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Two-photon, two-color polarization spectroscopy of the 3s2S1/2˜5 s2S1/2 transition
in atomic Na: Measurement of relative transition matrix elements

Rodney P. Meyer, A. I. Beger, and M. D. Havey
Physics Department, Old Dominion University, Norfolk, Virginia 23529

~Received 7 August 1996!

Precise measurements are reported on the linear polarization spectrum associated with two-photon, two-
color spectroscopy of the 3s2S1/2→5 s2S1/2 transition in atomic Na. Measurements are made in an approxi-
mately 40-cm21 range in the vicinity of the 3p2Pj ( j51/2,3/2) 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% to2100% within this
spectral range. Modeling the data to include the effects of more energeticp levels and allowing for a
j -dependent ratio of transition amplitudesR results in an excellent fit to the data. Estimation of the contribution
of higherp levels allows extraction of a value and sign forR511.0012(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 the 3p2Pj→5 s2S1/2 transition ~j53/2 compared toj51/2! of
1.0013~15!. @S1050-2947~97!09001-X#

PACS number~s!: 32.70.Cs, 32.70.Fw, 32.80.Wr, 33.80.Wz
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INTRODUCTION

Development of new measurement techniques and re
ment of older technologies has led to substantial impro
ment in determination of many atomic properties. Consid
ing some examples for the Na atom, the recently develo
atom interferometer has been applied to precise measure
of the polarizability of atomic sodium in the 3s2S1/2 ground
level @1#. In another area, a number of techniques have b
applied to measurement of the lifetime of the resonance t
sitions in Na. Among these is direct measurement@2# of the
natural width of the 3s2S1/2→3 p2P3/2 transition in a sample
of very cold Na atoms for which the Doppler width was
small fraction of the total transition width. Diatomic molec
lar spectroscopy of very weakly bound Na2 molecules in an
atom trap has allowed the determination@3# of the so-called
C3 coefficient, from which the transition dipole strength
the 3s2S1/2→3 p2P1/2 transition may be extracted. Finally
the lifetime of both resonance transitions in Na has b
recently determined to very high precision by using a refi
ment of beam-gas-laser spectroscopy@4#. Concentration on
atomic sodium has been motivated by a long-standing
crepancy between experiment and theory for the two ligh
alkali-metal atoms, Li and Na.

In this paper we report on an experimental approach
can yield precise determination of relative atomic or mole
lar transition matrix elements, including the sign. When c
responding absolute values are available for one of the q
tities, then the other member of the ratio may be put on
absolute scale. This approach is particularly useful when
of the two matrix elements is much larger than the other,
thus may be more readily determined to good accuracy.
portant information may also be extracted when the ratio
matrix elements itself has a particular limiting value in som
approximation. Then departures from the limiting value
dicate breakdown of the approximation.

The technique used here is two-photon, two-color po
ization spectroscopy. In this approach, two separate l
551050-2947/97/55~1!/230~8!/$10.00
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sources are tuned so as to resonantly excite a dipole-allo
two-photon transition. Variations of the relative polarizatio
of the light sources generate a polarization ratio. When m
than one intermediate level contributes significantly to
process, there is interference between the amplitudes f
the levels. This interference can be revealed in a polariza
ratio, and modeling of the experimental ratio allows determ
nation of the size of the interference term relative to either
the individual transition-matrix elements. In atoms, interfe
ences may be between fine or hyperfine levels, or betw
levels from different electronic configurations. Both fine a
hyperfine interferences similar to those considered in
present paper have previously been observed in Rayl
scattering in Na@5,6#, and, under severe collisional cond
tions, in s-s and s-d two-photon transitions@7,8#. Fine-
structure destructive interference has also been demonst
by Bjorkholm and Liao@9#, on the excitation spectrum of th
3 s2S1/2→3 p2Pj→4 d2Dj , transition of Na. Finally, we
point out that, in diatomic molecular spectroscopy, interf
ences could additionally arise between rotational branc
connecting selected initial and final levels. Exchange int
ferences between rotational branches associated with di
ent vibrational transitions are also possible.

In the present report, we are concerned with t
3 s2S1/2→5 s2S1/2 two-photon transition in atomic Na, fo
which the dominant intermediate levels are the compone
of the 3p2Pj ( j51/2,3/2) fine-structure doublet. There
strong interference between the transition amplitud
through the different fine-structure components. Becaus
the different angular momentumj of each component, this
interference is revealed directly in a polarization spectr
obtained by varying the relative frequencies of the two lig
sources used, but in such a way that the two-photon re
nance condition is always met. The spectral distribution
polarization contains information on the relative transitio
matrix elements through the two components, and may
modeled so as to determine the ratio of matrix elements.
atoms with very weak spin-orbit interaction, a value of 2
230 © 1997 The American Physical Society
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55 231TWO-PHOTON, TWO-COLOR POLARIZATION . . .
expected for the corresponding intensity ratio. But the sp
orbit potential is generally attractive for one fine-structu
component and repulsive for the other. Thus, for heavy
oms with large spin-orbit interaction, departure from a ra
of 2 is generally anticipated on some level@10#. In fact,
strong departures from this value have been measured in
n s2S1/2→n8s2Pj of the heavier alkalis@10–13#, with the
largest effects being observed in Cs@14#. The anomaly ex-
tends beyond the ionization limit, where it is revealed a
minimum in the photoionization cross section@15–17#. In
the following sections, the basic scheme of the experimen
described and details of the experimental procedure
sented. These are followed by a presentation and discus
of our results. Combination of precise measurements of
ratio of transition elements for the resonance transitions fr
other sources@4# are then used to extract the ratio of excite
state transition-matrix elements for the 3p2Pj→5s2S1/2
transition~j53/2 compared toj51/2!.

EXPERIMENTAL APPROACH

The basic experimental scheme is illustrated in Fig.
which shows a partial energy-level diagram for low-lyin
levels of atomic Na. There, the frequencies of two lig
sources, laser 1 with frequencyv1 and laser 2 with frequency
v2, are adjusted so thatv11v25v0, wherev0 is the fre-
quency of the 3s2S1/2→5 s2S1/2 transition in atomic Na. The
location of the virtual intermediate level is referenced to
atomic level by definition of a detuningD5v12v3/2 of the
laser 1 frequency from one-photon resonance. Monitoring
the two-photon resonance condition is accomplished by
lection and detection of the fluorescence from t
4 p2Pj→3 s2S1/2 cascade transition at 330.2 nm. The ma
part of the signal in the experiments comes from the ne
resonant~for v11v2 ordering of absorption! 3 p2Pj levels.
However, at the level of precision of the experiment, bo
the exchange order of absorption~v21v1! and more ener-
geticp levels contribute significantly to the signals, and mu
be included in modeling the process.

FIG. 1. Partial schematic energy level diagram for Na, illustr
ing the two-photon excitation scheme used in the experiment.
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A diagram of the basic experimental apparatus is show
in Fig. 2, where it is shown generally that the main experi
mental instrumentation, including the laser scanning, pola
imeter, and signal acquisition and storage are all controlle
by the main computer. As shown in the figure, the two dy
lasers are each pumped by separate Ar1 lasers. Laser 1 is a
broadband ring dye laser operating around 590.0 nm, in th
vicinity of the Na resonance transitions. It has a typical ou
put power of 850 mW. The laser bandwidth of about 0.2
cm21 is determined by an intracavity uncoated quartz etalo
of 0.1 cm thickness. The etalon is mounted on a galvanom
eter, which permits smooth tilt tuning of the laser, withou
mode hops, over a range of about 1.0 cm21. A portion of the
laser 1 output is directed into a Fizeau wave meter, whic
has a precision of 1022 cm21, and which is calibrated abso-
lutely against the well-known Na resonance frequencies an
the HeNe laser line at 632.8 nm. The wave meter monito
quasicontinuously the output frequency of laser 1, thus pr
viding measurement of the detuningD of the laser from
atomic resonance. The beam is then passed through pola
ing optics consisting of a thin-film type linear polarizing fil-
ter and an electronically controlled liquid-crystal variable re
tarder ~LCR!. This machine allows for variation of the
direction of linear polarization of laser 1 to be parallel or
perpendicular to that of laser 2. The beam is then weak
focused with a 30-cm focal length lens into a heated ove
containing a Pyrex sample cell filled with a small amount o
Na metal. The cell windows were mounted normal to th

-

FIG. 2. Block diagram of the experimental apparatus.
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232 55RODNEY P. MEYER, A. I. BEGER, AND M. D. HAVEY
laser beam direction, in order to minimize variations in th
transmission with polarization. The oven temperature w
maintained at 473 K within60.2 K by means of a tempera
ture controller, which provided power for the oven heat
and for thermocouple-monitored temperature measurem
and feedback. The Na atom vapor density in the Py
sample cell was;431012/cm3.

Laser 2 is a standing-wave dye laser having a maxim
output power of 450 mW and an average bandwidth of 0
cm21 determined also by a 0.1-cm-thick quartz etalon.
operates at a wavelength of about 616 nm, in the vicinity
the 3p2Pj→5 s2S1/2 transition. The line shape for the laser
output is slightly asymmetric, but this has no measura
effect on the final results. A set of trimming optics is used
adjust the laser 2 beam spatial profile to match the size
divergence to that of laser 1. The laser 2 output beam is t
passed through a Glan-Thompson linear polarizer, whic
used to define the linear polarization direction relative to t
of laser 1. The beam is focused into the oven-sample
arrangement by the 30-cm focal length lens used to fo
laser 1. The two beams have a diameter of approximate
mm, and are separated by this amount on the surface o
focusing lens. This results in a minimum beam waist
about 1023 cm21 and an intersection angle of around 1022

rad in the viewing region of the cell.
The two-photon resonance signals are monitored b

photomultiplier tube–optical filter combination located
right angles to the direction of propagation of the las
beams. The filters, consisting of two type UG-11 glass
sorption filters and a 10-nm bandpass interference fil
transmit about 25% of the fluorescence arising from
4 p2Pj→3 s2S1/2 cascade transition around 330.2 nm. Sin
excitation of the 5s2S1/2 level is accomplished with linearly
polarized light, and done without hyperfine selectivity or a
plied magnetic field, the fluorescence signals used for m
toring the excitation are a direct measure of the popula
generated in the 5s2S1/2 level. Note that this is not the cas
if an orientation is generated in the excited level, or if the
is partial or total resolution of the excited-level hyperfi
structure@18#. A 4-cm focal length lens is used to gather t
fluorescence light, resulting in counting rates in the ran
103–105 s21, depending onD. Background rate due to dar
current was typically 10 s21, while laser 1 and laser 2 gen
erated low-level backgrounds of about 10 and 5 s21, respec-
tively. These rates, which were independent of the polar
tion state of either laser, were subtracted from the meas
rate to get the true counting rates used in the analysis.
nals from the photomultiplier tube were collected in a 30
MHz photon counter, which provided for lower and upp
level discrimination, and for pulse amplification, shapin
and counting. This unit communicated with the main cont
computer via a RS232 serial communication port.

The normal experimental procedure was to fix the lase
frequency at some value, corresponding to a desired nom
detuning of laser 1. Then laser 1 was tuned over the t
photon resonance, with the scan partitioned into 200 s
for the approximately 1-cm21 scan. At each step of the sca
the polarization state of laser 1 was alternated once per
ond to be either parallel or perpendicular to that of lase
and the signal recorded in each case. The procedure m
mized systematic small drifts in the relative intensities due
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fluctuations in laser power, atom density, and alignment
addition, because of the approximately 40-ms response
of the liquid crystal retarder, a 400-ms delay was inser
between the each change of polarization state and the
sumption of data acquisition. Each scan was several min
long, depending on counting rate. The scan interval was
justed so as to maintain approximately constant pho
counting statistics in each detection channel, independen
detuningD. After correction for background levels, the ma
quantities of the experiment are formed by summation of
signals in the parallel and perpendicular polarization ch
nels. These summed, and corrected, signals are labeledI i

and I' . From them, a linear polarization degreePL is
formed. This quantity is defined as

PL5
I i2I'
I i1I'

. ~1!

In order to minimize systematic errors in experimental det
mination of PL , special care was taken to produce both
very high level of linear polarization along a common ax
for each laser beam in the interaction region of the cell, a
to ensure stable and high-quality rotation of the linear po
ization direction of laser 1 byp/2 relative to the common
axis. Two general tests are used to assess the quality o
polarimeter, these being an extinction ratio test and a
test. To accomplish these assessments, a Glan-Thomp
and a Wollaston prism polarizer are used; each of these
vices has a quoted extinction ratio of 1:10 000. As shown
Fig. 2, the Glan-Thompson prism is located in laser beam
while the Wollaston prism is situated after the sample c
and oven location. In the extinction test, the transmission
the laser beams by the Wollaston prism, which splits an
coming beam into two separate beams of orthogonal lin
polarization, is used to determine the relative intensities
the laser beams in different polarization states. First,
Glan-Thompson prism in laser beam 2 is adjusted for ma
mum transmission of the beam. Then the Wollaston prism
oriented properly for minimum transmission in one of
channels and maximum in the other. This defines one of
two orthogonal axes necessary for the polarization meas
ments. The normal polarization state of beam 1 is perp
dicular to that of beam 2, and so the minimum transmiss
channel for laser beam 1 is the maximum channel for be
2, and vice versa. The photographic quality polarizer in la
beam 1 may be adjusted slightly so that this is the case. W
proper voltage applied to the liquid-crystal polarization ro
tor in the laser beam 1 path, the linear polarization is rota
by p/2. This is the so-called parallel state; in this case
minimum transmission channels for the Wollaston prism
the same for both beams. With fine adjustments of the re
dance of the LCR, extinction ratios of 1:8000 could
achieved with the polarimeter.

A second type of test is necessary to ensure proper m
surements of linear polarization degree. In the present
periment we use a 45° test to ensure that the relative in
sities and physical overlap of the two laser beams
maintained during the polarization switching process. Su
changes could arise from differential Fresnel reflection fr
the cell windows, slight changes in the transmission of
LCR for the two different polarization states, or from
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55 233TWO-PHOTON, TWO-COLOR POLARIZATION . . .
changes in the beam shape or direction of propagation for
parallel and perpendicular states of polarization. In this t
the experimental fluorescence signal itself is used as a m
tor, so that changes in the measured intensities could be
rectly determined. To accomplish the measurements,
Glan-Thompson polarizer is rotated by645° from its normal
orientation. Then the switching of the polarization state
laser 1 produces no change in the physical geometry of
two-photon excitation, and the measured linear polariza
must be zero. This null test of the channel balance is limi
chiefly by counting statistics, and so is most profitably do
nearer the resonance transitions. However, in the reg
where the measuredPL is normally zero, the test is mean
ingless. Thus this test was mainly done in the spectral reg
near theD2 transition. The resulting polarimeter had an an
lyzing power better than 1:3000. Finally, a photodiode w
used with the Wollaston prism during normal data acqu
tion in order to monitor proper polarization switching.

RESULTS AND ANALYSIS

The main results of the experiment are measurement
the linear polarization degreePL as a function of detuningD.
For very narrow band laser beams, the linear polariza
degree is formed from the following intensity expressio
obtained in a weak field, rotating wave approximation,
the two polarization configurations@19#:

I i5I 0F 2R

v12v3/2
1

1

v12v1/2
1

2R

v22v3/2
1

1

v22v1/2
1PG2,

~2!

I'5I 0F R

v12v3/2
2

1

v12v1/2
2

R

v22v3/2
1

1

v22v1/2
1QG2.

In the expressions,I 0 is an overall normalizing constant pro
portional to the product of intensities of the two laser beam
R is a ratio of transition matrix elements@20#, whileP andQ
represent the contribution of all higher energy levels. T
frequencies of the two laser beams arev1 andv2, while v3/2
and v1/2 are the frequencies of the 3s2S1/2→3 p2P3/2 and
3 s2S1/2→3 p2P1/2 transitions. For exact two-photon res
nance, the sum v11v25v0, where v0 is the
3 s2S1/2→5 s2S1/2 energy separation. These values@21# are
given byv3/2516 973.37~1! cm21, v1/2516 956.17~1! cm21,
andv0533 200.69~1! cm21. In fitting and modeling the po-
larization spectra, the expressions for the intensity are gi
as a function of detuningD, as defined in the previous se
tion:

I i5I 0F2RD 1
1

D1D fs
1

2R

v022v3/22D

1
1

v022v3/21D fs2D
1PG2,

~3!

I'5I 0FRD2
1

D1D fs
2

R

v022v3/22D

1
1

v022v3/21D fs2D
1QG2.
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In the second and fourth terms of Eq.~3!, where the fine-
structure splitting appears directly, an additional digit of a
curacy is used from the extremely well-known fine-structu
splitting @22# in the 3p level in Na, 17.195 910~60! cm21.

The quantityR is defined as aj -dependent ratio of re-
duced matrix elements,

R5
^5sir i3p~ j53/2!&^3p~ j53/2!ir i3s&
^5sir i3p~ j51/2!&^3p~ j51/2!ir i3s&

~4!

for the 3p multiplet. In the absence of spin orbit, or oth
relativistic perturbation,R normally equals 1. In this defini-
tion of R, a factor of 2 has been removed in order to obta
an R51 nonrelativistic limit. This factor is explicitly in-
cluded in Eq.~3!, which yields the proper nonrelativisti
intensity ratio of 2 for resonance excitation of the multip
components, calculated as the ratio of the total inten
(I i12I'). Of course, then the singularity must be remov
by inclusion in Eq.~3! the natural width of the transitions. In
the heavier alkali atoms, which have quite large spin-or
interactions,R varies significantly from unity. The quantity
P, which represents the contribution of all more energe
levels is given, to an excellent approximation, by

P5 (
n.3

FpnS 3

v12vn
1

3

v22vn
D G , ~5!

where

pn5
^5sir inp&^npir i3s&

^5sir i3p~ j51/2!&^3p~ j51/2!ir i3s&
. ~6!

In Eq. ~5!, the fine-structure splitting of then.3 p multi-
plets has a negligible effect on the value ofP, and so it has
been ignored. This is an excellent approximation beca
relativistic contributions toP are suppressed by adifference
in frequency-dependent terms, rather than thesumas in Eq.
~5!. At this level of approximation,Q50. Physically, this

FIG. 3. Electronic and hyperfine linear polarization spectra
the vicinity of the Na resonance lines.
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corresponds to coherently exciting then p2Pj multiplet
states as if they were degenerate, and withj -independent
weight from the radial integrals. Then the spin plays no ro
in determining the polarization, andPL5100%. The general
features ofPL resulting from Eq.~3!, for the caseR51,
P50 are shown in Fig. 3. There it is seen that the polariz
tion ranges from1100% at larger detunings to2100% at a
critical detuning ofDc522D fs/3, where I i50. The reso-
nance line values of 60% for theD2 transition and 0% for
the D1 transition are what are expected in the absence
hyperfine depolarization of the resonance radiation@23#.
Generally, the shape of the spectrum and the location ofDc
depend on the values ofR andP.

The above expressions neglect the hyperfine structure
the 3s2S1/2 and 5s2S1/2 levels @24#. In the present experi-
ment, this is justified because thePL spectrum is measured
with broadband lasers scanned over the two-photon re
nance. Then the spectrum is independent of the underly
hyperfine-dependent variations in polarization. Note th
these variations are not small; our calculation of the var
tions is presented as the various chain curves in Fig. 3. B
cause of the particularly rapid variations between theD lines
of theDF50 transitions, care must be taken that the spect
averaging over hyperfine components is complete. For t
purpose, the spectra were measured with copropagating l
beams, when the Doppler width is approximately double th
for a single photon transition.

FIG. 4. Typical two-photon excitation line shape and associa
variation of linear polarization.
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Systematic tests and estimated errors

As described earlier, the normal experimental proced
consisted of fixing the frequency of laser 2, and scann
laser 1 over the two-photon resonance. The result of a typ
scan is presented in Fig. 4, which is taken at a nominal
tuning of D;12.3 cm21. In the figure, the lower portion
shows the detuning-dependent intensity in the two polar
tion channels, while the upper portion gives the correspo
ing linear polarization degree as a function of the nomi
laser 1 detuning fromD2 resonance. The slight asymmet
in the spectral profile of laser 2 indicated in the previo
section is evident in the line shape for the process. The s
tral width at half-maximum of about 0.25 cm21 ~7.5 GHz! is
a convolution of the laser linewidths, the summed Dopp
width of approximately 3 GHz, and the ground-state Na h
perfine splitting of 1.77 GHz. The polarization given in th
upper panel shows a slight increase with increasing detun
of laser 1. This is due to the overall shape of the electro
polarization spectrum, as shown in Fig. 3.

The main sources of systematic effects considered in
experiment are possible variations of the measuredPL with
Na density, the power of laser 1 or laser 2, and backgrou
The reliability of the wave meter to produce accurate det

d

FIG. 5. Measured linear polarization spectrum in the vicinity
the Na resonance lines.

TABLE I. Contributions of various systematic effects to th
total error in the measured polarization.

Quantity Uncertainty

Detuning,D 60.02cm21

Analyzing power~maximum! 0.033%
Laser power~maximum! 0.030%
Vapor density 0.02%
Linearity 0.0001%
Statistics 0.20%
Total 0.21%
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FIG. 6. Distribution of normalized residual
of the fit to the polarization spectrum of Fig. 5
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ings was also assessed. The limits of reliability of the po
imeter as an instrument are discussed in the previous sec
Tests to evaluate effects of Na density and laser power w
conducted at relatively small detunings of about 2 cm21,
where the signal size is large, and where possible light sh
@25,26# associated with either laser would be largest. Var
tions in Na density over a factor of about 50 produced
discernible systematic variation of the measured polarizat
and provided an upper limit of about 0.02% variation inPL
over this range. Similarly, variations in the power of lase
or laser 2~with the other held fixed! over a factor of 10
revealed no systematic variations, and set upper limits
variations of 0.025% for laser 1 and 0.02% for laser 2. Ba
ground levels due to leakage of laser light through the filt
in the detections channel and due to dark current were
sessed for each experimental data run, and were subtra
from the raw counting rates before forming the polarizat
ratio. As is evident from Fig. 4, the background was smal
comparison to the signal sizes, with peak counting rates
ing on the order of 104 s21 and total background and dar
levels being around 20 s21. No patterns of variations in back
ground with detuning were observed. Statistical backgro
fluctuations thus had very little effect~;60.03%! on the
total uncertainty. This is included in the quoted statisti
fluctuations inPL . Estimates of the systematic uncertainty
PL due to these quantities, along with typical uncertainty d
to counting statistics alone, are summarized in Table I.

Experimental results and analysis

The measured polarization spectrum is presented in
5. In the figure, the error bars on the detunings~;0.02 cm21!
and onPL ~typically 0.2%! are too small to display. Note
that some of the data points are strongly blended with oth
at very nearly the same detuning. The solid curve in Fig
represents a weighted least-squares fit to the data points,
the quantitiesR andP as fitting parameters. In the fitting, th
quantity P, which depends very weakly onD through the
frequency-dependent denominator, is treated as a cons
The measurements at each detuning are compared toPL(D)
given by Eq.~1! and Eq.~3!, with intensity expressions av
eraged over a convolution of the Doppler width and the m
sured line shape of each laser, and accounting for variat
r-
on.
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with detunings of bothI 0 and the displayed frequency
dependent part of Eq.~3!. Residuals to the fit, normalized t
the statistical error in each point, are presented in Fig
where it is seen that they have a mean value consistent
zero, no evident spectral variations, and a distribution c
sistent with a statistical one.

Thex2 minimum obtained in the fit,x2584.12 for the 109
data points is obtainednot for unique values forR andP.
Instead, as shown in Fig. 7, these quantities are found to
highly correlated, with a virtually constant minimum bein
found for the locus of values given byR51.0024315.673P.
Thus to obtain a unique value forR requires estimation of
the contributions to the spectrum forp levels lying higher in
energy than the 3p levels. To accomplish this, the quantitie
pn @Eq. ~5!# were gathered from several sources@27–30#,
assessed for consistency, and a set chosen for estimatio
P. The magnitudes of the relative matrix elements are g
erally consistent at a better than 20% level. However,
cause the sign information is available, we have chosen
results of Bates and Damgaard@30#, for the purpose of esti-

FIG. 7. Illustration of the correlation of the fitting parametersR
andP, along with the boundary of the 1s region. The vertical lines
represent the estimated uncertainty in the calculated value ofP.
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mating P. This is possible in spite of the limited range
their results because theP sum is dominated by terms up t
n56. We obtainP522.3(6)31024, where the 25% error
is estimated from the range of variations in the relative m
nitudes from the different sources. Although undoubtedl
more accurate value for the summation could be calcula
this estimate of itself yields a value forR51.0012(12), with
the error corresponding to the maximum range ofx211 val-
ues consistent with the quoted uncertainty inP.

According to Eq.~4!, the quantityR5R2R1 is a product
of ratios of matrix elements connecting the ground, interm
diate, and final levels involved in the transition. A number
recent precise and mutually consistent measurements o
lifetime of the Na resonance transitions permit evaluation
one of the individual ratios. Thus the ratio ofexcited-state
matrix elementsR2 may be extracted to a precision similar
that of either measurement. Of the most recent meas
ments, Volzet al. @4# have measured the lifetime of bot
transitions. Thus we use their measurements to extract
ratio R150.9999(10). This yields the excited-state ratio
matrix elements for the 3p2Pj→5 s2S1/2 transition of
R251.0013(15). To our knowledge, this is the most prec
measurement of a ratio of excited-state matrix elements~or
equivalent oscillator strengths!.

The present measurements show that relativistic pertu
tion of the transition-matrix elements in Na is very sma
Such perturbation arises because the sign of the spin-
potential is different for the two different multiplet compo
nents, and thus the radial matrix elements are generalj
dependent. Manifestation of the effect is not limited to tra
sitions out of the ground level, although to our knowledg
observation has not previously been made of this effect
excited-state transitions. Thus the relative transition-ma
elements for the second step of the two-step transition co
well exhibit a j dependence different from the first step. T
variation of the relative reduced multiplet transition oscil
tor strengths for transitions out of the ground level is mu
larger in Rb and Cs than in Na. Experiments to measure
effect on excited-state transitions are currently under wa
Rb.

It is important to note that the present technique also
termines the relativesign of the ratio of matrix elements
defined in Eq.~3!. For example, ifR511 andP50, the
PL52100% point ~see Fig. 3! is located at a detuning
Dc522D fs/3, while if R521, it is located outside the mul
m
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tiplet components atDc522D fs . Thus, in the present ex
periment, the results show that the ratio is positive. Furth
although it is possible that the relative multiplet matrix e
ments have different signs, it is unlikely in the present ca
because the oscillator strengths for the transitions are la
and nearly equal. For there to be a sign change across
multiplet would imply that the matrix elements would g
through a zero as a function of effective principal quantu
number for both multiplet transitions. We thus conclude th
the individual multiplet matrix elements have the same si
and thatR1 andR2 are separately positive.

SUMMARY

Precise measurements of a linear polarization spectrum
the 3s2S1/2→3 p2Pj→5 s2S1/2 transition in atomic Na have
been made. The spectrum depends parametrically on ra
of reduced dipole matrix elements for the transition. The
matrix elements are taken to bej dependent for the reso
nance transition, and the effect of more energeticp levels is
taken into account. Extraordinary agreement between th
retical modeling of the process and the experimental res
is obtained through a parametric relationship between
j -dependent ratio of reduced matrix elementsR and a quan-
tity P representing the contribution of otherp levels. Com-
bination of this result with recent precise measurements
the lifetime of the Na-resonance transitions, along with
estimate ofP, has allowed precise determination of the re
tive dipole matrix elements for the excited-sta
3 p2Pj→5 s2S1/2 transition. The method used may readily b
applied to other transitions in atoms or in molecules, to o
tain relative reduced transition-matrix elements to an
proximately 1023 level. Since the technique employed d
pends on interference among the transition elements,
relative sign of the amplitudes, and thus the matrix eleme
may be determined. Finally, since the approach is essent
a spectroscopic one, it may be considered to be a mappin
matrix elements into the frequency domain, where they m
be determined to high precision.
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