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Polarization-modulated optical pumping spectroscopy of Na D, and Dz lines
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Doppler-free spectra of linear and circular dichroisms for the hyperfine structures of Na Dl and

D2 lines have been obtained by means of polarization-modulated optical pumping spectroscopy.
The experimental results are compared with recent theoretical calculations based on velocity-
selective optical pumping in a four-level atomic system.

I. INTRODUCTION

Velocity-selective optical pumping (VSOP) is an impor-
tant technique for obtaining Doppler-free spectral resolu-
tion. This technique utilizes the optical pumping eA'ect of
a low-intensity light field on long-lived atomic states in
combination with the high spectral resolution of a
single-mode laser beam. ' ' As in ordinary optical
pumping, ' optical anisotropy is induced by a pump laser
beam. However, strong correlations between the veloci-
ties of atoms and their internal variables (orientation,
alignment, etc.) are introduced by the selection of a single
group of atomic velocity in the pumping process. When
a weak counter-propagating probe beam is tuned so that
it interacts with the pumped atoms, its polarization and
intensity are modified. Consequently, by monitoring
these probe-beam properties one can obtain information
on the velocity distribution of the anisotropy.

Recently, the Doppler-free relative spectral intensities
of the D, and D2 lines of alkali-metal atoms were calcu-
lated by Nakayama, taking into account the rate equation
and VSOP process in a four-level atomic system and arbi-
trary polarization configurations for the pump and probe
beams. In his theory the four-level approximation was
proposed as a method of calculating the optical anisotro-
py by selecting two-level principal resonance and three-
and four-level crossover resonances among many Zeeman
sublevels of the hyperfine levels. ' ' In this paper we re-
port the experimental results of polarization-modulated
optical pumping spectroscopy of the Na D, and D2 lines,
and the resulting Doppler-free spectra of linear and cir-
cular dichroisms are compared with the theoretical calcu-
lations of Nakayama.

In the polarization-modulated optical pumping tech-
nique, the Doppler-free spectra of linear or circular di-
chroism of an absorbing gas can be obtained by using po-
larization modulation and phase-sensitive detection. '

When the probe beam is linearly polarized (m
—=0) and the

pump beam is modulated between parallel (m. —:0) and
perpendicular (cr —:—+) polarization, the probe beam ex-
periences dift'erent absorption coefficients ao and a+ in

the anisotropic gas. The phase-sensitive detection of the
intensity modulation in the transmitted probe beam then
gives rise to the signal proportional to eo —a+, which
shows linear dichroism. Similarly, probing with a circu-
lar polarization (t7—:+ ) and modulating the pump
beam between left (o—:+) and right (tr—:—) circular
polarization yields the signal proportional to o.+ —a+,
which shows circular dichroism.

II. EXPERIMENTAL PROCEDURE

The experimental setup used is shown in Fig. 1. The
dye laser (Spectra-Physics 375) with rhodamine-6G dye,
pumped by an Ar+ laser (Spectra-Physics 165, 4 W), pro-
duces up to about 20 mW of single-mode radiation tun-
able over several GHz with a linewidth of 10 MHz. The
dye-laser frequency is stabilized to the maxima of a
transmission fringe of a stable, high-finesse reference in-
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FIG. 1. Experimental setup for polarization-modulated opti-
cal pumping spectroscopy. When the probe beam is linearly (m.)

polarized, the pump beam is modulated between parallel (m.) and
perpendicular (o*) polarization by the electro-optic modulator.
In the case where the probe beam is circularly (o.+) polarized
with the insertion of a A. /4 wave plate (Q), the pump beam is
modulated between left (cr ) and right (o ) circular polariza-
tion.
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terferometer, and the power is also stabilized by control-
ling the Ar+ laser pump power. In front of a beam split-
ter, a Cslan-Thompson prism polarizer is inserted into the
laser output beam to ensure a well-defined polarization.
The probe beam is thus linearly polarized in the absence
of a 1,/4 wave plate (Q), whereas circularly polarized
through the Q. The pump beam polarization is modulat-
ed by an electro-optic modulator (Coherent Inc. 20). The
modulator is driven at a frequency of 1 KHz by a
square-wave voltage from the internal oscillator output of
a lock-in amplifier (Stanford Research 530). The voltage
amplitude is carefully adjusted to produce either half-
wave retardation, corresponding to a modulation between
m and o —polarization or quarter-wave retardation, cor-
responding to a modulation between o.+ and o. circular
polarization. Throughout the present experiment, the
pump and probe beams are adjusted to 2 and 1 mm in di-
ameter, and 12 and 1.2 pW/mm in intensity, respective-
ly, and the angle between their propagation directions is
maintained at less than 5 mrad.

The sodium is contained in a cylindrical pyrex cell, 25
mm in diameter, which has been evacuated to 10 torr
before sealing off. No buffer gas is introduced. Heating
coils are carefully counterwound around the cell to mini-
mize magnetic field during heating. The cell is kept at a
temperature of 150 C. After passing the cell the probe
beam is detected by a photomultiplier tube, and the sig-
nal taken is then fed into the lock-in amplifier. The re-

suiting signal is recorded on a x-y recorder as a function
of laser frequency. The frequency of the scan is calibrat-
ed by means of a confocal Fabry-Perot interferometer
with a free spectral range of 150 MHz.

III. RESULTS AND DISCUSSIGN
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Figure 2 shows the comparison of the experimental re-
sults and theoretical calculations for Doppler-free
hyperfine signals of linear and circular dichroisms of the
sodium D& line. The inset shows the relevant level struc-
tures with hyperfine splittings and resonances occurring
between them, and the principal resonances are denoted
as L and H, and the crossover resonances as X.' Each
resonance in the theoretical curves is assumed to be a
Lorentzian line shape with the linewidth of 16 MHz, con-
sidering the natural linewidth, the laser spectral width,
and residual Doppler broadening. For the normalization
of the signal intensities of the experimental and theoreti-
cal curves, L, is selected. Although Nakayama's VSOP
theory is an approximation of the four-level system in
low-intensity limit, the experimental results agree reason-
ably with the theoretical calculations. However, some
discrepancies in the signal intensity are seen. For exam-
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FIG«2. Comparison of the experimental results and theoreti-
cal calculations (Ref. 14) for the D, line: the experimental (a)
and theoretical (b) curves of linear dichroism, and the experi-
mental (c) and theoretical (d) curves of circular dichroism. The
inset shows the hyperfine structures and resonances of the D&

line.

FIG. 3. Comparison of the experimental results and theoreti-
cal calculations (Ref. 15) for the D2 line: the experimental (a)
and theoretical (b) curves of linear dichroism, and the experi-
mental (c) and theoretical (d) curves of circular dichroism. The
inset shows the hyper6ne structures and resonances of the D&
line.
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pie, X& in Fig. 2(a) is observed larger than the theoretical
prediction in Fig. 2(b), and Xz in Fig. 2(c) is observed ex-
perimentally but is not predicted theoretically in Fig.
2(d).

Several causes of such discrepancies are considered. In
fact the pump-beam intensity used in the present experi-
ments is comparable with optical pumping saturation in-
tensity (I0=2I,~iT, where r is the radiative lifetime of
the excited state, T is the light-atom interaction time, i.e.,
effective ground-state lifetime, and I, is the usual satura-
tion intensity with no optical pumping. Since ~-10
nsec, T-1.8 @sec, and I, -64 pW/mm, Io —7 pW/
mm for the D& line). So the contribution of a system of
more than four levels to optical pumping and saturation
effect should be considered. Such consideration is
confirmed by the fact that the hyperfine signals of circu-
lar dichroism of the D& line experimentally obtained by
Aminoff et al. in the linear regime of optical pumping
and with the suf5ciently low intensity to avoid any satu-
ration show excellent agreement with Nakayama's calcu-
lations. In addition, although the probe beam intensity is
much weaker than the pump beam intensity, optical
pumping effect of the probe beam alone cannot be
neglected. The possibility is also considered that such
discrepancies are somehow due to the effects of residual,
inhomogeneous or slightly misaligned magnetic field and
incomplete polarization of the pump and probe beams.
In connection with the above considerations, the detailed
analysis of optical pumping caused by both the pump and
probe beam, as well as the probe beam alone as a function
of the atomic transit time for various magnetic fields may
be found in Ref. 4.

Figure 3 compares the experimental results with the
theoretical calculations for the Dz line. The signals con-
sist of the six hyperfine (L, -L3 and H&-H3) and 13 cross-
over resonances (X&-X6 and X, -X ).' For the normaliza-
tion L3 is selected. The low- (L& L3 and X-&-X&) and

center- (X,-X ) frequency side signals show reasonable
agreement with the experiment and theory, but there is a
large discrepancy in the intensity and sign for the high-
frequency side signals (H

& H3-and X~-X6). Such
discrepancy is considered to be the additional effect due
to the excited hyperfine levels separated by only 16.5 or
35.5 MHz. As six resonances occur within the narrow
width of 52 MHz of H& to H3, they are separated by less
than the natural or laser spectral linewidth. Therefore,
even though the laser is tuned to a given transition,
neighboring resonances can simultaneously occur, which
is different from the crossover resonance due to the ex-
perimental geometry. In order to analyze the effect, the
rate equation should be modified to include the case when
two or more transitions share in common the same
ground-state level.

In conclusion, we have reported the experimental re-
sults of polarization-modulated optical pumping spec-
troscopy of the sodium D, and Dz lines. For each line,
Doppler-free hyperfine spectra of linear and circular di-
chroisms are obtained. The experimental results agree
reasonably with the theoretical calculations of Nakaya-
ma. A small discrepancy is considered to be the effect
due to the use of the pump beam intensity comparable
with optical pumping saturation intensity. However,
there remains a large discrepancy for the high-frequency
side signals of the Dz line, which is primarily regarded as
the additional effect resulting from several closely lying
resonances separated by less than the natural or laser
spectral linewidth.
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