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Precision polarization measurements of the 6 s 2S1Õ2\6p 2Pj Rayleigh
scattering spectrum in atomic Cs

A. Markhotok, S. B. Bayram,a) A. Sieradzan,b) and M. D. Haveyc)

Department of Physics, Old Dominion University, Norfolk, Virginia 23529

~Received 17 December 2001; accepted for publication 7 May 2002!

A precision polarimeter has been developed to measure the linear polarization degree of Rayleigh
scattered light. Application is made to measurement of the linear depolarization spectrum of atomic
Cs in the vicinity of the 6s 2S1/2→6p 2Pj resonance transition. For measurements in an;220 cm21

range around the 6s 2S1/2→6p 2P3/2 resonance transition, the ratio of line strengths for the two
resonance transitions has been found to be 2.003~52!, in excellent agreement with other methods.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1490151#
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I. INTRODUCTION

One of the fundamental low energy interactions betwe
electromagnetic radiation and atoms is nonresonant R
leigh, or quasielastic light scattering.1,2 A century ago, the
original article3 on this subject appeared, but the much la
comprehensive work of Placzek4 presented the essenti
cross sections for both nonresonant Rayleigh and Ra
scattering. Since that time there have been extensive stu
of Rayleigh scattering of light by gases,2 ranging from prac-
tical studies in which the intensity of Rayleigh scattered lig
serves as a density probe of the scattering gas to fascin
new phenomena associated with coherent scattering of
from a Bose–Einstein condensate5 of atomic Na. In addition,
both calculations6 and measurements of Rayleigh scatter
near nondegenerate levels have shown a strong polariz
and frequency dependence to the scattered light intensit
general, the polarization dependence occurs whenever t
is light scattering from two or more levels of different ang
lar momentum. Such phenomena have, for example, b
observed for scattering in the spectral vicinity ofns2S1/2

→np 2Pj fine structure multiplet transitions in atomic N
~Ref. 7! and in singly ionized Ba.8 Similar effects associate
with the 3s 2S1/2→3p 2P3/2 hyperfine multiplet in atomic Na
have also been studied by Walkupet al.9 In the case of the
3s 2S1/2→3p 2P3/2 measurements in Na,7 a discrepancy was
noted between the experimental results and the theore
expressions used to model them; a main focus of the pre
work is then to find whether a similar effect occurs for t
depolarization spectrum of the Rayleigh scattered light as
ciated with the atomic Cs resonance transitions.

Furthermore, although it is not the main emphasis of t
article, it has been shown,10 that analysis of measurements
the polarization and frequency dependence of Rayleigh s
tering can yield relative transition matrix elements. In so
cases, particularly where there is a precisely known oscilla
strength, it is then possible to put on an absolute scale
relative matrix elements for a series of multiplet transitio
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~viz. ns→n8p! in terms of this single fiducial value. Such a
approach is more suited to Rayleigh scattering near tra
tions other than the resonance transition, for which contri
tions from other multiplet transitions are nearly negligible

In this article we describe in detail the experimen
technique we use to make precision polarization meas
ments of light Rayleigh scattered from an atomic gas.
also present measurements of the frequency-dependent p
ization of Rayleigh scattering associated with the 6s 2S1/2

→6p 2Pj resonance transitions in atomic Cs. In this case,
light scattering is dominated by the two resonance transiti
( j 51/2,3/2), and shows strong spectral and polarizati
dependent interference associated with the coherent sca
ing off the two transitions. Furthermore, analysis of the m
surements allows extraction of the ratio of line strengths
the two transitions. As this ratio is very well determined
other methods, it can serve as a figure of merit for the qua
of the polarization measurements. In the remainder of
article, we present details of the experimental technique,
lowed by the experimental results and analysis. The res
are then discussed in the context of other recent researc
this area.

II. EXPERIMENT

The basic experimental scheme is illustrated in Fig.
which shows the lowest few energy levels11 of atomic Cs.
With reference to the figure, the energy, averaged over
hyperfine structure, of the 6s 2S1/2→6p 2P3/2 transition is
v3/2511 732.35 cm21, while that of the 6s 2S1/2→6p 2P1/2

transition isv1/2511 178.24 cm21.12 Note that more precise
values13,14 are available for these transition energies, but
added precision has no effect on the present measurem
In terms of the frequencyv of the incident light, we define
detuning from the 6s 2S1/2→6p 2P3/2 transition asD5v
2v3/2. In the present experiment,D is in the approximate
range6110 cm21.

A block diagram of the experimental apparatus is sho
in Fig. 2. In the figure, the laser is an Ar1 pumped titanium:
sapphire ring laser. The laser is passively stabilized and
vides an average power in the spectral range of the exp
ment of about 100–200 mW. The laser bandwidth is abou
MHz, which includes characteristic drift and fluctuation
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1614 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Markhotok et al.
over the course of a typically 1-h experimental run. Abo
5% of the laser power is directed to a Burleigh WA-15
wavemeter, which has a precision of about61023 cm21;
the absolute calibration of the instrument was confirmed
;100 MHz by measurement of the spectral location of
hyperfine components of the 6s 2S1/2→6p 2P3/2 transition.
The linear polarization of the laser output beam was purifi
with a Glan–Thompson prism, which has an extinction ra
of better than 1025. A Meadowlark liquid crystal variable
retarder~LCR! was used to control the linear polarizatio
direction of the laser beam to be in its natural state defi
by the Glan–Thompson polarizer, or to rotate the linear
larization direction byp/2. A second Polarcor™ infrared po
larizer used as an analyzer confirmed the purity of the res
ing linear polarization to;1024, and the angle between th
two polarization states to&1022 rad. The Polarcor™ infra-
red polarizer was employed in the detection arm to sele
linear polarization direction of the scattered light to be n
mal to the plane formed by the wave vectors of the incid
and scattered light.

The laser beam was weakly focused into a heated ov
cell arrangement that allowed control of the Cs cell tempe
ture to60.1 K over the temperature range from 390 to 440
used in the experiment. Typical operating temperature
data runs was in the range 390–400 K, corresponding to
density;1013 cm23. The cylindrical Pyrex cell had two pol
ished windows to minimize instrumental scattering,which
the largest detunings was less than 1% of the Rayleigh s
tering signal. In addition, in order to accurately assess ba
ground light scattering, it was necessary to be able to que
the Cs density, and yet leave the cell oven and alignm

FIG. 1. Diagram of the lowest few energy levels in atomic Cs, illustrat
the experimental scheme.

FIG. 2. Schematic diagram of the experimental apparatus.
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fixed. To do this, an;1 cm long sidearm of radius about
mm extended from the cell and through a small hole in
oven. Directing a steady stream of compressed air to the
of this sidearm reduced the Cs density by more than 103 in a
few seconds, allowing the residual scattered laser radia
for each linear polarization state to be evaluated, also
about 1%, limited by counting statistics.

The scattered light was collected by a 35 mm field le
mounted in a precision translation stage. This allowed
sharp imaging of the interaction volume of the cell onto t
slits of a 0.3 m spectrometer, which served as a spatial
spectral filter for the Rayleigh scattered light. As discussed
a later section, spectral filtering is important for detectin
and then removing unwanted signals due to atomic line fl
rescence and molecular emission. For smaller detuning
ues, the spectrometer slits were typically adjusted to 40mm,
well matched to the diameter of the laser beam in the in
action region. Increasing the slit width to 100mm increased
the signals considerably, but had no measurable effect on
measured polarization. The larger slit widths were used
detuningsD.100 cm21. The lens was stopped down tof 16,
in order to make negligible depolarization due to the angu
divergence of the scattered light. A linear polarization an
lyzer was mounted in front of the slits, and adjusted so t
its transmission axis was collinear with that of the incide
laser light; this adjustment was made with an accuracy
about&1022 rad. The analyzing power of the polarimete
including the LCR, the analyzing polarizer, and the co
bined effect of the angular divergence of the laser beams
the scattering signal is about 0.9995.

The scattered radiation was detected by a thermoele
cally cooled GaAs photomultiplier tube, which had a da
counting rate of a few Hz. The photon counting signals w
processed with a fast preamplifier, and accumulated by a
MHz photon counter-discriminator system. Under the con
tions of the experiment, the maximum counting rate was l
than 104 s21, making dead time corrections negligibl
Scanning of the spectrometer, wavemeter output, polar
tion switching, and acquisition and storage of signals w
managed by a LabVIEW based computer-controlled data
quisition system.15 Automation of the instrumentation is es
sential to obtaining high quality measurements of the sc
tered light polarization. Of particular interest is th
automation of the liquid crystal retarder, for which a spec
LabVIEW driver had to be written. Essentially, the softwa
sends two 8 bit words to the LCR controller via th
controlling-computer parallel port. These are sequentia
latched and form the resulting 15 bit precision required
maintain the LCR retardance at the desired level. The co
mercially available LCR is temperature stabilized to60.1 K,
and the retardance across the;2.5 cm available aperture i
constant to about 1%. However, for the present applicat
in which the retarder is used as al/2 retarder for a laser
beam having a cross-sectional area of a few millimeters,
analyzing power of the device can be as high as 0.9999

During a typical experimental run, the Ti:sapphire las
output was adjusted to a selected detuningD, and the signals
optimized. The spectrometer was then scanned discre
over a wavelength range sufficient to obtain the scattered
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1615J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Markhotok et al.
and the baseline for the scattering signals. For each disc
setting of the spectrometer, the linear polarization direct
of the laser beam was adjusted to be collinear and then
pendicular to the transmission axis of the analyzer in
detection arm. Defining the background corrected signal
collinear polarization asSi and for perpendicular polariza
tion asS' a linear polarization degree may be formed as

PL5
Si2S'

Si1S'

. ~1!

Signals were accumulated for 1 s for each polarization state
Each scan of this type was divided into typically 400 ste
with the first 200 steps dedicated to the procedure above.
the second half of the scan, the direction of the spectrom
scan was reversed and the oven sidearm, described ea
was cooled with a stream of cool air, effectively reducing t
Cs density to negligible levels. With the polarization switc
ing protocol the same, this reversed scan allowed the b
ground of instrumentally scattered light to be reliably a
sessed. A typical scan of this type, which was taken a
detuning D52145.670(2) cm21 and a temperatureT
5470 K, is shown in Fig. 3.

This type of scan is useful for evaluating the effects
background scattered light, for detecting possible signals
to Cs2 molecular emission and for eliminating blending
the Rayleigh scattering line with collision-induced atom
emission on the Cs 6s 2S1/2→6p 2P3/2 transition. However, it
is not optimum for obtaining good counting statistics f
either the Rayleigh scattering signal or for measuremen
instrumental background scattering. Instead, for final d
runs the spectrometer was set at the peak of the Rayl
scattering signal, and data accumulated for;30 min, again
with the first half reserved for signal acquisition and the s
ond for background assessment. The protocol for polar
tion switching is the same in this case as in the previous o
Because of excellent alignment and laser power stability,
producible polarization measurements at a60.4% level
could be made, this being limited by counting statistics.

We conclude our discussion of the experimental inst
mentation with some comments regarding some advant

FIG. 3. Representative spectrometer scan over the Rayleigh scattering
for a detuning of2145.67 cm21, showing the polarization dependence
the signals.
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that our experimental approach has over other approache
general, we have taken advantage of the ability to electro
cally control and manipulate the instruments associated w
the experiment. This has been achieved by taking care
thermal and mechanical stability of the apparatus, and
accumulate multichannel data sets that measure those q
tities, such as laser power and frequency, that drift ove
long data acquisition period. The experimental stability w
such that, with computerized control of the experiment, ru
longer than 5 h could routinely be achieved without interve
tion. This quality enables systematic effects to be relia
detected, on the one hand, and allows accumulation of s
cient signal to achieve the precision polarimetry reported
this article. This was a critical feature of the experime
especially for the larger detunings as shown in Fig. 4.

Beyond this, precision and reliable digital control of th
state of the laser polarization is a key element of the exp
ment. As the laser beam is very well collimated and is
small cross-sectional area, the analyzing power of the liq
crystal retarder could be optimized. This is to be compare
polarization analysis of the scattered light, where the sign
cantly larger solid angle of detection degrades the p
achievable analyzing power. In other measurement
proaches, a mechanically rotatable polarizer is freque
used,7 and phase sensitive detection employed to extract
polarization degree. As well as placing demands on lo
phase and alignment stability of the rotating devices, the s
sitivity of the measurements is ultimately not as large. Th
systematic effects that are difficult to assess, such as
temperature dependence illustrated in Fig. 3, may be vi
ally eliminated from the data.

III. RESULTS AND ANALYSIS

Polarization measurements were made over aD range
;220 cm21 around the 6s 2S1/2→6p 2P3/2 transition at
11 732.35 cm21. The measurements were free of detecta
systematic variations associated with laser power or with
signal counting rate. However, systematic reduction of
polarization was observed as a function of increasing
temperature, which we attribute to background due to
creasing Cs density. This background shows up in two wa
First, at higher cell temperature, there is, in addition to

ine
FIG. 4. Temperature dependence of the polarization of Rayleigh scatt
light at a detuning of 86.85 cm21.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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strong Rayleigh scattering signal, intense unpolarized em
sion at the 6s 2S1/2→6p 2P3/2 resonance transition, an
weaker emission at the 6s 2S1/2→6p 2P1/2 transition. Such
emission has been observed previously in Rayleigh sca
ing experiments on the 3s 2S1/2→3p 2Pj transitions in
atomic Na,7 and attributed to collisional redistribution of th
laser radiation to the resonance line via Na1Na binary col-
lisions. In this experiment, this component increases with
density much faster than the Rayleigh scattering signal, s
gesting that it is also due to binary alkali–alkali collision
The conditions of the experiment were such that the re
nance radiation is strongly self-absorbed, so no quantita
measurements were made of the relative cross section
the two processes. Spectral and spatial filtering by the s
trometer greatly suppresses the effect of this emission on
Rayleigh scattering polarization. Second, for large spec
detunings, when the effects of collision-induced emission
negligible, a weak temperature dependence of the meas
polarization of the Rayleigh scattered light was observ
This is illustrated in Fig. 4, which shows the linear polariz
tion degree atD586.852(2) cm21 as a function of tempera
ture. It is seen that for temperatures above about 410 K th
is a measurable decrease in the polarization with temp
ture. Spectrometer scans over the Rayleigh line revealed
for higher temperature there is a weak and nearly unpo
ized background signal in the wings of the line. This signa
also likely due to Cs2 molecular emission. For the purpos
of this study, we indicate that temperature dependence
tested for all detunings used in this experiment, and fi
polarization measurements were made in temperature ra
where no variations with temperature were found.

The measured depolarization spectrum as a function oD
is shown in Fig. 5. In this figure, the points are the avera
measured values for each detuning, while the solid cu
represents a fit to the data as described in the following p
graph. Error bars on the points are negligible on the scal
the graph. The bars shown represent the statistical erro
that polarization value magnified 10 times. Typical unc
tainty in the detuning values is less than60.01 cm21, this
being due to drift of the laser frequency during a run. T

FIG. 5. Linear polarization spectrum of atomic Cs near-resonant Rayl
scattering. The solid curve represents a least-squares fit to the data, wi
minimum x252.567.
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variation of PL with D is primarily due to interference be
tween the amplitudes for scattering on the 6s 2S1/2

→6p 2P1/2 and 6s 2S1/2→6p 2P3/2 transitions. Expressions
for the polarization-dependent scattering intensities may
readily derived, as was done originally in terms of oscilla
strengths by Penney.6 They are given by

I i5I oF2RM3/2

D
1

M1/2

D1D f
1

2RM3/2

D22v
1

M1/2

D1D f22v
2pG2

,

~2!

I'5I oFRM3/2

D
2

M1/2

D1D f
2

RM3/2

D22v
1

M1/2

D1D f22v
2qG2

. ~3!

In these expressions, all angular momentum coupling fac
have been explicitly evaluated16 leaving normalized and
squared transition matrix elements described byM3/2 and
M1/2. Because of explicit evaluation of Racah coefficients
this expression, these squared radial matrix elements
nearly equal.17–20 The quantitiesp and q represent the con
tributions to the scattering amplitudes from more energe
np multiplets. They are weakly frequency dependent a
may be readily estimated from existing experimental,11 or
theoretical21 data to have the approximate valuesp;26.2
31025 andq;7.131026. They have a negligible effect on
the polarization within the range and precision of the pres
experiment. This being the case, the factorM1/2 may be re-
moved from the above expressions, and the polarization
rametrized by the line strength ratioS52R3M3/2/M1/2.22

The quantityR is a parameter used to fit the data. In t
present case, the factor 2M3/2/M1/2 is extremely well
known,20 and has the value 1.9809~9!. Thus adjustment of
the parameterR to fit the experimental data allows compar
son with this fiducial, with perfect agreement being obtain
whenR51.

In the expressions above, the effects of hyperfine str
ture on the intensities have been neglected. Although s
effects are very pronounced9 for small detunings, they are
negligible in the present case. In order to observe hyperfi
dependent variations in the light polarization, the hyperfi
structure must be partially distinguished in both the low
and upper levels involved in the scattering. But for even
smallest detunings of the present study, the width of the
cited state hyperfine manifold is less than 1023 of the detun-
ing D. Under these circumstances the hyperfine-depend
denominators may be neglected and theF-dependent angula
momentum factors reduce to theM j above. HereF is the
combined total of atomic and nuclear angular momentum

We have made a least-squares fit of the 127 individ
polarization data points to the equations above, usingR as an
adjustable parameter to minimize the reducedx2. In the fit,
contributions from then57 – 8 np multiplets were included,
but held at the numerical values indicated above. A minim
was found atx252.567 forR51.011(26), where the quote
uncertainty in the last digit represents one standard deviat
This implies a line-strength ratio of 2.003~52!, which is to be
compared to other values in Table I. The result of the fit

h
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also displayed in Fig. 6, where the residuals of the fit
shown, along with the error bars associated with each po
ization value. The polarization residuals are represente
PL ~calculated!–PL~measured!. As seen Fig. 6, the mean re
sidual is consistent with zero, and about 2/3 of the d
points are located within the indicated61s error bounds,
representing nearly an ideal fit with statistical errors on
For comparative purposes, an alternative analysis was d
where the 13 average polarization measurements, and a
ciated standard deviations, were again fit to the theoret
expressions above. For this fit, a minimum was found atx2

50.397 forR51.007(35), where the quoted uncertainty
the last digit again represents one standard deviation.
values forR are consistent for the two cases, with the red
tion in the x2 minimum value not surprising for the
smoothed average polarization data set.

The overall shape of the polarization curve23 in Fig. 5 is
similar to that measured previously7 in the vicinity of the Na
resonance lines. In fact, as indicated by Tam and Au,7 if only
the two largest terms are kept in the expressions for the s
tered intensity, then the quantity 1/(12PL) is of Lorentzian
form with a widthD f /3, so long asR;1. However, the dis-
crepancy between the measured and calculated polariz
degree found in Na was not found in the present work on
It is possible that the discrepancy found in Na is due to
weak undetected molecular emission, similar to that
served in the present experiment.

There have been several recent precision measurem
of the lifetimes of the Cs resonance transitions,17–19 includ-

FIG. 6. DeviationPL ~fit!—PL ~measured! between the fit and the experi
mental data points.

TABLE I. Summary of experimental and theoretical line strength ratios
the Cs resonance transitions.

Lifetimea 1.984~8!
Lifetimeb 1.977~8!
Absorptionc 1.9809~9!
MBPTd 1.9817
This work 2.003~52!

aReference 18.
bReference 19.
cReference 20.
dReference 24.
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ing a very precise determination of the line–strength ratio
Rafac and Tanner.20 The lifetime measurements of Tann
et al.19 are done using meticulous measurements of deca
excited Cs atoms along their flight path in an atomic bea
Those of Younget al.19 employ femtosecond excitation of
Cs atomic beam, and time-correlated single-photon coun
to extract the lifetimes of the 6s 2S1/2→6p 2P1/2 and
6s 2S1/2→6p 2P3/2 transitions. In order to facilitate compar
son, the lifetime values and the measurements of the ratR
have been converted to the line–strength ratio for the
transitions. The line strength depends on the reduced ma
elements for the transition, but does not explicitly remo
the recoupling coefficients as in Eq.~2!. These experimenta
values are presented in Table I, along with the line–stren
ratio determined by the direct absorption measurement
Rafac and Tanner. Also included for comparison is a lin
strength ratio derived from recent relativistic many-body p
turbation theory calculations.21,24 It is seen from these value
that there is excellent agreement among the various exp
mental determinations of the line–strength ratio, in spite
the very different experimental approaches used to determ
them. Because the spectral variations in the polariza
spectrum that influence the determination of the line stren
occur at large detunings for the Cs resonance lines, the t
nique used in the present study is not suitable for determ
ing line–strength ratios in this case to the precision of
best lifetime and absorption measurements. However,
transitions to more highly excited multiplets, particularly th
np (n.6) multiplets in Cs, the important spectral regio
are in an approximately610 cm21 range around the atomi
resonances. This suggests that the technique described i
paper may be effectively used to determine matrix elem
ratios for transitions involving more highly excited level
including thens2S1/2→n8p 2Pj principal transitions in the
alkali atoms or alkaline earth ions.

IV. CONCLUSIONS

An instrument has been developed for making precis
linear polarization measurements of light Rayleigh scatte
from gaseous samples. Using this device, measuremen
the polarization spectrum of Rayleigh scattered light in
vicinity of the atomic Cs resonance lines have been ma
The spectrum displayed distinctive interference structure
sociated with the amplitude for scattering from the two fin
structure multiplet components. In addition, at higher
density strong but unpolarized redistribution of the incide
radiation by Cs1Cs collisions to the atomic resonance lin
was observed. This observation did not have a measur
effect on the low-density polarization spectrum used in f
ther analysis of the polarization spectrum. Analysis allow
determination of the line–strength ratio for the resonan
transitions. The ratio was found to be in excellent agreem
with earlier measurements using quite different techniqu
but was not so precise. However, the quality of the meas
ments is such that they may now be extended to other r
nance transitions for which the line strength ratio is not w
known, and for which other approaches are not so rea
applied. In particular, the Rayleigh scattering technique

r
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1618 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Markhotok et al.
now being extended to measurements on more hig
excited–state transitions, including the 6s 2S1/2→7p 2Pj

transitions in Cs, for which neither the absolute or relat
values are precisely known. These relative values can be
on an absolute scale by reference to the well-known stren
of the Cs resonance transitions.10
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