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Two-photon-resonant excitation of the sodium 3d level can lead to the generation of new fre-
quencies either by amplified spontaneous emission at the 3d — 3p transition frequency or by a
resonantly enhanced four-wave mixing process. Competition between these two processes has
been observed. The four-wave mixing process can suppress. amplified spontaneous emission by
preventing the excitation of the 34 level due to an interference between two different pathways con-

necting the ground (3s) and 3d states.

PACS numbers: 42.50.+q, 32.80.Wr, 42.55.—f, 42.65.—k

In this Letter, we present the results of an experi-
mental study that demonstrates competition between
amplified spontaneous emission (ASE) and the four-
wave mixing (FWM) process. An intense laser beam
was tuned to the 3s — 3d two-photon-allowed transi-
tion of the sodium atom and the radiation emitted by
the vapor cell was examined in both the forward and
backward directions. We observed that when the input
laser was tuned off resonance, a FWM process led to
the generation of radiation near the 3d — 3p and
3p — 3s transition frequencies (see Fig. 1). When the
laser is tuned precisely to resonance, population can be
transferred to the 34 level, inverting it with respect to
the 3p level and leading to ASE at the 3d — 3p transi-
tion frequency. Under conditions of intense resonant
excitation, the gain of the ASE process calculated in
the absence of competition is many orders of magni-
tude larger than that of FWM (see below). Although
ASE is thus expected to dominate, we have observed
experimentally that for appropriate focusing of the
laser beam only FWM is present. When the FWM
process is inhibited through the use of counterpro-
pagating pump beams, the normal result of ASE is ob-
served. We interpret these observations to be a conse-
quence of a previously unrecognized competition
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FIG. 1. Energy-level diagram showing the four-wave mix-
ing process and the notation used in the calculation.

between the ASE and FWM processes. The fields
generated by the FWM process create a new pathway
connecting the 3s and 3d levels. This pathway can in-
terfere destructively with that involving only the fre-
quency of the incident field, prohibiting the transfer of
population to the 3d level. The nature of the suppres-
sion is described by the solutions of the density matrix
equations for a three-level atomic system.

Competition between coherent and incoherent opti-
cal processes has recently been the subject of intense
interest. The only previously reported example of
such competition has been the suppression of multi-
photon ionization by third-harmonic generation. This
effect was observed by Miller et al.! and by Glownia
and Sander,? and has been successfully explained by
Jackson and Wynne,® and others.*’ However, these
theoretical explanations presuppose that one of the op-
tical fields is strongly absorbed by the nonlinear medi-
um, and hence do not apply to our system. Our work
demonstrates that competition effects can occur under
conditions more general than those previously be-
lieved to be necessary.

Our experimental setup consists of a pulsed dye
laser of energy = 500 pJ, pulse length of 1.5 ns, and
spectral width of 0.7 cm~!. The 6855-A output of this
laser was focused to a ~ 100-um spot size and into a
heat-pipe oven containing ~ 10® sodium atoms per cu-
bic centimeter. Radiation generated within the cell
could be directed to a spectrometer having a resolution
of 0.3 A.

The ASE¥? and FWM!? processes have different
spatial and spectral signatures, which allow the
processes to be unambiguously distinguished. As a
result of phase-matching considerations, FWM can oc-
cur only in the forward direction. For the number
densities and detunings used in our experiment, this
radiation has the shape of a cone surrounding the
transmitted laser beam [see Fig. 2(a)].'*'? When ASE
occurs it has equal gain in the forward and backward
directions, and has the shape of a filled-in disk. We
observe cone-shaped emission in the forward direction
even when tuned precisely to resonance, which shows
that FWM, and not ASE, is occurring. FWM and ASE
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FIG. 2. (a) Spatial distribution of the radiation emitted
near the 3p — 3s transition frequency due to FWM. (b)
Spectrum of the radiation (ASE) emitted in the backward
direction. (c) Spectrum of the radiation generated by FWM
in the forward direction for a detuned laser. (d) Spectrum
of the radiation emitted in the forward direction with the
laser tuned precisely to the two-photon resonance.

can also be distinguished spectrally. The spectrum of
ASE has features only at the 3d— 3p3;, and
3d — 3py/, transitions frequencies [see Fig. 2(b)l,
whereas the FWM process produces a broader output
spectrum that peaks ~ 1.5 A to the short wavelength
side of resonance and tails off to shorter wavelengths
[see Fig. 2(c)]. These spectral characteristics occur as
the result of phase-matching considerations.!® Figure
2(d) shows the spectrum of the light emitted in the
forward direction when the input laser was tuned pre-
cisely to the two-photon resonance. The spectrum is
seen to be that of FWM and not ASE.

We interpret the absence of ASE when tuned pre-
cisely to the two-photon resonance to be a conse-
quence of competition between the ASE and FWM
processes. To verify this interpretation, we instead ex-
cited the 34 level using counterpropagating pump
waves of slightly different frequency, adjusted so that
the sum of their frequencies was equal to the 3s — 3d

»o08F | ° T T T ]
B
b5 b=50 mm A
= 05 mm @
e
E
5 ° (a)
204L .
5 |a
o
o0
O
Q . .
5 A °
2 A A
o
“00 [ 1 1 | 1 .
0.3 1.0 3.0 10.0
intensity (GW/crm?)
6 F T ]
= (b)
BN forward
>
Q
o
o
o
5 081 backward (x4) |
—
R=]
w
3]
>
[
Q
o
Y I P
-20 0 20

focal position (crn)

FIG. 3. (a) Ratio of the intensity of the emission in the
backward direction to that in the forward direction vs in-
cident laser intensity for two values of the beam confocal
parameter. The limiting values of unity and zero correspond
to pure ASE and pure FWM, respectively. (b) Intensities of
the emission in the forward and backward directions vs the
position of the beam waist in the cell. Note that ASE is
suppressed when FWM is enhanced.

transition frequency and that their combined intensity
was the same as that used in the single-beam experi-
ments in which suppression of ASE was observed.
FWM involving one photon from each pump wave
could not occur as a result of phase-matching con-
straints, and furthermore FWM involving two photons
from the same pump wave was very inefficient be-
cause there was no two-photon resonance enhance-
ment. Under these conditions, ASE was observed,
demonstrating that it is the existence of efficient FWM
that leads to the suppression of ASE.

Since FWM is a phase-matched process, whereas
ASE is not, the competition between ASE and FWM
depends on the focusing characteristics of the incident
laser beam. Figure 3(a) shows the ratio of the emis-
sion in the backward direction (ASE) to the total emis-
sion in the forward direction (ASE plus FWM) plotted
as a function of the maximum intensity of the incident
laser beam and for focusing into the center of the cell.
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The ratio is seen to decrease with laser intensity be-
cause ASE is suppressed more fully as the gain of the
FWM process increases. The ratio also decreases as
the confocal parameter of the incident beam increases
because the fields generated by the FWM process can
grow to a larger value in a longer interaction length.
Figure 3(b) shows how the intensity of the forward
and backward emission changes as the position of the
beam waist is varied within the cell. The confocal
parameter (5 mm) and intensity (1 GW cm™~2) have
been chosen so that strong competition occurs when
the beam waist is in the center of the cell. Note the
decrease in the backward emission (ASE) for focal po-
sitions for which FWM occurs efficiently.

The nature of the competition between ASE and
FWM can be understood by calculating the steady-
state population of level ¢ and the magnitudes of the
nonlinear polarizations giving rise to FWM. We calcu-
late these quantities by solving the density-matrix
equations of motion for a three-level atomic system to
fourth order in perturbation theory. We assume that
the atomic system is subjected to fields at frequencies
w], w,, and w;, with the convention that the field at
frequency at w; is given by E;exp(ik;z —iw;t) +c.c.

(4) _
“ KN

[

where vy, is the inverse of the lifetime of level c. This
expression contains an interference term which for ap-
propriate values of the complex field amplitudes can
cause the population in level ¢ to vanish. The condi-
tion for this to occur is

A2A3/A12 = A3/A1’
and
201 — by~ p3+Akz =, (4b)

where the real amplitude and phase is defined by
E,=A4,exp(i¢$;). At the entrance face of the medium
only the field E, is present, but as a result of the FWM
process the fields £, and £; can be created by growing
from noise. The spatial evolution of the fields is
governed by coupled amplitude equations of the form

0E, 2miw?

0z k;c?
Since the intensity of the wave at w; is given by
S, = (cm;/2mw) | E,12, the spatial evolution of the intensi-
ty is given through the use of Eq. (5) by

as, )

= ——I-Im[E,”‘PNL(wi) | ’

dz 2
where PNL(w;) is given by Eq. (1). An important
solution of these equations is that for which 35,/0z =0
for i=1, 2, and 3. Under these conditions, the waves
neither exchange energy among themselves nor lose

(4a)

PNY(w,), i=1,2,3. (5)

i=1,2,3, ©)
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We find, using the notation defined in Fig. 1, that for
the case of exact two-photon resonance (A;=0) and
in the limit Ay >> A3 >> Ty,, where I';, is the dipole
dephasing rate of the b — a transition, the dominant
(i.e., most resonant) contributions to the nonlinear
polarization are given by

PNY(wy)

=2XFWME B ETe~iAk 4 ox TPA | E 12 (1a)
PNL(wz)=XFWME12E;£’"A’“+X}PA|E3|2E2, (lb)
PNL(w3)=XFWMEle;eIAkz'FX}PA|52PE3, (lc)

where the nonlinear susceptibilities for FWM and for
two-photon absorption (TPA) involving the same and
different frequencies are given by

Ay rpa_ Nlpsa Pluss
Ay F3A AT,

_A_l,xsrm:

XFWM _
4;

., @

where w; denotes the ij matrix element of the dipole
operator and N is the atomic number density. In the
same limits we find that the probability that a given
atom is in state cis given by

(3)

energy to the medium. The condition for this to occur
is seen by inspection to be precisely that for pc(c“) to
vanish, as given by Eq. (4).

In order to determine the spatial evolution of the
complex field amplitudes, we have performed a nu-
merical integration of the coupled amplitude equations
(5). We find that under very general conditions the
fields evolve in such a way as to satisfy the conditions
(4) for the suppressions of excitation of level c. A typ-
ical solution is shown in Fig. 4. Our laser operated in
approximately ten longitudinal modes, only one of
which was resonant with the two-photon transition.
The calculation assumes an input field of magnitude
80 esu, which corresponds to the field strength of a
single mode. The calculated gain!* of the FWM pro-
cess is 200 cm ™!, allowing the w, and w; fields to grow
rapidly from noise. However, the maximum conver-
sion efficiency is only ~ 1073, The anomalously low
conversion efficiency of parametric mixing processes
enhanced by an exact intermediate resonance has been
discussed previously (for third harmonic generation)
by Kildal and Brueck.'® The measured efficiency of
the FWM process is —0.02. We believe that this
disagreement results from the following effects: (1)
the incident laser beam is multimode and thus not all
of the incident radiation is exactly at the two-photon
resonance, (2) the generated radiation is ejected in a
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FIG. 4. Results of a numerical integration of the coupled
equations showing the spatial variation of the field intensi-
ties and the population of level ¢, for Ak =0, A/27c =2392
em™Y, Ay/2ac =0, A3/2mc=4.5 cm™!, N=5%10" cm~3,
Fea=13%x1095"1 5, =6x10"s"!, and 4, =80 esu.

cone from the interaction region as a result of phase-
matching requirements, and (3) our experiment was
conducted with field intensities for which saturation
effects not included in our theory may be of some im-
portance. Figure 4 also shows that p " drops to a
small value in a fraction of a millimeter. ASE is thus
suppressed because the inversion between levels ¢ and
b is decreased as a result of the presence of the fislds
frequencies w, and w;. The prevention of excitation of
level ¢ is a form of population trapping16 in which the
population is trapped in the ground state.

We have also studied ASE and FWM when tuned to
the 4d level and have found that strong competition
does not exist under our experimental conditions. The
calculated gain for the FWM process involving the 4d
and 3p levels is comparable to that for the 34 and 3p
levels. However, the gain cross section for ASE in-
volving the 4d — 4p transition is 4x107!! cm?,
whereas that for the 3d — 3p transition is 5x 10712
cm2. We believe that competition is not observed
when tuned to the 44 level because the E, and E;
fields cannot grow rapidly enough to suppress ASE

when its gain is sufficiently large. However, detailed
calculations would be necessary to determine the na-
ture of competition under these conditions.

In conclusion, we have observed competition
between ASE and FWM when tuned to the sodium 34
state and have developed a theoretical model that ex-
plains these observations.
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