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We report theoretically and experimentally a new class of multiphoton scattering in the
coherent transient regime associated with a resonant two-level system that is excited by
two noncollinear laser beams. We find that its excitation, described by the nonperturba-
tive solutions for the optical Bloch equation, gives rise to a detectable photon scattering
of up to 27th-order wave-vector coupling in resonant sodium vapor.

PACS numbers:

There have been many interesting studies on
various coherent transient phenomena arising
from the interaction between coherent optical
fields and a two-level system in the limit of homo-
geneous relaxation time. Such modern phenome-
na'™ are generally understood by their optical
Bloch equation® in combination with the Maxwell
equation. On the other hand, classical higher-
order processes, which are described by the
perturbation method in terms of a power series
of optical fields,® have already offered various
techniques for spectroscopy. Furthermore,
multiphoton scattering in solids” and in a gas®
can be interpreted by the nonlinearity based on
perturbation analysis.

In this report® we present an entirely novel
class of multiphoton coupling in coherent transi-
ent interaction with a resonant two-level system
that is coherently excited by two noncollinear
beams of the same frequency field. This coherent
transient multiphoton scattering is analyzed by
solving the optical Bloch equation. Experimental-
ly we find that a resonant excitation of atoms in a
gaseous sample leads to the observation of up to
2Tth-order scattering with a momentum coupling
of (14k, - 13k,)% and also of anomalous momentum
scattering such as +(k, +k,)7, etc.

We consider the coherent interaction of atoms
with two optical fields coming from a laser oscil-
lator. The two fields with noncollinear wave vec-
tors cross each other at the atomic system with
a small angle. Here, we take into account the
two linearly polarized fields _ﬁll and f:z which are
parallel to each. Their total is

E=E, +E,=¢6, cos®, +66, cos?,, (1)
with @, =wt —k;» (i =1,2), where &; and e are the
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amplitude of the field and the basic vector, re-
spectively. Using the rotating-wave approxima-
tion and an unitary transformation, we obtain an
effective Hamiltonian which does not depend on
the time explicitly. Then, the equation of motion
for the density matrix is given and is transformed
into the optical Bloch equation as follows

8p/ot = xp, 2)

with the Bloch vectors p(,v,w) and §2(=r,, =X,
Aw); Ay =(x, = Xz)sind, A, =(x, +X ;)cosb, X;=p,6;/
n, p,, is the matrix element of dipole moment,

6 =%(k,-k)T, Aw=Q,,-w, and Q,, is the transi-
tion frequency.

Now, considering the constant field amplitudes
8,, and 8,,, we can easily obtain the solutions for
the optical Bloch equation. Furthermore, in or-
der to simplify the problem, we consider only the
case of equal amplitudes §,,=8,,=6,. Thus, a
macroscopic polarization is obtained by means
of an inverse unitary transformation. We can de-
fine a Rabi frequency §2 from the solution as

Q ={aw? +4[(p,,/1)8, cos?o}2. ®3)
It is worthwhile to note that the present Rabi fre-
quency depends on a degree of wave-vector coup-
ling k, - k, and spatial position ¥. Accordingly,
a distinctive feature of this coherent interaction
is that an atom located at a position experiences
an inherent phase of two-beam interference which
differs from that for adjacently located atoms.
For anticollinear beams (k, =-k,), its excitation
scheme seems to resemble that giving rise to a
transient standing wave which contributes to the
standing-wave echo formation as reported by Le
Gouét and Berman!® and Mossberg et al ,'*
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Here, we consider the exact resonance case. Then, the macroscopic polarization can be written as

P(t,t) == Nop,, Reli sinl6 cos} (&, - k,)1) expl—i 3 (&, +K,)T +iwt |}
=Nyb1s Re[z' Z} (- 1)"”J2,,+1(9)(exp{— il + 1)k, - nk, [t} +expl-il (e +1)k, —nEJf‘}) exp(z'wt)]., 4)

Here, we define an area 6 =2p,,76,/%2, with 7 the
pulse width; J,,., is the Bessel function of order
2n +1, When one expands, for example, only the
lower-order terms, a novel aspect is revealed:
The first term corresponds to the sum of the
phase factors of the two incident plane-wave
fields, but its amplitude is modulated as the Bes-
sel function of order 1. The second term origi-
nates from the degenerate three-wave paramet-
ric coupling. Further higher-order terms ap-
pear to be related to the fifth- and seventh-order
photon coupling, respectively, and so on. It is

to be noted that each amplitude is more compli-
cated because the Bessel function is expanded in
terms of a power series of the area 6, and there-
fore an order of the wave-vector coupling as rec- |

P(r,t) < J(8) expl-1i % (&, +k,)T]

+5 %} (-1)" JZ”(Q)(exp{- il +3)k, -

It should be noted that the present equation re-
veals the appearance of anomalous scattering as-
sociated with the phase factors accompanied with
half-integer wave-vector coupling. Such a new
type of half-integer wave-vector coupling has nev-
er been observed to our knowledge, but it is easi-
ly understood by considering a formation of phase
grating due to the two-beam interference and the
conventional parametric photon coupling. For the
present case, each signal wave should be observed
in half-angle direction between the mth- and the
(m +1)th-order signal waves.

To demonstrate the existence of the coherent
resonant multiphoton scattering, as analyzed
above, we have performed an experiment on the
589.6 nm D, line transition of atomic sodium va-
por. Linearly polarized exciting pulses were ob-
tained from the output of a N,-laser~pumped dye-
laser system by virture of a Glan-prism polariz-
er. A single longitudinal-mode dye-laser pulse
with a 0.03 em™! bandwidth and a 6 nsec pulse
width was suitably divided into two beams by a
beam splitter. The two beams crossed each other
with a small angle ¢ of approximately 3 mrad,
without a delay time, in a 2-cm-long sodium
vapor cell of the heat-pipe type maintained at
500 K. The two beams were collimated with
about 1 mm diameter. Each beam had 10 kW/cm?

ognized from the phase factor does not coincide
with that of the product of electric field ampli-
tudes in this expansion. Consequently, the expan-
sion of the macroscopic polarization entirely dif-
fers from that for the conventional analysis of the
optical nonlinearity based on the perturbation ap-
proach. Since we do not know how to specify an
order of such nonlinear coupling, we simply
choose the order of the wave-vector coupling as
the order.

When slightly detuning the applied frequency
from the exact resonance and assuming the mag-
nitude to be Awt < 6, the macroscopic polariza-
tion is given approximately by the following ex-
pansion:

(0 = $)E,I7} + expl~ il (2 + 1)K, - (0 - K, TF). (5)

peak power and was suitably reduced with use of
filter attenuators. The transmitted laser beams
and the scattered signals were detected with a
photomultiplier detector through a 100-um-width
slit placed in front of the detector. The detector
system was smoothly movable in both directions
of scattering angle. A signal integrator and a re-
corder were employed to process and display
scattered signal intensities as a function of scat-
tered positions.

Figure 1 presents a typical photograph of the
far-field pattern of the scattered light for an ex-
act resonance. In this pattern, two bright spots
near the center show the two transmitted beams
and a sequence of weak spots on both sides re-
veals the third- and fifth-order scatterings. Since
signals of the higher-order scattering were weak,
the film sensitivity was not enough for their dis-
play. However, the detector system scanned along
the scattering angle direction easily explored
signals of the higher-order scattering as shown
in Fig. 2.

A number attached to each signal peak in Fig. 2
indicates the order of the wave-vector coupling at
every integer multiple of the angle ¢. For in-
stance, “27” means a wave-vector coupling
scheme described by 14k, - 13k,, which was the
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FIG. 1. A typical photograph of the far-field pattern

of scattered and transmitted laser light for exact reso-
nance.

highest-order coupling process observed in our
experiment,

Remarkable reduction of the observed scattered
light intensity by about a factor of 2 in the high-
er-order coupling can be explained by a phase
mismatching due to the long cell length.

Figure 3 shows a typical photograph of the ob-
served scattering pattern for near resonance at
a detuned frequency of Aw =0,03 cm™!. We can
see easily from this pattern a central, vertically
long bright spot that gives evidence of the anoma-
lous half-integer wave-vector coupling. A signal
intensity trace of this scattering is shown in Fig.
4. In this figure, smaller signals appeared at
every multiple of the half-integer angle between
larger peaks, corresponding to light scattered by
the half-integer wave-vector coupling scheme.

We note that it was difficult to detect the multiple~
phase scattering higher than the eleventh order,
since it was caused by the detuning of the laser

FIG. 3. A typical photograph of the far-field pattern
of scattered and transmitted light for the near-reso-

nance at the detuning frequency Aw =0.03 cm™!.
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FIG. 2. A signal intensity trace of the observed scat-
tered light as a function of the scattered position. An
arrow indicates one of the transmitted laser beams.

frequency.

To summarize, we have shown that various
wave-vector coupling schemes can induce transi-
ent higher-order multiphoton scattering in a
gaseous sample by the resonant excitation of two

AN
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FIG. 4. A signal intensity trace of the observed scat-
tering of the half-integer wave-vector coupling, cor-
responding to Fig. 3, for near resonance.
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noncollinear beams. The theoretical analysis
agrees fairly well with the observed results.
Thus, this clearly demonstrates the validity of
the analysis which does not involve any perturba-
tion method as is conventionally used in classical
nonlinear optics. The present analysis and ex-
perimental technique should be applicable to other
phenomena such as free-induction decay, coher-
ent Raman scattering, two-photon resonance and
self-induced transparency, etc.
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FIG. 1. A typical photograph of the far-field pattern
of scattered and transmitted laser light for exact reso-
nance.



FIG. 3. A typical photograph of the far-field pattern
of scattered and transmitted light for the near-reso-

nance at the detuning frequency Aw=0.03 cm™',



