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Phase conjugation by degenerate four-wave mixing in barium
vapor
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We report what is to our knowledge the first observation of phase-conjugate waves by degenerate four-wave mixing
in Ba vapor near its 6s? 'Sy — 6s6p 1P; resonance transition. A maximum reflectivity of 36% at 10 mbars of Ar
buffer gas pressure is observed together with a temporal pulse shortening of 50%. Conical emission in the two pump
waves after their passage through the nonlinear medium is also observed. The dependence of the phase-conjugate
signal on the pressure of the Ar buffer gas shows a small state-changing collisional decay rate.

Degenerate four-wave mixing is one of the most effi-
cient methods of obtaining phase-conjugated wave
fronts.! TIn atomic vapors, high reflectivities have
bheen observed when tuning the laser frequency close
to strong atomic transitions.>® To our knowledge, up
to now experiments have been restricted to alkali
metals such as Na,2¢ K,” and Rb.® Ba has been used
only for nonlinear phenomena other than phase conju-
gation (PC), such as Raman conversion,® stimulated
Stokes emission,!’ and Stokes and anti-Stokes fre-
quency generation.!! This Letter is the first part of an
experimental study of PC by resonantly enhanced de-
generate four-wave mixing in Ba vapor and is to our
knowledge the first such report in an alkaline earth
atom. The choice of Ba is made because of the high
nonlinear efficiency of its resonance line 6s% 1S, —
6s6p LP; at 553.55 nm and its easy handling under
heat-pipe conditions. We optimized the intensity of
the phase-conjugated wave fronts for different vapor
temperatures and measured it as a function of the
laser intensity and the forward-beam and probe-beam
intensities. We also observed the line shape of the PC
spectrum under certain conditions. Moreover, we
studied the PC signal at different buffer gas pressures.
The collisional redistribution of the population among
the upper-state m; sublevels is not negligible during
the laser pulse,!2 which in our case is ~8 nsec. This
fact probably alters the character of the four-wave
mixing process because we are not dealing with a pure
two-level system.1314 This enables one to study gas-
phase dynamics, e.g., to use PC for velocity distribu-
tion measurements in the gas phase.!®

The experimental setup is shown in Fig. 1. The
light source is a XeCl excimér-laser-pumped dye laser
(Lumonics TE861T-3, EPD 330), vertically polarized.
The dye laser has a linewidth of =0.2 cm™' with a
pulse-to-pulse energy jitter of ~20%. The laser beam
was collimated by using a telescope and a pinhole.
The pump beams were formed by the 50:50 cube beam
splitter BS2 and mirrors M1 and M2. The probe
beam was formed by beam splitter BS1, which has a
reflectivity of ~#10%, and mirror M3. The angle be-
tween the probe and the pump beams was =70 mrad.
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The PC signal emerging from the interaction region to
the opposite direction of the probe beam was detected
through the 50:50 beam splitter BS3 by a 0.2-nsec rise
time fast photocell (ITL-SI4H7). We verified that
the signal was disappearing when each of the three
input beams was blocked. The vapor cell of the con-
ventional heat-pipe type was made of stainless steel,
and the Ba vapor was confined near the center of the
heat pipe by a stainless-steel mesh. The concentra-
tion of Ba atoms inside the oven was temperature
controlled, and the experiments were performed in a
temperature range of 620-830°C. The coherence

Fm/'

AR l
I HFO
leic
ouT N
B
M1
¥ |
b

II
FP__N[g
DAS (L

M2

p
H BS3

M3
FPC
PC-EIGNAL

DL

Fig.1. Experimental setup. DL, dye-laser system; T, tele-
scope; HPO, heat-pipe oven; FPC, fast photocell; PD’s, pho-
todiodes; FPI, Fabry-Perot interferometer; B I-A S, boxcar
integrator-averager system; DAS, data-acquisition system;
AR, analog recorder; M’s, aluminum mirrors of ~80% reflec-
tivity.
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Fig. 2. PC signal as a function of the vapor temperature.
The total dye-laser beam intensity is ~1.5 MW/cm? (mea-
sured before BS1), the probe-beam intensity is =75 kW/cm?,
and detuning Av ~ 45 GHz.

length of the dye laser was at least a factor of 2 larger
than the interaction length, estimated to be ~1 cm.

The PC signal as a function of the vapor tempera-
ture is shown in Fig. 2. The signal increases with the
temperature because of the increased susceptibility.
At higher temperatures, various nonlinear effects such
as self-focusing play an important role, and the signal
decreases again. The maximum of the signal was
found to be at 700°C, close to the melting point of Ba
(=727°C).

The maximum observed PC signal was 36% at ~10
mbars of Ar buffer gas pressure. This relatively small
value is probably due to the absorption and depletion
of the strong pump waves during the interaction as
well as the other competing nonlinear effects such as
self-focusing, defocusing, and conical emission. The
signal also shows a strong buffer gas pressure depen-
dence. Moreover, a temporal shortening of the PC
pulse by ~50% was observed, owing to the nonlinear
nature of the generation of the backward wave gain,
which is proportional to the temporal product of the
three input waves.’® Another interesting observation
is a conical emission in the pump beams after their
passage through the nonlinear medium.!” The shape
of the transmitted pump beams when Ba atoms inter-
act with the two counterpropagating pump beams is
the same as that of Fig. 1b in Ref. 18.

In Fig. 3 the PC signal is shown as a function of the
probe-beam intensity. During this measurement the
dye-laser energy had a long-term stability of ~4%.
The signal seems to be approximately linear, and it
should be noted that saturation does not appear up to
the maximum available intensity. Figure 4 shows the
dependence of the PC signal on the normalized for-
ward pump-beam intensity. The energy of the dye
laser had a long-term stability of ~#12%, and the detun-
ing was ~#45 GHz. We observed a similar behavior as
in Ref. 19, which suggests that the adiabatic following
model is valid under our experimental conditions
(pump intensity and detuning). The fit in Fig. 4 gives
a saturation intensity of ~#136 kW/cm2, This value is
in good agreement with the theoretical one of 167 kW/
cm?, which is calculated according to I; = Lhegc(hAv/
w)?, where u is the dipole transition moment.

Figure 5 shows the dependence of the PC signal on
the pressure of the Ar buffer gas. Measurements are
taken in the 10-310-mbar range. We observed that
the signal at the maximum pressure is not zero. Com-
paring these measurements with similar ones per-
formed on Na vapor,'* we note the same qualitative
signal dependence on the pressure. However, we
measure a much slower pressure-induced signal de-
crease since in our case the pressure values are two
orders of magnitude higher than those in Ref. 14. We
believe that this is due to the different energy-level
structure for the Na and Ba atoms: There exist a
number of lower-lying excited states in Ba (6s5p 3Py 1 ¢
and 6s5d D5, 3D 5 3), while this is not the case for the
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Fig.3. PCsignal as a function of the probe-beam intensity,
normalized to its maximum value available, Iy ~ 75 kW/cm?2.
The experimental conditions are Irp = Igp, Irp/Ip =~ 5, and Av
~ 45 GHz.
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Fig. 4. PC signal as a function of the forward pump-beam
intensity, normalized to its maximum value available, 386
kW/em? Ip ~ 75 kW/cm?, Av ~ GHz, and Ar pressure =8
mbars. Solid squares, fitted points; open squares, experi-
mental data. The pump- and probe-beam intensities were
always measured just before the oven windows.
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Fig. 5. PC signal as a function of the pressure of the Ar
buffer gas. [Ba] = 10!5 cm?, and the total laser beam intensi-

ty is ~1.56 MW/em?2,
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Fig. 6. (b) Typical recording of the phase-conjugate spec-
trum for [Ba] = 1015 cm3, total beam intensity 1.5 MW/cm?2,
and Ar pressure of 28 mbars. (a) Fabry-Perot transmission.
(¢) Absorption of the probe beam detected by PD1.
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Na atom. Extended pressure-dependence measure-
ments together with a rate-equation model are cur-
rently being studied.

Figure 6(b) shows a typical recording of the PC
signal spectrum. Figure 6(c) shows the simultaneous-
ly recorded absorption spectrum (see Fig. 1), which
served as the absolute reference, and Fig. 6(a) shows
the transmission signal of a Fabry—Perot interferome-
ter (F* =~ 15, free spectral range 1 ¢m™1), which pro-
vides relative wavelength calibration. This method is

typically accurate up to one laser linewidth. In our
case we are limited by the broad absorption spectrum
(probably due to power broadening) to an accuracy of
~0.5 cm~L In Fig. 6(b) two peaks are clearly seen.
We are currently conducting extensive experimental
studies of the PC line shape under different condi-
tions.

We have reported phase-conjugate waves by degen-
erate four-wave mixing in Ba vapor. The vapor tem-
perature for optimum PC signal generation and its
specific dependence on the buffer gas pressure ob-
served here show that Ba is a convenient material for
the study of nonlinear phenomena. In particular, the
strong pulse compression by 50% of the phase-conju-
gated wave relative to the probe beam indicates that
Ba can be used as an efficient pulse shortener.

We gratefully acknowledge the experimental assis-
tance of Z. Pan of the Anhui Institute of Optics and
Fine Mechanics, Academia Sinica, Heifei, China.
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