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We have used two-photon absorption from counterpropagating laser beams of different frequencies to measure
Stark shifts and splittings of the 628, 72S, 82S, 52D, and 62D states in sodium. Beams from a fixed-frequency,
single-mode Ar* laser and a tunable, single-frequency cw dye laser were focussed into a coarse sodium atomic
beam and the fluorescence was monitored. The collimation of the atomic beam reduced the residual Doppler
width inherent in using two different frequencies. Using the two lasers allowed two-photon transitions to be
observed at frequencies unattainable with the dye laser alone, and enhanced the transition rates due to the
near resonance of the dye laser with the strong Na 325 —3?P transition. Our experimental results for the
scalar and tensor polarizabilities, a, and a,, agree with calculations in the Bates and Damgaard Coulomb
approximation within 2% for a, and 9% for a,. As a by-product the hyperfine-interaction constants a for the
S states and the fine-structure intervals v = (E;,;— Es;,)/ h for the D states were obtained.

I INTRODUCTION

During recent years, the Doppler-free two-
photon spectroscopy method, which was first pro-
posed by Vasilenko et al.! and later treated in
more detail by Cagnac et al.,? has been widely
used to obtain spectroscopic information on atoms
and molecules. In contrast to level-crossing,
antilevel-crossing, and optical double-resonance
spectroscopy, two-photon spectroscopy makes
possible the direct measurement of the energy of
a single state, thereby allowing the study of iso-
tope shifts and scalar Stark effects. Such Stark-
effect measurements on sodium were performed
some time ago in this laboratory.?

Recently, Bjorkholm and Liao have shown that
strong resonant enhancement can be obtained in
two-photon absorption by using two laser beams
of different frequencies, tuned near the allowed
dipole transitions involving a real intermediate
state.? In the present paper, we report Stark-
effect studies in several excited states of sodium
using this near-resonant enhancement technique.
A fixed-frequency, single-mode Ar* laser was

used in conjunction with a single-mode, electronic-

ally tunable rhodamine 6G dye laser. The avail-
able tuning range was extended by using the two
lasers. Moreover, the two laser wavelengths
could always be reasonably close to allowed
transitions to provide some enhancement of the
two-photon absorption.

Operation with two lasers with considerably
different frequencies results in a substantial
residual Doppler width. If the frequencies of the
two oppositely~directed lasers are v, and v,,
the Doppler width of the two-photon resonance is
reduced by a factor (v, = v,)/(v, +v,). Even if the
laser frequencies differ by 20%, the linewidth of
the resonance is reduced to 10% of the Doppler

width. In the present experiment, the sodium
atoms are in a crudely collimated atomic beam,
which gives a further linewidth reduction. Of
course, the use of an atomic beam is also very
convenient in studies of the Stark interaction,
since cell experiments with internal or external
electric field plates are not problem-free.

The Stark effect in free atoms is due to a mixing
by the electric field of states connected by electric
dipole transitions. It constitutes a sensitive test
of the electronic wave functions of an atom.

Alkali atoms are particularly suitable for com-
parison with theory, because of their relatively
simple electron configurations. Alkali 2P states
have been studied for some time, since dipole
transitions from the ground state are possible.®
With the introduction of new techniques, Stark
studies of even-parity states have become pos-
sible. For example, two-step excitation has been
used, either directly® or combined with level-
crossing” or quantum beat spectroscopy.® As
pointed. out earlier, two-photon spectroscopy is
also a very convenient technique for investigations
of the Stark interaction.® Recently, Stark effect
studies have also been carried out in regions where
the Stark shifts are comparable to the splitting
between the [ states with the same principal
quantum number.® Several studies of the Stark-
field ionization process have also been performed
for alkali atoms.®

In this paper we present experimental results
for the polarizabilities of the 62S, 725, 825, 52D
and 6 2D states, and compare them with our theo-
retical values based on calculations in the Bates
and Damgaard Coulomb approximation.!* We also
present values for S-state hyperfine constants and
D-state fine-structure intervals obtained as by-
products of our Stark interaction studies of these
states.
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II. THEORY
A. Two-photon absorption

The theory of the strength and line shape of two-
photon absorption in an atomic vapor for the case
of unequal-frequency photons has been recently
treated by Bjorkholm and Liao.? We summarize
here the results from that treatment which pertain
to our case of two-photon transitions with a nearly-
resonant real intermediate state.

Let the oppositely-propagating laser beams have
different frequencies v, and v,. For simplicity,
assume V,~ v, # Vg = V,, Where v, and v, are the
frequencies of the dipole transitions connecting
the atomic ground and intermediate states and the
intermediate and final states, respectively. If
transit time and collision effects are neglected,
and the Doppler effect is assumed to be the domi-
nant broadening factor, one obtains a transition

rate with a Voigt profile centered at v, + v, = v+ vy; .

The approximate linewidth (FWHM) is
AVZ(.E/C)(Vz—Ul); (2.1)

which is the residual Doppler width of the two-
photon transition in a vapor, where 7=
[8RT(In2)/m] /2.

For near-resonant two-photon transitions, “light
shifts” due to the ac Stark effect must also be
considered. The energy shift of an atomic level
fn) which is induced by an optical field €=¢,

X cos(kx — wt)is given by perturbation theory as*?

AE=7 Sl EmP
X[(E,—E,-fw) +(E,—E +7w)™]}.

(2.2)

As Liao and Bjorkholm point out,'* such energy
level shifts, due to virtual transitions caused by
nonresonant light, are intrinsic to nonresonant
two-photon processes.

B. dc Stark effect

Following the derivation of Khadjavi, Lurio,
and Happer,'® we now treat the perturbation of an
atomic level by a uniform electric field. For a
nondegenerate eigenstate |n) of the zero-field
Hamiltonian H,, the perturbation AE, due to a dc
electric field €= €Z to lowest order in ¢ is

AE :Z <nlz._§li><il-g.-ﬁln>=<anl}n>’ (2.3)

En—Ei
where
€ BliG[E-D
H' = —_— (2.4)
Zi: En"Ei ’

is the effective perturbation operator. Neglecting
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hyperfine structure, we may label the eigenstate
|n) by the atomic angular momentum J, its z
component m;, and any other necessary quantum
numbers y. Finally, we write the term energy
difference E, - E,=E(W) —E(y'J’) in the absence
of external fields, obtaining the operator

DI mpy I my €D

H'=
YTy E(W) -E(y'J")

(2.5)

Expanding H’ in terms of irreducible operators
and choosing the proper coordinates, one finds
contributions from only a single component of a
zeroth and a second-rank tensor. Thus we define
a scalar polarizability a, and a tensor polariza-
bility o, by

0o o€ 3mE —J(J+1)

A= S T IRI-D) (2.6)
where
o2 S Lallplunl o

~ (29 + 1)[EW) -EJ")]’
_2[ 10J(2J - 1) } e

320 +3)(J+1)(2J+1)
Z: |<J||P”J>| (=1)7+7 ey | J' 1
EW)-EJ" 1 2 4J '
(2.8)

Here {-+} denotes a 6j symbol.

We have performed theoretical calculations for
o, and a, using the Coulomb approximation of
Bates and Damgaard.'' Only the terms through
n =11 were used in the calculations, neglecting
states nearer ionization and continuum states.
These theoretical values will be presented with
the experimental values for comparison.

III. EXPERIMENTAL ARRANGEMENT

The experimental arrangement used in the two-
photon absorption experiment is shown in Fig. 1.
One of the two lasers was a Coherent Radiation
model 52G Ar* laser with prism line selector
and temperature controlled intracavity etalon.
This laser produced a single-axial-mode output
at each of the visible Ar* laser lines from 4545
to 5145 A. Output power in the lines we used
varied from over 250 mW at 5145 A to less than
5 mW at 4545 A. The linewidth was generally
better than 15 MHz. For some of the measure-
ments we stabilized the Ar* laser to an iodine
absorption line, using the Wieman-H&nsch polar-
ization spectroscopy method'® to provide a signal
for a feedback loop coupling to the PZT-mounted
Ar* laser output mirror. However, as the laser
power used for the stabilization loop reduced the
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FIG. 1. Schematic of experimental apparatus.

available power for the two-photon experiment,
and as the short term (<3 min) drift was found to
be negligibly small in our experiment, the stabil-
ization arrangements were later eliminated.

The second laser was a Spectra-Physics model
580 rhodamine 6G dye-laser system which we
modified for jet-stream operation. Pump power
at 5145 A was provided by a Spectra-Physics
model 170 Ar* laser. The single-frequency dye-
laser output power was typically 50 mW at 5900
.2\, and the laser could be electronically tuned
continuously over a maximum 4.5-GHz range. The
linewidth of the laser was ~50 MHz at the outset
of the experiment due to the excessive jitter
caused by acoustic coupling of vibration in the
water-cooling jackets of the Ar* lasers through
the optical table to the dye laser. We managed to
lower the linewidth to ~10 MHz by placing each
Ar* laser on foam rubber cushions to acoustically
decouple it from the optical table. The wave-
length of the dye laser was set quickly and accu-
rately with an interferometric digital wavemeter.'”

The atomic-beam oven was housed in a vacuum
chamber with a typical operating pressure of
~107% Torr. The oven itself was a simple stainless
steel sodium container (with a 2xX5-mm slit in the
top), which sat inside a boron nitride cylinder con-
taining nichrome heater wire wound to produce
minimal magnetic fields above the oven. The ef-
fusive sodium beam was collimated by another
2x5-mm slit about 2 cm above the oven exit slit.
A liquid nitrogen cold trap was used for trapping
the beam and improving the vacuum. The two
laser beams were focussed into the atomic-beam
chamber with identical 5-cm focal-length achro-
matic lenses, as shown in the figure. The result-
ing common focal point had a beam waist of about
20 um, and was located in the center of the elec-
tric field region produced by the Stark field plates.

The field plates were basically the same ones
used in an earlier Stark-effect experiment in this

laboratory.® These Stark plates consisted of two
4x5-cm stainless steel plates separated by two
1-cm quartz spacers. The plates were thus held
parallel to within +0.005 cm. and the separation
of the plates at the interaction region could be ac-
curately determined to within +0.0025 cm. The.
voltage applied across the plates was obtained
from a regulated high-voltage power supply and
was measured to an accuracy of 0.1%.

Two-photon absorption was detected by observing
the fluorescence, in the 42P to 3%S channel,
through narrow parallel slits in one of the Stark
plates. These slits caused negligible field inhomo-
geneities over the small interaction region. The
RCA 8850 photomultiplier was shielded from stray
light by two Corning 7-54 filters, which were not
quite adequate for wavelengths below 5000 A.

Thus, some stray light from the Ar* laser was
observed. To eliminate this background, we used
lock-in detection for the weaker transitions.

The fluorescence signal was recorded, together
with reference fringes from a 1.2-m confocal
interferometer, on a two-pen strip chart recorder.
The fringes were ¢/4L modes of the non-mode-
matched interferometer with a 64.26(2) MHz separ-
ation.

IV. EXPERIMENTAL PROCEDURE

In Fig. 2 the energy level diagram of sodium is
shown. The technique used in the present two-
photon absorption experiments relies upon the
small wavelength difference between spectral lines
connecting the 3 2P states with the studied 2S and
2D states and the Ar* laser lines in the blue-
green part of the spectrum. Apart from producing
strong resonant enhancement, this allows the dye
laser to operate in the very favorable region
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FIG. 2. Energy level diagram of atomic sodium.
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TABLE I. Air wavelengths for Ar* and Na lines.

Aya M PMmaztael Age
Na transition (A) (A) (A) (A)
3%p,;,— 6% 5148.8  5145.3 3.5 5900.5
3P,y —5°D 4978.5  4965.1 13.5 5914.9
32p;;,—T77%  4751.8  4764.9 13.0 5870.0
3%p;;y—~6°D 4664.8 4657.9 6.9 5907.0
32P;/,— 8%  4545.22 4545.04 0.18 5890.3

A(32S;/,—3%Py ) =5889.9 &; A(3%S,,,—3%P,,,)=5895.9 A

around 5900 A. In the figure, the arrows indicate
the energies of Ar* laser lines, measured from
the intermediate 3 %P state. In Table I, the wave-
lengths of the Ar* laser lines are compared with
the corresponding resonant sodium lines for the
32P -n2S and 3%P —-n 2D dipole transitions studied.

The signals observed in the experiments were
generally quite strong due to the accidental near-
resonance with a suitable Ar* line, and could be
detected without major difficulty.

The two-photon spectrum of natural sodium is
comparatively simple as there is only one stable
isotope, **Na, with nuclear spin I=3. Further,
the D states have a hyperfine structure too small
to be resolvable. Thus, we were able to measure
Stark-shifted (€#0) and unshifted (e =0) transitions
in the same continuous scan of the dye laser fre-
quency v,. The Stark shifts of all the 2S and 2D
levels we studied were toward lower frequency,
and the dye laser was only scanned toward higher
frequency; so we simply turned on the electric
field, scanned the dye laser through the shifted
two-photon transitions, and then turned off the
electric field quickly and let the scan continue
through the unshifted transitions. This method
was particularly favorable in that it minimized
any thermally-induced drifts of either the Ar*
laser frequency or the length of the confocal refer-
ence cavity.

It should be noted that the shifts in transition
frequencies induced by the electric field are due
to the combined shifts of the two states involved.
However, in our case, the 32S ground state is
shifted a completely negligible amount.**'* Thus,
the observed shifts directly display the shifts of
the upper state.

A. Measurement of 28 states

The general structure of a sodium 2S - 2S transi-
tion is illustrated by the 33S,,, -~ 62S,,, case in
Fig. 3. Each 25, state has two hyperfine levels
designated by the total angular momentum quan-
tum number F=1 and F=2. The selection rule

AF =07 thus results in a pair of 3%S,,, -n2S,,,
two-photon transitions with the frequency differ-
ence (Av,,— Av,,), where Av, = 2q,, is the hyper-
fine splitting of the n2S,,, state and Av,,;=1771.6
MHz is the well-known ground-state hyperfine
splitting.'® In the figure, these two transition
peaks are shown for the 32%S,,,~62S,,, case. Since
2S5 states exhibit only a scalar (overall) shift of
all substates, as shown in Sec. II, the two peaks
shift equally and remain unsplit when the electric
field is applied. By switching the electric field
on and off, we recorded all four peaks in the same
trace.

In the figure, the observed lineshape is also
further detailed. Each peak is the sum of two
line profiles with different Doppler widths. The
broader signal is that expected in a cell experi-
ment, since it has the residual Doppler width
(FWHM) of ~200 MHz predicted by Eq. (2.1) for
the corresponding cell experiment. Actually,
we observed this linewidth for this transition in
preliminary cell experiments. The explanation
of this broad peak in our beam experiments is
simply that our vacuum and cold-trapping arrange-
ments were not sufficient to eliminate a sodium
vapor phase in the atomic-beam chamber. The
narrow peak is the Doppler-narrowed contribution
of the collimated atomic beam proper, and had a
linewidth of about 40 MHz or less in all our ob-
servations. The small, sharp peak between the
€=0 and €# 0 peaks is an artifact of shutting off
the voltage during the scan.

Several curves similar to the one shown in Fig.
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FIG. 4. Stark shifts of %S states measured in this ex-

periment.

3 were taken for the 6, 7, and 82S states, varying
the electric field strengths. Before and after each
of the various runs, the plate separation was
carefully measured. The good homogeneity of the
electric field was evident from the very small
broadening of even strongly-shifted signal com-
ponents. For all of the transitions observed, we
varied the laser powers to make sure that light
shifts did not affect our results.

The results of our Stark-effect measurements
for the 2S states are shown in Fig. 4. The Stark
shifts of the 2S states are clearly quadratic in the
electric field €. The scalar polarizabilities and
the dipole interaction constants ¢ we measured for
these states are shown in Table II. The a values
were obtained by measuring the frequency separa-
tion of the two AF =0 two-photon transitions for
each 2S state. Given in the table are also litera-
ture values for the sequence of %S states, as well
as theoretical values for a,.

Although all of the two-photon transitions were
reasonably enhanced, only the 32S,,,~8%S,,,
transition was sufficiently near resonance for us
to observe, with our laser powers, the optically
induced level shifts recently reported for the
325 +42p transition by Liao and Bjorkholm.*

The virtual intermediate level of our transition was
less than 0.9 cm™ from the 3°P,, level, and the

TABLE II. Scalar polarizabilities and hyperfine interaction constants for %S states of **Na.
(Results are from this work except as noted.)

Hyperfine interaction

constant
Polarizability [MHz/(&V2/cm?)] a (exp)
State a (exp) o (theor) [MHz]
328/, 0.0396(8)2 0.0400 885.8131(11)¢
0.041(3)®
4%s,,, 0.7678 202(3)
525/, 5.2(3)° 5.384 77.6(2)*
79.5(3.0) 8
78(5)"
75(5)%
62515 23.6(4) 23.36 39(3)™
34.5(4.5)
72815 76.4(1.2) 75.98 23.3(6.5)
825, 206(3) 203.4

2Reference 25.
PReference 24.
®Reference 3.

dReference 18.
®Reference 19.

f Reference 20.
gReference 23.
hReference 21.
kReference 22.
™Reference 28.
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resulting light shifts are shown in Fig. 5 for
various powers of blue (4545 A) and yellow (5890
A) light. The full blue power is clearly too small
to cause observable shifts, whereas the signals
are shifted and broadened due to the yellow light
intensity. The reason for this dependence can be
seen in Eq. (2.2). The expressions for the shifts

of the 3%S,,, and 82S,,, level both have strong reso-
nance denominators for the yellow and blue light,
respectively. However, the corresponding matrix
elements are appreciable only for the 32S—32P
transitions, which have oscillator strengths about
three orders of magnitude stronger than the cor-
responding 3 2P — 82S transitions. Thus, only the

3 2S state is shifted. The asymmetric broadening
of the shifted peaks is due to the inhomogeneity of
the optical-field intensity within the observed
region due to the strong focussing of the laser
beams.'*

B. Measurements of D states

The fine structure in the sequence of D states
in sodium is particularly interesting in that the D
states are inverted. Experimental and theoretical
studies of this sequence are discussed elsewhere
in the literature®-?” and will not be repeated here
except to note that the inversion is attributed to
strong polarization effects in non-s-type subshells
of the electron core.

The Stark effects observed at moderate voltage
can be larger than the 2D state fine structure.
This fact necessitates some care in the analysis of
the data as the interpretation of the Stark effect
in terms of scalar and tensor polarizabilities

FLUORESCENCE INTENSITY (ARB. UNITS)

Avp (GHz)

FIG. 5. ac Stark effect in 335/, — 8 231/2 two-photon
transition. For the five traces, the powers of the blue
(4545 f\) and yellow (5890 ng) lasers, respectively, were
(a) 0.3-mW blue, 44-mW yellow; (b) 0.9-mW blue,
44-mW yellow; (¢) 3-mW blue, 44-mW yellow; (d) 3-mW
blue, 14-mW yellow; (e) 3-mW blue, 4.4-mW yellow.
Relative positions of curves are only approximate.

SCHAWLOW, AND SVANBERG 15

Na 5 2D

&=2kv/cm £=0
A A

J=3/2
J=5/2 myx3/2 J=5/2 J=3/2
my=£5/2

FLUORESCENCE INTENSITY (ARB. UNITS)

Dvy(GHz)

FIG. 6. Typical data curve showing Stark shifts and
splittings in 3% 12 (F=2)—5 %D two-photon transition.

assumes J to be a good quantum number, which
is true only for perturbations small compared to
the fine structure.

A typical data curve displaying the Stark effect
in the sodium 52D state, as shown in Fig. 6 for the
two-photon transition from the F =2 hyperfine
level in the ground state, reveals the general
structure expected from Eq. (2.6). However,
when the Stark shifts are plotted as a function of
€%, as is shown in Fig. 7 for the 62D state, the
shifts are found to be not entirely quadratic in the
field. This departure from quadratic behavior is
small, but present.

The lowest-order correction to Eq. (2.3) is the

€2 (kv/em)?
0 0.5 1.0
O T T T T T T T T T T T T
Na 6 2D
Ok
(J, my)
—~ (3/2,+ 3/2)
N
I
5 =
£
R
<
_o
(5/2,£5/2)
(3/2,£1/2)
_al
i (5/2,¢1/2)
FIG. 7. Stark shifts and splittings of 6 %D state.



15 STARK-EFFECT STUDY OF EXCITED STATES IN SODIUM... 973

TABLE III. Scalar and tensor polarizabilities and fine structure intervals for %D states of
%Na. (Results are from this work except as noted.)

Fine structure

Polarizability [MHz/(kV?/cm?)] oy
State ay (exp) o (theor) ay (exp) ay (theor) (MHz)
1028.3(6) ®
42 156.1(1.3)2 2.4 —~53.2(5)2 _
Ds/y (1.3) 15 ®) 51.3 1028.5(3.0)
1025(6) ¢
. a a 1035(10) ©
4%Dpg;y  155.3(1.7) 152.6 —38.5(7) —-36.0 1027(16) "
52Dg,, 1033(27) 1014 —337(21) —-330 620.0(0.6) ®
: 617(10)
52Dy, 994(23) 1015 —252(15) _232 618(12) €
62Dg/, 4045(90) 3981 —1322(66) —1290 388.02(35)°
385(5) 1
62D;/, 3985(70) 3985 —~995(45) —905 388(10)

2Reference 3,
PReference 26.
®Reference 31.
dReference 30.

fourth-order perturbation which is proportional to
€*. We therefore empirically fit the data with a

polynomial of the form
AVgun=A +Be?+Ce*, (4.1)

and used the quadratic coefficient in determining
the low-field polarizabilities. The values thus ob-
tained agreed well with the values obtained by a
straightforward quadratic fit to the low-field data.

The experimentally determined scalar and tensor
polarizabilities, as well as the fine structure
splittings dv are given in Table III. The results
were derived from a large number of experimental
curves obtained in a way similar to that discussed
for the %S states. Results from earlier work are
given in the table for comparison where available.
Further, theoretical values for «, and a,, ob-
tained with the Bates and Damgaard procedure,
are included.

V. DISCUSSION

The experiments described in this paper illus-
trate how advantage of the powerful output of a
fixed-frequency laser of suitable wavelength can
be taken in two-photon absorption spectroscopy.
Obtaining accurate data for the Stark interaction
was clearly possible in these experiments. How-
ever, for measuring quantities like fine and hyper-
fine structure separations, resonance and level-
crossing techniques presently give higher accuracy
as their linewidth is not limited by the residual
Doppler broadening and laser imperfections.

For the 2S states, which are well isolated from
adjacent states, a clear quadratic dependence on

®Reference 29.
fReference 4.

€Reference 28.
hReference 27.

the electric field strength is observed for the
Stark shifts. The accuracy of the scalar polariza-
bilities is within about 2%, mainly limited by
electric field determination. For the 2D states,
which have a doublet structure and are quite close
to adjacent states of opposite parity, the field
dependence is more complicated. Our method of
obtaining the strongly dominating quadratic part
of the shift by a polynomial fitting procedure seems
to be quite a.dequé.te. However, an additional
error is introduced, and the ®D state Stark param-
eters must be assigned slightly higher uncertainties.
A comparison between the experimental Stark-
effect parameters and those calculated with the
computer program using the Bates and Damgaard
approximation shows quite good agreement. This
agreement is extremely good (within 2%) for the
%S states. The 2D state a, parameters also agree
well (within 2.5%), whereas the @, parameters
deviate by as much as 9%. Despite this last devia-
tion, the Stark effect is described well by a hydro-
genic model, since it depends mainly on the wave
functions in the region far from the nucleus. The
fine structure, on the other hand, is sensitive to
the wave function close to the nucleus and there-
fore displays severe deviations from the results
expected in a hydrogenic model.
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