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Precision polarization measurements of the 6 5251,2—>6p2Pj Rayleigh
scattering spectrum in atomic Cs
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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 82S,,,—6p 2Pj resonance transition. For measurements in-880 cm *

range around the §S,,,—6p 2P, resonance transition, the ratio of line strengths for the two
resonance transitions has been found to be Z5®)3in excellent agreement with other methods.
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I. INTRODUCTION (viz. ns—n'p) in terms of this single fiducial value. Such an

. . approach is more suited to Rayleigh scattering near transi-
One of the fundamental low energy interactions betweer). s : :

. - . tions other than the resonance transition, for which contribu-
electromagnetic radiation and atoms is nonresonant Ra

leigh, or quasielastic light scatteridg.A century ago, the ¥|ons from other multiplet transitions are nearly negligible.

original articlé on this subject appeared, but the much late In this article we describe in detail the experimental

r . . N
. ., technique we use to make precision polarization measure-
comprehensive work of PlacZekpresented the essential q b P

. . ments of light Rayleigh scattered from an atomic gas. We
cross sections for both nonresonant Rayleigh and Rama

. . . : -also present measurements of the frequency-dependent polar-
scattering. Since that time there have been extensive studies

; ) ; . iZation of Rayleigh scattering associated with the?8,,,
of Rayleigh scattering of light by gasésanging from prac —>6p2Pj resonance transitions in atomic Cs. In this case, the

tical studies in which the intensity of Rayleigh scattered light,. ht scattering is dominated by the two resonance transitions

. . I
serves as a density prope of the scattering gas to _fascma_mR =1/2,3/2), and shows strong spectral and polarization-
new phenomena associated with coherent scattering of lig . . .
pendent interference associated with the coherent scatter-

from a Bose—Einstein condensatd atomic Na. In addition, . - ;
. . . ing off the two transitions. Furthermore, analysis of the mea-
both calculationsand measurements of Rayleigh scattering : . .
surements allows extraction of the ratio of line strengths for

near nondegenerate levels have shown a strong polarizatiqﬂe two transitions. As this ratio is very well determined by

and frequency dependence to the scattered light intensity. Icr)]ther methods, it can serve as a figure of merit for the quality
general, the polarization dependence occurs whenever ther

is light scattering from two or more levels of different angu- of the polarization measurements. In the remainder of this

lar momentum. Such phenomena have, for example, be arllrUcIe, we present details of the experimental technique, fol-

C _ 2 owed by the experimental results and analysis. The results
observed for scattering in the spectral vicinity 0§<S;,, . : ;
2 ) . iy . . are then discussed in the context of other recent research in
—np“P; fine structure multiplet transitions in atomic Na

(Ref. 7 and in singly ionized B&.Similar effects associated this area.

with the 3s2S,,,— 3p 2P, hyperfine multiplet in atomic Na

have also been studied by Walkepal® In the case of the Il. EXPERIMENT
3s2S,,,—3p ?P5, measurements in Naa discrepancy was

; . The basic experimental scheme is illustrated in Fig. 1,
noted between the experimental results and the theoretical, . )
Which shows the lowest few energy levElsf atomic Cs.

expressions usec_;l to model them_; a main focus of the presewmh reference to the figure, the energy, averaged over the
work is then to find whether a similar effect occurs for the . &£ 5 o
o . : hyperfine structure, of the s5'S,,,—6p “P3, transition is
depolarization spectrum of the Rayleigh scattered light asso - . 3 2
) . . o w3p=11732.35 cm~, while that of the 6<S;,,—6p “P,,
ciated with the atomic Cs resonance transitions.

T _ ~112 :
Furthermore, although it is not the main emphasis of higransition ise, ,=11178.24 cm". ™ Note that more precise

3,14 i " ;
article, it has been showlthat analysis of measurements of Values*!are available for these transition energies, but the

the polarization and frequency dependence of Rayleigh scaffddEd precision has no effect on the present measurements.

tering can yield relative transition matrix elements. In som n terms of the frequency of the incident light, we define

e : i

. ) . ; tuning from the 62 2p,,, transition asA=

cases, particularly where there is a precisely known o:~:C|IIato$ie uning 1ro € 87S1,-6p Py, transition asa=w
w3p- In the present experimend is in the approximate

strength, it is then possible to put on an absolute scale the

. : ) : . range+110 cm .
relative matrix elements for a series of multiplet transitions . . .
A block diagram of the experimental apparatus is shown

in Fig. 2. In the figure, the laser is an Apumped titanium:
dpresent address: Department of Physics, University of Michigan, Ann Ar-sapphire ring laser. The laser is passive]y stabilized and pro-

bor, MI 48109. ; ; .
Ypermanent address: Department of Physics, Central Michigan University\,/Ides an average power in the spectral range of .the expen

Mt. Pleasant, Ml 48859. ment of about 100—-200 mW. The laser bandwidth is about 60
9Electronic mail: mhavey@odu.edu MHz, which includes characteristic drift and fluctuations
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5 fixed. To do this, an~1 cm long sidearm of radius about 3

7p °P; mm extended from the cell and through a small hole in the
7 251/2 oven. D_irecting a steady stream of qompressed air t_o the tip

—_— 542D, of this sidearm reduced the Cs density by more thahii@
— few seconds, allowing the residual scattered laser radiation
—_ for each linear polarization state to be evaluated, also to

A e about 1%, limited by counting statistics.

/ \ The scattered light was collected by a 35 mm field lens
65251/2 mounted in a precision translation stage. This allowed for

sharp imaging of the interaction volume of the cell onto the
FIG. 1. Diagram of the lowest few energy levels in atomic Cs, illustrating slits of a 0.3 m spectrometer, which served as a spatial and
the experimental scheme. spectral filter for the Rayleigh scattered light. As discussed in
a later section, spectral filtering is important for detecting,
and then removing unwanted signals due to atomic line fluo-
over the course of a typically 1-h experimental run. Aboutrescence and molecular emission. For smaller detuning val-
5% of the laser power is directed to a Burleigh WA-1500ues, the spectrometer slits were typically adjusted ta.40
wavemeter, which has a precision of abaul0 > cm™%; well matched to the diameter of the laser beam in the inter-
the absolute calibration of the instrument was confirmed taction region. Increasing the slit width to 1@@n increased
~100 MHz by measurement of the spectral location of thethe signals considerably, but had no measurable effect on the
hyperfine components of thes6S,,,—6p 2P, transition.  measured polarization. The larger slit widths were used for
The linear polarization of the laser output beam was purifiedietuningsA >100 cm *. The lens was stopped down 6,
with a Glan—Thompson prism, which has an extinction ratioin order to make negligible depolarization due to the angular
of better than 10°. A Meadowlark liquid crystal variable divergence of the scattered light. A linear polarization ana-
retarder(LCR) was used to control the linear polarization lyzer was mounted in front of the slits, and adjusted so that
direction of the laser beam to be in its natural state definegts transmission axis was collinear with that of the incident
by the Glan—Thompson polarizer, or to rotate the linear potaser light; this adjustment was made with an accuracy of
larization direction byn/2. A second Polarcor™ infrared po- about=<10 2 rad. The analyzing power of the polarimeter,
larizer used as an analyzer confirmed the purity of the resultncluding the LCR, the analyzing polarizer, and the com-
ing linear polarization to-10"*, and the angle between the pined effect of the angular divergence of the laser beams and
two polarization states te&10 2 rad. The Polarcor™ infra- the scattering signal is about 0.9995.
red polarizer was employed in the detection arm to select a The scattered radiation was detected by a thermoelectri-
linear polarization direction of the scattered light to be nor-cally cooled GaAs photomultiplier tube, which had a dark
mal to the plane formed by the wave vectors of the incidentounting rate of a few Hz. The photon counting signals were
and scattered light. processed with a fast preamplifier, and accumulated by a 100
The laser beam was weakly focused into a heated ovenyiHz photon counter-discriminator system. Under the condi-
cell arrangement that allowed control of the Cs cell temperations of the experiment, the maximum counting rate was less
ture to+0.1 K over the temperature range from 390 to 440 Kihan 1¢ s7¢, making dead time corrections negligible.
used in the experiment. Typical operating temperature foScanning of the spectrometer, wavemeter output, polariza-
data runs was in the range 390-400 K, corresponding to a Gfon switching, and acquisition and storage of signals were
density~ 10" cm™*. The cylindrical Pyrex cell had two pol- managed by a LabVIEW based computer-controlled data ac-
ished windows to minimize instrumental scattering,which alquisition systent® Automation of the instrumentation is es-
the largest detunings was less than 1% of the Rayleigh scakzntial to obtaining high quality measurements of the scat-
tering signal. In addition, in order to accurately assess backgred light polarization. Of particular interest is the
ground light scattering, it was necessary to be able to quenchytomation of the liquid crystal retarder, for which a special
the Cs density, and yet leave the cell oven and alignmentap\v/EW driver had to be written. Essentially, the software
sends two 8 bit words to the LCR controller via the
controlling-computer parallel port. These are sequentially
latched and form the resulting 15 bit precision required to
LASER maintain the LCR retardance at the desired level. The com-
mercially available LCR is temperature stabilized#6.1 K,
\ ____________________ and the retardance across th@.5 cm available aperture is
constant to about 1%. However, for the present application,
in which the retarder is used asN2 retarder for a laser

RETARDER DETECTOR beam having a cross—sectiqnal area of a feyv millimeters, the
PHOTON COMPUTER anaIyzmg power of the dey|ce can be as h|gh as O..9999.
COUNTER During a typical experimental run, the Ti:sapphire laser
I - ' TOBUS I | output was adjusted to a selected detuningnd the signals
optimized. The spectrometer was then scanned discretely
FIG. 2. Schematic diagram of the experimental apparatus. over a wavelength range sufficient to obtain the scattered line
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FIG. 4. Temperature dependence of the polarization of Rayleigh scattered
FIG. 3. Representative spectrometer scan over the Rayleigh scattering linight at a detuning of 86.85 cnt.
for a detuning of—145.67 cm?, showing the polarization dependence of
the signals.

that our experimental approach has over other approaches. In
general, we have taken advantage of the ability to electroni-

and the baseline for the scattering signals. For each discref@lly control and manipulate the instruments associated with
setting of the spectrometer, the linear polarization directiofn® €xperiment. This has been achieved by taking care of
of the laser beam was adjusted to be collinear and then pet?ermal and mechanical stability of the apparatus, and to
pendicular to the transmission axis of the analyzer in thé}gcumulate multichannel data sets that measure those quan-
detection arm. Defining the background corrected signal fofiti€S, such as laser power and frequency, that drift over a
collinear polarization a$, and for perpendicular polariza- long data acquisition period. The experimental stability was

tion asS, a linear polarization degree may be formed as such that, with computerized control of the experiment, runs
longer tha 5 h could routinely be achieved without interven-

p :SI_SL (1) tion. This quality enables systematic effects to be reliably
LS+, detected, on the one hand, and allows accumulation of suffi-

Signals were accumulatedrfa s for each polarization state. cient signal to achieve the precision polarimetry reported in

Each scan of this type was divided into typically 400 steps,th's arucle. This was a crltlcgl feature of thg e>.(per|ment,
pecially for the larger detunings as shown in Fig. 4.

with the first 200 steps dedicated to the procedure above. Fé B d thi - d reliable diaital irol of th
the second half of the scan, the direction of the spectrometer eyon IS, precision and refiable digital control ot the
scan was reversed and the oven sidearm, described earIiéF?‘te of the laser polarization is a key element of the experi-

was cooled with a stream of cool air, effectively reducing themenltl' As the Iatger tl)eam |s£hvery V‘I’e". collimated fi?]d :.S O.L
Cs density to negligible levels. With the polarization switch- SMall cross-sectional area, the analyzing power ot the fiqul

ing protocol the same, this reversed scan allowed the baClg_rystal retarder could be optimized. This is to be compared to

ground of instrumentally scattered light to be reliably as_poIarization analysis of the scattered light, where the signifi-

sessed. A typical scan of this type, which was taken at gan_tly larger solid. angle of detection degrades the peak
detuning A= —145.670(2) c® and a temperatureT achievable analyzing power. In other measurement ap-
— 470K, is shown in Fig. 3 proaches, a mechanically rotatable polarizer is frequently

This type of scan is useful for evaluating the effects Ofused?_ an_d phase sensitive detection gmployed to extract the
background scattered light, for detecting possible signals du@olanzatlon (_Jlegree. As v_v_ell as placmg dema_nds on long
to Cs, molecular emission and for eliminating blending of p_h_a_se and alignment stab|I|ty_of th_e rotating devices, the sen-
the Rayleigh scattering line with collision-induced atomic sitivity of the measurements is ultimately not as large. Then
emission on the Cs#’S, ,— 6p 2P, transition. However, it systematic effects that are difficult to assess, such as the

1/2 3/2 . ’ . . . .
is not optimum for obtaining good counting statistics for lEMperature dependence illustrated in Fig. 3, may be virtu-

either the Rayleigh scattering signal or for measurement 0"f‘”y eliminated from the data.

instrumental background scattering. Instead, for final dat

runs the spectrometer was set at the peak of the Rayleigm' RESULTS AND ANALYSIS

scattering signal, and data accumulated @80 min, again Polarization measurements were made oveX eange

with the first half reserved for signal acquisition and the sec~220 cm® around the 62S;,—6p 2P, transition at

ond for background assessment. The protocol for polarizatl 732.35 cm®. The measurements were free of detectable

tion switching is the same in this case as in the previous oneystematic variations associated with laser power or with the

Because of excellent alignment and laser power stability, resignal counting rate. However, systematic reduction of the

producible polarization measurements at*#.4% level polarization was observed as a function of increasing cell

could be made, this being limited by counting statistics. = temperature, which we attribute to background due to in-
We conclude our discussion of the experimental instrucreasing Cs density. This background shows up in two ways.

mentation with some comments regarding some advantagésrst, at higher cell temperature, there is, in addition to a
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08 variation of P with A is primarily due to interference be-

1 tween the amplitudes for scattering on thes?6,,
0.7 - —6p 2Py, and 62S,,—6p 2P, transitions. Expressions

I for the polarization-dependent scattering intensities may be
0.6 readily derived, as was done originally in terms of oscillator

o 0s ~ strengths by PennéyThey are given by

04 - ) {ZRMs/er Myz  2RMsp My

1 7o A A+A; A—20 A+Ai—20 ’
03 + ’ (2)

L A — 1 T
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FIG. 5. Linear polarization spectrum of atomic Cs near-resonant Rayleigh
scattering. The solid curve represents a least-squares fit to the data, with the
minimum y2=2.567. In these expressions, all angular momentum coupling factors

have been explicitly evaluat®tleaving normalized and

squared transition matrix elements described Nby, and
strong Rayleigh scattering signal, intense unpolarized emisM ;,. Because of explicit evaluation of Racah coefficients in
sion at the 82S;,—6p2P3, resonance transition, and this expression, these squared radial matrix elements are
weaker emission at thes8S,,,—6p 2P, transition. Such nearly equal’=?° The quantitiep and q represent the con-
emission has been observed previously in Rayleigh scattetributions to the scattering amplitudes from more energetic
ing experiments on the 53281,2H3p2Pj transitions in  np multiplets. They are weakly frequency dependent and
atomic Na’ and attributed to collisional redistribution of the may be readily estimated from existing experimeftabr
laser radiation to the resonance line via-Néa binary col-  theoreticad’* data to have the approximate values — 6.2
lisions. In this experiment, this component increases with Cs< 10~ ° andq~7.1x 10" . They have a negligible effect on
density much faster than the Rayleigh scattering signal, sughe polarization within the range and precision of the present
gesting that it is also due to binary alkali—alkali collisions. experiment. This being the case, the fadiby, may be re-
The conditions of the experiment were such that the resomoved from the above expressions, and the polarization pa-
nance radiation is strongly self-absorbed, so no quantitativeametrized by the line strength rat®=2RX M g,/M,.??
measurements were made of the relative cross sections fdhe quantityR is a parameter used to fit the data. In the
the two processes. Spectral and spatial filtering by the spepresent case, the factorMg,/M4, is extremely well
trometer greatly suppresses the effect of this emission on tHeown?° and has the value 1.98®. Thus adjustment of
Rayleigh scattering polarization. Second, for large spectrahe parameteR to fit the experimental data allows compari-
detunings, when the effects of collision-induced emission arson with this fiducial, with perfect agreement being obtained
negligible, a weak temperature dependence of the measurechenR=1.
polarization of the Rayleigh scattered light was observed. In the expressions above, the effects of hyperfine struc-
This is illustrated in Fig. 4, which shows the linear polariza-ture on the intensities have been neglected. Although such
tion degree at =86.852(2) cm* as a function of tempera- effects are very pronouncédor small detunings, they are
ture. It is seen that for temperatures above about 410 K theneegligible in the present case. In order to observe hyperfine-
is a measurable decrease in the polarization with temperalependent variations in the light polarization, the hyperfine
ture. Spectrometer scans over the Rayleigh line revealed thatructure must be partially distinguished in both the lower
for higher temperature there is a weak and nearly unpolarand upper levels involved in the scattering. But for even the
ized background signal in the wings of the line. This signal issmallest detunings of the present study, the width of the ex-
also likely due to Csmolecular emission. For the purposes cited state hyperfine manifold is less than $®f the detun-
of this study, we indicate that temperature dependence wasg A. Under these circumstances the hyperfine-dependent
tested for all detunings used in this experiment, and finaenominators may be neglected and fkdependent angular
polarization measurements were made in temperature rangesomentum factors reduce to thé; above. HereF is the
where no variations with temperature were found. combined total of atomic and nuclear angular momentum.

The measured depolarization spectrum as a functign of We have made a least-squares fit of the 127 individual

is shown in Fig. 5. In this figure, the points are the averageolarization data points to the equations above, uBiiag an
measured values for each detuning, while the solid curvadjustable parameter to minimize the redugéd In the fit,
represents a fit to the data as described in the following parasontributions from then=7 -8 np multiplets were included,
graph. Error bars on the points are negligible on the scale dfut held at the numerical values indicated above. A minimum
the graph. The bars shown represent the statistical error omas found aty?=2.567 forR=1.011(26), where the quoted
that polarization value magnified 10 times. Typical uncer-uncertainty in the last digit represents one standard deviation.
tainty in the detuning values is less thar0.01 cm?, this  This implies a line-strength ratio of 2.0@®), which is to be
being due to drift of the laser frequency during a run. Thecompared to other values in Table I. The result of the fit is
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TABLE |. Summary of experimental and theoretical line strength ratios foring a very precise determination of the line—strength ratio by
the Cs resonance transitions. Rafac and Tannéf. The lifetime measurements of Tanner

Lifetime® 1.9848) et al’® are done using meticulous measurements of decay of
Lifetime® 1.9778) excited Cs atoms along their flight path in an atomic beam.
Absorptiorf 1.98099) Those of Younget all® employ femtosecond excitation of a
MBPT 1.9817 Cs atomic beam, and time-correlated single-photon counting
This work 2.00852) to extract the lifetimes of the £°S;,—6p?2P, and
“Reference 18. 6s°2S,,,— 6p 2P, transitions. In order to facilitate compari-
°Reference 19. son, the lifetime values and the measurements of the Ratio

‘Reference 20.

d have been converted to the line—strength ratio for the two
Reference 24.

transitions. The line strength depends on the reduced matrix
elements for the transition, but does not explicitly remove
also displayed in Fig. 6, where the residuals of the fit arethe recoupling coefficients as in EQ). These experimental

shown, along with the error bars associated with each polaxalues are presented in Table I, along with the line—strength

o o : ratio determined by the direct absorption measurements of
ization value. The polarization residuals are represented . : : :
; afac and Tanner. Also included for comparison is a line—
P, (calculate¢gP, (measurefl As seen Fig. 6, the mean re- . : S
. ) . . strength ratio derived from recent relativistic many-body per-
sidual is consistent with zero, and about 2/3 of the dat g . o
. - D urbation theory calculatiorfs:?*1t is seen from these values
points are located within the indicatedlo error bounds, ; . .
; . L o that there is excellent agreement among the various experi-
representing nearly an ideal fit with statistical errors only.

For comparative purboses. an alternative analvsis was donmental determinations of the line—strength ratio, in spite of
P purp ' y frie very different experimental approaches used to determine

where the 13 average polarization measurements, and assp- L ; L
. o S . ﬁem. Because the spectral variations in the polarization
ciated standard deviations, were again fit to the theoretica

expressions above. For this fit, a minimum was foungt Spectrum that influence the determination of the line strength

—0.397 forR=1.007(35), where the quoted uncertainty in occur at large detunings for the Cs resonance lines, the tech-

- : _ nigue used in the present study is not suitable for determin-
the last digit again represents one standard deviation. The " . T . -

; . INg line—strength ratios in this case to the precision of the
values forR are consistent for the two cases, with the reduc- - .
. . 5 . best lifetime and absorption measurements. However, for
tion in the y* minimum value not surprising for the

o transitions to more highly excited multiplets, particularly the

smoothed average polarization data set. . X . :
o I . np (n>6) multiplets in Cs, the important spectral regions
The overall shape of the polarization cufvin Fig. 5 is : . 1 .
o . . o are in an approximately=-10 cm - range around the atomic
similar to that measured previou$ly the vicinity of the Na . . : .
. L , resonances. This suggests that the technique described in this

resonance lines. In fact, as indicated by Tam and Kunly

. . aper may be effectively used to determine matrix element
the two largest terms are kept in the expressions for the scataP y y

tered intensity, then the quantity 141P, ) is of Lorentzian irr?gl(l);irlor tt;zrr\]ssltzlcs)ns_l)nr:lrol\ggg n:i?]g gigt?gn;i(igridir:et\gs’
form with a widthA/3, so long aR~ 1. However, the dis- 9 vz NPT Princip

. _..alkali atoms or alkaline earth ions.
crepancy between the measured and calculated polarization

degree found in Na was not found in the present work on Cs.

It is possible that the discrepancy found in Na is due to 8y CONCLUSIONS

weak undetected molecular emission, similar to that ob-

served in the present experiment. An instrument has been developed for making precision
There have been several recent precision measurementdear polarization measurements of light Rayleigh scattered

of the lifetimes of the Cs resonance transitiofis?includ- ~ from gaseous samples. Using this device, measurements of
the polarization spectrum of Rayleigh scattered light in the

vicinity of the atomic Cs resonance lines have been made.
The spectrum displayed distinctive interference structure as-

0.02 s R sociated with the amplitude for scattering from the two fine-
" ° structure multiplet components. In addition, at higher Cs
T 0.01 A density strong but unpolarized redistribution of the incident
% radiation by Cs-Cs collisions to the atomic resonance lines
e~ 0.00 - was observed. This observation did not have a measurable
§ ' effect on the low-density polarization spectrum used in fur-
-§ ther analysis of the polarization spectrum. Analysis allowed
$ 001 7 determination of the line—strength ratio for the resonance
transitions. The ratio was found to be in excellent agreement
0.02 : : : with earlier measurements using quite different techniques,

150 75 0 75 150 but was not so precise. However, the quality of the measure-
ments is such that they may now be extended to other reso-
nance transitions for which the line strength ratio is not well
FIG. 6. DeviationP,_ (fit)—P_ (measurefibetween the fit and the experi- knOV_Vna and fOI’_WhICh other approaches are not so _read|_|y
mental data points. applied. In particular, the Rayleigh scattering technique is

A (cm'l)
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