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Selective reflection by Rb

Ping Wang, A. Gallagher, and J. Cooper
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440

~Received 8 January 1997!

Perpendicular reflection of low-power, near-resonant radiation at a sapphire–Rb-vapor interface~selective
reflection! has been measured for Rb densities of 331014– 331017/cm3. At the lowest density the eight
hyperfine components are essentially isolated, and at the highest pressure they are highly blended. The data
have been fitted to a coherent superposition of the reflected field amplitudes of the eight components, including
the well-known starting transient and wall interaction. At low to moderate densities this yields a good fit to the
data, and a result for the Rb-Rb collisional shift. At the higher densities the rapid attenuation of the incident
field has a major effect on the reflection spectrum, and an approximation to this is included in the calculation,
assuming exponential attenuation at the equilibrium-vapor rate. This provides improved fits to the data and
allows the apparent Lorentz-Lorenz plus collisional shift to be evaluated. However, the data do not fully fit this
calculation, and a complete self-consistent-field calculation appears necessary to fully understand the high-
pressure results.@S1050-2947~97!06108-8#

PACS number~s!: 42.50.Fx, 32.70.Jz
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I. INTRODUCTION

Selective reflection~SR! refers to the enhanced reflectio
that occurs at a window-vapor interface for light tuned n
the atomic resonance line. Many aspects of this phenome
have now been studied, stimulated by Schuurmans
Woerdman’s demonstration that it contains a sharp reflec
feature at the resonance frequency@1#. This feature results
from the fact that atoms leaving the window surface are s
denly immersed in the radiation field, and thereby underg
transient oscillation at the resonant frequency. SR has b
measured versus incident radiation angle@2#, versus power,
including sufficient power to optically pump the atom@3,4#,
using independent pump and probe frequencies@5#, with an
antireflection coated window@6#, using an evanescent wav
@7#, and at high and low vapor densities (N). All measure-
ments have used alkali resonance lines.

The theory for the expected wavelength-dependent S
fairly straightforward for an isolated line and low-power r
diation @1,8,9#, but is not easy to evaluate without approx
mation. The most common approximation is to assum
sufficiently low N that the incident field is not significantl
attenuated within the spatial region near the window
which the atomic transient decays away. Ducloy has e
obtained analytic expressions for many reflection proper
within this approximation@10#. Using this approximation, an
excellent understanding of many characteristics of SR h
been achieved, including the effect of the atom-wall van
Waals interaction@8,10#. However, most SR measuremen
are not made in this regime, since the signal size grows
idly with N. At high N, the field attenuation length on reso
nance becomes almost the same as the transient deca
tance, and one expects significant corrections to the lowN
calculations. The emphasis of this paper is on these dif
ences between the low and high density cases, and the
reported here transverse the entire density regime betw
these limits.

The SR feature is characterized by a homogeneous
width, of G12gc, the natural plus collisional width, henc
561050-2947/97/56~2!/1598~9!/$10.00
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SR can be used to measure collisional broadening. It is
ticularly useful for measuring self-broadening, since this n
mally requires a high vapor density and the resulting ra
attenuation of resonance radiation precludes using alter
techniques such as saturated absorption. In principle,
self-broadening collisional shift can also be measured by
but a number of other phenomena also contribute a shif
the apparent resonant frequency. The van der Waals inte
tion between atoms and wall causes a redshift@8#, and the
Lorentz-Lorenz self-field correction to the local field caus
a ‘‘Lorentz-Lorenz’’ redshift@11#. In addition, a recent cal-
culation has shown that the reflection is further altered
nonexponential field attenuation and by hyperfine compon
partial overlap with the Doppler envelope@12–14#. Finally,
calculations reported here, which include the rapid field
tenuation at highN, demonstrate a resulting shift. Some S
studies have reported measurement of the collisional s
but without accounting for all of these contributes to the S
shift @15,16#. Here we also study the shift, across the larg
N range of our data, and compare it to calculations based
various levels of theoretical approximation.

Most measurements of SR have concentrated on si
tions where different hyperfine peaks were relatively isola
in the SR spectrum, and then interpreted these as isol
lines @16#. In the other limit, Maki and Boyd measured SR
high K densities, where the homogeneous width was m
larger than the hyperfine structure~hfs! and they could con-
sider it as a single line@15#. Here we measure the full spec
trum of eight Rb hyperfine components, from low densit
where they appear isolated to high densities where they
blended into a single SR feature. We compare this to
appropriate coherent superposition of eight reflected fi
amplitudes, thereby achieving comparisons for all amou
of overlap. However, since fully self-consistent calculatio
are numerically challenging and have yet to be fully imp
mented, we do not use a self-consistent field in the vapor
will be seen this results in significant line-shape discrep
cies and difficulty in accurately determining the collision
shift.
1598 © 1997 The American Physical Society
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56 1599SELECTIVE REFLECTION BY Rb
The experimental details are described in Sec. II, the
oretical expressions and approximations used for compar
to the data are in Sec. III, the data and comparisons to
calculations are in Sec. IV, and the conclusions are in Sec
The thesis of Ping Wang provides many details that are
presented here@17#.

II. EXPERIMENT

A ;2-mm-diameter beam from a tunable diode laser w
reflected, within 2 mrad of perpendicular incidence, from
vapor interface of a wedged sapphire window of a Rb va
cell. Figure 1 shows the optical scheme for the experime
setup. A grating-feedback cavity, tunable laser-diode sys
provides a narrow linewidth~,1 MHz! laser beam, tunable
with a galvanometer-mounted Brewster plate. One las
beam component went to a low-pressure, Rb satura
absorption cell to provide the frequency reference for the
signal, a second component provided an intensity refere
and a third provided the SR signal after reflection. Anoth
component to an interferometer provided mode structure
scan data used to correct for a few percent scan nonlinea
The SR signal is expressed asR85DR/R, whereR is the
off-resonance reflection at the window-vapor interfa
~;7%! andDR is the reflectance change due to the Rb
por. Frequency scans of;500 steps and several minute
were normally used, and after division of the SR signal
the intensity reference, the fluctuations inR8 were typically
1024.

FIG. 1. Experimental setup. LD: laser diode;L: lenses; GP:
galvo plate; SP: spectral analyzer;G: blazed grating;M : mirrors;
BS: beam splitter; PD: photodiodes detectors;F: filter; 1/2l: half
wave plate; DAQ: computer data acquisition system; SA: cel
rubidium cell at room temperature; SR cell is a heated rubidi
cell.
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The Rb cell used a 2° wedge sapphire window fused t
0.5-in.-diam polycrystalline-alumina~PCA! tube, which was
fused to a smaller PCA tube that was fused to a;6 mm-
diam kovar tube with a 5° taper joint. The kovar tube w
welded to a stainless-steel tube, and thereby conne
through nickel-gasketed standard stainless-steel vacuum
tings to a high-temperature stainless-steel valve and a tu
molecular pump. All fused joints were made with a hig
temperature sealing frit, following the procedures outlined
Ref. @18#. The laser beam incident on the cell was linea
polarized, and aligned with a polarization-preserving axis
the sapphire window.

The cell and hot valve are maintained 5–20 °C above
temperature (T) of the Rb reservoir at the middle of th
stainless tube.T was controlled within 0.1 °C by a serv
controller, but the accuracy ofT is 62 °C over the tempera
ture range studied~125 °C–425 °C, corresponding Rb de
sity of 331013– 2.731017 cm23). The Langmuir-Taylor re-
lation @19# at T was used to establish the Rb density. Due
the uncertainty inT and in the Langmuir-Taylor relation
@20#, the accuracy of this vapor density is typically620%.
As will be shown, the SR signal yields the density wi
somewhat improved accuracy.

The Rb vapor does not affect the sapphire window with
our experimental temperature range. Even if Rb conden
onto the window, increasing the window temperature
moves it without leaving a stain. When the cell is heated
.275 °C, the sealing glass is slowly corroded by the h
dense rubidium vapor. Part of the transparent glass joint
tween sapphire window and PCA first turns yellow, a
eventually is etched through and starts to leak. However,
cell can last more than 500 h in the range 275 °C–425 °

III. THEORY AND EXAMPLES OF SELECTIVE
REFLECTION

The theory of low-intensity SR from a low-density vap
of two-level atoms is well established@1,8,9#. Here we ex-
tend this to the present conditions of overlapping hyperfi
components and higher densities. We start from the es
lished theoretical models for low vapor density, which i
clude the atom-wall interaction@8,9#. We will add an
exponential-decay approximation and overlapping line
fects. We note the effect of the Lorentz-Lorenz self-fie
correction, but include it only as a shift. A full theory mu
use self-consistent field attenuation in the vapor plus
Lorentz-Lorenz correction explicitly. This has been done
certain specific parameters in Refs.@12–14#, but at the
present time this would require excessive computation t
for the conditions explored here.

The atomic vapor is contained in thez.0 region, with the
interface in thex-y plane. A linearly polarized light beam i
normally incident on the interface from the dielectric m
dium toward the vapor, and is partially reflected back in
the dielectric medium. The intensity of the reflected beam
monitored as a function of the frequency of the incide
light. The refracted beam in the vapor interacts with the
oms, influencing the reflected function when tuned near
atomic resonance line.

Including the Lorentz-Lorenz self-field correction and t
C3 /z3 atom-wall interaction@8,10#, the interaction energy

s
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1600 56PING WANG, A. GALLAGHER, AND J. COOPER
term of the Hamiltonian for the two-level atoms in the rad
tion field is

Vint52d21•FE~z!1
4p

3
P~z!G2

«21

«11
Fd21

2 1d21z

2

16z3 G . ~1!

HereE(z) is the total field,d21 is the transition dipole mo-
ment in terms of the polarization in the mediumP(z), «
5nw

2 is the dielectric constant, andnw is the index of refrac-
tion of the window, the second term is the origin of th
Lorentz-Lorenz shift and the last term is the London–van
Waals, surface-interaction potential. Hence,C3 an attraction
strength of the London–van der Waals potential is defined

C352
«21

«11

@^nud21dz
2un&2^gud21dz

2ug&#

16h
, ~2!

where ug& and un& refer to the ground and excited state
respectively. For simplicity, a dimensionless coupling co
stantC, which measures the surface-induced frequency s
is introduced as

C5
2C3

l3g2
, ~3!

wherel is a reduced wavelength andg2 is a natural line-
width of the excited state. Using a hydrogenic model, w
effective principal quantum numbers of 1.805 and 2.292
the Rb 5S1/2 and 5P1/2 states, andnw51.76 for sapphire at
795 nm, this results inC351.2 kHz~mm!3, corresponding to
C50.2 @17#. This calculatedC value applies to all hyperfine
components due to an effective isotropy assumption.~Du-
cloy and co-workers have used a more exact method to
culate the surface potential strengthC3 of several Cs transi-
tions. To check for differences between the two methods,
calculated theseC3 using the hydrogenic model and foun
agreement within 10%.!

The two stable isotopes of rubidium, Rb85 and Rb87 with
abundances (An) of 72% and 28% andI 55/2 and 3/2, yield
eight components of the RbD1 line spread across;8 GHz.
Some of these overlap within the Doppler envelopes,
due to line broadening they all overlap within the homog
neous width at the higher densities studied here. If opt
pumping is not significant, as assumed here, the relative t
sition strength of theF→F8 hyperfine structure componen
is

gF8F5
~2F11!~2F811!

2I H F J I

J8 F8 1J , ~4!

whereF (F8) is the total angular momentum of the excite
~ground state!.

We assume an exponentially decaying field in the vap
with attenuation coefficienta~D! equal to that of the vapo
without a wall transient:

E~D,z!5
2nw

nw11
Eiexp~ ikz2a~D!z#, ~5!

whereEi is the amplitude of the linearly polarized incide
field at the interface,
-
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8

3p3/2S g2

2kuD ~gnNAnk23!I S ig211Dn

ku D k, ~6!

whereN is the density of the Rb vapor andAn is the abun-
dance of Rb isotopes,I (z) is the error function associate
with the Voigt line shape,

g215
g2

2
1gself1 igshift , ~7!

2gself andgshift are the collisional broadening and shift due
collisions with identical atoms, andG52g21 is the homoge-
neous width. Herek is the propagation wave vector,u is the
mean thermal velocity, andDn5v2vn is the detuning of
the laser frequency from the hyperfine component,gn refers
to the appropriateC-G coefficient,gFF8.

The reflected field has been given by Refs.@1–3# for the
low-density case; adding the above generalization but de
ing the Lorentz-Lorenz correction yields the SR sign
DR/R05(R2R0)/R0 with

R5S Er

Ei
D 2

5Fnw21

nw11
2 (

n51

8

gnAnF~Dn!G2

, ~8!

where

F~D!5
nw

~nw11!2

8pkNd21
2

\ E
0

` dvzW~vz!

vz
E

0

`

dz exp~ ikz!

3H E
0

z

dz8exp@ ik2a~D!#z8expF2
g212 iD

vz
~z2z8!

2S C3

2z22
C3

2z82D 1

vz
G1E

2`

z

dz8exp@ ik2a~D!#z8

3expF2
g212 iD

vz
~z2z8!2S C3

2z22
C3

2z82D 1

vz
G J ,

~9!

andW(z) is the Maxwellian vapor velocity distribution.
Although the line shape of Sr is altered by the Loren

Lorenz self-field correction, the primary effect is a shift
the entire line shape@13#. The collisional shift simply shifts
the entire line shape, so for convenience we will delete
Lorentz-Lorenz correction and the collisional shift from th
calculation, a major simplification, and assume that any s
between the calculated and measured Sr is due to the su
these two shifts.

The SR signal is strongly influenced by the transient
sponse of atoms that leave the window surface in the gro
state and are suddenly immersed in a near-resonant fiel
the low-density limit, the absorption of the vapor is suf
ciently small that the field attenuation within thez region of
atomic transient response is negligible. Deleting the field
tenuationa~D! and taking a single-component line, Eq.~5!
reduces to those from Refs.@1,8,9# for low N. Equations
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56 1601SELECTIVE REFLECTION BY Rb
~1!–~9! will now be used to demonstrate theN dependence
of various features of SR. We will start with a singl
component line.

To demonstrate the effect of the wall interaction, the
signal is compared forC50 andC50.2 in Figs. 2 and 3,
using parameters for the RbD1 line (5P1/2→5S1/2, l
57948 Å! without hfs, and N5331014 cm23 and 1.7
31017 cm23 corresponding to Rb atT5175 and 400 °C.
R050.076 is the reflection coefficient on the absence of
vapor, the natural linewidthl2/2p is 6 MHz, the Doppler
width is ku562g2 and the collisional self-broadening coe
ficient is kbr54.231027 s21 cm3 corresponding to reso
nance broadening ofD1 line transition of Rb atoms@21#. The
SR signal shifts to the red and increases in size at all de
ties due to the atom-wall interaction. The red-shift is;4
MHz at the lowerN, which is characteristic of the low
density limit, to;560 MHz at the higherN.

FIG. 2. Theoretical SR line shapes for the RbD1 line at 3
31014 cm23 density, assuming no hfs isotope splitting. The dash
line is without the atom-wall interaction, with the solid line includ
the wall interaction withC50.2.

FIG. 3. Line shape of SR for the RbD1 line at atomic vapor
density 1.731017 cm23, assuming no hfs.
e

si-

For N,131015 cm23 the field attenuation is small, an
does not change the SR line shape significantly. This sm
attenuation plays the same role as an imaginary converg
constant required in the Ducloy theory, and the low-dens
result is the same as from Refs.@1–3#. However, the strong,
frequency-dependent field attenuation has a major influe
at the higherN. Figure 4 shows that using an exponentia
decaying field blueshifts the SR line shape compared to
obtained without attenuation. The result of using the stea
state complex index of refraction of the vapor, including c
lisional broadening but ignoring the wall transient and int
action, is also plotted in Fig. 4; this does not agree w
either the SR approximation even at this high density. Al
notice that the ‘‘center frequency,’’ where the SR signal
midway between its maximum and minimum, is not at t
atomic resonance, due to the contribution of the imagin
part of atomic polarizability~i.e., absorption!, which is not
negligible in the high density, even when the atom-wall
teraction is neglected. This imaginary function, which is
Lorentz profile, is not equal to zero when field detuning
zero. So this contribution will shift the dispersion profile
SR signal to red. Multiple-component line effects will b
considered in the next section, in the context of comparing
the present data.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The SR line shapes of the RbD1 line were measured fo
temperatures of 175 °C, 225 °C, 275 °C, 325 °C, 375
400 °C, and 425 °C. These data are given in Ref.@17#, so
only a representative set are reported here. It is first ne
sary to verify that the data were taken in the low-power lim
as optical pumping affects the SR line shape. The effec
optical pumping on SR has been studied for Rb vapor and
vapor, and a detailed theory has been given in Refs.@8,9#. It
is most severe at lowN, so we have tested for it by using th
dependence of SR on intensity for the lowestN studied
(331014 cm23

). Details are given in Ref.@17#. The ampli-
tude of the largest SR peak was most sensitive; it decrea

d

FIG. 4. Calculated RbD1 line shape of SR at atomic vapo
density 1.731017 cm23, assuming no hfs. No atom-wall interactio
is considered (C50) and the ratio of homogeneous to Doppl
width is g12/ku'16. The thicker solid line is for an exponentiall
decaying field theory, the dashed line is results for a uniform e
tric field. The light line results from using the steady state, comp
index of refraction of the vapor.
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1602 56PING WANG, A. GALLAGHER, AND J. COOPER
;1.6% from the zero-intensity limit at 0.6 mW cm22. All
the experimental data following this section are acquired
that intensity.

In principle, Eqs.~8! and~9! can be used to calculate th
full line shape for comparison to the data. This has be
done for the higherN, but at the lowest densities it is ver
difficult to obtain convergence for detunings that are wea
attenuated. To overcome this, we concentrated on the lar
peak, at zero detuning~D! in Fig. 5, for the lowest density
studied ~175 °C, N5331014 cm23). There is one strong
and one weak hyperfine component in this spectral reg
We assume that the line shapes of all eight components
the same and that the overlaps are weak at this low den
so that the SR intensities are additive~neglecting interfer-
ence!. Shurmanns’ and Ducloy’s low-density theories yie
essentially the same, slowly varying SR intensity at la
detunings. We assume that this is the correct far-wing
shape at these low densities, and use it to subtract the
tributions of the six components whose resonances are
from D50. We then ‘‘deconvolve’’ the remaining signal as
sum of the two components nearD50, using Fourier trans-
form techniques. In this deconvolution the frequency a
relative amplitude of each hyperfine component is know
and one is much weaker so the neglected interference is
tively minor. Figures 6 and 7 show the single-compon
experimental line shape obtained by this data deconvolu
procedure, and the line shapes predicted by essentially
Ducloy theory@reduced Eqs.~8! and ~9!# using differentC
parameters and vapor densities. In Fig. 6 the size of the
oretical peak value varies 4% asC increases from 0.15 to
0.25, and the position shifts 2–3 MHz. The peak height
the experimental line shape falls between the two theore
curves with theseC values, confirming the expectedC value.
However, it is redshifted;4 MHz from theC50.2 theory
~Fig. 7!, and this is attributed to collisional plus Lorent
Lorenz shift. The peak value and the linewidth change,
12% and 15%, respectively, whenN is increased by 17%
allowing clear verification of the expected density. This co
parison shows that at low density the full experimental l
shape matches well with the theoretical line shape for

FIG. 5. The experimental SR line shape of RbD1 line and the
theoretical fitting~smooth line! with convolution procedures with
C50.20 atN5331014 cm23.
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expected values ofN and C. Ducloy has previously tested
this theory using a modulation technique that emphasizes
line core, and demonstrated good agreement@10#.

With increasing density, the interferences between
flected electric fields of different hyperfine components m
be included, but the attenuation is still small when the f
quency is detuned a fewg12 from resonance with any hyper
fine structure component, so that the full calculation was s
excessive. Thus, we have approximated the SR signal as
weighted sum of the eight components, as in Eq.~9!, but
using aF(Dn) that is the same for each component. Th
F~D! is obtained using a single-componenta~D! in Eq. ~8!;
overlapping absorptions are neglected. An example of thi
to the data is given in Fig. 8, where the theoretical curve
been shifted285 MHz to match the experiment. This shift
again attributed to the sum of Lorentz-Lorenz and collisio
shift. The discrepancies are due to using an incorr
E(D,z) in the calculation, compounded by assuming that
components have the sameF~D!, which ignores overlapping
absorptions. We tested different values ofC in these inter-
mediate density calculations, without significant improv
ment, concluding as above thatC50.260.05. Ducloy ini-
tially found a value ofC3 that was a factor of 2 higher tha
expected for the CsD1 transition @8#, but with improved
accuracy agreement was later reported@10#, as we find here
for Rb.

As N rises further, collisional broadening increases,
interference between components becomes strong, anda~D!
involves overlapping attenuations. However, the attenua
is now large enough to allow a full overlapping-attenuati
calculation of Eqs.~8! and~9! within a reasonable computa
tional time. Figure 9 shows the experimental data
N53.631016

cm23 and the theoretical fit using Eqs.~8! and
~9! with multiple-component, steady-state, exponential
tenuation of the field. Of course, the latter two assumptio
as well as the Lorentz-Lorenz field correction and collision

FIG. 6. The comparison of single line shapes of Rb85 F
53→F852 from deconvoluted experimental data to the Ducloy
theory with C50.25 ~solid line! and C50.15 ~dashed line! at the
densityN5331014 cm23.
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56 1603SELECTIVE REFLECTION BY Rb
FIG. 7. The comparison of single line shapes of Rb85 F
53→F852 from deconvoluted experimental data to the Duclo
theory with C50.20 at the densityN5331014 cm23 ~dashed
line!, andN53.531014 cm23 ~solid line!. ~a! The full single line
shape of SR,~b! the peak of SR.

FIG. 8. Experimental data and theoretical fitting with convo
tion procedures at the number density ofN58.631015 cm23.
shift cause divergence from the experiment, as seen in Fi
The black dots in Fig. 9 are the points midway between
maximum and minimum of each SR line shape. The f
quency difference of the two black spots is 380 MHz and
difference between theoretical and experimental line sha
is 350 MHz at zero crossing points. Thus it appears poss
to assign an approximate value to the Lorentz-Lorenz p
collisional shift at this density, using these theoretical a
proximations.

The collisional broadening full width at half maximum
~FWHM! is ;7 GHz atN51.031017 cm23, which is about
the size of the entire hfs of the RbD1 line and yields a
single-peaked, dispersionlike line shape. The experime
line shapes of SR are plotted in Fig. 10 forN51.0, 1.7,

FIG. 9. The experimental data and the theoretical calcula
with consideration of the interference between component field
moderate densityN53.631016 cm23.

FIG. 10. The experimental data at high vapor density.
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1604 56PING WANG, A. GALLAGHER, AND J. COOPER
and 2.731017 cm23 ~according to the Langmuir-Taylor re
lation!. At high density the multiline theory converge
quickly due to the strong attenuation~,1 mm! and the large
homogeneous width. In Figs. 11 and 12 the theoretical
line shapes are compared to the observations, again wiC
50.2. In Fig. 11 different values ofN are tested, leading to
the conclusion that1.1531017 cm23 fits better than
N51.031017

cm23 predicted by the Langmuir-Taylor rela
tion at 375 °C. We conclude that, at high density as well,
accuracy ofN from the experiment is better than620%.

We have so far assumed that the theoretical line broad
ing rate coefficient~kbr) is correct and independent of de
sity. Experiments at much lower densities have been con

FIG. 12. The comparison of the experimental data and the
oretical calculation of the SR line shape atN51.731017 cm23.

FIG. 11. Comparison of the experimental data to theoret
calculations of the SR line shape using vapor densities oN
51.031017 cm23, andN51.1531017 cm23.
R
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tent with this ~Ref. @13#, and references therein!; here we
have tested it at higherN, and found agreement within65%.

The peaks of the theoretical line shapes are higher t
those from the experiment, and the line is shifted. If t
Lorentz-Lorenz correction is approximated as a simple sh
we obtain 1.57, 1.97, and 3.33 GHz atN51.0, 1.7 and
2.731017 cm23 for this plus the collisional shift, using the
shift of the points midway between the maximum and mi
mum of each SR, as shown in Fig. 10. This is only a b
estimate; a full theory must use a self-consistent field incl
ing the Lorentz-Lorenz correction at eachD. Probably the
largest error of the present calculation is using the stea
state absorption coefficient, as the actual absorption is m
fied by the transient-field effect near the wall.

V. COLLISIONAL SHIFT, LORENTZ-LORENZ SHIFT,
AND TRANSIENT SHIFT OF Rb D1 LINE

The collisional shift and Lorentz-Lorenz shift are featur
of the interaction of identical atoms in an atomic vapor. T
wall interaction redshifts the SR peak@8# and a blueshift
results from a spatial oscillation of the amplitude of t
transmitted field near the wall when the field is obtain
self-consistently@13#, SR offers the potential of measurin
each or combinations of these shifts, and we summarize
data here. As described above, approximate theoretical
shapes have been compared to the data to obtain total s
versusN. For N,1016 cm23 the SR peak is narrow and w
have used its shift, while at higherN the shift of the mid-
height position is a better measure~as in Fig. 9!. These ap-
parent total shifts between the experimental and theore
SR spectra are given in Fig. 13. The indicated uncertain
primarily represent data-theory fitting uncertainties, as pre
ously described. However, a slight scanning nonlinearity a
contributed a few percent uncertainty at some densities.
atom-wall interaction is included in this theory, but the co
lisional shift, the Lorentz-Lorenz correction, and the tra
sient shift~due to field alternation or oscillation in the sel

e-

l

FIG. 13. Measured frequency shifts of SR line shape~dot!, total
theoretical redshift including Lorentz-Lorenz redshift~dot dashed
line!, and collisional shift~dashed line!. The solid line is aDn}n fit
to the experimental high-density data.
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consistent manner@13#! are excluded.
The theoretical collisional shift from Ref.@21#, plus the

Lorentz-Lorenz shift (gL-L) are plotted in Fig. 13, where w
have usedgL-L52(1/3)f r elcN52(p/3)Nk23G. For the
Rb D1 line, without consideration of hfs component
lL-L/2p521.2631028 N cm3 Hz. The theoretical colli-
sional shift is about20.2031028 N cm3 Hz, and this is not
affected by hfs since the inverse of the collision time
greater than the hfs splitting. The sum of these theoret
shifts, divided byN, is kSh521.4631028 cm23, while the
data for N>1016 cm23 fits kSh52(1.2260.24)
31028 cm23 Hz, where the uncertainty of620% is prima-
rily due to the uncertainty in the determination of atom
number density at high temperature. Within experimental
certainty, this theoretical total shift agrees with the data
N>1016 cm23.

The point atN51.731015 cm23 is much lower than the
kSh521.4631028 cm23 line in Fig. 13, and we can quali
tatively explain this as follows. At lowN the eight hyperfine
components of theD1 line are grouped into four isolated
Doppler-broadened components. Only the fraction of the
cillator strength in one component contributes to the dipo
which causes the Lorentz-Lorenz shift of this compone
Thus,gL-L is reduced by this fraction, which is reasonab
consistent with the data. ThatgL-L at N<1016 cm23 is not
reduced further is rather surprising. Only a fracti
g21/DwD of the atoms in one Doppler component are exci
to an upper state when illuminated by narrow-band radia
at low vapor density, and a corresponding reduction
gL-L might be expected as was suggested by Ref.@21#. How-
ever, Ref.@12# recently showed theoretically that this redu
tion does not occur for an isolated line. The shift of differe
components that overlap within a Doppler envelope are m
complicated@12#, but the transition we investigated in Fig.
is the dominant component of that isolated line compone
and should behave nearly as an isolated hfs component.
data agree with the Guoet al. result, as we measured a sh
of 861 MHz, whereas including the additional reduction fa
tor of g21/DvD yields 1 MHz.

VI. DISCUSSION OF SHIFTS

The collisional shift was theoretically predicted by Co
per and Stacey@21#. The ratio ofgshift /gself for Je5 1

2→Jg
5 1

2was calculated to be23%. Recently, the collisional shif
of the CsD1 line was measured by Vuleticet al. @16# from
SR at low vapor density, and their measured value
gshift /gself is about 212% with an error up to 50%. The
result is obtained by taking the average of the frequencie
the SR line-shape maximum and minimum as the ato
resonance center in the dispersionlike line shape. Howe
several other contributions to the shift occur and were
accounted for. These are the transient shift, the Lore
Lorenz shift, and interference between hyperfine com
nents, as identified in@12#. The latter effect is also indicate
by the different shifts reported for different hfs compone
of CS @23#.

A measurement of the collisional shift plus the Loren
Lorentz redshift of potassium has been reported by M
et al. @15#, based on high-density shift data. They conside
the frequency of the point midway between the maxim
al
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and the minimum of the SR line shape as the line-cen
frequency, and the shift of this frequency relative to an is
lated atom as the frequency shift. This neglected a ma
correction due to the SR line-shape shift caused at high d
sity by the imaginary refractive index~i.e., absorption! of the
atomic vapor. A second problem was assuming that the w
interaction becomes negligible at highN, as we have shown
it cannot be neglected at anyN. Finally, the transient shift
was also not known at that time. Thus, we believed that
is also an incorrect result for the collisional plus Loren
shifts.

Here we have measuredgshift1gL-L1g trans by using a
relatively complete theoretical interpretation of our data. W
take into account the atom-wall interaction, which introduc
a redshift, the wall transient that produces a blueshift,
superposition of fields from different hfs components, a
for the higherN we include an exponentially decaying field
g trans is an additional blueshift expected to occur when
self-consistent field@9# is used. From the high-density data
ratio (gshift1g trans1gL-L)/gself520.18060.035 is obtained
for Rb D1 line. The theoretical values ofgL-L /gself is
20.185 and hence (g trans1gshift)/gself is about 0.05, so it
appears that oscillation-field-induced transient and co
sional shifts have roughly the same amplitude, but differ
signs.

VII. CONCLUSION

Selective reflection was first observed at the beginning
the century, but it remains a complicated phenomenon
atomic physics theory. A seemingly simple SR experim
may involve many physical processes that are interleave
the observations, making it a challenge to obtain an accu
theoretical model. The theories of SR prior to Guoet al.
assumed very small attenuation of the incident light, or l
vapor density (N), and single component lines. The full S
line shape had not been accurately tested even for this
iting condition. That has been done here, and we foun
satisfactory to explain our low-N data once hfs interference
were properly accounted for. The theory of SR is given h
for multiple-component lines, at low or high density, an
including the atom-wall interaction as obtained by Duclo
However, we approximate the field attenuation as expon
tial, with the attention coefficient that of the steady-state
por in the region away from the wall.

A comparison has been made between single-compo
line shapes with and without atom-wall interaction, or exp
nential attenuation of the field, and versusN. When the
atom-wall interaction is included, the peak value of SR
creases while the linewidth narrows and redshifts. When
ponential attenuation is included, at moderate to highN, the
SR line shape changes and a blueshift occurs. Comparing
data and theory for differentN indicates thatN can be de-
termined within ,20% using SR data, although a se
consistent-field theory is needed to take full advantage of
potential at highN.

Overlapping hfs components do not have a simple con
quence; this has been taken into account here by includ
the interference between the multiple reflected-field com
nents. However, at intermediateN, our approximation ig-
nored the effect of overlapping-line contributions to the
tenuation of the incident light. In addition, a correct theo
requires a self-consistent calculation of the incident light
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tenuation and the reflected fields. At highN we found con-
siderable discrepancy between the calculated and meas
SR line shapes due to this absence of a self-consistent fi
Such a calculation has been performed by Guoet al. in Refs.
@12–14#, but not for the full complexity of the presentD1
line at many densities.

The atom-wall interaction significantly changes the li
shape of SR and is not negligible at any vapor density. T
surface attraction strengthC3 of London–van der Waals po
tential of RbD1 line is calculated as 1.2 kHz mm3 using a
hydrogenic~quantum defect! model for the atomic proper
ties. The validity of this calculation has been verified
comparing low-N data to theory.

The sum of the collisional plus Lorentz shift plus se
consistent-field-induced transient shift has been obtai
versusN, although the accuracy was limited at highN by the
lack of a self-consistent-field, overlapping-line calculatio
Within this accuracy, the data agreed with the calcula
shifts. However, the collisional shift is a very small fractio
of the total shift, so it is essentially undetermined in th
.
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d

red
ld.

e

d

.
d

experiment.~We do not believe it has been determined
any other experiment either.! A careful analysis of low-N
data confirmed the absence of a reduction in the Lorenz-fi
shift corresponding to the ratio of the homogeneous to D
pler width. However, the data yielded the expected reduc
due to isolated hyperfine line components.

For this SR experiment, a challenging problem was
build a corrosive-resist apparatus for high alkali vapor d
sity. A robust Rb vapor cell, composed of kovar, sapph
window, and polycrystalline alumina, was designed a
made using a sealing frit. A Rb density as high asN52.7
31017 cm23 has been studied using this setup, and it h
been operated with Rb vapor in the temperature range
325 °C–425 °C for more than 500 h without leakage.
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