/cfn The incidence angle of the probe
incidence angle of the probe beam corresponds to a penetratigibam corresponds to a penetration depth ofi8win (a). The path
depth of 3.8um in (a) while the path length of the probe beam in |ength of the probe beam ifb) is 2.0 cm. The circles and squares
(b) is 8.75 mm. The evanescent probe beam is perpendicular to thge the experimental data and the lines are numerical calculations.
pump beam in(@) whereas the probe and pump beams are parallefrom the data we obtaifS-1)=0.72+0.02 for the bulk and
to each other irfb). However, the hyperfine pumping in the bulk is .73+0.02 near the coated cell surfaces.
independent of the relative orientation of the pump and probe
beams due to velocity-changing collisions. The circles and squares
are the experimental data and the lines are numerical calculations. tan 2, =
From the data, we obtaiqS-1)=0.73+0.02 for the bulk and
0.28+0.01 near the uncoated cell surfaces.

4
€2
g5~ &, SIM? 0

()

During hyperfine pumping, however, the Rb vapor near the
Bell surface needs to be treated as a stratified medium and the
penetration depthd, can be calculated using the stratified
nmedium theory described in the Appendsee Appendix A 4

beam is far away from the resonance frequencies of the R
atoms so that the dielectric constantof the Rb vapor is

approximately unity. When the frequency of the probe bea
is near the resonance frequencies of the Rb atoms, the diele%)-'

: Simulation is done for a cell filled with isotopically en-
tric constant of the Rb vapor becomes a frequency-dependent 87 :
complex number. As a result, the penetration depth also deﬂChEd Rb(98.3 at. %"Rb) and 25 Torr N. The Rb density

EA ) i .
pends on the frequency of the probe beam and will be de'® assumed to be 4:710%cm. During hyperfine pumping

noted asd,,. As will be discussed belovd, can be signifi- the dielectric constarng, of the Rb vapor near the surface is

cantly different from the frequency-independent penetratio iven by Eq.(A37) and depends on th_e popL_JIation densities
depthd. .(2) andN,(2) near the surface. For simulation purpose, we

If the Rb vapor can be treated as a homogeneous mediutts€ the following linear population density profiles féf(2)
with a frequency-dependent complex dielectric constant aNdNp(2):

=e,t+ié), the penetration. dept.mu of the prok?e beam is equal B NL(0) + [N;‘” ~NJO)JZL, 0<z<L
to the reciprocal of the imaginary part bf , the z compo- Na(2) = © , (8)
nent of the wave vectok® in the Rb vapor, and can be Na z>L
written as[see Eq.(A6)]
- N(0) +[Ni” = Ny(0)Jz/L, 0<z=<L
1 Np(2) = (0) ° 9
(6) [\ z>1L

d ko[ (g1 Sir? 8- £5)?+ 822]1/4 sina,’

The parameterBJ(aO) and Nf)o) are the bulk population densi-
wherek, is the wave vector of the probe beam in the vacuunties and are chosen to be 0N%nd 0.0N, respectively,
and a, is defined by where N is the ®’Rb density. This choice ol” and N\
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16 Thus we come to the conclusion that the average hyper-
fine polarization approximation is valid ifi, has a weak
dependence ow or if d,>L over the entire scanned fre-
quency range, where is the dimension of the surface layer
in which the population densitieN,(z) and Ny(z) change
from the surface values to the bulk ones. Neither of these
criteria is satisfied for the simulation data in Figb), which
explains the unsatisfactory fit 02 (w) using average popu-
lation densitiedN, and Ny, -

0 . . That the average hyperfine polarizati¢8-1) in Fig. 4
377100 377104 377108 377112 does not seem to be approaching the bulk v4tu6.7) asd
increases is due to the following two reasotis Whend is

1.00 sufficiently small, it agrees witk,, and therefore represents
0.96 the actual penetration depth of the evanescent wave. For ex-
ample, in our simulation, whed=1.50 um, d,, lies between
2 092 1.40 and 1.65um for the entire scanned frequency range. As
% 0.88 d increases, for the frequency range> w,,, d, lagsd more
2 and more untild starts to lose its physical meaning as a
o 084 measure of the actual distance the evanescent wave travels
0.80 into the Rb vapor. For example, far> w,,, d,, lies between
076l a (b) 3.2 and 7.4um for d=7.0 um, and between 3.3 and 18n
377100 377104 377108 377112 for d=80 um. (ii) As d increases, the average hyperfine po-

larization approximation starts to break down due to the
larger and larger variation af, over the scanned frequency

FIG. 7. (a) The penetration depit,, vs  for an incidence angle  'ange. Indeed, for the data shown in Fig. 4 that correspond to
that corresponds td=4.0 um (dashed horizontal line The solid ~ d~4 um, the fit between the measured reflectivity and the
line is the penetration depth for the magnetic field and the dotted®n€ calculated using average population densities is notice-
line for the electric field. Details of the calculation are described inably not as good as the fit fat=<1 um, indicative of the
section Appendix A 4 c(b) The calculated reflectivitiR (w) (solid ~ onset of breaking down of the average hyperfine polarization
line) and the fit(dashed lingusing the average population densities approximation.

N, andN,, as fitting parameters. One sees that a better fit to the left The penetration deptti, also depends on the Rb density.
wing of the transitiora, requires larger average population density The higher the Rb density, the larger the discrepancy be-
N.. Physically, this is due to the larger penetration degghfor ~ tweend,, andd. For example, ifd=4 um, we find that for
frequencies of the red wing of the peak. the scanned frequency range, varies between 2.6 and
14.6 um for Rb density 4.% 10" cm 3 and between 3.4 and
corresponds to a bulk hyperfine polarization of 0.73. Theq.4 um for Rb density 5.& 102 cm™3. This is probably the
parametersN,(0) and N,(0) are the population densities at reason that the reflectivitiR (w) measured at relatively low
the surface, and are chosen to be 0N25d 0.378, respec-  Rp densities can still be fitted quite well using average popu-

tively, which corresponds to zero surface hyperfine polarizagation densities even thougth is relatively large(~4 wm)
tion. The parametelr describes the scale of the length OVer (gee Fig. 5

which the population densitigNa(;) and Nb(z) vary and_is For the cells that are filled with natural Rb metal, we
ghofﬁg to be ?.&m. qutdted in F'g'l Vat)hlst the penetrgggtn choose a N pressure of 5 Torr so that there is sufficient
epthd,, Vs w for an incidence angié that correspondsito overlap between the transitiorrs and d, and at the same

=4.0 um. The penetration deptth, refers to the 1¢ decay ..
. i . time the overlap between the unsolved peakd, andc,,d,
distance for the electric fieltsee Appendix A 4 ¢ We note is negligible. In these cells, the hyperfine pumping is per-

that althoughd,, does not deviate significantly frohwhen formed on®Rb. The pump beam is tuned to the transitions

w is larger thanw,,, the frequency of; peak, it can be as - '
) . C, andd,. The procedure for obtaining the average hyperfine
large as 14.qum for frequencies of the red wing of tre polarization(S-1) for 8Rb is the same as that used fdRb.

peak. Herewgg: is the frequency associated with the transi- o
tion F—F’, with F andF’ representing the hyperfine mul- We note that because the ransitiensd, andc,,d, overlap

tiplets of the ground state®s, , and the excited state®®,,, " the far wing, the pump beam also produces a small
respectively. amount of°'Rb hyperfine polarization, which under our ex-

g . s perimental conditions is negligible in uncoated cédise Fig.
| Shown in F|g. Tb) is t.h'e~reflect|V|tzR(w)' calculated us- 8(a)] and about 10% in coated cellsee Fig. &)]. There-
ing the population densitieN,(z) andNy(2) in Egs.(8) and  fore, for 8Rb hyperfine pumping in coated cells, a small
(9). Also shown is the fit using the average population denyeviation of the®’Rb populations in the ground-state hyper-
sities N, and N, as fitting parameters. It is seen that for  fine levels from their equilibrium valudge., when the pump
= w,q the fit is reasonably good, but far< w,, the fitis bad.  beam is off needs to be taken into account in order to obtain
That is, the average hyperfine polarization approximatiora good fit between the measured reflectivity and the calcu-
starts to break down in this frequency range. lated one.

Frequency o/2x (GHz)
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pump beam on

1.00 = N.(o)

Reflectivity
o
8
N, (a.u.)

o
8

N,

0.94 z (a. u.)

uncoated cell (#30) (@)

. ) FIG. 9. The limit process used in this study to obtain the slope
377100 377104 377108 377112

of N,(2) at z=0. The same process is used to obtain the slope of
Np(2) at z=0.

1.00 =

proximation method to determine dN./dn|-, and
dNp/ dn|=o. We measure the reflectivitid®(w) for a number
of different penetration depthd. Because of the depen-
dence ofN,,N, and consequently the dielectric constapt
the Rb vapor in the vicinity of cell surfaces needs to be
treated as a stratified medium, and the reflectiRtiw) de-
pends on the unknown functiori$,(z) and Ny(2) (see the
AppendiX. For each penetration depthof the probe beam,
we construct the piecewise linear population density profiles
as defined by Eqg8) and(9), and adjust the parameterto
ted cell (# 49 ; . 2
0.92 ! R #e9 (.b) give the best fit between the reflectivi(w) calculated us-
srmeo Pr:;:g:am fro Z;:ze (GHz) sz ing the population densitiell,(z) and N,(z) and the mea-
quency suredR (w) which corresponds to the actual population den-
FIG. 8. (Color onling Hyperfine pumping near the cell surfaces Sities N4(2) and Ny(2). The reason for constructing these
in an uncoated and a coated cell filled with Rb of natural abundancinear population density profiles is that, as the penetration
and 5 Torr N. The Rb density is 2.78 10'3 cm 3 in the uncoated  depthd of the probe beam approaches zero, the linear popu-
cell and 2.92¢10"* cm™® in the coated cell. The incidence angle of |ation density profilesN,(z) and Ny(2) approach the respec-

the probe beam corresponds to a penetration depth ofdn®@ e tangents to the actual population density profigéz)
(a) and 0.98um in (b). The circles and squares are the experimental ~

data and the lines are numerical calculations. From the data w8NdNb(2) atz=0 (Fig. 9). The polgrizatior(S;l) that corre-
obtain(S:1)=0.47 near uncoated and 1.20 near coated surfaces. sponds to the population densitibg(z) andNy(2) is also a
linear function ofz, and becomes the tangent to the polariza-

o
©
®

pump beam off

[
©
5]

Reflectivity

0.94

C. Normal gradient coefficient tion (S-1) atz=0 in the limit of d— 0. That is, we have
In this section, we will show that the normal gradient ~ ~
coefficient ug, can be determined by the reflectivity data. «S-1) = lim (S Dl = (S- |>|z=0_ (12)
For clarity purpose, we will focus on the cells filled with N |, d—o L

isotopically enriched RI§98.3 at. %®'Rb). The normal gra-
dient coefficientug, is defined by Eq(3). Therefore, one
needs to determine the values as well as the normal gradie
of N(2) andNg(2) at the surfacéz=0). The values ofN,(2)
andN,(z) at the surfacelN,(0) andN,(0), are obtained from
the hyperfine polarization at the surfa¢g:1)|,-o, which in
turn is obtained by extrapolating-1) to d=0,

The method described above is used to deduce the normal
radient coefficienjug, from a set of reflectivity datd(w)
g’ken at various incidence angles in a representative un-
coated cellcell no. 53 at a Rb density 4.8 10'3 cmi 3. The
pump beam intensity is 1.3 W/émThe bulk population
densitiesN'” and N\ are obtained from the bulk transmis-
sivity measurementsee Appendix A 4 b Substituting the

(0) (0) ; ; iva
(s |>|po:(|jimo<3' . (10) ;/iilrlljes ofN,” andN,"” in Eq. (1), we find the bulk polariza

The normal gradients oN,(z) and N,(z) at the surface
(z=0) require knowledge of the population density functions
Nx(2) andNy(2) in the vicinity of surfaces, which, however, As mentioned above, the values Hf(0) and N,(0) are
are unknown. Therefore, we use the following linear ap-obtained using extrapolation from the limit ljmy(S-1).

(S-1),.. = 0.70 £ 0.02. (12)

012902-7
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FIG. 10. Expanded plot of the average hyperfine polarization

data taken in cell no. 53 that corresponddte 1 um (see Fig. 4.
The solid line is the extrapolation using a quadratic polynomial fit.

FIG. 11. The dependence of the fitting paramét@n the pen-
etration depthd in the representative uncoated cell no. 53. The

The intercept yields the hyperfine polarization at the cell surfaceextrapolation ot to d=0 is done for the data points that correspond

(S+1)],2=0.088.

Since, as discussed in Sec. Il B, the valuel oépresents the
actual 1£ decay distance only for smadl and furthermore

tod=<1 um and yields the intercefty,=0.84 um.

Msy IS that if the cell surface were displaced backward a
distance 1/g, and the normal gradient of polarization at
=0 were to extend uniformly to the displaced surface, the

the average hyperfine polarization approximation is more repolarization would be zero at the displaced surface. We note

liable for small values ofl, only the average hyperfine po-
larization data corresponding =<1 um are used in the

that this is in exact analogy with the concept of velocity slip
or temperature jump in gas kinetic thed23].

extrapolation, which is done using a quadratic polynomial fit We did similar studies in two other uncoated céfis. 09

as shown in Fig. 10 for cell no. 53. We obtain
(S-1)|,=0=0.088, (13

whence
<S'I>|z:0: <S'|>|z:0:0.088. (14)

For different penetration depthd, we find thatL de-
creases withd and by extrapolating ta@l=0 we obtain the
intercept(see Fig. 11

Lo=0.84 um. (15)
Using Eqgs.(12), (14), and(15), we obtain from Eq(11)
#s-1)
n |,
Finally, substituting Eqs(13) and(16) in Eq. (3), we obtain
sy =8.3um™ (17)

for the representative uncoated cell no. 53. We did not assig
uncertainty to the normal gradient coefficient,. This is
because the values of the hyperfine polarization at the su

=0.73um™. (16)

and no. 17. The results for all three cells are presented in
Table I. The hyperfine polarization, its normal gradient, and
normal gradient coeeficient at the cell surface in cell no. 09
were reported in Ref9], where a different method was used
to find the hyperfine polarization at the surface and therefore
slightly different values ofS:1)/n|,-o and ug, were ob-
tained. Like the average hyperfine polarization data in Fig. 4,
the values of the various quantities listed in Table | are also
regionally specific rather than averaged over the entire cell
surfaces. We also attempted to dedugg for a coated cell.
However, the slope&(S-1)/dn|,-o and consequentlys, are
too small to be reliably determined from our data.

In their study of the surface interactions of spin-polarized
Na atoms, Grafstrom and Suter determined the normal gra-

TABLE |. The hyperfine polarization, its normal gradient, and
normal gradient coefficient at the cell surface in three representative
cells. In comparison, we note that the bulk hyperfine polarization in
these three cells is 0.70+£0.02. The experimental conditions such as
Eb density and pump beam intensity are given in the caption of

ig. 4.

r_

face (S:1)|=o and the parametdr, are obtained using ex- Cellno.  (S:1)| XS-1) (™) ey ()
trapolation, and errors due to extrapolation are difficult to ;N lzo

estimate. The physical meaning of the lenbghs that if the

normal gradient(S-1)/4n in the vicinity of the surface were 09 0.05 1.3 26
constant and equal to that at the surface, the hyperfine polar- 17 0.10 061 6.1
ization (S-1) would increase from its value at the surface to 53 0.088 0.73 8.3

the bulk value over a distandg,. The physical meaning of

012902-8
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dient coefficient for the Zeeman polarization to be values of the hyperfine polarization, its normal gradient, and
0.51 um™1 [16]. Their experimental method and experimen- normal gradient coefficients, at the surface in three repre-
tal conditions being different from ours, it is difficult to com- sentative uncoated cells. We find that under our experimental
pare their value ofx with ours. For example, their probing conditions the Rb hyperfine polarization at the surface in
distance is much larger than the mean free path, whereas imcoated cells is about 10% of the bulk hyperfine polariza-
our case the penetration depth of the probe beam is only ton.
fraction of the mean free path. Therefore, the Na polarization
in their case can be assumed to be an exponential function of
the distance from the cell surface, whereas in our case the ACKNOWLEDGMENTS
diffusion equation may not be applicable and consequently
;hﬁ_ﬁzlzgzﬁf?o'%g%to?r?g?ustag;yaa;meﬁg(:ginfﬁlﬂtfyvgcgg:‘rig%ity Research Council. We wish to .thank .Professor Will Hap-
o.ut in which we assume the hyperfine polarization and cong er and Professor. H. M. ITa' for @scussmns. We also thank
seduently the population densitibl(z) and Ny(z) near the _Steve Miller for his help in bun_dlng a small chamber for

) : b - independent control of the cell tip temperature.
surface can be described by simple exponential functions.
We find that all the reflectivitie® (w) measured at a number

This work was partially supported by the Rutgers Univer-

of different penetration deptitscannot be fitted well by the APPENDIX
reflectivities calculated using such exponential population
densities. The general theory of wave propagation in a stratified

medium was developed by Abelg®4]. Here we shall review
the theory of reflection at the interface between a homoge-
neous medium and a stratified of#b]. Consider three me-
Because of the way the data are collected and analyzed ifia, to be referred to as the first, second, and third media. The
our experiment, the uncertainty in the average hyperfine pdfirst medium extends from=- to z=0, the second from
larization is relatively small. Some of the common causes oZ=0 to z=L, and the third fromz=L to z=%. The first and
uncertainty such as Rb number density and laser intensitthird media are homogeneous. The first medium has a real
fluctuations have been greatly reduced. The Rb density is natielectric constant,;, and the third one a complex dielectric
obtained from the temperature readings but rather as a fittingonstante;= 5 +ie3. The magnetic permeabilities of all three
parameter. Furthermore, it is the ratiz/N rather than the media are assumed to be unity. Suppose a monochromatic
density N itself that is used in computing the polarization. plane wave, propagated in the first medium with a wave
The laser intensity fluctuations are canceled out in computvectork in the xz plane making an angle of with the z
ing R(w). The scattering among the data taken in the samaxis, is incident on the interfadey plane between the first
experimental setting due to the frequency drift of the pumpand second media.
beam is negligible. The main sources of uncertainty are due
to the following: (i) the overlap between the pump and probe _
beams and the frequency setting of the pump beam, which 1. A homogeneous medium
may not be equally optimal in different experimental runs, We shall first consider the case where the second medium
(i) the relatively poor signal-to-noise ratio when the penetrais homogeneous. For TM op-polarized incident waves,
tion depth is very small, 0.am for example, andiii) the  HV=H"=0. The tangential components of the magnetic
diffraction limited angular spread when the incidence angleand electric field vectors in the second medium can be writ-

is very close to the critical angle. Overall, we estimate theren as, with the time dependence éxt) being omitted,
relative uncertainty in is between 5% and 10%.

D. Experimental uncertainties

H(x,2) = U(2)explik?'x), (A1)

Ill. CONCLUSIONS E)((z)(x,z) _ V(Z)eX[(ik;Z)X), (A2)

We have studied the spatial variation of the regionally
specific hyperfine polarization of Rb atoms in the vicinity
(~1075 cm of coated and uncoated Pyrex glass surfaces i
optical pumping cells. The evanescent wave is used to probe u(0) U(2)
the hyperfine polarization near the surface. Our results pro- V(0) =M(0,2) v |
vide direct evidence that the hyperfine polarization near un-
coated surfaces is significantly smaller than that in the bulkere
and that under our experimental conditions it decreases rap-
idly over a distance on the order of Hcm. By contrast, in cogk?) - i% sin(k®2)
coated cells the hyperfine polarization remains constant as z k(zz) z
close to the surface as can be probed by our method, which is M(0.2)= K@
about 300 nm. We measure the average hyperfine polariza- -i—= sin(k(zz)z) cos(k(zz)z)
tion as a function of the penetration depth of the probe beam, €ko
from which we have been able to deduce regionally specific (A4)

whereU(z) andV(z) can be expressed in terms of their val-
Hes atz=0 in a matrix form[25],

(A3)

012902-9
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is the characteristic matrix, ark,‘f andkZ are, respectively, @ Ko o)

thex andz components of the wave vecti? in the second codk,’2) - @ sin(k;”2)

medium. We have M(0,2) = @ z . (A7)
- iﬁ sink?z)  cogk?z)

k2 =K@ sin g,= koVe, sin 6, (A5) 2. A stratified medium
Now suppose that, is a function ofz, i.e., the second
medium is a stratified one. We want to relate the tangential
components of the magnetic and electric fieldszad to
—_— those atz=L. For this purpose, we divide the second medium
2 - 12 = ks — X o ’

k' =K® cost, = koVe, ~ € Sir? 6, (AB) into N thin slices:z,<z=z,., (n=0,1, ... N-1), wherez,
=nL/N. Each of these thin slices will be considered as ho-
mogeneous. Consider theh slice located between, and

) . z,+1. The tangential components of the electric and magnetic
wherek, is the wave vector in the vacuum adgithe angle fields atz, andz,,, are related by the\((z,,z,,;) matrix,

betweerk? and thez axis. We have used the law of refrac-
tion \?2 sin szv'el_ sin @ in Eq. (A6). We note thaik(zz)_is a [U(Z”)} =M(Zn,2n+1)|:U(Zn+1) ] (A8)
complex number in the case of total internal reflection. V(z,) V(Zn11)
The matrix M for TE or s-polarized incident waves is  \here
|
€2(z1)ko
co§k? (Z,) (Zu1 ~ 7] - ;§2> = SINTK? (2) (Zn41 = Z0)]
M(z,Z341) = (2)(Zn) (A9)
SiTK?(2,)(z41 — 2,)] co§k? () (Z1 — 2]
ez, )ko
[
Therefore, V(L) = psT, (A16)
U(0) ] s u(L) h
= [1 Mz, 2040 (Alp) ~ ‘Wnere
{wm r V] v
In the limit N— <, Eq. (A10) becomes p;= i_ cosé, (A17)
\ E:
[U(O)] =M(0 L){U(L)} (A11) l
V(0) Slvo I 1
where the characteristic matrix{(0,L) is P3= 6_3\"63 — & sit 6. (A18)
N-1

_ Since the valuet)(0),V(0) andU(L),V(L) are related by

MO,L) = “an HOM(Z” Zne)- (A12) the M matrix, we obtain from Eq9A11)—(A16) the reflec-
" tion coefficient
Now we consider the boundary conditionszat0 andz

=L. Let A and R represent the complex amplitude of the (Mg + MyoP3)P1 = (Myg + MyoPs)

magnetic vector of the incident and reflected waves in the = (Mu1+ MioPa) D1 + (Mor + Moopa)

first medium andr that of the transmitted wave in the third 11+ Mi2Ps) Py (M1 + Mp2Ps

medium. The boundary conditions &0 are

(A19)

where the matrix elements; are given by Eq(A12). The
A+R=U(0), (A13) reflectivity R is given by
p(A=R) =V(0), (A14) R=|rl%. (A20)
and atz=L are

For TE ors-polarized incident waves, the characteristic ma-
Ul =T, (A15) trix M is

012902-10



REGIONALLY SPECIFIC HYPERFINE POLARIZATION.. PHYSICAL REVIEW A 71, 012902(2005

N-1
MOL = lim 11 M(zyz0.), (A21)
—% n=0
where
co§KP(2,) (Zyr — 20)] iy SINK?(2)(Z41 ~ 2))]
_ k; " (z0)
M(Zp,Z41) = k(z)(Zn) (A22)
- sl @)@ z] o)z - 2)]
[
The reflection coefficient is still given by EGA19) except € & .
that the matrix elements; are now given by EqgA21) and - cos6 - P Sir? ¢
(A22), and r=—t . , (A27)
_ 2 coso+ | 2 -sit 0
p1= Ve COSH, (A23) €1 €1
which is the Fresnel formula fqu-polarized incident waves.
- Similarly, we have fors-polarized incident waves
p3: \“"63_ €, S|n2 0. (A24)

€:
cosf— /-2 —sirt 6
_ €1

& .
cosf+ \/—2—3m2 0
€1

3. Fresnel formulas (A28)
We consider the special case where the second medium is
homogeneous ané,=e3. In this case, the problem becomes
the reflection at the interfac&e=0) between two homoge-
neous media, and we expect the reflection coefficient or re- 4. Numerical calculations of R(w), ZT{w), d,,, and (S-1)
flectivity to be the same as that given by the Fresnel formu-

las. The characteristic matrixt becomes

cosk?L) - i?—fj’ sin(kL)
M(O,L) = 2 ’
i ezzko sink?L)  cogk?L)
(A25)
for TM or p-polarized waves, and
cogdk?L) - i% sin(k?L)
MOL=| ’
- ii sink?L)  cogk?L)
(A26)

for TE or s-polarized waves. Substituting Eq#17), (A18),
and(A25) in Eg. (A19), we obtain

2ne?

&lw)=1+
Fr WFF -

feeNg [ 0 1
s Ff deWvX)l2f dv W(v,)

a. ReflectivityR (w)

The numerical calculation of the reflectivifg(w) at the
interface between the Pyrex glass and Rb vapor requires
knowledge of the dielectric constant of the Pyrex gldisst
mediun) and that of the Rb vapor near the surfdgsecond
mediun). The determination of each of these quantities is
discussed in the following.

(i) Dielectric constante; of the Pyrex glassThe dielectric
constante; of the Pyrex glass is obtained from the critical
angle 6., which in turn is determined as followj20]. We
tune the frequency of the probe beam far away from the Rb
D1 line so that the dielectric constant of the Rb vapor can be
safely regarded as unity. The critical anglg then corre-
sponds to the onset of the total internal reflection of the
probe beam, which manifests itself as a sudden change in the
intensity of the reflected beam. The error associated with this
method of determining, is of the order of the diffraction
limit of the probe laser beam. The dielectric constanbf
the Pyrex glass is given by =1/sirfé,.

(i) Dielectric constante, of the Rb vapor near the sur-
face The complex dielectric constant of the Rb vapor near
the cell surfaces is given by the following equatidrs,14:

, A29
WEEr — @ + k;z)vx + kgz)vz_ i'yFF//2:| ( )
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wheree andm, are the electric charge and mass of the eleceter. By changing the integration variable to Doppler shift
tron, N is the population in the ground-state hyperfine mul-w,={kgvy, EQ. (A34) can also be written as
tiplet F, andv, andv, are, respectively, the andz compo-

nents of the velocity of the atom. The normalized ez(w):1+27732 fFF’NFJw o j
Maxwellian velocity distributions ob, andv, are given by Me fr orer Joo VA,

M Mov2\ w? 1
W(v;) = p(- ') =x,2), (A30 s
(vi) ‘/zkaTeX T (i=x,2), (A30) o irv] eyt (A35)

X
wherekg is the Boltzmann constant, is the temperature of \yherey=1yqe +7' is the total homogeneous broadening and
the vapor, anM is the.mass_ of the Rb atom. The transition ihe linewidth parameted, is given by
frequencieswrg: are given in Ref[21]. Collisions of Rb
atoms with N molecules and surfaces, however, cause a 2ksT
shift in the frequencieswgs: [12,26. The homogeneous Ax= ko EVEE (A36)
broadeningygg: includes natural broadening and broadening
due to collisions with N [26], Rb[27], and surface$28]. ~ We have assumed that collisional broadening, which is the
The oscillator strengthé for transitions between ground- dominant contribution toyeg/, is the same for all the transi-
state and excited-state hyperfine multiplets are related to tHons F—F’, and thereforeyee is approximately indepen-
electronic oscillator strength by dent of F andF'.
We find that Eq(A29) and Eq(A34) or Eq.(A35) give an
fee = fWAQ'FIIF;I)(2]+ 1)(2F' +1),  (A31)  almost equally good fit to the experimental data. When the
pump beam is on, the population dendity depends on the
distance from the cell surface as a result of hyperfine pump-
ing and surface relaxation. Furthermore, depending on the
pump beam intensity, there may be a certain degree of satu-
ration. Therefore, we use the following expression &gr
during hyperfine pumping:

where W is the Racah coefficient] and J’' are the total
electronic angular momentum of the ground staf&,5, and
the excited state 531,2, respectively, and=0.35 is the os-
cillator strength of the Rb D1 line. The summation in Eq.
(A29) is over all the transitions — F' of the D1 line off’'Rb
and®Rb atoms(see Fig. 2 For cells filled with isotopically

enriched Rh(98.3 at. %°®'Rb), the summation over th&Rb 2me? < frpr O

transitions can be neglected unless absorption ddeRio is &l0,2)=1+—— > o Ne(2) = g_NF’(Z)

not negligible, e.g., at high cell temperatures. In E&R9), Me pp @FF F

we used the fact that the contribution to the reflectivity from 3 1 W2 1

Rb atoms flying away from the surface is the same as that XJ doy———¢€ p(— —;) e
from the Rb atoms flying towards the surfdde,14). - N, A/ wppr — @+ o=y

For total internal reflection, theandz components of the (A37)

wave vector in the vapor are given b
P 9 Y That is, the Rb vapor near the surface needs to be treated as

K2 = e, sinf ko = Zko, (A32)  a stratified medium.
(iii) Numerical calculation of R(w). The calculation of
K2 ~ i\, sir? 6— 1ky=i&kg. (A33)  the reflectivityR(w) depends on whether the pump beam is

] ) ] ) on or off. When the pump beam is off, the Rb vapor near the
Equation (A33) is obtained from Eq.(A6) by using the  gyrface can be treated as a homogeneous medium with a
zeroth-order ap()groxmatlon foey, i.e., by settinge=1.  complex dielectric constant, whereas when the pump beam is
Therefore, thek,”v, term in Eq.(A29) is equivalent to @ on, the Rb vapor near the surface needs to be treated as a
frequency shift(Doppler shifi and thek”v, term a broad-  stratified medium. More detailed discussion follows.

ening(transit time broadeningIn our numerical calculation, When the pump beam is off, we can assume Mat=0,
we use the following greatly simplified expression tgr the saturation due to the probe beam being negligible. Opti-
w cal pumping due to the probe beam is also negligible. There-

27€? « Tre/Ng o
&(w)=1+ > J dv, W(v,) fore, the Rb atoms are equally distributed among all the mag-
Me o OFpr J o netic sublevels of the ground state. That is, we have
1 2F+1
(A34) (A38)

X . Ne=—""—""——7N,
wppr — 0+ (kovy — I (yepr + )12 Fr+n@+1)”

The physical meaning of the simplification that leads to Eqwherex is the isotopic abundance of the two Rb isotopes and
(A34) is that even though transit time broadening is not ho-N is the Rb number density. We also assume thatioes not
mogeneous because it depends on the velocity compopent depend on the distanedrom the surface. The Rb vapor near
normal to the cell surface, we treat it as a homogeneoute surface can thus be treated as a homogeneous medium
broadeningy’, i.e., we use an average transit time broadenwith a complex dielectric constamrb(w), which is given by

ing for all thev, components. The broadening depends on  Eq. (A35), and the reflectivityR(w) for a p-polarized inci-

the penetration deptth and is determined as a fitting param- dent wave is obtained from the Fresnel formula 7).
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When the pump beam is on, the populatidp, in the  magnetic fields. For a TM op-polarized probe beam, we
excited-state hyperfine multiplé&¥’ may not be negligible have, from Eq(A1l),
due to the saturation effect. We assume that the two hyper- 1 1
fine multipletsF’ =1-1/2 andF’ =1 +1/2 of theexcited state U(d,,) = my3U(0) + my;V(0), (A42)

5Py, are populated according to their statistical weights,yherem:! are the matrix elements of the inverse of the char-

and therefore we have acteristic matrix\M(0,d,). Thus

Ner _ Ne u(d,) V(0)

— =, (A39) =T+ M. A43

9 Ge u@  Pu(o) (A43)
whereNq is the total population and.=4l+2 the total sta- From Egs.(A13) and(A14), we have
tistical weight of the excited states?B,,,. Since the Rb
population densitie®g near the surface depend on the dis- Vv(0) - pll —r. (A44)
tancez from the surface, the Rb vapor in the vicinity of u(0) 1+r
surfaces needs to be treated as a stratified medium, and | - _
dielectric constant, is given by Eq.(A37). The reflectivity &Sy definition, |U(d,)/U(0)|=1/e. Thus we have
R(w) can be calculated using EGA19). For example, in the 1-r

| i i N = My P (A45)

case of hyperfine pumping &fRb atoms, if we uséN,(z) 1+r

and N,(z) as the population densities in EGA37) and we
treat the Rb vapor frorz=0 to z=L as the second medium
and the Rb vapor beyonzk=L as the third medium, whose
dielectric constant; is given by Eq.(A35) with Ng and N,
being equal to the bulk values, the reflectivid(w) is then

Equation(A45) determines the penetration deth for the
magnetic field for a TM probe beam. Similarly, we can show
that the penetration deptth, for the electric field is deter-
mined by the following equation:

calculated using Eqs(A9), (A12), and (A17)—(A20). In 1 ed,) | Myl +r
evaluating the characteristic matrixt, we find it adequate e (0) b2 + o 1-r/] (A46)
to useAz=0.05um in Eq. (A9). 2 1
The difference between the penetration depth for the electric
b. TransmissivityZ{w) field and that for the magnetic field is illustrated in Figa)7

The transmissivityZ(w) of the probe beam is given by Similar equations can be obtained for TE probe beams.

o) ,{ 2mé) } d. Average hyperfine polarizatiofS-I)
w)=exp — )

o (A40) To determine the average hyperfine polarizati@]l)
near the surface, we measure the reflectivifidss) when

where the pump beam is on and off and compare them with the
2me® < fepr [ O } calculated ones. As discussed in Appendix A 4 a, when the

ew)=1+——2 —— - ~—Ng/ pump beam is off, the reflectivitR (w) is calculated using

Me e OFF/ 9r Eq. (A27), with e,(w) being given by Eq(A35). We adjust

Y12 the fitting parameters to achieve the best fit between the mea-
5 sured and calculated reflectivities. The fitting parameters are
(0pp = 0 +kovp)? + Y14 the Rb number densitl and the homogeneous linewidih
(A41)  The best fit yields the values &f and y. By subtracting the
homogeneous broadening,r,, which includes natural
is the imaginary part of the dielectric constant of the Rbproadening and collisional broadening due tg, Rb, and
vapor in the bulk and is the optical path length. In comput- gyrfaces fromy, one obtains the value of the average transit
ing the transmissivity, we can safely neglect the contributionjme broadening y/, which is found to range from
from the stratified surface layer and treat the Rb vapor as ag to 160 MHz for the penetration depths used in our study
homogeneous medium. Due to the long path length, even ifi5]. However, we note that the uncertainties)ig that are
cells filled with isotopically enriched Ri08.3 at. %°'Rb),  associated with various collisional broadening cannot be
the contribution fronf°Rb atoms needs to be taken into ac- separated in the fitting process from the average transit time

X j: dv W(v,)

count in calculating the transmissivit{w). broadeningy’. Therefore, the average transit time broaden-
ing y' obtained this way will contain the uncertainties of
c. Penetration depth g other homogeneous broadening. When the pump beam is on,

The penetration depth,, is defined to be the distance the population densitiesl,, Np, and N, in the vicinity of

where the amplitude of the evanescent wave decaysdofl/ surfaces are functions of due to surface relaxation; and
its value. For a homogeneous medium, thig Hecay dis- therefore the dielectric constasf of the Rb vapor near the

tance is the same for the electric and magnetic fields, and fUface is given by EQ(A37). In computing the average
given by Eq.(6). For a stratified medium, however, thisel/ hyperfine polarization(S-1), we replace thez-dependent
decay distance is not necessarily the same for the electric aqbpulation densities in EqA37) by their average valuds,,
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N,, andN,, so that the Rb vapor near the surface can be The average bulk hyperfine polarization is obtained from
treated as homogeneous and the reflecti®ity) can there-  the bulk values of the ground-state hyperfine multiplet popu-
fore be calculated using the Fresnel formula B&7). We  lations Ngo) and NLO), which are determined from the trans-
use Ny (g./9o)N, and Ny—(gy/ge)N, as fitting parameters, Missivity 7(w) of the probe beam. We compare the measured
which are adjusted to give the best fit between the measurdgansmissivity when the pump beam is off with the calculated
reflectivity R(w) and the calculated one. The valuesief ~ One to determine the number densitie$ @b and®Rb. The

N values ongo) and NE)O) when the pump beam is on are deter-
mined as fitting parameters that give the best fit between the
measured transmissivity when the pump beam is on and the
calculated one, using the same values of the Rb number den-
sities that are determined when the pump beam is off.

andN, are then obtained using the relatib_la+ﬁb+ﬁe=N.
SinceN, accounts for no more than a few percent of the total
population, the power broadening is neglected in the numeri
cal calculation and we use the same fitting parametghen
the pump beam is on and off.
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