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We report on the observation of a light-pressure-induced dispersion of laser light interacting with a
Doppler-broadened atomic medium. This novel dispersion feature displays an even symmetry with
respect to the optical Doppler detuning; it is due to the small modification of the atomic velocity distri-
bution caused by the spontaneous scattering force. Our phase-sensitive measurements were performed
on the A =555.65 nm 'S-3P, transition in ytterbium vapor by the use of frequency-modulation spectros-
copy. The experimental results are in good agreement with theoretical predictions.

PACS numbers: 32.70.Jz, 42.50.Vk, 42.65.Ft

In recent years, resonant-light-pressure effects have
attracted increasing attention'; here, laser cooling of
atoms in a beam is one example of special experimental
interest.!*> In principle, the velocity distribution of an
atomic vapor also can be modified by resonant light pres-
sure.> In this context, recent theoretical investigations
have shown that the velocity distribution caused by the
spontaneous scattering force can lead to strong mod-
ifications of the optical susceptibility of a low-pressure
gas, giving rise to new phenomena in its optical
response.*> For the very basic situation of a single laser
beam interacting with a Doppler-broadened medium, the
occurrence of a nonlinear contribution to the dispersion
of the light field has been predicted as the main conse-
quence of radiation pressure. This /light-pressure-
induced nonlinear dispersion phenomenon can have
drastic consequences for the total dispersion curve of the
medium, affecting, e.g., its symmetry and line center.’
In this contribution, we report the first experiments on
atomic ytterbium vapor that clearly demonstrate the ex-
istence of this novel dispersion phenomenon.

Before we present our measurements, let us first give a
brief theoretical outline of the phenomenon. We consid-
er the interaction of an atomic vapor with a mono-
chromatic laser field of frequency @ and wave number k.
The medium is assumed to consist of two-level atoms
with transition frequency Q, mass M, and a Doppler dis-
tribution No(v). For simplicity, let us assume here a ve-
locity distribution of Lorentzian shape No(v) =u/n(v?
+u?2).% For small light-pressure-induced modifications
of the velocity distribution, the total dispersion D can be
written in the form?

r’(1+2r2) 732
5*+1

p=2"XK|__29

- 1)
u 5°+1

r

Here D is related to the refractive index n of the medium
by D=(n—1)kL, where L is the interaction length; x
denotes a proportionality constant. The dimensionless
optical detuning §=(w — Q)/ku is expressed in units of
the Doppler width ku. 2e, =hk?/M is the Doppler shift

that an atom experiences as a result of one photon
momentum transfer, and = denotes an effective interac-
tion time of single atoms with the light field. r=y/2I" is
the optical Rabi frequency y normalized to the full natu-
ral optical linewidth 2I'. While the first term in Eq. (1)
is the ordinary linear dispersion, the second term de-
scribes the light-pressure-induced nonlinear dispersion.
A representative plot of the corresponding dispersion
curves for ¢,7=1 and r=1 is shown in Fig. 1: The
light-pressure-induced dispersion (dotted curve) displays
an even symmetry with respect to the laser detuning §&.
This remarkable property is due to the fact that the non-
linear dispersion arises from a local antisymmetry of the
velocity distribution (see inset in Fig. 1). The antisym-
metry is induced by the light itself via its radiation pres-
sure and occurs in a narrow interval corresponding to the
homogeneous optical linewidth.” Let us point out that
neither the shape nor the sign of the antisymmetric
modification depends on the Doppler detuning &; § only
determines the velocity vo =4&u where the Doppler distri-
bution is redistributed. As a consequence of the unusual
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FIG. 1. Dispersion curves for ¢,7=1 and r=1 according to
Eq. (1): The total dispersion (solid curve) is the sum of the
light-pressure-induced contribution (dotted curve) and the or-
dinary linear dispersion (dashed curve). &§=(w— Q)/ku
denotes the laser detuning in units of the Doppler width. The
inset shows the atomic velocity distribution V(v) with a typical
modification caused by light pressure.
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even symmetry of the nonlinear contribution, the total
dispersion curve (solid line in Fig. 1) is asymmetric, and
its line center displays a significant shift towards higher
frequencies; for the parameter values of Fig. 1, this shift
amounts to approximately 20% of the Doppler width.
Equation (1) also predicts a pronounced nonlinear inten-
sity dependence of the light-pressure~induced dispersion;
furthermore, for a given laser intensity, its strength is
closely related to the laser beam diameter via the
effective atom-field interaction time .

Our experiment to measure the light-pressure-induced
dispersion phenomenon is based on frequency-modu-
lation spectroscopy®; the experimental scheme is shown
in Fig. 2. In this simple and sensitive technique the in-
teraction of pure phase-modulated light with the atomic
sample gives rise to amplitude-modulation components in
the transmitted laser light; here an amplitude modula-
tion occurs not only because of a different absorption of
the frequency-modulation sidebands in the sample but
also because of a phase shift of the carrier field with
respect to the sideband fields. Let us assume a small
modulation phase shift A®=mcos(wyt) of the incident
light with m<«1. Under appropriate conditions
[F(1+2r2) 2« wy < kul, the modulated part Inoq of
the intensity of the transmitted light can be written in
the form?®

Imoda =Ilgsin(wpst) — pcos(wpt)], (2)
with
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here I is the incident light intensity. The resonant veloci-
ty vo={(w— Q)/k and the normalized Rabi frequency r
are defined with respect to the carrier field.

The signal components p and g clearly contain dif-
ferent information. The modulation component g oscil-
lates in quadrature to the applied phase modulation; this
signal arises from the different absorption of the
frequency-modulation sidebands. Its dependence on the
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FIG. 2. Experimental scheme to observe the light-
pressure-induced nonlinear dispersion in an atomic vapor:
EOM, electro-optic phase modulator; PD, photodetector; p and
g, in-phase and quadrature component of the detected ampli-
tude modulation, respectively. For further details see text.

optical detuning kvo=w — Q simply displays the deriva-
tive of the Doppler distribution No(v), which corre-
sponds to the absorption profile for weak light intensities.
The in-phase modulation component p results directly
from the slight phase shift of the strong carrier with
respect to the weak sidebands; this phase shift is caused
by the light-pressure-induced dispersion effect. Thus,
the modulation component p allows a direct measure-
ment of the nonlinear dispersion phenomenon.

Our measurements were performed on the ytterbium
line A =555.65 nm (414652 'So-4f'%6s6p *P|). The yt-
terbium vapor was contained in a heated ceramic tube of
1.8-cm diameter; the temperature of the vapor cell was
about 700 K with the length of the heated zone being ap-
proximately 6 cm. Natural ytterbium consists of a mix-
ture of seven isotopes with mass numbers 168, 170, 171,
172, 173, 174, and 176. The total Yb number density
was estimated to be 4x10'! cm ™2 with a corresponding
vapor pressure of roughly 5x10 "> mbar. The natural
linewidth of the transition is I'=2xx95 kHz’ its
Doppler width ku amounts to 27x460 MHz. We note
that the width of the total isotopic structure'® of this
transition exceeds the Doppler width of its single com-
ponents; thus, a separate optical excitation of even as
well as odd isotopes is possible. Let us point out that
only the even isotopes represent a Doppler-broadened
two-level system corresponding to the theory presented
above.

The light of a continuous-wave single-mode dye ring
laser was phase modulated by an electro-optical modula-
tor with a modulation frequency wj =27%9.8 MHz. In
most of our experiments, we chose a modulation depth of
m == +; in this case, about 1% of the total light intensity
is transferred to each of the two sidebands. Behind the
modulator the laser beam was expanded to a diameter of
approximately 1.3 cm; for this value, the effective in-
teraction time 7 is about 35 us, corresponding to
€,7=0.85. The expanded beam was carefully collimat-
ed, in order to obtain plane wave fronts within the opti-
cally thin sample. After the interaction with the medi-
um, the resulting amplitude modulation of the light was
detected by a fast photodiode. The detector output was
demodulated in a high-frequency lock-in amplifier, yield-
ing both the in-phase and quadrature amplitude-
modulation components p and g, respectively.

Experimental curves for the modulation components
were recorded while the laser frequency was scanned
over the entire ytterbium line including all isotopes.
Typical measured curves for the quadrature and in-phase
modulation components are shown in Figs. 3(a) and
3(b), respectively. In order to facilitate an interpretation
of these curves, center frequencies and relative weights
of the lines corresponding to the various even and odd
isotopes are indicated in Fig. 3(b). As expected [see Eq.
(3a)], the quadrature component g shows the derivative
of the linear absorption profile; here all isotopes contrib-
ute according to their relative weights. In contrast, in
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FIG. 3. Typical measured (a) quadrature and (b) in-phase
amplitude-modulation components g and p of the transmitted
laser light as a function of the laser frequency; ¢ and p are
given in arbitrary units with the same scale in (a) and (b).
Here, the laser intensity was 2.8 mW/cm? and a beam diame-
ter of about 1.3 cm was used. The p component directly
reflects the light-pressure-induced dispersion, which occurs
only for the even ytterbium isotopes. Center frequencies and
relative weights of the various even and odd isotopes are illus-
trated by the solid and dashed bars in (b), respectively.

the in-phase component p, the strong light-pres-
sure-induced signal shows up only for the even isotopes;
their Doppler distribution is directly reflected in this sig-
nal, in full agreement with our theoretical expectations
[see Eq. (3b)]. For the odd isotopes no strong in-phase
signal occurs; here resonant light pressure cannot act
effectively on the atoms because of optical pumping be-
tween the Zeeman sublevels of the ground state.!'

The modulation signals were studied for laser intensi-
ties from 10 uW/cm? to 50 mW/cm?, covering a range
from far below (r=+) to far above saturation
(r=10). To measure the maximum strength of the
light-pressure-induced dispersion signal in the p com-
ponent, the laser frequency was tuned to the line center
of the most abundant isotope '"*Yb. The observed
strength p of the light-pressure-induced dispersion signal
is shown in Fig. 4 as a function of the laser intensity; this
signal strength p is normalized to the corresponding
maximum strength of the signal component g, which is
related to the absorption of the light field. A full quanti-
tative agreement with the theory presented above only
exists for high laser intensities; for low intensities, the
observed signal is about 10 times weaker than predicted
(see dashed line in Fig. 4). Without going into details
here, we note that this discrepancy can be explained by
the short-term frequency jitter of our dye laser.

We also measured the dependence of the light-
pressure-induced signal on the laser beam diameter. For
the low vapor pressure in our experiments, the laser
beam diameter directly determines the effective interac-
tion time z: As collisions can be neglected here, 7 is sim-
ply given by the transit time of the atoms through the
laser beam. As a consequence, t depends linearly on the
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FIG. 4. The measured strength p of the light-
pressure~induced dispersion signal as a function of the laser in-
tensity. For comparison, the dashed curve shows the calculated
signal strength according to Eq. (3); the solid curve results
from a theory that takes into account a laser frequency jitter
with a bandwidth of 360 kHz.

laser beam diameter, and, according to Eq. (3b), also a
linear dependence of the strength of the light-
pressure~induced dispersion phenomenon on the beam
diameter is expected. In order to measure the signal
strength as a function of the laser beam diameter for a
constant light intensity, the fully expanded beam with a
1/e? diameter of 1.3 cm was reduced to various diame-
ters by the use of an iris diaphragm. The observed linear
dependence (see Fig. 5) is in full accordance with our
theoretical expectations.

In another series of experiments, we added small
amounts of rare-gas perturber atoms (Ar,He) to the yt-
terbium vapor. For both argon and helium, the absorp-
tive signal component g is essentially not affected. In
contrast, we observe a clear decrease of the light-
pressure-induced signal in the p component for pressures
larger than about 10 ~3 mbar; above this value, the ytter-
bium atoms undergo a substantial amount of velocity-
changing collisions, which lead to a rapid thermalization
of their velocity distribution. Thus, our measurements
clearly show that both a two-level system and a col-
lision-free regime are conditions for a strong occurrence
of light-pressure~-induced dispersion. This confirms that
the phenomenon is, in fact, related to accumulated pho-
ton momentum transfer. In this respect, it stands in con-
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FIG. 5. The observed strength j of the light-
pressure-induced dispersion signal as a function of the laser
beam diameter; the laser intensity is kept constant. The solid
line shows a linear fit to the measured values.



VOLUME 61, NUMBER 20

PHYSICAL REVIEW LETTERS

14 NOVEMBER 1988

trast with previous work on the recoil splitting of the
Lamb dip for very weak optical transitions, ' which is re-
lated to the single photon momentum transfer that is in-
herently connected with an absorption process.

In conclusion, our experiments have demonstrated that
resonant light pressure can lead to a substantial contri-
bution to the dispersion of a light field interacting with a
Doppler-broadened medium. All our experimental re-
sults are in good agreement with theoretical predic-
tions*>: We have verified the even symmetry of the
dispersion phenomenon with respect to the optical
Doppler detuning; moreover, we have observed the pro-
nounced saturation behavior of the dispersion feature
and the direct relation of its strength to the laser beam
diameter. Finally we note that this effect may play a
role whenever optical phase-sensitive methods are ap-
plied to investigate low-pressure gases. In this respect,
various nonlinear spectroscopic techniques using optical
heterodyne detection may be mentioned as examples. '
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