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Observation of Continuous-Wave Self-Oscillation Due to Pressure-Induced
Two-Wave Mixing in Sodium
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Collisional damping can induce a coupling between two nonresonant light beams propagating in an
atomic vapor. This coupling is sufficiently important to induce a gain process for a weak probe beam in-
teracting with an intense pump beam. We present here the first observation of a cw oscillation generated
by this process using a cell which contains sodium and helium, the pump beam being slightly detuned
from the D2 resonance line. We also show how the self-oscillation due to four-wave mixing is modified
by the presence of a buAer gas.

PACS numbers: 42.65.—k, 32.80.—t, 42.55.—f

The fact that collisional relaxation can strongly modi-

fy the nonlinear response of an atomic vapor and can in-
duce new resonances in four-wave mixing has been
theoretically predicted by Bloembergen at the very be-
ginning of nonlinear optics. ' However, the subject had
not been studied experimentally before 1981 when Prior,
Bogdan, Dagenais, and Bloembergen made the first ex-
perimental observation of these new resonances. The
puzzling aspect of a resonance created by a collision pro-
cess has stimulated new theoretical developments to un-
derstand their origin. New experimental schemes and
new relaxation processes have also been suggested and a
large number of experimental results has now been ob-
tained on these new resonances. However, it is clear
from the formula giving the third-order nonlinear suscep-
tibility ' that other nonlinear processes should be
magnified in the presence of collisional damping. For
example, in the case of a single traveling beam,
collision-aided self-focusing and self-defocusing has re-
cently been observed.

A more subtle and spectacular eAect occurs when the
interaction of two beams is considered. It can be shown
theoretically that a relaxation phenomenon can induce a
new type of coupling between two nonresonant light
beams. ' When relaxation is neglected, each beam
propagates independently in the vapor, but when a buA'er

gas is introduced, a coupling between the two beams be-
comes possible and an energy transfer from one beam to
the other can be predicted. This transfer can even be
sufficiently important to induce a gain mechanism. This
result may look strange since the first eAect of collisions
is to increase absorption. However, the pressure-induced
coupling can overcome the absorption losses and a net
gain is then expected. It is the aim of this paper to
present the first experimental observation of this eff'ect. ''
In fact, rather than looking at the pressure-induced gain,
we have directly observed the self-oscillation induced by
this gain process. The experiment is performed with use
of a cell containing sodium and helium which is placed
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% is the number of active atoms per unit of volume, d is
the matrix element of the electric dipole moment be-
tween the ground and excited levels, b=cop —

co~ is the
frequency detuning from the resonance, I, ' is the life-
time of the excited level, p is the pressure of buA'er gas,
and P is the pressure broadening coefficient. Q 1 is the
resonance Rabi frequency (O~ =dE|/6). We have as-
sumed that
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~ 6~ && rul —co+ ~. The first
term corresponds to linear absorption. The following
term depends on the pump-beam intensity and only ex-

inside a ring cavity and which interacts with a non-
resonant pump beam.

A second interest of this experiment is that it makes a
link between the diA'erent behaviors preceedingly ob-
served when a phase-conjugate medium is used as an
amplifier in a cavity. In the case of photorefractive ma-
terials' it has been shown that the frequency of the os-
cillating beam is slightly diAerent from the frequency of
the pump beam, while in the case of pure sodium vapor
the two frequencies exactly coincide. ' We show here
that a behavior similar to the one obtained with pho-
torefractive materials is observed with a cell which con-
tains sodium and buAer gas. The point is that in the ab-
sence of collisions, the upper level is only virtually excit-
ed, while in presence of collisional damping a real grat-
ing of excited-state atoms, ' similar to the grating ob-
tained in photorefractive materials, is created,

Let us consider two beams El and E+ of frequencies
co~ and co+ which interact with a set of motionless two-
level atoms of resonance frequency cop. We assume that
E~ is the pump beam and that E+ is a probe beam which
has a much weaker intensity. If we calculate the imagi-
nary part X" of the susceptibility of the beam E+, we
find at second order in the pump field, '
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ists in the presence of collisional damping (Ppe0). This
term can be either positive or negative depending on the
sign of co~

—co+. Let us point out that this second term
can be larger than the linear absorption if A

~
) I,

~
6 ~.

'

If (cu~ —co+)/6 is negative and if the second term of (I)
is larger than the first one, a pressure-induced
amplification of the probe beam is possible.

The amplification of E+ comes from the diflraction of
E~ on the grating of excited-state atoms created by the
beams E~ and E+. ' The maximum amplification is
achieved when the diAracted beam and E+ are in phase.
This requires that the atomic grating is dephased with
respect to the light grating. This occurs neither in the
case m~ =co+ because the two gratings are then station-
ary nor in absence of collisions (Pp =0) because an ex-
cited atom spends a very short time in the excited state
(virtual transition) and the atomic grating follows adia-
batically the light grating. On the other hand, in the
presence of collisions, the atom can be really excited
through a collision-aided process and the atomic grating
lasts a time of the order of I, '. ' In this case (and
when cu~ecu+) the atomic grating follows the light grat-
ing with a delay and amplification [when (cu~

—co+)/
8 & 0] or extra absorption [when (co~ —co+)/6) 0] is

possible.
The experimental setup is shown in Fig. 1. A cw dye

laser pumped by an Ar+-ion laser delivers about 300
mW at 5890 A. The main part of this beam is focused
into a quartz cell with Brewster angles containing sodi-
um and a variable amount of helium. The sodium cell is
placed inside a ring cavity which consists of four plane
mirrors M ~, M2, M3, and M4. A lens L with an
antireflection coating on one side is placed between M3
and M4. The 4% reflection on the other side of the lens
is used to obtain the output beam. The mirrors M2, M3,
and M4 are totally reflective, while M~ has a transmis-
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sion coeScient equal to 0 5%. When an oscillation
occurs, the output through M~ is used to stabilize the
length of the cavity using a servoloop and a reference
level which can be tuned. To determine the frequency
spectrum of the output beam, we analyze with a
Hewlett-Packard 8588B spectrum analyzer the beat fre-
quency between the output beam coming from L and
a reference beam taken from the pump beam with a
plate P.

In the case of a pure sodium cell we have never ob-
served any oscillation when the pump beam is a traveling
wave. On the other hand, with cells containing 1.5 and 3
Torr of helium an unidirectional oscillation in the ring
cavity is observed for temperatures of the cell larger than
160 C. This oscillation is observed on both sides of the
D2 resonance: on the low-frequency side, at 2 GHz from
the center of the absorption line and over a range of 1

GHz; on the high-frequency side, over a narrower range
of frequency. The striking observation is that the fre-
quency co+ of the oscillating beam diflers from the fre-
quency co~ of the pump beam. The difference

~
co+

—
co~

~
varies between 8 and 50 MHz, depending on the

length of the cavity. We have determined the sign of
m+ —

co~ by shifting by 80 MHz the reference-beam fre-
quency with an acousto-optic modulator and we have ob-
served that the sign of co+ —

m~ is reversed when the sign
of the frequency detuning 6 is changed. When the
length of the ring cavity varies, both the output intensity
I,„t and the frequency difference co+ —co

~ vary. We
show in Fig. 2 the variation of I,„t versus co+ —

co~ for a
cell containing 3 Torr of helium. We see that I,„t is
maximum for co+ —au~=19 MHz and that the value of
I,„t at the maximum is 1 mW.

All these results are in agreement with the predictions
of formula (I). First, we note that the new gain mecha-
nism only occurs in the presence of collisional damping.
Second, we have verified that the sign of co+ —co

~

changes when the sign of 6 changes. Furthermore,
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FIG. l. Experimental setup for the two-wave mixing experi-
ment. The pump beam El is a traveling wave. We use an
acousto-optic modulator (AOM) to shift the frequency of the
reference beam.
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FIG. 2. Output intensity vs frequency of oscillation.
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FIG. 3. Experimental setup for the four-wave mixing exper-
iment. The pump beam El is now reflected on itself with use of
the mirror Mo.

amplification occurs when (to~ —co+)/6 is negative in

agreement with formula (1). Third, we remark that the
dependence of I,„t versus co+ —

co~ closely follows the
variation of the gain with to+ —to~. Formula (1) pre-
dicts that the gain should be maximum for co+ —

m~ =I,
whose value is 10 MHz in the sodium case. The fact
that we obtain a slightly larger value for the maximum
of I,„, is mainly due to the residual Doppler eA'ect.

When the atoms are not stationary cu ~ and su+ are
Doppler shifted. Since the oscillating beam makes an

angle of about 10 rad with the pump beam, we expect
to find a residual Doppler effect of about 10 MHz on

co~
—co+. The Doppler eA'ect also explains why the oscil-

lation is unidirectional. In the case of a probe beam
propagating in a direction opposite to the pump beam,
the averaging over the velocity distribution reduces the
maximum value of the energy transfer between the two
beams by a factor of the order of 100. '

In a second set of experiments, the pump beam is

reAected on itself with use of a curve mirror Mo (Fig. 3).
In this case, we have two pump beams E~ and E2 propa-
gating in opposite directions, and a new gain mechanism
associated with the pair production of photons in four-
wave mixing is possible. ' Indeed, in the case of a pure
sodium cell, an oscillation is observed when the tempera-
ture of the sodium cell is larger than 150'C. The oscil-
lation consists of two counterpropagating beams E+ and
E of the same intensity and frequency. In particular, a
fringe interference pattern is observed between any one
of these beams and the reference beam, and we can as-
sert that ( co+ —coi

~

and
~

to —coi
~

are less than 0. 1

Hz. We have thus a perfectly degenerate oscillation.
If we repeat the experiment with the cell containing 3

Torr of helium, a completely diferent behavior is ob-
served. The two beams E+ and E have different inten-
sity and frequency, The intensity of E+ is twice the in-

FIG. 4. Signal obtained on the spectrum analyzer for the
two counterpropagating beams. The beat frequency between
E+ and a reference beam whose frequency is shifted with use
of an acousto-optic modulator is shown on curve (a). The re-
sult for E — is shown on curve (b). The position of the pump-
beam frequency col is determined by the narrow peak of noise.

tensity of E and co+ —
co~ and co —

m~ have opposite
values. This point has been verified with use of a refer-
ence beam whose frequency is shifted by an acousto-
optic modulator (Fig. 4). The value of

~
co+ —

ro~
~

varies
between 2 and 5 MHz, depending on the length of the
cavity. The asymmetry between the two counterpro-
pagating waves comes from the fact that I2=

~
E2

~
is

smaller than I~ =
~
E~

~ by about 30% because of ab-
sorption losses in sodium and on the mirrors. A non-
degenerate oscillation is thus observed because the
pressure-induced gain on E+ is larger than the extra
losses on E—.

In conclusion we have shown that self-oscillation in va-
pors can be generated by two types of processes. In the
absence of collisional damping, the gain comes from a
pair production of photon' and the device is similar to a
doubly resonant parametric oscillator. When collisional
damping is important, a new type of gain mechanism be-
comes possible, which involves the creation of a real
grating of excited-state atoms and the diffraction of the
pump beam on this grating.
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