VOLUME 36, NUMBER 20

PHYSICAL REVIEW LETTERS

17 MAy 1976

Doppler-Free Laser Polarization Spectroscopy*

C. Wiemant and T. W. Hinsch
Department of Physics, Stanford University, Stanford, California 94305
(Received 25 March 1976)

We have demonstrated a sensitive new method of Doppler-free spectroscopy, monitor-
ing the nonlinear interaction of two monochromatic laser beams in an absorbing gas via
changes in light polarization, The signal-to-background ratio can greatly surpass that of
saturated absorption, Polarization spectra of the hydrogen Balmer-3 line, recorded with
a cw dye laser, reveal the Stark splitting of single fine-structure components in a Wood

discharge,

We report on a sensitive new technique of high-
resolution laser spectroscopy based on light-in-
duced birefringence and dichroism of an absorb-
ing gas. Polarization spectroscopy is related to
saturated-absorption® or saturated-dispersion?
spectroscopy, but offers a considerably better
signal-to-background ratio. It is of particular
interest for studies of optically thin samples or
weak lines and permits measurements even with
weak or fluctuating laser sources. We have stud-
ied the Ralmer-p line of atomic H and D near
4860 A by the new method, using a single-fre-
quency cw dye laser. The spectra reveal for the
first time the Stark splitting in the weak axial
electric field of a Wood-type gas discharge.

For saturation spectroscopy it is well known
that the signal magnitude depends on the relative
polarization of saturating beam and probe.** The
possibility and advantage of using the resulting
optical anisotropy in a sensitive polarization de-
tection scheme seem to have gone unexplored,
however. On the other hand, the phenomena of
light-induced birefringence and dichroism are
quite common in optical-pumping experiments
with incoherent light sources.® Recent related
experiments®” encourage us to expect that high-
resolution polarization spectroscopy will also
prove useful for studies of two-photon absorption
and stimulated Raman scattering in gases.

The scheme of a polarization spectrometer is
shown in Fig. 1. A linearly polarized probe beam
from a monochromatic tunable laser is sent
through a gas sample, which is shielded from ex-
ternal magnetic fields to avoid Faraday rotation.
Only a small fraction of this beam reaches a
photodetector after passing through a nearly
crossed linear polarizer. Any optical anisotropy
which changes the probe polarization will alter
the light flux through the polarizer and can be
detected with high sensitivity. Such an anisot-
ropy can be induced by sending a second, circu-
larly polarized, laser beam in nearly the oppo-
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site direction through the sample. In the sim-
plest case both beams have the same frequency
w and are generated by the same laser. As in
conventional saturation spectroscopy, a resonant
probe signal is expected only near the center of
a Doppler-broadened absorption line where both
beams are interacting with the same atoms,
those with essentially zero axial velocity.

For a quantitative description we can decom-
pose the probe into two circularly polarized
beams, rotating in the same (+) and in the oppo-
site (-) sense as the polarizing beam. As long
as the probe is weak these two components can
be considered separately. The polarizing beam
in general induces different saturation, i.e.,
changes in absorption coefficient, Aa* and Aa”,
and in refractive index, An* and An~, for these
components. A difference Aa*-Aa” describes a
circular dichroism which will make the probe
light elliptically polarized, and a difference An*
—An” describes a gyrotropic birefringence which
will rotate the axis of polarization. As long as
these polarization changes are small, the com-
plex field amplitude behind the blocking polarizer
is given by

E=E |0 +(w/c)(an* —-an")l/2 -i(aa* —-Aa7)1/4],
(1)

where E, is the probe amplitude, 6 is some small
angle by which the polarizer is rotated from the
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FIG. 1. Scheme of laser polarization spectrometer.
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perfectly perpendicular position, and ! is the ab-
sorption path length.

For low intensities, within third-order pertur-
bation theory® and in the limit of large Doppler
widths, the interaction of two counterpropagating
circularly polarized beams with two levels of an-
gular momentum J and J’ can be described sim-
ply in terms of a velocity-selective hole burning®
for the different degenerate sublevels of orienta-
tional quantum number m, where the axis of
quantization is chosen along the direction of prop-
agation. As in conventional saturation spectros-
copy! the absorption change as a function of the
laser frequency is a Lorentzian function with the
natural linewidth y,,:

At = A0 /d = =5 l/I4(1 +x2). (2)

1-5/(4J2 + 4J +2) for J=J',
d= Aa/Aat=
(2J%+ 57 + 3)/(12J2-2) for J=d’+1,

where v =(y;~ys) /(vs+y5).
By inserting these results into Eq. (1), we ob-
tain the light flux at the probe detector

I=1,[6%+ 63s%/(1+x?) +(55)*/(1 +x7), (4)

where I is the unattenuated probe power and s
=—3(1 -d)a,ll/I, gives the maximum relative in-
tensity difference between the two counter-ro-
tating probe components. In practice we have to
add an amount I,¢ to account for the finite extinc-
tion ratio £ of the polarizer.

For a perfectly crossed polarizer, i.e., 6=0,
the combined effects of dichroism and birefrin-
gence lead to a Lorentzian resonance signal. The
signal magnitude is proportional to s2, i.e., it
drops rapidly for small s. Small signals can be
detected with higher sensitivity at some small
bias rotation 6 >>s. The last term in Eq. (4) can
then be neglected and the birefringent polariza-
tion rotation produces a dispersion-shaped signal
on a constant background. If, as in many practi-
cal situations, laser intensity fluctuations are
the primary source of noise, a figure of merit
for the sensitivity is the signal-to-background
ratio. Compared to saturated-absorption spec-
troscopy, this ratio is improved by a factor (1
-d)6/4(6 + £) which reaches its maximum (1 -d)/
8VE for 6=z,

In addition to the improved sensitivity, such a
dispersion-shaped signal is of obvious interest
for the locking of the laser frequency to some
resonance line. It is also noteworthy that its

Here, ¢, is the unsaturated background absorp-
tion, I is the intensity of the polarizing beam,
I, is the saturation parameter, and x = (w=w,y)/
Ya» describes the laser detuning from resonance.
The absorption change corresponds to the imag-
inary part of a complex third-order susceptibil-
ity, whose real part results in a concomitant
change in refractive index, An*=-3Aa*xc/w, in
agreement with the Kramers-Kronig relation.

The magnitude of the anisotropy is described
by the parameter d and depends on the angular
momenta and the decay rates y; and y;. of the in-
volved states. If spontaneous re-emission into
the lower state is ignored, the steady-state sig-
nal contributions of the different orientational
sublevels can be added with the help of simple
sum rules* to yield

(3)

first derivative has a linewidth smaller than half
the natural width, which can greatly facilitate the
spectroscopic resolution of closely spaced line
components.

For the alternative scheme of a linearly polar-
ized saturating beam, rotated 45° with respect to
the probe polarization, it can be shown in analo-
gous fashion that the signal always remains Lor-
entzian, independent of the polarizer angle 6.

As in saturated-absorption spectroscopy,
crossover signals are expected halfway in be-
tween two resonance lines which share a common
upper or lower level. A third-order nonlinear
susceptibility tensor, applicable to this situation,
has actually been calculated previously.® It pre-
dicts that the ratio Aa7/Aa*=d for certain angular
momentum states can exceed 1, unlike the ex-
pression (3), and hence give rise to signals with
inverted polarization rotation.

For the experimental study of the hydrogen Bal-
mer-B line we used a cw jet-stream dye laser
(Spectra-Physics Model No. 375) with 7-diethyl-
amino-4-methyl-coumarin in ethylene glycol,
pumped by an uv argon laser (Spectra-Physics
Model No. 171). Single-frequency operation was
achieved with an air-spaced intracavity etalon
(free spectral range 30 GHz; mirror reflectivity
30%) and two additional fixed uncoated quartz eta-
lons (thicknesses 0.1 and 0.5 mm). At 1 W pump
power, the laser provides single-mode output of
about 10 mW near 4860 A with a linewidth of
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about 20 MHz., The laser can be scanned contin-
uously over ~4 GHz by applying linear ramp volt-
ages to the piezotransducers of the cavity end
mirror and the air-spaced etalon.

As in the previous saturated-absorption experi-
ment,? the hydrogen atoms were excited to the
absorbing n =2 state in a Wood-type discharge
tube (1 m long, 8 mm in diameter, 0.2 Torr, 3
mA dc current). The laser light is sent through
a 40-cm-long center section of the positive col-
umn. Probe and polarizing beam are each about
1 mm in diameter and have powers of 0.1 and 1
mW, respectively. A mica sheet serves as a A/4
retarder for the polarizing beam. To avoid re-
sidual Doppler broadening due to a finite crossing
angle we operated with collinear beams, replac-
ing mirror M, in Fig. 1 with an 80% beam splitter
which transmits part of the probe.

Standard Glan-Thompson prism polarizers
(Karl Lambrecht) were employed for the probe
beam. Birefringence in the quartz windows of
the gas cell due to internal strain was reduced by
squeezing the windows gently with adjustable
clamps. We achieve extinction ratios of 10”7 or
better in this way, and the possible improvement
over saturated-absorption spectroscopy in signal-
to-background ratio is on the order of 100-1000.
The probe light which passes the blocking polar-
izer is sent through a spatial filter to eliminate
incoherent light emitted by the gas discharge and
scattered light from the polarizing beam. Its in-
tensity is monitored with a photomultiplier.

Figure 2 shows a portion of the Balmer-8 spec-
trum plotted versus time during a laser scan of
about 5 min duration. To record the derivative
of dispersion-shaped resonances, the dye laser
was frequency modulated by adding a small audio-
frequency voltage to the cavity-mirror tuning
ramp, and the resulting signal modulation was
detected with a phase-sensitive amplifier. The
three strongest theoretical fine-structure tran-
sitions in this region are shown on top for com-
parison. Hyperfine splitting is ignored. The po-
sitions of possible crossover lines due to a com-

mon upper or lower level are indicated by arrows.

Obviously, the polarization spectrum reveals
many more components. These have to be as-
cribed to the Stark splitting in the axial electric
field of the positive discharge column.

We have calculated the theoretical Stark pattern
for an axial field of 10 V/cm by diagonalizing the
Hamiltonian.’® The positions of the strongest
Stark components and their respective crossover
lines are indicated in Fig. 2 and agree well with
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FIG. 2. Polarization spectrum of a portion of the deu~
terium Balmer-f3 line. The three strongest fine-struc-
ture components and the positions of the strongest Stark
components for an axial electric field of 10 V/cm are
shown on top for comparison. Crossover lines due to a
common upper (1) or lower (¥) level are indicated by
arrows,

the observed spectrum. The splitting of the up-
per 4P,D,/, level is essentially a linear function
of the electric field, and its magnitude can easily
be determined to within a few percent from the
observed spectrum. The theoretically expected
line strengths and the signs of the crossover
lines are also in satisfactory agreement with the
experiment. The polarization spectrum of light
hydrogen looks almost identical to that of deuter-
ium and shows no indication for the 170-MHz
hyperfine splitting of the 2S state; the components
originating in the F =0 state are missing, because
atoms in this level cannot be oriented.

The observed Stark pattern changes quite dras-
tically if the laser beams are displaced from the
tube axis, indicating the presence of additional
radial electric fields due to space and surface
charges of cylindrical symmetry. Polarization
spectroscopy of the hydrogen Balmer lines thus
opens new possibilities for sensitive plasma di-
agnostics.

The spectrum in Fig. 2 also clearly reveals
the different natural linewidths of components
originating in the short-living 2P state and the
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longer-living 2S state. The narrowest observed
components have a width of about 40 MHz, corre-
sponding to a resolution of about 6 parts in 108,
i.e., they exhibit more than an order of magni-
tude improvement over our earlier pulsed-laser
saturation spectra.® A substantial improvement
in the accuracy of the 1S Lamb shift is expected,
if such a polarization spectrum is used as a ref-
erence for the 15-2S two-photon spectrum.® A
still further improvement in resolution should be
possible if the laser linewidth is reduced by fre-
quency stabilization. At low electric fields the
natural linewidth of the quasi-forbidden 2S5-4S
transition is only about 1 MHz. A measurement
of the H-D isotope shift to better than 0.1 MHz
would confirm or improve the important ratio of
electron mass to proton mass, and an absolute
wavelength or frequency measurement to better
than 6 MHz would yield a new improved value for
the Rydberg constant. We are presently exploring
these and other possibilities for new precision
measurements,
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Analogy between the Laser and Second-Order Phase Transitions: Measurement of
“Coexistence Curve” and “Susceptibility” for a Single-Mode Laser near Threshold*
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We report the first experimental determination of the laser “coexistence curve’ and
“susceptibility”” below threshold. Both quantities are derived from an accurate measure-
ment of the average output intensity as a function of the normalized net gain. Our data
confirm the predictions of laser theory and give a quantitative support to the recently
proposed analogy between the laser near threshold and second-order phase transitions,

It has been recently shown that the theoretical
treatment of the threshold region of a laser bears
a close analogy with the mean-field approach to a
second-order phase transition, if one identifies
the order parameter with the slowly varying am-
plitude of the laser electric field and the temper-
ature with the unsaturated population inversion,*?
We report here the first measurement of the la-
ser “coexistence curve” and “susceptibility” be-
low threshold. Our data confirm the predicted
mean-field-theory behavior of the laser transi-
tion in the threshold region,

The statistical properties of single-mode laser
radiation near threshold have been extensively in-

vestigated in the past few years,® Various mo-
ments of the photon probability distribution and
time-dependent correlations of both amplitude
and phase fluctuations have been measured as
functions of the average output intensity I of the
laser. Our experiment concerns instead the de-
pendence of I on the difference between the unsat-
urated population inversion ¢ and the threshold
population inversion o,.

From the viewpoint of the proposed analogy,
the quantity 7 does not always have the same
meaning. Specifically, in the region above thresh-
old where amplitude fluctuations are relatively
small, [ is the square of the laser order param-
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