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Two-photon, two-color polarization spectroscopy of the 3°S,,,—5 s°S,, transition
in atomic Na: Measurement of relative transition matrix elements
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Precise measurements are reported on the linear polarization spectrum associated with two-photon, two-
color spectroscopy of the &€S,,,—5 s°S,, transition in atomic Na. Measurements are made in an approxi-
mately 40-cm? range in the vicinity of the $)2PJ- (j=1/2,3/2) levels, which serve as the principal interme-
diate levels for the two-photon transitions. Because of interference between the transition amplitudes through
each fine-structure multiplet component, the polarization varies from nearly 100%l&0% within this
spectral range. Modeling the data to include the effects of more enengetiwels and allowing for a
j-dependent ratio of transition amplitud@gesults in an excellent fit to the data. Estimation of the contribution
of higherp levels allows extraction of a value and sign e +1.0012(12). This result is combined with
recent measurements of the lifetime of the resonance transitions in Na to obtain a value for the ratio of
excited-state transition-matrix elements for thpZPj—>5 %Sy, transition (j =3/2 compared tg=1/2) of
1.001315). [S1050-2947@7)09001-X

PACS numbsgfs): 32.70.Cs, 32.70.Fw, 32.80.Wr, 33.80.Wz

INTRODUCTION sources are tuned so as to resonantly excite a dipole-allowed
two-photon transition. Variations of the relative polarizations
Development of new measurement techniques and refinef the light sources generate a polarization ratio. When more
ment of older technologies has led to substantial improvethan one intermediate level contributes significantly to the
ment in determination of many atomic properties. Considerprocess, there is interference between the amplitudes from
ing some examples for the Na atom, the recently developethe levels. This interference can be revealed in a polarization
atom interferometer has been applied to precise measuremaatio, and modeling of the experimental ratio allows determi-
of the polarizability of atomic sodium in thesgS,,, ground  nation of the size of the interference term relative to either of
level [1]. In another area, a number of techniques have beethe individual transition-matrix elements. In atoms, interfer-
applied to measurement of the lifetime of the resonance trarences may be between fine or hyperfine levels, or between
sitions in Na. Among these is direct measureni@ftof the  levels from different electronic configurations. Both fine and
natural width of the 3?S,,,— 3 p?Pg, transition in a sample hyperfine interferences similar to those considered in the
of very cold Na atoms for which the Doppler width was a present paper have previously been observed in Rayleigh
small fraction of the total transition width. Diatomic molecu- scattering in Ng5,6], and, under severe collisional condi-
lar spectroscopy of very weakly bound Naolecules in an tions, in s-s and s-d two-photon transitiond7,8]. Fine-
atom trap has allowed the determinati@j of the so-called structure destructive interference has also been demonstrated
C; coefficient, from which the transition dipole strength of by Bjorkholm and Liad 9], on the excitation spectrum of the
the 3s°Sy;,—3 p?Py, transition may be extracted. Finally, 3sS,,—3p®P;—4d°D;, transition of Na. Finally, we
the lifetime of both resonance transitions in Na has beemoint out that, in diatomic molecular spectroscopy, interfer-
recently determined to very high precision by using a refineences could additionally arise between rotational branches
ment of beam-gas-laser spectroscdgy Concentration on connecting selected initial and final levels. Exchange inter-
atomic sodium has been motivated by a long-standing disferences between rotational branches associated with differ-
crepancy between experiment and theory for the two lightesent vibrational transitions are also possible.
alkali-metal atoms, Li and Na. In the present report, we are concerned with the
In this paper we report on an experimental approach thas s°S;,,—5s%S,,, two-photon transition in atomic Na, for
can yield precise determination of relative atomic or molecuwhich the dominant intermediate levels are the components
lar transition matrix elements, including the sign. When cor-of the 3p2Pj (j=1/2,3/2) fine-structure doublet. There is
responding absolute values are available for one of the quastrong interference between the transition amplitudes
tities, then the other member of the ratio may be put on anhrough the different fine-structure components. Because of
absolute scale. This approach is particularly useful when onthe different angular momentuinof each component, this
of the two matrix elements is much larger than the other, anihterference is revealed directly in a polarization spectrum
thus may be more readily determined to good accuracy. Imebtained by varying the relative frequencies of the two light
portant information may also be extracted when the ratio osources used, but in such a way that the two-photon reso-
matrix elements itself has a particular limiting value in somenance condition is always met. The spectral distribution of
approximation. Then departures from the limiting value in-polarization contains information on the relative transition-
dicate breakdown of the approximation. matrix elements through the two components, and may be
The technique used here is two-photon, two-color polarmodeled so as to determine the ratio of matrix elements. For
ization spectroscopy. In this approach, two separate lightitoms with very weak spin-orbit interaction, a value of 2 is
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ing the two-photon excitation scheme used in the experiment.

expected for the corresponding intensity ratio. But the spin-
orbit potential is generally attractive for one fine-structure
component and repulsive for the other. Thus, for heavy at-
oms with large spin-orbit interaction, departure from a ratio
of 2 is generally anticipated on some leJdQ]. In fact,
strong departures from this value have been measured in the
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tends beyond the ionization limit, where it is revealed as a

minimum in the photoionization cross sectipb5—17. In FIG. 2. Block diagram of the experimental apparatus.

the following sections, the basic scheme of the experiment is

described and details of the experimental procedure pre- A diagram of the basic experimental apparatus is shown
sented. These are followed by a presentation and discussidm Fig. 2, where it is shown generally that the main experi-
of our results. Combination of precise measurements of theental instrumentation, including the laser scanning, polar-
ratio of transition elements for the resonance transitions fronimeter, and signal acquisition and storage are all controlled
other sourcef4] are then used to extract the ratio of excited-by the main computer. As shown in the figure, the two dye
state transition-matrix elements for thepépj_>5szsl,2 lasers are each pumped by separaté lsers. Laser 1 is a

transition(j = 3/2 compared tg = 1/2). broadband ring dye laser operating around 590.0 nm, in the
vicinity of the Na resonance transitions. It has a typical out-
EXPERIMENTAL APPROACH put power of 850 mW. The laser bandwidth of about 0.2

cm ! is determined by an intracavity uncoated quartz etalon

The basic experimental scheme is illustrated in Fig. 10f 0.1 cm thickness. The etalon is mounted on a galvanom-
which shows a partial energy-level diagram for low-lying eter, which permits smooth tilt tuning of the laser, without
levels of atomic Na. There, the frequencies of two lightmode hops, over a range of about 1.0 ¢mA portion of the
sources, laser 1 with frequeney and laser 2 with frequency laser 1 output is directed into a Fizeau wave meter, which
w,, are adjusted so thab,+w,=w,, Wherew, is the fre- has a precision of IF cm™?, and which is calibrated abso-
quency of the 3%S,,,—5 s°S,, transition in atomic Na. The lutely against the well-known Na resonance frequencies and
location of the virtual intermediate level is referenced to anthe HeNe laser line at 632.8 nm. The wave meter monitors
atomic level by definition of a detunind=w;— w5, Of the  quasicontinuously the output frequency of laser 1, thus pro-
laser 1 frequency from one-photon resonance. Monitoring o¥iding measurement of the detuniny of the laser from
the two-photon resonance condition is accomplished by colatomic resonance. The beam is then passed through polariz-
lection and detection of the fluorescence from theing optics consisting of a thin-film type linear polarizing fil-
4 pZPj—>3 s2S,,, cascade transition at 330.2 nm. The mainter and an electronically controlled liquid-crystal variable re-
part of the signal in the experiments comes from the nearlyarder (LCR). This machine allows for variation of the
resonant(for w;+w, ordering of absorption3 pZPj levels.  direction of linear polarization of laser 1 to be parallel or
However, at the level of precision of the experiment, bothperpendicular to that of laser 2. The beam is then weakly
the exchange order of absorptiéen,+w;) and more ener- focused with a 30-cm focal length lens into a heated oven
geticp levels contribute significantly to the signals, and mustcontaining a Pyrex sample cell filled with a small amount of
be included in modeling the process. Na metal. The cell windows were mounted normal to the
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laser beam direction, in order to minimize variations in theirfluctuations in laser power, atom density, and alignment. In
transmission with polarization. The oven temperature wasddition, because of the approximately 40-ms response time
maintained at 473 K within-0.2 K by means of a tempera- of the liquid crystal retarder, a 400-ms delay was inserted
ture controller, which provided power for the oven heatersbetween the each change of polarization state and the re-
and for thermocouple-monitored temperature measuremegtimption of data acquisition. Each scan was several minutes
and feedback. The Na atom vapor density in the Pyrexong, depending on counting rate. The scan interval was ad-
sample cell was-4x10'%cm®, justed so as to maintain approximately constant photon
Laser 2 is a standing-wave dye laser having a maximun?oum'_”g statistics in ea_ch detection channel, independeqt of
output power of 450 mW and an average bandwidth of 0_1§ietun!r}gA. After correction for background levels, the main
cm™* determined also by a 0.1-cm-thick quartz etalon. ifauantities of the experiment are formed by summation of the

operates at a wavelength of about 616 nm, in the vicinity Ofsignals in the paralle| and perpendicul_ar polarization chan-
the 3p2Pj—>55281,2 transition. The line shape for the laser 2 nels. These summed, and corrected, signals are labelgd as

output is slightly asymmetric, but this has no measurabl ndl, . Fr_om them’ a "”?af polarization degrég is
effect on the final results. A set of trimming optics is used to ormed. This quantity is defined as
adjust the laser 2 beam spatial profile to match the size and
divergence to that of laser 1. The laser 2 output beam is then _ b=l (1)
passed through a Glan-Thompson linear polarizer, which is - L+
used to define the linear polarization direction relative to that
of laser 1. The beam is focused into the oven-sample celn order to minimize systematic errors in experimental deter-
arrangement by the 30-cm focal length lens used to focumination of P, , special care was taken to produce both a
laser 1. The two beams have a diameter of approximately 8ery high level of linear polarization along a common axis
mm, and are separated by this amount on the surface of tHer each laser beam in the interaction region of the cell, and
focusing lens. This results in a minimum beam waist ofto ensure stable and high-quality rotation of the linear polar-
about 10° cm ! and an intersection angle of around 0 ization direction of laser 1 byr/2 relative to the common
rad in the viewing region of the cell. axis. Two general tests are used to assess the quality of the
The two-photon resonance signals are monitored by @olarimeter, these being an extinction ratio test and a 45°
photomultiplier tube—optical filter combination located attest. To accomplish these assessments, a Glan-Thompson,
right angles to the direction of propagation of the laserand a Wollaston prism polarizer are used; each of these de-
beams. The filters, consisting of two type UG-11 glass abvices has a quoted extinction ratio of 1:10 000. As shown in
sorption filters and a 10-nm bandpass interference filterfFig. 2, the Glan-Thompson prism is located in laser beam 2,
transmit about 25% of the fluorescence arising from thewhile the Wollaston prism is situated after the sample cell
4 pZPjHB s°S,,, cascade transition around 330.2 nm. Sinceand oven location. In the extinction test, the transmission of
excitation of the 52S,,, level is accomplished with linearly the laser beams by the Wollaston prism, which splits an in-
polarized light, and done without hyperfine selectivity or ap-coming beam into two separate beams of orthogonal linear
plied magnetic field, the fluorescence signals used for monipolarization, is used to determine the relative intensities of
toring the excitation are a direct measure of the populatiorthe laser beams in different polarization states. First, the
generated in the §°S,,, level. Note that this is not the case Glan-Thompson prism in laser beam 2 is adjusted for maxi-
if an orientation is generated in the excited level, or if theremum transmission of the beam. Then the Wollaston prism is
is partial or total resolution of the excited-level hyperfine oriented properly for minimum transmission in one of its
structure[18]. A 4-cm focal length lens is used to gather the channels and maximum in the other. This defines one of the
fluorescence light, resulting in counting rates in the rangdwo orthogonal axes necessary for the polarization measure-
10°-10° s %, depending om\. Background rate due to dark ments. The normal polarization state of beam 1 is perpen-
current was typically 108", while laser 1 and laser 2 gen- dicular to that of beam 2, and so the minimum transmission
erated low-level backgrounds of about 10 and % sespec- channel for laser beam 1 is the maximum channel for beam
tively. These rates, which were independent of the polariza2, and vice versa. The photographic quality polarizer in laser
tion state of either laser, were subtracted from the measurdageam 1 may be adjusted slightly so that this is the case. With
rate to get the true counting rates used in the analysis. Sigroper voltage applied to the liquid-crystal polarization rota-
nals from the photomultiplier tube were collected in a 300-tor in the laser beam 1 path, the linear polarization is rotated
MHz photon counter, which provided for lower and upperby #/2. This is the so-called parallel state; in this case the
level discrimination, and for pulse amplification, shaping, minimum transmission channels for the Wollaston prism are
and counting. This unit communicated with the main controlthe same for both beams. With fine adjustments of the retar-
computer via a RS232 serial communication port. dance of the LCR, extinction ratios of 1:8000 could be
The normal experimental procedure was to fix the laser Zchieved with the polarimeter.
frequency at some value, corresponding to a desired nominal A second type of test is necessary to ensure proper mea-
detuning of laser 1. Then laser 1 was tuned over the twosurements of linear polarization degree. In the present ex-
photon resonance, with the scan partitioned into 200 stepgeriment we use a 45° test to ensure that the relative inten-
for the approximately 1-cm' scan. At each step of the scan, sities and physical overlap of the two laser beams are
the polarization state of laser 1 was alternated once per semaintained during the polarization switching process. Such
ond to be either parallel or perpendicular to that of laser 2changes could arise from differential Fresnel reflection from
and the signal recorded in each case. The procedure minike cell windows, slight changes in the transmission of the
mized systematic small drifts in the relative intensities due td.CR for the two different polarization states, or from
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changes in the beam shape or direction of propagation for the
parallel and perpendicular states of polarization. In this test, 104 ——
the experimental fluorescence signal itself is used as a moni- P
tor, so that changes in the measured intensities could be di- 0.8
rectly determined. To accomplish the measurements, the 0.6
Glan-Thompson polarizer is rotated By5° from its normal
orientation. Then the switching of the polarization state of 0.4
laser 1 produces no change in the physical geometry of the 0.2 TEsl to F-1
two-photon excitation, and the measured linear polarization 5 ——ELECTRONIC
must be zero. This null test of the channel balance is limited 2= °° and Fob o B2%
chiefly by counting statistics, and so is most profitably done -0.2
nearer the resonance transitions. However, in the region o4
where the measureB, is normally zero, the test is mean- ’
ingless. Thus this test was mainly done in the spectral region -0.6
near theD?2 transition. The resulting polarimeter had an ana- o8
lyzing power better than 1:3000. Finally, a photodiode was '
used with the Wollaston prism during normal data acquisi- =10 oo e e
tion in order to monitor proper polarization switching. ' ' ' ' ' '

~50 -40 -30 -20 -10 O 10 20 30
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RESULTS AND ANALYSIS

The main results of the experiment are measurements of FIG. 3. Electronic and hyperfine linear polarization spectra in
the linear polarization degre®, as a function of detuning.  the vicinity of the Na resonance lines.
For very narrow band laser beams, the linear polarization ]
degree is formed from the following intensity expressions, N the second and fourth terms of E@), where the fine-

obtained in a weak field, rotating wave approximation, forStructure splitting appears directly, an additiona_l digit of ac-
the two polarization configuratiorfd9J: curacy is used from the extremely well-known fine-structure

splitting [22] in the 3p level in Na, 17.195 91@®0) cm™ L.

2R 1 2R 1 12 The quantityR is defined as g-dependent ratio of re-
ly=1lo| —— ——+——+——+P|,  duced matrix elements,
W17 W3 W1 W1 Wy W3 Wy W ]
@ _(5elrl3p(=32)(3p(1=321r3)
R 1 R 1 12 (5s]rl[3p(j=1/2))(3p(j = 1/2)[r|3s)
1, =1 — + +Q
o erm g 1m0y @ ey w0 for the 3p multiplet. In the absence of spin orbit, or other

relativistic perturbationR normally equals 1. In this defini-

In the expressiond,, is an overall normalizing constant pro- o of R, a factor of 2 has been removed in order to obtain
portional to the product of intensities of the two laser beamsg, R=1 nonrelativistic limit. This factor is explicitly in-

Ris a ratio of transition matrix elemer{20], while P andQ ¢ ded in Eq.(3), which yields the proper nonrelativistic
represent the contribution of all higher energy levels. Thenensity ratio of 2 for resonance excitation of the multiplet
frequencies of the two laser beams akeand w,, \/2vh|le @32 components, calculated as the ratio of the total intensity
angj wyyp are Zthe frequencies of thes3S,,—3 p*Py), and (I,+21,). Of course, then the singularity must be removed
357Sy,—3p°Py, transitions. For exact two-photon reso- .y incjusion in Eq(3) the natural width of the transitions. In
nance, the:2 SUm w;tw,=wp, Where wp IS the  he heayier alkali atoms, which have quite large spin-orbit
357Sy,—55°S,, energy separation. These valU@d] are  jniaractionsR varies significantly from unity. The quantity

H — —1 _ —1
given by wg),=16 973.311) cm , wy,=16 956.1T1) cm ", p "\yhich represents the contribution of all more energetic
and w,=33 200.691) cm . In fitting and modeling the po- |5 is given, to an excellent approximation, by
larization spectra, the expressions for the intensity are given

as a function of detuning\, as defined in the previous sec-

3 3
tion: p=> b, S 1 ®)
n>3 w1~ Wnp W~ Wp
=1 2R ! 2R where
1= 'o I+ A+Afs+ oo Zwg B
1 2 - (5slrnp)(nplri3s) o
n T - .
T oo 2wugt A=A T (5s[r[3p(j = 1/2)(3p(j = 1/2)[r[[3s)
(3 In Eq. (5), the fine-structure splitting of the>3 p multi-
R 1 R

plets has a negligible effect on the valueR®fand so it has
been ignored. This is an excellent approximation because
relativistic contributions td® are suppressed bydifference
in frequency-dependent terms, rather thanghmas in Eq.
(5). At this level of approximationQ=0. Physically, this

|J_:|O

K_ A + Afs_ wo— 2(,03/2_ A
2

wo— 2w3,2+ Afs_ A * Q
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TABLE I. Contributions of various systematic effects to the

0.80 ' ' ' ' ' ' total error in the measured polarization.
0.75 Quantity Uncertainty
e e e e ~ x Detuning,A +0.02cmt
&) D IR IO AR S Y IR Analyzing power(maximum 0.033%
L 9707 .. .':‘ oo c : . B Laser powermaximum) 0.030%
a ... ) ¢ Vapor density 0.02%
0654+ .« o Linearity 0.0001%
o ., Statistics 0.20%
1. . Total 0.21%
0.60 +—— l ‘ . . .
14
- PARALLEL . ,." ol Systematic tests and estimated errors
£ 17 - i As described earlier, the normal experimental procedure
; 10 4 '.. | consisted of fixing the frequency of laser 2, and scanni_ng
> : ‘. laser 1 over the two-photon resonance. The result of a typical
~ o “ scan is presented in Fig. 4, which is taken at a nominal de-
& 8 . ‘. i tuning of A~+2.3 cm . In the figure, the lower portion
3 s e shows the detuning-dependent intensity in the two polariza-
© 6 " i tion channels, while the upper portion gives the correspond-
z : '; ing linear polarization degree as a function of the nominal
o 4] PERPENDICULAR ° ., i laser 1 detuning fronD2 resonance. The slight asymmetry
S & w/ 5:. in the spectral profile of laser 2 indicated in the previous
& o : :,..‘3""' ""-..,“. , ".-! i section is evident in the line shape for the process. The spec-
o 3 . ) ! )
0 _mﬁ';o- Lot R . tral width at half-maximum of about 0.25 c¢rh(7.5 GH2 is

' ' ' ' ' a convolution of the laser linewidths, the summed Doppler
19 20 =21 22 23 24 25 26  idth of approximately 3 GHz, and the ground-state Na hy-
A (cm‘i) perfine splitting of 1.77 GHz. The polarization given in the
upper panel shows a slight increase with increasing detuning
FIG. 4. Typical two-photon excitation line shape and associated)]c las,er 1 This is due to the overall §hape of the electronic
variation of linear polarization. poIanzauon spectrum, as shown in Fig. 3. . .

The main sources of systematic effects considered in the
corresponds to coherently exciting thre p2pj multiplet ~ experiment are possible variations of the measutgdvith
states as if they were degenerate, and Vymhdependent Na density, the power of laser 1 or laser 2, and background.
weight from the radial integrals. Then the spin plays no roleThe reliability of the wave meter to produce accurate detun-
in determining the polarization, arigf =100%. The general
features ofP, resulting from Eq.(3), for the caseR=1,

P=0 are shown in Fig. 3. There it is seen that the polariza- 1.0 4
tion ranges from+100% at larger detunings to100% at a .
critical detuning ofA.=—2A/3, wherel,=0. The reso- 0-8 1 //
nance line values of 60% for the2 transition and 0% for 0.6 4
the D1 transition are what are expected in the absence of
hyperfine depolarization of the resonance radiatj@s]. 0.4 1
Generally, the shape of the spectrum and the locatiof of 02
depend on the values & and P. . ;
The above expressions neglect the hyperfine structure in <, 0.0 |
the 3sSy, and 5s”Sy, levels[24]. In the present experi- % ]

ment, this is justified because tifg spectrum is measured ]
with broadband lasers scanned over the two-photon reso- —0.4 +
nance. Then the spectrum is independent of the underlying ]
hyperfine-dependent variations in polarization. Note that ]
these variations are not small; our calculation of the varia- -0.8 -
tions is presented as the various chain curves in Fig. 3. Be-

—0.8 -

—-1.0 -

cause of the particularly rapid variations betweenbhknes . . . . . . ,
of the AF =0 transitions, care must be taken that the spectral —-30 -25 -20 -15 -106 -5 0 5 10
averaging over hyperfine components is complete. For this A (em™Y)

purpose, the spectra were measured with copropagating laser
beams, when the Doppler width is approximately double that FIG. 5. Measured linear polarization spectrum in the vicinity of
for a single photon transition. the Na resonance lines.
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ings was also assessed. The limits of reliability of the polarwith detunings of bothl, and the displayed frequency-
imeter as an instrument are discussed in the previous sectiodependent part of E¢3). Residuals to the fit, normalized to
Tests to evaluate effects of Na density and laser power werthe statistical error in each point, are presented in Fig. 6,
conducted at relatively small detunings of about 27¢m where it is seen that they have a mean value consistent with
where the signal size is large, and where possible light shiftgero, no evident spectral variations, and a distribution con-
[25,26 associated with either laser would be largest. Variasistent with a statistical one.

tions in Na density over a factor of about 50 produced no The y? minimum obtained in the fit?’=84.12 for the 109
discernible systematic variation of the measured polarizationjata points is obtainedot for unique values folR and P.

and provided an upper limit of about 0.02% variationdip  Instead, as shown in Fig. 7, these quantities are found to be
over this range. Similarly, variations in the power of laser 1highly correlated, with a virtually constant minimum being

or laser 2(with the other held fixedover a factor of 10 found for the locus of values given = 1.00243+ 5.673.
revealed no systematic variations, and set upper limits folhus to obtain a unique value f& requires estimation of
variations of 0.025% for laser 1 and 0.02% for laser 2. Backthe contributions to the spectrum fprlevels lying higher in
ground levels due to leakage of laser light through the filterenergy than the 8 levels. To accomplish this, the quantities

in the detections channel and due to dark current were ag, [Eq. (5)] were gathered from several sourd®y—-30,
sessed for each experimental data run, and were subtractadsessed for consistency, and a set chosen for estimation of
from the raw counting rates before forming the polarizationP. The magnitudes of the relative matrix elements are gen-
ratio. As is evident from Fig. 4, the background was small inerally consistent at a better than 20% level. However, be-
comparison to the signal sizes, with peak counting rates besause the sign information is available, we have chosen the
ing on the order of 1bs™* and total background and dark results of Bates and Damgadr0], for the purpose of esti-
levels being around 20°$. No patterns of variations in back-

ground with detuning were observed. Statistical background 1003
fluctuations thus had very little effe¢t~+0.03% on the ]
total uncertainty. This is included in the quoted statistical
fluctuations inP, . Estimates of the systematic uncertainty in

P, due to these quantities, along with typical uncertainty due 1.002
to counting statistics alone, are summarized in Table I.

Experimental results and analysis

R 1.001 +
The measured polarization spectrum is presented in Fig. 1
5. In the figure, the error bars on the detuning®.02 cm ) ; :
and onP, (typically 0.29% are too small to display. Note e L —x= 8412
that some of the data points are strongly blended with others 1.000 ,' L Eiﬁi;‘;“i‘:“p
at very nearly the same detuning. The solid curve in Fig. 5 P :

represents a weighted least-squares fit to the data points, with
the quantitiedk andP as fitting parameters. In the fitting, the 6,996 1o :

quantity P, which depends very weakly oA through the ‘ 00 e00 . oo 0.00
frequency-dependent denominator, is treated as a constant.
The measurements at each detuning are compareg (i)

given by Eq.(1) and Eq.(3), with intensity expressions av- FIG. 7. lllustration of the correlation of the fitting parametgrs
eraged over a convolution of the Doppler width and the meaandP, along with the boundary of theviregion. The vertical lines
sured line shape of each laser, and accounting for variationgpresent the estimated uncertainty in the calculated vale of
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mating P. This is possible in spite of the limited range of tiplet components af\ .= —2A. Thus, in the present ex-
their results because the sum is dominated by terms up to periment, the results show that the ratio is positive. Further,
n=6. We obtainP=—2.3(6)x 10 %, where the 25% error although it is possible that the relative multiplet matrix ele-
is estimated from the range of variations in the relative magments have different signs, it is unlikely in the present case,
nitudes from the different sources. Although undoubtedly aecause the oscillator strengths for the transitions are large
more accurate value for the summation could be calculategyng nearly equal. For there to be a sign change across the
this estimate of itself_yields avalue_f&=1.0012(12), with multiplet would imply that the matrix elements would go
the error corresponding to the maximum rangedt1 val-  through a zero as a function of effective principal quantum
ues consistent with the quoted uncertaintyPin number for both multiplet transitions. We thus conclude that

f Act:pordlpg tct) 'Eq.|(4), thf quanUtthz Ff[ﬁRl IS a %I’O'd;,lct the individual multiplet matrix elements have the same sign,
of ratios of matrix elements connecting the ground, interme-, _ 4 thatR, andR, are separately positive.

diate, and final levels involved in the transition. A number of
recent precise and mutually consistent measurements of the
lifetime of the Na resonance transitions permit evaluation of
one of the individual ratios. Thus the ratio ekcited-state Precise measurements of a linear po|arizati0n Spectrum of
matrix element&k, may be extracted to a precision similar to the 3s%S,,,—3 p2pj_,5 s%S,, transition in atomic Na have
that of either measurement. Of the most recent measur%een made_ The Spectrum depends parametrica”y on ratios
ments, Volzet al. [4] have measured the lifetime of both of reduced dipole matrix elements for the transition. These
tl’ansitions. ThUS we use theil’ measurements to extract thﬂatrix elements are taken to bedependent for the reso-
ratio R,=0.9999(10). This yields the excited-state ratio of hance transition, and the effect of more energptlevels is
matrix elements for the B?P;—5s’S;, transition of taken into account. Extraordinary agreement between theo-
R,=1.0013(15). To our knowledge, this is the most preciseetical modeling of the process and the experimental results
measurement of a ratio of excited-state matrix elemémts s obtained through a parametric relationship between the
equivalent oscillator strengths j-dependent ratio of reduced matrix elemeRtand a quan-
The present measurements show that relativistic perturbaity p representing the contribution of othprlevels. Com-
tion of the transition-matrix elements in Na is very small. pination of this result with recent precise measurements on
Such perturbation arises because the sign of the spin-orbike Jifetime of the Na-resonance transitions, along with an
potential is different for the two different multiplet compo- estimate ofP, has allowed precise determination of the rela-
nents, and thus the radial matrix elements are genefally tiye dipole matrix elements for the excited-state
dependent. Manifestation of the effect is not limited to tran-3 p2ij5 s2S,, transition. The method used may readily be
sitions out of the ground level, although to our knowledge,applied to other transitions in atoms or in molecules, to ob-
observation has not previously been made of this effect fofain relative reduced transition-matrix elements to an ap-
excited-state transitions. Thus the relative transition-matr%roximate|y 102 level. Since the technique employed de-
elements for the second step of the two-step transition coulgends on interference among the transition elements, the
well exhibit aj dependence different from the first step. Therelative sign of the amplitudes, and thus the matrix elements,
variation of the relative reduced multiplet transition oscilla—may be determined. Finally, since the approach is essentially
tor Strengths for transitions out of the ground level is mUCha Spectroscopic one, it may be considered to be a mapp|ng of

larger in Rb and Cs than in Na. Experiments to measure thigatrix elements into the frequency domain, where they may
effect on excited-state transitions are currently under way ithe determined to high precision.

Rb.
It is important to note that the present technique also de-
termines the relativesign of the ratio of matrix elements
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