
PHYSICAL REVIEW A VOLUME 45, NUMBER 9 1 MAY 1992

Suppression efFects in stimulated hyper-Raman emissions and parametric four-wave mixing
in sodium vapor
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Experimental investigations of two-photon enhanced stimulated hyper-Raman and parametric four-

wave-mixing emissions are described for tuning unfocused laser beams near two-photon resonance with

3D and 4D states in sodium vapor. Over wide ranges of vapor pressures, path lengths, and laser power
densities, the gains for stimulated hyper-Raman (SHR) scattering and for parametric four-wave mixing

(PFWM) can become very greatly reduced from values expected from simple considerations. The

suppression of gain can arise from interferences produced at two-photon and three-photon resonances,
and from ac Stark shifts produced by internally generated near-resonant fields. Quantitative compar-
isons are made between observed and theoretically predicted values for SHR and PFWM production.
Of 12 predicted consequences of the interferences and Stark shifting on the nonlinear behavior, ten are
demonstrated through the experiments.

PACS number(s): 42.65.Dr, 32.80.Rm, 42.50.Fx

I. INTRODUCTION

In recent years a number of nonlinear optical studies in
a variety of atomic and molecular gases and vapors have
established rather unexpected behavior in multiphoton
pumping of certain strongly resonant phenomena, where
resonant processes that are readily observed under very-
low-density (atomic beam) conditions [1]may become al-
most undetectable at higher densities (though from sim-

ple considerations they would be expected to scale with
pressure) [2]. These phenomena include (i) the suppres-
sion of multiphoton excitation of one-photon allowed
transitions by an interference from the sum or difference-
mixing field, when such transitions are pumped by an odd
number of linearly polarized photons [3—19]; (ii) the
suppression of two-photon pumped even-parity transi-
tions where a four-wave-mixing process, either externally
driven or internally generated, interferes with direct
two-photon laser pumping [20—25]; and (iii) strong
suppression of resonant two-photon excitation rates due
to broadening and large ac Stark splitting or shifting pro-
duced by amplified spontaneous emissions (ASE) and/or
stimulated hyper-Raman (SHR) coupling to lower-lying
states [25,26]. These suppression mechanisms may mani-
fest themselves as a decrease of laser attenuation by the
absorbing medium, reduced production of ASE and SHR
emission, and suppressed resonance ionization.

For example, it has been well established that a one-
photon allowed atomic transition, when resonantly
pumped by an odd number of linearly polarized photons,
becomes almost totally suppressed under circumstances
where the product of number density No of the resonant
species, the oscillator strength I'0. for the one-photon

transition between states ~0) and
~j ), and the path length

z in the medium satisfies the condition m.e NcF&~zl
mc &&I, where I is the larger of the laser bandwidth or
the pressure-broadened width of the transition (e is the
electronic charge, m is the mass of the electron, and c is
the velocity of light in the vacuum). The suppression of
odd-photon excitation of an optically allowed transition
under these conditions results from the inhuence of an
internally generated field arising from sum or difference
mixing at the resonant frequency [3]. The internally gen-
erated field evolves in such a way that the pumping of the
resonant transition by the generated field is equal in mag-
nitude but 180' out of phase with that due to the direct
n-photon pumping (odd n). Suppression of such odd-
photon mediated multiphoton transitions has been exper-
imentally demonstrated for many cases [4—13] and
theoretically described in considerable detail [14—18].

In recent studies [19] we have shown that the odd-
photon-resonant interference effect is manifested also in
hyper-Raman scattering, wherein stimulated hyper-
Raman gain can become suppressed in the forward direc-
tion due to the three-photon cancellation effect. The in-
terference effect has yielded predicted and experimentally
verified unidirectional backward-propagating stimulated
electronic hyper-Raman emission in Na vapor examples
[19,25].

In the examples just cited, the suppression effects in-
volve the cancellation of an odd-photon excitation pro-
cess by interference from a sum or difference frequency
mixing field co at the resonant frequency for a one-
photon transition between the same two states. Under
this circumstance the phase mismatch hk between a
broadband laser field and the sum or difference frequency
field is large and complex, and the medium is strongly ab-
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sorbing at co . However, another form of interference
effect can also occur to suppress resonant two-photon

pumping of an even-parity transition. In this second type
of interference process involving an even-parity transi-
tion, laser-driven two-photon-resonant four-wave mixing
[20,22] or internally generated parametric four-wave mix-
ing (PFWM) [20,21] provides an additional pumping
mechanism between the ground and two-photon-resonant
states.

The interference that cancels resonant two-photon

pumping by an internally generated PFWM field occurs
under circumstances where the wave mismatch Ak be-
tween the laser field and the internally generated fields is
zero. Here two separate two-photon Rabi rates, one from
direct laser pumping and one from PFWM pumping of
the two-photon resonance, become equal in magnitude
and opposite in sign. This interference effect was predict-
ed years ago in a detailed steady-state treatment of non-
linear absorption by Manykin and Afanas'ev [20], but
was only recently demonstrated experimentally in studies
by Malcuit, Gauthier, and Boyd [21], and by Krasnikov,
Pshenicknikov, and Solomatin [22]. Malcuit, Gauthier,
and Boyd studied suppression of an s ~d transition in Na
by PFWM, and Krasnikov, Pshenicknikov, and Soloma-
tin observed suppression of resonant s ~s transitions
when a second laser, tuned near a one-photon allowed
resonance, produced four-wave mixing under conditions
where b,k =0. The latter process (described as paramet-
ric brightening) followed the example predicted in Ref.
[20]. The two-photon-resonant interference involving
PFWM has been described in a full quantum treatment
by Agarwal [23].

In recent studies of parametric processes associated
with two-photon excitation of Na 4d, strong suppressions
have been observed of several processes associated with
two-photon excitation from the 3s onto or near to the 4d
states of Na [24], leading to decreases in laser attenuation
by the absorbing medium [25], reduced ASE from d
states, reduced backward hyper-Raman emission associ-
ated with lower lying p states, and suppressed resonance
ionization associated with pumping of this state. We
found that many of the suppression effects could be ex-
plained on the basis of the large ac Stark splitting or
shifting of the 4d state produced by ASE and/or SHR
coupling to lower p levels. Other saturation features were
readily explained through interference at the two-photon
level as produced by phase-matched PFWM production
[26]. In the preset study we examine additional details of
the suppression mechanisms associated with particular
multiphoton processes.

The suppression and/or saturation effects of interest
here can occur at laser power densities and vapor pres-
sures where well-recognized saturation phenomena asso-
ciated with pump attenuation and population transfer
processes are still negligible. These processes, which we

try to avoid in much of the present study, can add addi-
tional saturation characteristics to the phenomena under
investigation.

We are thus led to the conclusion that three different

suppression mechanisms can apply when an extended res-
onant medium is pumped near an even- or an odd-photon

resonance (in addition to effects due to pump depletion or
population transfer). The three ph-oton interference effect
can suppress forward SHR emission. ASE and backward
SHR emissions can have very high gain in one portion of
the resonant medium, but further into the medium ac
Stark shifting due to these fields can become very
effective in suppressing near-resonant two-photon excita-
tion and greatly reduce gain for stimulated processes.
Because of the Stark-based suppression, PFWM, which
normally has lower gain, can become comparable to ASE
or SHR emissions at high power and/or high number
density. Finally, as we discuss below, the nonlinear pro-
cesses can also exhibit a type of saturation behavior in-

duced by the coherent two-photon interference effect men-
tioned above.

To establish a basis for our subsequent discussion we
note some observational facts associated with processes
produced by near-resonant two-photon pumping of s ~d
transitions in extended alkali-metal vapors: (i) Pump
beam depletion at exact two-photon resonance is much
smaller than that predicted on the basis of atomic beam
photoionization experiments: thus overall two-photon ab-

sorption (from the sum of all processes) is partially
suppressed; (ii) stimulated hyper-Raman emission is

suppressed in the forward direction, and backward SHR,
parametric FWM, and ASE show saturation behavior at
high laser power and/or high number density; (iii) the
saturation effect mentioned in (ii) has a very sharp onset
with pressure at constant laser power, or with laser
power at constant pressure; (iv) the backward-

propagating SHR profiles show a power- and pressure-
dependent dip in line shape at the two-photon resonance;
and (v) although at the laser pump intensities used in
these experiments SHR emission has higher gain than
PFWM, nevertheless PFWM ernissions can be compara-
ble to SHR intensities. All of the effects can be operative
in regimes where laser beam attenuation and population
transfer are not significant. Indeed, we wi11 show that the
processes to be considered below cause population
transfer to become greatly reduced from expected magni-

tudes.
We have conducted a series of experiments and corre-

sponding theoretical calculations [27] for processes asso-

ciated with s ~d two-photon pumping and s ~p three-

photon pumping (through SHR scattering) in Na vapor.
In these studies we delineate the respective roles of ac
Stark effects and PFWM interferences in suppressing re-

sults from values normally expected for two-photon reso-

nantly enhanced phenomena, and we explain quantita-

tively the five features listed above. The three separate
mechanisms that lead to gain suppression in the processes
of interest here were mentioned above. The consequences
of SHR gain suppression by odd-photon interferences
(three- and five-photon cases) are described in Sec. III.
Results due to limitation of SHR gain by ac Stark shift-

ing are the subjects of Sec. IV. Finally, consequences of
limitations on the gain for PFWM from interference at
the two-photon level are described in Sec. V. The choice
of ordering is based on the fact that the effects in Sec. II
and in Sec. IV mainly inAuence SHR emissions, while

that in Sec. V influences PFWM production.
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II. EXPERIMENTAL ELEMENTS

The apparatuses used in the various experiments in-
cluded a stainless-steel heat pipe oven to generate and
contain Na vapor at pressures up to a maximum of =8
Torr. The heat pipe contained an internal thermocouple
and charge-collecting wire, which traversed the entire va-
por region. The device was operated with argon buffer
gas. Both an excimer pumped dye laser system (Lumon-
ics 861T and EDP 330) and a Nd:YAG (neodymium-
doped yttrium aluminum garnet) pumped dye laser sys-
tem (Lumonics HD 300) were used in the experiments.
The excimer system delivered 4—5 ns pulses with max-
imum energy of 1.5 mJ/pulse near 685.5 nm (3s-3d
pumping) and 8 mJ/pulse near 578.8 nrn (3s-4d pump-
ing). Beam diameter was 3.0 mm, and maximum un-
focused power densities were 5 X 10 and 2.8 X 10
W/cm, respectively. Laser bandwidth was =0.04 cm
The Nd: YAG system delivered power densities up to 60
MW/cm at a bandwidth similar to the excimer-based
system. Na emissions were variously recorded with a Jar-
rell Ashe spectrometer of 0.03 nm resolution and/or
filtered photodiodes. Laser energies and energies of
stimulated emission processes were measured with a
Scientech 362 power meter or in certain instances with
calibrated photodiodes.

III. SUPPRESSION OF FORWARD COMPONENTS
OF STIMULATED HYPER-RAMAN EMISSION

BY FWM INTERFERENCE

Xe. The interference effect has also been shown to occur
for five-photon pumping under conditions where an in-
terference is produced by six-wave mixing [9].

A. Prediction of forward stimulated hyper-Raman

gain suppression

Now consider the stimulated hyper-Raman (SHR) pro-
cess, and a simplified three-state atomic mode for its
description (Fig. 1). Two laser photons at angular fre-
quencies co, and co2 are near two-photon resonance be-
tween states ~0) and ~2) (detuning 52) to produce a two-
photon Rabi frequency Qo~. (In the present context,
where one laser is used, co, =co2 ——coL.) Weak fields gen-
erated at the hyper-Raman frequency ~HR couple to state
~3) at coHR=2coL E3/A—', where E3 is the energy of level
~3). Note that the SHR process does not involve the
two-photon resonance per se, but is greatly enhanced by
the increase in the magnitude of 0' ' that results from
tuning near a two-photon resonance. If the initial spon-
taneous start-up is neglected, the SHR process can be de-
scribed through a polarization source term that arises
from the atomic response at coHR. However, we must be
careful to note that an important direction asymmetry
exists in the nonlinear field generated parallel and anti-
parallel to the pump-laser beam. In the forward (parallel)
direction the combination of laser and hyper-Raman
fields together creates a traveling-wave polarization at the

As mentioned in the Introduction, the nonlinear opti-
cal effect associated with odd-photon pumping of transi-
tions that are one-photon allowed is a well-studied
phenomenon [2-18]. When such transitions are pumped
by unidirectional laser beams, an electric polarization is
generated in the medium at the frequency of the one-
photon resonance (the sum or difference frequency of the
pumping fields). Under well-described circumstances, the
field produced by this polarization can grow to a value
such that the resultant pumping of the atomic transition
from this internally generated source is equal in magni-
tude but opposite in phase to that from odd-photon
pumping by the externally applied laser fields. At this
point the two pumping mechanisms cancel each other.
No further excitations occur. The polarization likewise
saturates and undergoes no additional increase in magni-
tude as the beams propagate further through the medi-
um. If oppositely directed beams are used for the odd-
photon excitation, the n-wave mixing field is still generat-
ed, but the suppression effect is drastically different.
With the use of counterpropagating beams the excitation
process occurs as expected but with a pressure-dependent
shift, as recently demonstrated in studies in Xe [28].
Even if independent uncorrelated lasers of different fre-
quencies are used to drive the odd-photon excitation, the
interference prevents excitation, unless the beams are
propagated at crossing angles exceeding a critical value
[28]. Unlike most nonlinear processes, the cancellation
effect is independent of intensities of any of the pump
lasers. These aspects have been demonstrated by Garrett,
Henderson, and Payne [8] for three-photon excitation in

I2&

FIG. 1. Simplified level scheme for the present treatment of
SHR emission and PFWM production. Level

~
1 ) is adiabatical-

ly eliminated, thereby reducing the problem to a three-level
model. The SHR process leads to excitation of ~3) accom-
panied by stimulated emission at coHR. The SHR field and the
laser field together generate a coherent four-wave difference-
mixing field co~. The field at co~ is strongly absorbed. In the
PFWM process frequencies co&R and coUv are generated such that
2coL =coU& —

co&R and hk=O. Also defined are 5&, 52, and 53,
which are detunings from exact resonance with the respective
levels.
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four-wave difference-mixing frequency co =2coL —coHR.

This is also the resonant frequency for a ~0)~ ~3) transi-
tion. Moreover, from previous work [3,7,8,14] we know
immediately that the four-wave-mixing field co will
evolve such that the one-photon Rabi rate connecting ~0)
and ~3) through cu is equal in magnitude and 180' out
of phase with the three-photon pumping by 2cul —coHR.

Thus the two mechanisms connecting states ~0) and ~3)
will interfere in the forward SHR emission process to
suppress the gain for forward SHR generation. The
backward SHR production should show normal gain. (It
will exhibit a pressure-dependent redshift [28—30], which
is too small to be observed at the number densities avail-
able in the present context. ) Note that the interference
will occur only with SHR emission associated with exci-
tation of a state that is dipole coupled to the ground state
(i.e., (3~8~0)%0, where D is the electric dipole opera-
tor). Of course some SHR processes will not show the in-

terference in forward emission since the dipole coupling
condition between ~0) and ~3) need not be satisfied in all
cases.

A fairly concise proof of the cancellation effect involv-

ing SHR emission can be given by breaking the SHR gen-
eration into forward and backward components, and
showing that the forward component is accompanied by
a four-wave difference-frequency mixing field that can be
put into a form that has already been shown in earlier
studies to produce destructive interference in the elec-
tronic excitation associated with the SHR scattering
[3,18,27]. An experimental demonstration of the effect
has been published earlier by the present authors [19].

We describe the atomic response through a three-state
model where the time-dependent wave function for an
atom at z is

~%(z, t)) =e [a (pz, t)~0) +a&(z, t)e ~2)

HRO
Eisa = exp[i (cutis t + kiiaz) ]+c.c. ,

2

—1
1CO~ E

EM =—EMpe +C.c

(2c)

(2d)

D3,oEMo
Q3 p(z t) = (3a)

+
D2 3EHRO

Q~+, (z, t) = (3b)

D2 3EHRO
Q, ,(z, t) = (3c)

Qp p(z& t) —Qp iQ i p/5i (3d)

where Qo, and 0, 2 are the reduced Rabi frequencies for
coupling by the laser field of states ~0 ) and

~
1 ) and

~
1 )

and ~2), respectively.
With these fields, equations of motion for the ampli-

tudes a; (z, t) are obtained in standard fashion [24],

aa
(2) 2'(k —0 )=i0o 2a2+iQO 3e a3 (4a)

The laser field has phase velocity vl, and propagation
vector kL. The amplitude ELo and phase 01 of the laser
field (and the other fields) are assumed to vary slowly
with respect to cos(tvLt —krz). For broad-bandwidth
lasers the amplitudes and the phases are assumed to un-

dergo fluctuations during a pulse, with durations of the
order of magnitude of the inverse laser bandwidth. Cou-
plings between the three relevant states, as depicted in
Fig. 1, are written in terms of reduced Rabi frequencies
Q„(z,t) =D„E/2A, where D„ is a matrix element of
the electric dipole operator 8 between states n and m.
Moreover, state ~1) can be adiabatically eliminated to
produce a reduced two-photon Rabi frequency Qp 2,
thereby reducing the problem to a three-state model.

The reduced Rabi frequencies are defined as

Et ELp( t —z lvL ) cos[coL t —kt z +Ot, (t z/vL )]—

+
EHR EHR +EHR

(2a)

(2b)

The states ~i ) are eigenstates of the Hamiltonian for iso-
lated atoms with eigenvalues %co, . We use a phase con-
vention that removes rapidly oscillatory phase factors
from the equations for the amplitudes a, (z, t). Equations.
of motion are derived for an atom subjected to a plane-
wave laser field EL, tuned near two-photon resonance be-
tween states ~0) and ~2), and to laserlike internally gen-
erated fields EHR and EM. The hyper-Raman field EHR
has forward-directed component Eii~ (parallel to the
laser field) and backward component Eisa. Two photons
from the laser beam combined with a hyper-Raman pho-
ton provide resonant three-photon pumping of state ~3).
A polarization of the medium at frequency
co =2coL —

coHR is also created by these fields. This po-
larization has an associated four-wave-mixing field EM at

. These fields are defined respectively as

a2 ael.=i 52+2 a2+iQ2 Oap
at at

(4b)

Ba3 88L=i 2 +i y3/2 a3+iQ3 pe
at at

—2i(k z —8 )I. L
ap

(4c)

Here 5~=2cvL (clip ct)p) i—rice)p is the energy of the ground
state, irtmz is the energy of the two-photon state ~2), and

3 the total spontaneous decay rate, is included to simu-

late the natural width of the line. We suppress z and t ar-
guments of a, and 0,

The electric polarization of the medium
P =N('I'(z, t)~B~'Il(z, t)) provides source terms for the
generated fields. (Here N is the number density. ) The
suppression effect can be most readily revealed by consid-
ering the polarization PM(cv )=PM(2cvL —toity), w—hich
serves as a source term for the generation of the four-

wave difference-mixing field EM. We divide this polariza-
tion into a resonant and a nonresonant part [14,27], PM
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and PM, respectively,

~M ~M+~M (Sa}

BY(z, t)
Ko 3 dz'Y(z', t —(z —z')/u )

+i (53+i y 3/2) Y(z, t)
The term I'M is the linear polarization term due to all
off-resonant levels that are dipole coupled to the ground
state. I'M is the resonant contribution to this polariza-
tion, which contains a linear component in EM and a
nonlinear component that is quadratic in the laser field
and linear in the hyper-Raman field. The resonant part
of PM is [24]

R ~ 2i (k~z —8~ ) —i (2'~ —tL}HR)t

p 3apa3e e +c.C.

where

P= [2kL kHR (2cvL —toHR)/v],

3+2=33 2EHRo /2A,

Q3, 2 D3,2+HRO/2~ '

Q(2)
2,0 i(izz —28& ) + 2ikHRz—i ' e Q3 2+Q3 2e
2

(7)

=NDO 3 Y(z, t)+c.c. (Sb)

For convenience the polarization component PM(to )

is expressed in terms of a reduced polarization Y(z, t)
such that PM=ND03Y(z, t)+c c , o.r.

2i (kLz —
8L ) —i (2~L —~HR)z/I}

Y z, t =a))a3e e 5c

The polarization PM(v3 ) is the source term in Maxwell's
equation for the four-wave-mixing field EM. The field EM
satisfies

8 EM

Bz

1 BEM 4m. BPM

v Bt c Bt

2vrr L BPM(z', t —Iz —z'I /u)
EM —— dz

c Bt
(Sd)

The procedure utilized earlier by Payne and Garrett
[14] to obtain Maxwell-Bloch equations for the reduced
polarization Y is again followed. The equation for EM is
substituted back into the equation of motion for the bilin-
ear product aoa3 (or the equation for Y}. We note that
in evaluation of the integral in Eq. (Sd), the major com-
ponent of the partial derivative of the polarization comes
from the complex exponential factor, and in the integral
over z' the interval from z to L can be neglected. Thus if
we evaluate EM from Eq. (5d) and make use of the
definition (4a} for the Rabi frequency Q3 v that involves

EM, we can arrive at

We consider only unfocused beams treated in a plane-
wave approximation. Maxwell's equation, for no incom-
ing wave, is solved in terms of an integral of BPM/Bt over
the length of the nonlinear medium. The solution has the
form [14]

Y(z, t)=Y+(z, t)+Y (z, t), (8a)

where Y+ is associated with 0+ and Y is associated
with Q in Eq. (7), we can obtain an equation for Y and
Y+. If this decomposed form of Yis substituted into Eq.
(7), the integral term having Y as the integrand has a
very rapid oscillatory dependence on z that allows an
asymptotic evaluation of fOdz'Y (z', t —(z —z')/v).
This term produces a pressure-dependent shift in the po-
sition of the resonant gain for the backward SHR [28),
which is too small to be observed in the context of the
present heat pipe studies. We completely neglect the in-
tegral over Y, which allows the resulting equation for
Y to be solved with the result

52 00

X Q,",'(z, t')Q, ,(z, t'),
(8b)

where s =53+Kv 3/(2kHR)+iy3/2.
Again from Eq. (7), after neglecting the integral over

Y, we see that the component Y+(z, t) of the reduced
polarization, propagating in the +z direction, satisfies
the inhomogeneous integro-differential equation

BY+(z, t) "odz'Y (z', t —(z —z')/u }

In Eq. (7), Q3+2 is the Rabi frequency between states
I2) and I3) due to the forward-directed hyper-Raman
beam, and 03 2 is that due to the backward-directed emis-
sion. The polarization can thus be further broken down
into components involving forward- and backward-
propagating fields. Thus if Y(z, t) is written as

Q3O(z, t}=iKO3e "" J dz'Y(z', t —(z —z')/v},
(Se)

where

2rrNIDp, 31 (2coL a)HR)
Kp 3—

Ac

+i (53+i y 3/2) Y+(z, t)

g(2)
2, O + i (pz —20L )—i ' 032e
2

(8c)

(6)

Finally we restrict present consideration to cir-
cumstances where ground-state depletion is negligible,
av —-1, and from Eq. (4b), a2 ———Q2' o/52. With these ap-
proximations for ao and a2 and with the use of Eq. (3c)
for a3, we obtain a coupled Bloch-Maxwell equation for
the reduced polarization Y(z, t) in the form

We now make five points about the form of Eqs. (8b)
and (8c), which describe the backward and forward com-
ponents of the electric polarization at AM. First, note
that Eq. (8c), describing the reduced polarization result-
ing from pumping by two laser photons and one forivard
SHR photon, has been put into exactly the same form as
that studied extensively by Payne, Garrett, and co-
workers [3,14,18], where the pumping was affected by
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three laser photons. Second, it was found in these previ-
ous studies that under circumstances where the product
of number density N and ~Do 3~ is such that ao 3 is large

(F03 N~DO 3~ ) and strong resonant absorption of AM
occurs, the partial derivative on the left of Eq. (8c) be-

comes very small as compared to either of the other
terms. In this limit the last two terms on the right-hand
side are equal in magnitude and of opposite sign. This
condition produces a cancellation of the corresponding
pumping of ~3 ) by the combination of the FWM field EM
and the three-photon pumping involving the absorption
of two laser photons and the stimulated emission of a for-
ward hyper-Raman photon. The solution for Y+ in this
limit is very small; thus for all z along the laser path, the
atomic response is such thai Y+=0 and thus a3=0.
This means also that Ba3/Bz =0. Third, the interference
that suppresses the magnitude of the polarization at co

is independent of the magnitudes of EL and E«; thus it
develops as the fields grow up from the noise.

The result from Eq. (8c) is that pumping of
~
3 ) by the

lased field and forward stimulated hyper-Raman scatter-
ing when combined with pumping by the generated
FWM field yields Y+ -0. Thus no stimulated excitation
of ~3) is produced by the copropagating laser and SHR
fields. The cancellation becomes pronounced when

K(j 3hz /I )) 1 where b,z is a small fraction of the length
of the laser path through the medium and I is the larger
of the laser bandwidth and Doppler width of the line for
the transition between ~0) and ~3). Fourth, the genera-
tion of the SHR field can be written in terms of a source

term, the SHR polarization P« =ND2, a,'a, e

+c.c. , and since this forward SHR polarization is pro-
portional to the corresponding component of a2a3, it
also remains small. Thus the forward SHR gain is
effectively reduced to zero after building up to only a tiny
fraction of its expected value. Fifth, because of the great
difference in phase considerations, the interfering FWM
field associated with the backward SHR will only pro-
duce an unobservable shift [28] in co~R; otherwise, the
SHR emission in the backward direction should be nor-
mal, with high gain in our example [27].

One further note concerning the interference effect is

germane to studies in alkali-metal vapors. It is obvious
that excitation of an nFJ state by SHR scattering would

not involve an interference in the forward gain, since

(3~8~0) =0 in such a case. However, not as obvious is

another possibility of this type involving S~P —state ex-
citation. If circularly polarized light is used to pump the
SHR process, then a

~
b,m

~

=2 excitation can be mediated
through SHR emission if the HR scattering involves
b, m =0 (linearly polarized couR). Thus, starting with

m =+1/2 an nP3/2 state can be excited with m =+3/2,
for right- or left-circular polarization of the pump, re-
spectively. Then (3~D ~0) is zero, and no interference
will occur for this case. This same process cannot excite
a P, /2 level. Thus with circularly polarized light it
should be possible to produce forward SHR connecting a

P3/2 but not a P, /2 level. We return to this point below.
Finally we note that a more approximate treatment of

the hyper-Ram an suppression effect has also been

presented by Malakyan [31], though the system of equa-
tions was not shown to evolve to satisfy the condition for
interference [14,20], only that this is a possible conse-
quence of the atomic response.

B. Experimental studies in Na vapor

We previously reported on a set of experiments
designed to demonstrate forward gain suppression in
hyper-Raman emission [19]. In that study, ground-state
sodium atoms were pumped with linearly polarized light
near two-photon resonant 3d D3/25/2 and 4d D3/25/2

2 2

states to produce resonantly enhanced SHR emissions as-
sociated with excitation of lower-lying P states (both P, z2

and P3/2 components). The driven wave at the resonant

frequency connecting either of the 3p or 4p states to the
3s ground state was the fourth wave in the FWM process
mentioned above. (See Fig. 1.) We predict, e.g. , that the
two SHR emissions that result from pumping near the
two-photon-resonant 3d state to excite 3p, /2 and 3p»2
states will both occur only in the direction opposite that
of the laser beam (where the emissions are near 819 nm).
Likewise, the SHR associated with tuning near two-
photon resonance with Na 4d should show the same
effect at the two emissions near 569 nm, associated with

3p»2 and 3p3/2 states, and two near 2.3 pm, associated
with 4p»2 and 4p3/2 excitations.

When the incident laser is tuned exactly to two-photon
resonance 52=0, the d~p emission process changes
character, since energy can then be stored in the d states,
and amplified spontaneous emission replaces the SHR
mechanism. The ASE photons incoherently excite ~3)
through a process that can be time delayed with respect
to the laser field. Such emission involves no interference
effect, and thus it has gain in the forward or backward
direction.

Finally, we note that, in addition to the SHR process,
parametric FWM may also occur under the conditions
being considered. This process produces photons at ~3
and co4 where co3 is near but not equal to, ~zR and co4 is

near (E3 Eo ) IR. Due to—phase-matching considerations,
this FWM light is emitted only in the forward direction,
usually over a distribution of angles in a cone about the
laser beam. The process has been well documented for
Na by Krasinski et al. [32]. The ASE or SHR emissions
can be distinguished from the parametric FWM by spec-
tral and/or polarization differences or, in some instances,
by the physical separation between conical and axial

propagation, or by directionality.
In the present instance the unfocused linearly polarized

laser beam was apertured to a 3-mm diameter before
entering the heat pipe to produce a near-Gaussian beam

profile. Special care was taken to insure that collection
techniques for both forward and backward beams were

matches so as not io produce preferential detection of ei-

ther beam. Both were collected by glass wedges that
refiected -4% per surface reflection. (See Fig. 2.) Guid-

ing of the respective beams into the spectrometer was ac-
complished by rotating a 99% reflecting aluminum mir-

ror to project one or the other of the beams onto the en-
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FIG. 2. Experimental arrangement for measurements of
backward and forward emissions from a sodium-vapor heat
pipe. Elements A are apertures, BS are wedged beam splitters,
and M is a rotatable aluminum-coated mirror.

trance slit. The path length between heat pipe center and
spectrometer differed at maximum by only 4 crn. Spec-
trometer scans of SHR emissions were alternated between
forward and backward directions, keeping the laser fre-
quency fixed, to assure that both beams were compared at
exactly the same laser frequency [19].

Shown in Fig. 3 are spectrometer scans of backward
(upper trace) and forward (lower trace) emissions in the
820-nm region obtained when tuned onto the Na 3D reso-
nance (52=0.0). The data are for sodium pressure of 1.9
Torr and laser intensity of 2.0X10 W/cm . The back-
ward emission in the upper trace is ASE associated with
emission from the 3D3/2 and 3D5/2 to the 3P»2 and
3P3/2 levels. The lower trace shows both forward ASE
and PFWM emission since both are produced in this
direction. At a sodium vapor pressure of 1.9 Torr some
of the conical FWM is produced at angles too large to be
focused onto the entrance slit of the spectrometer. (This
is unimportant here. )

In Fig. 4 we show corresponding traces of backward
and forward emissions obtained under off-resonant pump-
ing, 52=0.05 nm. This detuning is larger than the laser
bandwidth; thus there is no overlap with the 3D levels
and the backward emission in the upper trace is pure
SHR instead of ASE. The forward emissions now show
three emission profiles, none of which occurs at the SHR
frequencies. Indeed, in the forward direction there are no
detectable signals at either of the SHR wavelengths. We
note in passing that the three PFWM profiles on the
lower trace of Fig. 4 are all produced by light collected at
fairly low angles ( 3'). If collection is limited to include
only strictly axial emissions, the broad peak on the left is
excluded. The other two remain. The center profile is as-
sociated with axial PFWM, as discussed in some detail
elsewhere [33]. The profile at longer wavelength, on the
right, only appears at high pump intensities and Na den-
sity above l Torr, where population transfer to the 3I'
levels can cause the medium to be dispersive at co3 as well
as at cu4, thus allowing additional axial FWM production
over the late part of a laser pulse. We have intentionally
chosen to show data where axial emission does occur in
the forward direction. However, it is obvious from the
spectral content that the source of this forward-directed

light is not SHR, in agreement with our previous predic-
tion.

In Fig. 3 we note that the ASE peaks in the backward
direction are considerably larger than the corresponding
forward components, though this emission would be ex-
pected to have similar gain along either axial direction.
This can be readily explained, and by pumping at lower
laser intensity where the axial PFWM gain becomes very
low, the suppression of forward SHR emission can be
demonstrated in another way, as follows.

We introduce a 5-mm aperture in the forward beam to
discriminate against the conical emission associated with
forward-directed, angle phase-matched PFWM. This pro-
vides good spatial separation of any laserlike axial beam
from the conical PFWM process (see Fig. 2.) Displayed
in Fig. 5 are results showing forward and backward aper-
tured emissions, near 819.7 and 818.5 nm, obtained from
tuning near the 3d states with —10 W/cm of laser in-
tensity.

The upper pair of traces in Fig. 5 show forward and
backward components at zero detuning from the 3D
state. Again, as in Fig. 3, notice that forward ASE inten-
sity is smaller than that of the backward component,
though the emission is almost all bidirectional ASE.
However, since the bandwidths of our laser exceeds the
Doppler broadened atomic linewidth, some SHR emis-
sion is also produced at "exact" resonance. That is, that
portion of the laser frequency profile that does not over-
lap the narrow atomic excitation profile only produces
hyper-Raman scattering, but it only has gain in the coun-
terpropagating direction. Hence the backward beam is
more intense even at 52=0. Note that the small peak in
the top trace of Fig. 5, which appears between the two
ASE emissions, is due to the axially phase-matched para-
metric four-wave-mixing process [33] not associated with
any population transfer. All conical PFWM is effectively
blocked by the aperture.

In the middle pair of traces in Fig. 5 the laser is de-
tuned to the high-energy side of the 3d resonance by 0.01
nrn. The intensity of the forward beam drops drastically
while the backward beam is affected only minimally. At
0.03 nm detuning to the high-energy side of the reso-
nance [lower pair of traces in Fig. 5] the emission in the
forward direction is almost totally suppressed, as predict-
ed, while the backward SHR, although weaker, is still
easily observable. In this instance (28 cm vapor column
length) the suppression should be effective at Na pres-
sures above —10 Torr.

Finally, we also recognize the obvious fact that the ab-
sence of any SHR component in forward emissions and
the absence of any PFWM component in the backward
emissions means that the excitation profiles for produc-
tion of forward and backward light will look quite
different whether one observes all of its spectrally or spe-
cially resolved fractions. We show one example of this
part of the behavior in Fig. 6. These traces show total
output of forward and backward emission as a function
of pump-laser wavelength. As expected, the excitation
profiles have practically nothing in common.

Now consider PFWM when two-photon pumping near
Na 4d. The susceptibility for the parametric process is
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resonantly enhanced for photons generated in near reso-
nance with the 4p3/2 and the 4p&/2 states, where the gen-
erated photons are approximately 2.3 pm and 330.3 nm.
But the oscillator strengths between the 4p levels and the
3s ground state are small (0.0094 and 0.0047 for the 4p3&2
and 4p, &2, respectively). The Na vapor is fairly negatively
dispersive for the laser photons of -579 nm, since this
photon energy is only -300 cm ' above the 3p sublevels,
both of which have large oscillator strengths to the
ground state. Since the medium is only weakly dispersive
for each of the -330-nm components of the PFWM pro-
cess, phase matching can occur in four narrow-frequency
regions for the UV (and corresponding IR) photons,
where the UV frequencies in every case are very near the
p3/2 ~ &1/2 or 4p 1/2 ~ ~1/2 resonant frequencies. That

is, the usual angle phase-matched PFWM occurs at fre-
quencies that are positively dispersive for the UV; one
process occurs in a UV energy region slightly below the
4p3/2 level and another occurs in a region just below

4p&/2, where phase matching is achieved through the
generation of waves that propagate at appropriate angles
with respect to the input laser beam. But in the cir-
cumstance under discussion, phase matching can also be
achieved for axial PFWM. That is, since the 4p-3s oscil-
lator strength is small, phase-matched PFWM can also
occur at UV energies that are just above the 4p3/2 and

4p, /2 levels. The medium is negatively dispersive for the
UV component and phase matching can occur for exactly
parallel propagation of the parametric waves (zero cone
angle) [33] at frequencies where the negative dispersion of
the UV light matches that of the pump laser. Except for
the small frequency offset, the IR components of these
axial waves appear to be due to an assumed SHR process,
where in reality the SHR emission is only in the back-
ward direction. We hasten to note that at very sma11 de-
tuning from the 4d states (small 5z) where excitation of
the 4D levels occurs, two additional IR lines are pro-
duced by incoherent ampli6ed spontaneous emission
(ASE) from the 4d state to the 4p3/p and 4p, &2 levels.
Thus at near zero detuning, six IR emissions can be
resolved in the forward direction, none of which origi-
nates in a SHR process. Four forward-directed UV
beams are produced (the UV emissions associated with
ASE are trapped through strong absorption and are not
readily detected except at intensities where self-induced
transparency is produced). In the backward direction
two -2.3-pm SHR emissions are produced at frequen-
cies slightly different from any of the forward light, but
no UV. (At 5z-—0.0 backward ASE is also produced, but
it merges with SHR at zero detuning. )

In Fig. 7(a) we show the axial component of the IR
emission associated with the 4D5/2 ~4P3/2 pathway
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FIG. 3. Top trace: Spectral scan of backward IR emission
with laser tuned to exact two-photon resonance (5&=0.0). Bot-
tom trace: Corresponding forward emission profile. PN, =1.9
Torr, IL =8.5X10 W/cm .

FIG. 4. Traces as in Fig. 3 but for laser detuned by 0.05 nm to
long-wavelength side of two-photon resonance (6&=3 cm ').
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circularly polarized pumping, this suggests that the spe-
cial case, described above, for an uncanceled forward
SHR was observed. However, we have conducted new
experiments that contradict this interpretation, as de-
scribed below.

In a detailed study of two-photon resonant PFWM in
Na, Hartig [36] operated a heat pipe at 2-Torr Na pres-
sure and recorded forward-directed emissions near 2.33
pm and 330 nm with sufficient resolution to see five of the
expected -2.3-pm peaks in the IR and all four of the ex-
pected PFWM emissions near 330 nm. He did not identi-
fy all of the IR emissions, and identified only two of the
UV emissions as parametric in origin, but it is evident
that he actually observed two conically-phase-matched
and the two axially-phase-matched PFWM processes that
are expected to occur. (Hartig identified two of the UV
peaks as ASE, but we observe that the UV beams are not
produced in the backward direction and are thus not
ASE.)

(0
~&

2.3375 2.3393 2.3412 2.3430

Wavelength (pm)

4000

N
~~ 3000-

4
gj 2000-

bO
~~ 1000-
M

0
578.75 578.82 578.S9 578.96 579.03

Laser Wavelength (nm)

579.10

FIG. 7. (a) Spectral scans of backward (bottom) and back-
ward plus forward (top) infrared components from SHR and
FWM involving the 4P3/2 level. Na pressure 2 Torr; El =9
mJ/pulse. (b) Relative intensities of backward SHR and UV
component of forward PFWM as a function of pump-laser
wavelength. PN, =2.0 Torr; pump energy=3. 5 mJ/pulse.

A very recent study by Mori et al. [38] of atomic and
dimer emissions from near 4d pumping in Na again
identified forward-propagating 2.3-JMm axially propaga-
ting PFWM light as SHR emission. In our previous
study of this PFWM process [33], we have made the
point that the emissions associated with 4d pumping in
Na are not easy to sort out at all pressures, all pumping
intensities, and all detunings, for reasons to be discussed
later in this study.

Also, we note that Reif and Walther [39] studied
=16-pm photon generation in Sr vapor by two-photon
pumping slightly above the Sssd state with 576 nm laser
photons. The tunable forward-directed 16-pm beam was
attributed to SHR emission involving excitation of the
Ss6p state. From present considerations the forward
component of this SHR emission should be canceled. We
suggest that the observed emission was in fact PFWM.
The strontium vapor is positively dispersive at the input
laser frequency. Thus PFWM can occur only for posi-
tively dispersive co~ (—=co6~ 6, ) and the PFWM will be
axial. Since the 6p~6s oscillator strength is again very
small, the phase-matching point for axial PFWM is only
slightly below the Ss6p state, thus appearing to be SHR
emission. Apparently the signature UV wave (A@4) com-
plementary to the 16 pm emission was not searched for,
but should have been present.

We note parenthetically that in a recent paper, Krokel,
Ludewigt, and Welling [40] studied frequency up-
conversion in Li vapor by two-photon resonantly
enhanced SHR scattering. These authors tuned near 3d
and near 4d states in Li and monitored backward SHR
emissions involving 2p excitations. In this case there was
no ambiguity in the identification of the up-conversion
process as SHR scattering.

Finally, we return to the observations of Cotter et al.
[35]. In order to ascertain whether forward SHR could
be produced in an experiment similar to that reported, we
produced circularly polarized light near 578.8 nm with a
variable retardation plate, and pumped near two-photon
resonance with the 4D state at Na pressures from 2 to 11
Torr in focused and unfocused geometries (Lumonics
HD300 dye laser, =7 mJ/pulse, 30-cm lens). Forward
and backward IR emissions near 820 nm were spectrally
recorded. In the study of Ref. [35], only one emission
"line" was seen in the forward IR, and no UV that corre-
sponded to co4 for a PFWM process that phase matched
near the 4P3/2 or 4P, /2 level was observed. Contrary to
this observation, we saw forward IR emission coupled
through both the 4P3/2 and the 4P»z sublevels, though
the 3/2 component was as much as ten times brighter
than that near the 1/2 level. Also we saw bright UV
emission associated with the IR, only in the forward
direction (easily seen, e.g., by filtering out the laser beam
with a UV-transmitting filter, and observing the visible
fiuorescence on a white card). Thus axial PFWM was
clearly and unmistakenly produced at all pressures, from
2 to 11 Torr Na pressure. The backward emission
showed both components of the SHR associated with ex-
citation of the 4P3/2 and 4P&/z levels. But again unex-
pectedly, spectral resolution of the backward and forward
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IR generated under all conditions of laser intensity and
Na density revealed that the forward emission did not
contain a SHR component for 4P3/2 excitation, even
though the process should not be gain suppressed by the
three-photon interference. Indeed, the behavior with cir-
cularly polarized pumping differed from that with linear-
ly polarized pumping only in the relative efficiencies for
processes associated with the 3/2 and 1/2 sublevels. The
1/2 component of the PFWM emission was much weaker
under circularly polarized pumping.

On the basis of the present investigation we infer that
the weak UV and single IR forward-directed beams ob-
served by Cotter et al. [35] were produced by the strong-
est axial PFWM process. This removes the puzzle over
the large widths for the IR emission profile observed in
the study, since the process was not actually SHR scatter-
ing. At elevated number densities, the UV produced by
PFWM becomes much weaker due to subsequent absorp-
tion [37]. But to have been unobservable, pressures
would have to have been greater than the reported 10
Torr.

We have no explanation for the absence of an uncan-
celed forward SHR component under circularly polarized
pumping. A more thorough search for this predicted be-
havior was made by conducting a similar experiment
when tuning near-two-photon resonance with the 3D
state in Na. This experiment also produced a negative re-
sult. Observations were similar to those with linear po-
larization of the pump. No SHR was observable in the
forward emissions.

We have conducted experiments identical to those de-
scribed above to measure forward and backward axial
emissions at ~HR and coHR corresponding to five-photon
excitation of 3p3/2 and 3p, &2 states, respectively, along
the 4D-4P-3P branch. Results of these measurements are
shown in Figs. 8(b) and 8(c). The data are for 3-Torr Na
with 2.1 mJ/pulse pump energy at detuning 52= —0.01
nm. In the bottom trace the expected backward-directed
five-photon SHR emissions are observed at 819.4 and
818.4 nm. In the top trace, where forward axial emission
profiles are recorded, outputs at the SHR wavelengths are

(b) Forward
O

D. Forward suppression of Ave-photon hyper-Raman
emission by six-wave-mixing interference

O

~&

O

As was mentioned above, the interference effect associ-
ated with odd-photon pumping of dipole-allowed transi-
tions is a rather general phenomenon that can become
operative for any odd number of photons. Garrett, Hen-
derson, and Payne [9] showed that direct five-photon ex-
citation of J=1 levels in Xe exhibited the predicted in-
terference. That is, the five-photon transitions were
suppressed under single laser beam pumping, but were
clearly evident under counterpropagating beam excita-
tion. If we consider the five-photon extension of the
hyper-Raman process we can make a prediction about
the behavior of a process such as that shown in Fig. 8(a).
In five-photon hyper-Raman emission, two laser photons
are absorbed and three photons co&, co4, and coHR (or coHR)
are emitted, accompanied by an atomic excitation. The
formalism discussed above is readily extended to yield the
reduced polarization for a six-wave-mixing field at fre-
que cy ~ =—~6= 2~~ —~3 ~4 ~HR The conse-
quences are identical to the three-photon case, namely,
an interference occurs in the production of forward-
directed five-photon SHR emission, due to the six-wave-
mixing field associated with the forward-propagating
emission. Thus we again predict that a strong asymmetry
should exist between forward and backward axial emis-
sions at AH„and coHR in Na [Fig. 8(a)].
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FIG. 8. Five-photon SHR process associated with excitation
near the Na 4d state. (a) Energy-level scheme depicting the
higher-order SHR process and a six-wave-mixing process
proceeding along the 4d-4p-3d-3p pathway. (b) Forward axial
emission. The SHR process is absent, but an axially-phase-
matched six-wave-mixing process is present, as indicated in the
diagram above. (c) Backward-directed five-photon SHR emis-

sions associated with excition of 3p, /2 and 3p3/2 fine-structure
levels.
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FIG. 9. Forward and backward emissions associated with ex-
citation of the 3p»2 and 3p3/2 fine-structure levels through a
five-photon SHR process along the 4D-4P-4S-3P pathway. As
in Fig. 8, the forward SHR emission is suppressed, leaving only
a small 4s-3p pure ASE component in the forward direction.
P&, =1.5 Torr, EL =4.5 mJ/pulse pump energy, 52=0.01 nm.

missing. A single axial parametric six-wave-mixing pro-
cess is observed in the forward direction at the expected
frequency for axially-phase-matched production of co6

(this process is discussed in Ref. [33]). In Fig. 9 we show
results from a similar scan of the emissions associated
with the other branch along the 4D-4P-4S pathway.
Here emissions near 1.1 pm are recorded in forward and
backward directions. Again strong suppression of the
forward versus backward emission is observed. Note that
the situation is not as clean in the five-photon process,
since ASK from the 3D (or 4$) levels is always possible
here, and it indeed goes in both directions. However, we
are able to see very effective suppression of the forward
gain for these higher-order odd-photon Raman-type
emissions, in complete agreement with the present
theoretical considerations.

IV. SATURATION BEHAVIOR IN ASK
AND BACK%'ARD SHR DUK TO AC STARK

SHIFTING BY iNTERNALLY GENERATED FIELDS

From rather simple experimental measurements it is
easy to establish that two-photon pumping rates for
3s ~4d transitions in Na can become much reduced in an
extended vapor at pressures above a fraction of a Torr, as
compared to the rate produced in an atomic beam under
identical pumping conditions. For example, since two-
photon resonance with the 4d state involves photons that
are only =300 cm ' from resonance with the intermedi-
ate 3p state, the two-photon Rabi frequency 03 4J can
easily be estimated to be 03, '4z ——500I, where the pump-
laser intensity I is in W/cm . The two-photon transition
rate 8 0 z at exact two-photon resonance is

RO2-—~Q&&~ /I L =1.2X10 I s ', where the present
laser bandwidth is I L =1.6X10' s '. Thus, for exam-
ple, if I =10 W/cm, the two-photon transition to the
4d state is strongly saturated. In the 20-cm vapor
column of the present study, the observed absorption of
the unfocused pump beam at zero detuning from 4d reso-
nance should be =70% for Na densities =0.2 Torr.
(The final products from pump absorption include ion-
ized atoms, excited atoms plus other photons, and pure
photon conversion through parametric processes. ) In-
stead, we find only about 15—20% absorption of the
pump beam at 0.2 Torr Na pressure and =25% at 2.0
Torr. Thus we conclude that some mechanism is surely
operative in laser propagation through an extended two-
photon-resonant Na vapor medium to reduce the two-
photon excitation rate from the value applicable to isolat-
ed atoms under the same laser field.

In this section we consider processes generated at and
near two-photon resonance with 3D and 4D states. We
describe some consequences of ac Stark shifting on the
excitation rates, where the Stark effects are not produced
by the laser field but by internally generated fields. We
use experimental and theoretical evidence to distinguish
between saturation behavior based on ac Stark-shift
effects and behavior based on the coherent two-photon-
resonant interference efFect [20—26]. In the next section,
we examine an additional saturation effect due to the
coherent interference phenomenon, and attempt to out-
line the regimes under which these suppression mecha-
nisms operate and/or dominate the atomic response.

Shown in Fig. 10 are the results of experimental mea-
surements of laser beam attenuation on traversing a 20-
cm Na vapor column. The laser was tuned through two-
photon resonance with the 3d state in Fig. 10 (upper),
with 0.75 mJ/pulse at Na pressure of 2.5 Torr. In Fig. 10
(lower) the laser was tuned through two-photon reso-
nance with the 4d state, with 1.9 mJ jpulse at 2.5-Torr Na
pressure. In the experiments, the laser beam was split
50-50 such that counterpropagating beams could traverse
the Na vapor. The transmission of one beam was moni-
tored from a small amount of light leaking through a
dielectric mirror. The counterpropagating component
could be blocked, so that transmission of one beam could
be monitored in the presence or absence of a counterpro-
pagating component of equal intensity, frequency, etc.

Note first that the laser beam absorption is small at 3d
and 4d resonance. We find values in the range 15—25%%uo.

This same behavior was observed over a pressure range
from less than 0.1 Torr up to 3 Torr. As already men-
tioned, in the absence of any suppression effect, the ex-
pected depletion under the conditions of the experiments
would be up to 70% or more. Since the two-photon-
resonant interference effect, involving PFWM fields cou-
pling the 4D3/2 5/2 or 3D3/2 5/2 states back to the ground
state, should be operative under the conditions being de-
scribed, a first-order question is whether this mechanism
is responsible for the diminution in beam absorption that
is evident in the present data. If this is indeed the case,
then as originally demonstrated by Jackson and Wynne
[6], and subsequently shown in more general cir-
cumstances [7], the use of counterpropagating beams will
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restore the two-photon pumping in that part of the total
excitation process where one photon from each beam is
absorbed. (The original demonstration by Jackson and
Wynne of spoiling of the interference process through
counterpropagating beams involved a three-photon pro-
cess, but their same argument applies to the two-photon-
resonant interference process, where one-third of the ex-
citations in the present instance would not be canceled. )

This is a consequence of the fact that no interfering
PFWM field is generated through the portion of two-
photon pumping in which one photon is absorbed from
each oppositely directed beam. Thus on the basis of
theoretical and experimental evidence, we know that if an
interference effect is responsible for suppressing resonant
two-photon absorption, then a large increase in the exci-
tation rate and a corresponding increase in beam attenua-
tion should occur when two-photon pumping is available
through counterpropagating (CP) beams. In the lower
traces of the upper and lower pairs in Fig. 10 we show ab-
sorption profiles in the two cases where a CP beam is spa-
cially and temporally overlapped with the beam of which
the absorption was monitored. Note that this only pro-

(n) nonoverlapped

685.55 685.60 685.65

Laser Wavelength (nm)

(a) nonoverlapped

578.80 578.85 578.90 578.95

Laser Wavelength (nm)

FIG. 10. Pump beam absorption profiles for tuning across
two-photon resonance with 3D (top pair) and 4D (bottom pair).
In both sets, the upper traces, labeled (a), show absorption of a
unidirectional beam (zero suppressed) and and the lower traces,
labeled (b), show the resultant absorptions for a geometry in
which the pump beam is rejected and overlapped spacially and
temporally with the incident pulse.

duces a very small increase in resonant two-photon ab-
sorption. Thus we can conclude that the two-photon exci-
tation rate is still suppressed even when an excitation
channel involving no PFWM is available. Therefore the
dominant suppression mechanism is not provided by a
coherent interference effect involving PFWM.

Having established through the above argument and
through data such as that in Fig. 10 that the primary
source of the enhanced "transparency" of the Na medi-
um against two-photon s ~d resonant absorption at 4d is
not a PFWM interference effect, we examine any other
influence that the internally generated fields might have
on resonant two-photon pumping of the s ~d transitions.
In this regard we note, e.g., that when tuned to the 4D
resonance at 0.2-Torr Na pressure, 2.33-pm emission as-
sociated with backward ASE to excite 4P, &2 and 4P3/2
states yields =10 W/cm power densities in the infrared.
This power density at 2.3 pm yields a Rabi frequency of
2X 10" s ' between the states ~2) and ~3) (in this case
4d and 4p states). This corresponds to a power-
broadened width of =2 cm '. Since the laser bandwidth
is only =0.08 cm ' full width at half maximum
(FWHM) it is obvious that ac Stark shifting due to ASE
or SHR photons of the observed intensity could have a
dramatic influence on near-resonant two-photon excita-
tion of the 4d state. The Stark shifts produced by the IR
photons would be large enough to move the 4d level off
resonance by several laser bandwidths. Thus on the bases
of observed ASE or SHR outputs and estimates of the
resultant one-photon Rabi frequencies, one can conclude
that the effects of ac Stark shifts from the internally gen-
erated fields should be given careful attention in dealing
with nonlinear effects associated with two-photon reso-
nances.

In this section we present the results of a number of ex-
perimental observations of excitation profiles, pressure
dependencies, and laser intensity dependencies of back-
ward SHR emissions produced by tuning strong laser
sources near two-photon resonance with 3d and 4d states
in Na. We are able to match the observed behavior
through theoretical calculations in which ac Stark effects
produced by ASE or SHR fields play a dominant role in
modifying the total atomic response from that predicted
from elementary considerations. The details of our
theoretical determinations are described in a companion
paper (Ref. [27]). However, we have already noted that
the magnitudes of ac Stark shifts produced by the SHR
fields can be many laser bandwidths in magnitude (a few
cm ') and much larger than shifts produced by the laser
field itself. These shifts can cause dramatic reduction in
the SHR gain, where the exact magnitude of the predict-
ed effect depends on the model used to describe a broad-
band laser source. The problem has been treated for a
chaotic laser field model with Lorentzian line shape, for a
near continuum of longitudinal modes with random
phases and a Gaussian profile for the mode intensity dis-
tribution, and in a model in which the laser is described
by a multimode model in which fluctuating amplitudes
and phases are randomly varied in a numerical integra-
tion of the Bloch equations in a simple three-state atomic
model [27]. We simply note here that the simplified ana-
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lytic model for a Gaussian laser line shape yields a reduc-
tion factor 8 for the SHR gain which, for I 52 I

» I t, and
a constant hyper-Raman field [over a time 1/(4I I )],
takes the form

R = exp[ —IQ, ,(z, t)I'/85&1 I ] .

Here Q2 s(z, t) is the Rabi frequency between levels I2)
and I 3 ) due to the backward SHR field, 52 is the detun-
ing from I2), and I L is the laser bandwidth (where it is
assumed that IQ2 3I ((I52I and I5zl » I L such that the
amplitude of I2) is always small).

Alternatively the probability of excitation of state I 3 )
by SHR scattering can be determined at fixed IL and 5z
for increasing Rabi frequency 023 between states I2) and

I 3 ). In Fig. 11 we show an example of a theoretical cal-
culation of the transition probability for exciting state
I3) as a function of the SHR field strength [27]. In this

example the laser intensity is chosen to be 3.5X10
W/cm at a detuning of 5z=0.20 crn '. In the figure,
the solid line represents results from an approximate
analytical treatment of the problem, and the points result
from numerical solutions, both described in Ref. [27].
Note that the transition probability first increases with
rQQ 3 (where r is the laser pulse length), but as the field
strength continues to increase, the probability reaches a
maximum, then begins to decrease rapidly for large
values of ~02 3. Note that the suppression of the transi-
tion probability, or of the SHR gain, can indeed become
very large.

To get a physical feel for the basis for the behavior ex-
hibited in Fig. 11, we note with reference to Fig. 1 that
SHR photons couple states I2) and I3) very efFectively,
and produce Stark shifts of both states simultaneously.
The reduction of SHR gain from the ac Stark shifts arises
from two mechanisms that are easily pictured but some-
what complicated to describe analytically. First, as al-

10
I I I I I I I

I
I I I I lg

10

0

10
0

~H
~ f~~l

10'

10

10 10 10

FIG. 11. Example from model calculations of the transition
probability for exciting I 3) when the pump intensity and the de-
tuning are fixed while the SHR field strength is increased.
(IL =3.5X10 W/cm and 52=0.2 cm '). Discrete points are
results from numerical solutions with a simulated broadband
laser field. Solid line from an analytic model for broadband
laser excitation (see text).

ready mentioned, the SHR-field-induced displacement of
I
2 ) reduces the two-photon pumping rate by producing

an additional detuning of the laser field from two-photon
resonance. Additionally, level I3) is shifted by an equal
amount (the exact value varies spacially and temporally),
which kills SHR gain by virtue of the required Raman
frequency for exciting I 3), having been shifted from its
start-up value. The latter effect actually plays the dom-
inant role in SHR suppression. Indeed, the region in the
curve where saturation begins corresponds to values of
the SHR field that produce ac Stark shifts for level I3),
which exceed the laser bandwidth.

The suppression of SHR gain produced by the Stark
shifting becomes more and more pronounced as

I 52 I
is re-

duced. Thus the shape of the SHR excitation profile is
also strongly influenced by the ac Stark shifts. At zero
detuning from two-photon resonance, where SHR goes
over to ASE, the shifts are maximally effective. (The ac-
tual gain length is shortest. ) This results in a distinct dip
in the predicted SHR excitation profile as I5~I ~0. For
fixed laser power an increase in number density increases
the total SHR emission, but the loss in gain near reso-
nance is larger relative to that at larger detuning; thus the
dip becomes more pronounced at higher number density.
Examples of theoretical SHR excitation profiles are
shown in Fig. 12, where the physical parameters are
analogous to those for Na 4d resonances. The dip at
52=0 is obviously more pronounced at higher PN, . This
behavior is observed in experimental SHR excitation
profiles when tuning through two-photon resonance with
Na 4d and 3d states. In addition to the profile shown in
Fig. 7(b) above, additional data are shown in the compos-
ite traces in Fig. 13~ These data show total SHR emission
associated with excitation of the 3P levels when tuning
from —10 to +10 cm ' across two-photon resonance
with the 3D state at 60 MW/cm laser intensity. The
traces show SHR profiles at three Na pressures: 4.0, 1.4,
and 0.13 Torr. Indeed, the suppression grows more pro-
nounced at higher Na density, as predicted. The peak at
52=0.0 is actually ASK instead of SHR emission. It too
is suppressed, though the possible time delay associated
with ASE changes the picture enough to modify the
profile from that predicted in Fig. 12. We hasten to add
that beam absorption or self-focusing effects are small
enough to be discounted as possible sources of the ob-
served behavior, whereas the calculated influence of the
internally generated fields provides qualitative agreement
with the experimental results for excitation profiles, and
more quantitative agreement for absolute intensities, gain
widths, and pressure dependencies, as described below.

In addition to a strong dip near 52=0, the excitation
profiles of the SHR emissions also show an asymmetry
about the exact two-photon-resonance position at higher
number densities, as can be seen in the data in Fig. 13
and in that shown in Fig. 7(b). The SHR gain tends to be
lower on the high-energy side of 52=0.0 than at a corre-
sponding detuning on the low-energy side. Interestingly,
we attribute this asymmetric gain profile to ac Stark
effects also, but in this instance to a more complicated
combination consisting of ac Stark shifts produced by the
SHR fields combined with the shifts produced by the
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Fig. 14 illustrate the directions and relative magnitudes
of ac Stark shifts produced when pumping near the 3D
and 4D levels of Na. In the upper pair of drawings we

represent the shifts that result when tuning above (left)
and below (right) the 3D state, i.e., positive and negative

52, respectively. (For simplicity the fine-structure sublev-

els are not shown separately. } In the lower pair we depict
the behavior for tuning above and below the 4D state.
The shifts produced by the SHR fields are shown by the
dotted line extensions on the left sides of the levels. The
shifts produced by the laser fields are shown on the right
sides of the levels (not to exact scale). Of course the ar-
rows should start and end on the shifted rather than on
the unshifted positions, but the total shifts are the sums
of the parts that we want to show separately; thus we
have chosen the format depicted in the figure.

First consider the atomic response to fields associated
with tuning near the 3D state (upper pair in Fig. 14). For
this case the laser photons are =3000 cm ' negatively
detuned from the 3S +3P reson—ant energy and positively
detuned from the 3P~3D transition. For the present
discussion we choose a laser intensity of IL =60.0
MW/cm (linearly polarized). The Rabi frequency for

b (cm ')

FIG. 12. Calculated intensity of SHR produced at detuning

5& from two-photon resonance at four difFerent number densi-
ties. Laser bandwidth is 0.08 cm ' and Il = 1.4X 10 W/cm .

laser field. Since this asymmetry, which has also been ob-
served by others, has not been discussed in any general
sense, we note the qualitative features in more detail. For
this purpose we refer to Fig. 14.

In a greatly simplified manner, the schemes depicted in

o
vh

8
e

M
Cl
Cl
CQ

Cl

Cl

—15.00

Laser Detuning (cm ')

9.00 15.00

FIG. 13. Experimental excitation profiles for backward SHR
emission at Na pressures of 4.0, 1.4, and 0.13 Torr as indicated.
Laser intensity of 60 MW/cm scanned over detuning from—15 to +15 cm ' from two-photon resonance with the 3D
state. (Total hyper-Raman emission near 810 nm summed over
both lines. )

FIG. 14. Representation of ac Stark shifts associated with
SHR production (not to scale). Upper pair of drawings depict
level shifting for pumping above (left) and below (right) the 3D
state. (For simplicity the fine-structure components are not
shown separately. ) We have chosen to show the ac Stark shifts
produced by the SHR field on the left of each level while the
shifts produced by the laser field are shown on the right sides.
The lower pair of drawings show the same effects for tuning
near the 4D level.
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the 3S,z2-3P3/p component, e.g., is Qo, =2.6
X 10 [IL (W/cm )]' . The contribution to the ac Stark
shift E, =~Go,

~ /5, is 0.08 cm '. The ground state is

moved downward and the 3P3&z upward. (The 3P&&2 is

moved upward by half this amount and the ground-state
downward shift is added to by a similar contribution. )

The corresponding Rabi frequency for the upper
3P3&2 —3D, &z transition is Q,z= 1.07 X 10 [IL ( W/
cm )]'~ . Since 52 &&5& the detuning is again 3000 cm
but positive. The shift for 60 MW/cm is 0.16cm ' up-
ward for the 3P and downward for the 3D.

Next consider the SHR field associated with 3P excita-
tion, which we choose in this example to have an intensi-

ty Iu„=2.4X10 W/cm (=4 pJ in Fig. 13). Since 52 is

small, the SHR field is quite effective in producing shifts
in 3P and 3D levels. The signs of the level shifts now de-

pend on whether the laser is tuned above or below 3D.
For 5&=2 cm ', in this example, 5, =0.42 cm '. For
positive 52 level ~2) is moved down and ~3 ) is moved up-

ward, and vice versa for negative detuning (Fig. 13). (The
effect of the SHR field on ~0) is negligible. )

Now for this example we examine the effects of the
various shifts on SHR gain. Note that the shifts of ~2)
and ~3) from the SHR field are the largest in magnitude
of all shift components. Recall also in this context that a
shift in

~
3 ) due to a build up in the SHR intensity leads

to a much more effective suppression of SHR gain than
does a shift of the same magnitude in ~2). The two-
photon-resonant enhancement is reduced by a shift-
induced increase in the magnitude of 52, independent of
whether the sign of 52 is positive or negative. The gain

gs~a ~ (52) . On the other hand, a shift in the position
of ~3) affects the SHR gain by reducing the gain length.
Once the intensity of the backward beam builds up to a
point where the SHR-induced shift exceeds the laser
bandwidth, the gain for HR photons that started up from
noise at a frequency corresponding to the unshifted level

position falls to zero. The gain length is thereby
foreshortened, since the SHR must start up again at a fre-

quency corresponding to the shifted position. This effect,
if considered alone, results in a large overall reduction in

the SHR gain [27], which is symmetric in 52. The com-
bined effects of the SHR-induced shifting of ~2 ) and

~
3 )

on total SHR output was depicted in Fig. 12.
Now consider the shifts induced by the laser geld (The.

effect of ac Stark shifts from the laser field on stimulated
Raman emission, as opposed to SHR emission, has been
treated recently by Kryzhanovsky et al. [41]. They con-
sidered stimulated Raman production associated with
tuning near an upper one-photon resonance in Ba.) Here
the laser-induced shifts are not altered in magnitude or
sign as 52 is scanned over a small range near two-photon
resonance, but the effect that laser-induced shifts can
have on SHR gain is complicated by the fact that the
laser and the SHR fields propagate in opposite directions.
Qualitatively, when the laser is detuned above the 3D
state, the shift of the 3P level from the laser field and
from the SHR field is in the same direction. The gain
reduction is magnified by the sum of the shifts. However,
when the laser is tuned on the low-energy side of the 3D,

the shifts of the 3p from these fields are in opposite direc-
tions. The gain reduction caused by the SHR shift is now
reduced by the partially offsetting shift due to the laser
field. Moreover, the shifts of the 3D level from the two
fields also add for blue-side detuning and subtract for
red-side pumping. Thus the gain reduction due to
modification of 5z is also greater for blue-side as opposed
to red-side detuning. The result is that a rather larger
asymmetry in the gain for SHR production is evident
with much higher output for a given detuning below the
3D than for an identical magnitude detuning above the
3D. This is the behavior exhibited in Fig. 13 and other
excitation profiles observed in SHR associated with
pumping near the 3D.

Now consider briefly the situation for tuning around
the 4D two-photon resonance. Here the laser field (which
was typically only =10 W/cm ) produces only a small
shift in the final state, i.e., the 4P. Thus it adds or sub-

tracts very little to or from the large shifts produced by
the SHR field on the 4P level. The shift of the 4D levels
from this laser intensity is also small (=0.1 cm ).
However, the shift of the ground state is not so small

( = —1 cm in this example). With reference to the bot-
tom pair of diagrams in Fig. 13 we see that this shift
reduces the magnitude of 52 for red-side detuning and in-

creases it for blue-side detuning. The effect is again simi-

lar to the 3D case in that the SHR gain is enhanced on
one side and reduced on the other side of two-photon res-
onance, though the effect is less pronounced in the case of
the 4D as compared to the 3D. Indeed, the data shown in

Fig. 7(b) above and in Fig. 13 of Ref. [25] show an asym-

metry in the SHR excitation profile that is enhanced at
red- versus blue-side laser settings, but that is less pro-
nounced than for the corresponding 3D profiles.

Finally we consider three other consequences of ac
Stark shifting on SHR emissions. We note comparisons
of predicted and experimental forms of the laser-power

dependence of the SHR production, the full width at half
maximum of the SHR profile, and the intensity of the
SHR as functions of Na number density.

Figure 15 shows the energy of backward SHR emission

versus laser intensity for laser pumping at a detuning of
0.01 nm below the 4d state, at 0.07 Torr Na. On the basis

of the theoretical model discussed elsewhere [27], in

which the combined shifting of ~2) (here the 4d state)

and of ~3) (here either of the 3p levels) suppresses the

SHR emission, we predict that the form of Izz should

change with increasing IL from a dependence based on IL

gain over to a form in which I~~ is almost a linear func-

tion of IL . As can be seen in Fig. 15, the SHR energy be-

comes almost exactly linear (within experimental error)

with laser energy for all values above a critical value—
here 0.06 mJ/pulse. Thus this feature agrees well with

our theoretical model.
In Fig. 16 we show the width of the SHR excitation

profile as a function of Pz, . The data were taken at a

maximum laser intensity of' 2.2X10 W/cm at beam

center. The SHR profile is rather irregular in shape due

to the strong influence of Stark suppression on SHR gain.

However, at sufficiently large detuning, where the gain is
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FIG. 15. Energy per pulse, as a function of incident laser in-

tensity, of backward stimulated hyper-Raman emission associat-
ed with pumping near the 4D states. (A,HR-—2.3 pm. )

PN, =0.07 Torr. The solid line is a curve of slope= 1.0.

10

10

not suppressed by the shifts, we note the simple fact that
in this region g = APN, /52, where A is a constant. But
when the gain reaches a sufficiently large magnitude, it
becomes limited by the shifting mechanism, changing
very rapidly at smaller detuning to a value smaller than
that predicted by the A /5z form. Thus one can define an
effective width 8' for the SHR excitation profile as that
extending to a value of 52, where the gain reaches the lim-
iting value. Here we choose this as the position where g
yields 32 e folds in the SHR field. That is, at

At fixed laser power, the SHR profile will have an irregu-
lar shape due to the Stark-related suppression near 62=0,
but it should have a "width" that is proportional to
QPN, . This predicted form agrees well with the data
s..own in Fig. 15. The solid line is the predicted form.
The agreement between theory and experiment extends
over two orders of magnitude in PN, .

Finally, in Fig. 17 we show the strength of the SHR
signal as a function of PN„under the same laser power as
that of Fig. 16. The predictions of SHR signal strength
as a function of PN, are more complicated. Numerical
studies yield a form again close to QPN„but not quite.
The predicted form is that shown in the solid line. Details
of the calculation are given in another paper [27]. The
agreement between theoretically and experimentally
determined SHR intensities, though not as close as the
widths, is still rather good.

We note parenthetically that the production of self-
limiting ac Stark shifting by the SHR process will pro-
duce another feature in the SHR emission, which we will
call pulse smoothing. With relatively broadband mul-
timode lasers, such as those used in the present study, an
individual pulse contains a number of amplitude fluctua-
tions in which the intensity changes greatly on a pi-
cosecond time scale. Any nonlinear process, such as
SHR or FWM, will ordinarily have the highest gain dur-
ing peak power intervals within a pulse. However, when
an intensity peak builds up in the SHR field, the ac Stark
shift that results from this field lowers the gain in this
portion of a pulse as compared to that in somewhat lower
intensity portions of the pulse. This results in an ampli-
tude leveling of the backward-propagating SHR field.
This effect has not been verified in the present set of ex-
periments.

In concluding this section we reiterate that strong
suppression effects are operative in SHR emission in an
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FIG. 16. Effective width of the stimulated hyper-Raman
emission profile as a function of Na pressure. Laser power den-
sity is 2.2X10 W/cm at beam center. Solid line is the theoret-
ically predicted [(PN, )'~ )] form

(Torr)
FIG. 17. Intensity of the SHR emission as a function of Na

pressure for fixed input laser power. Solid line is the predicted
[(PN, )'~ ] form.
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extended nonlinear medium, and that much of the back-
ward SHR behavior is dominated by ac Stark-shifting
mechanisms. Observations of several of the features of
SHR emissions in Na vapor and in Xe are in fairly good
agreement with predictions.

V. SATURATION OF PARAMETRIC FOUR-%'AVE
MIXING DUE TO TWO-PHOTON

INTERFERENCE EFFECT

We have presented evidence that a major source of
suppression of resonant two-photon excitations of Na 4d
states is due to Stark shifting rather than to an interfer-
ence effect involving PFWM. On the other hand, the
even-parity interference effect involving PFWM can be
produced under the circumstances of this study. As al-
ready mentioned in the Introduction, recent experimental
studies by Malcuit, Gauthier, and Boyd [21] and by
Krasnikov, Pshenichnikov, and Solomatin [22] demon-
strated a suppression of resonant two-photon excitation
probabilities for s ~d and s ~s transitions, respectively,
in dense sodium vapor. In an early theoretical study of
resonant two-photon absorption processes, Manykin and
Afanas'ev [20] predicted that two-photon absorption
could be reduced if different laser beams were used to
drive a given two-photon transition by two different
routes, satisfying Ak =0 between the two pathways. Sub-
sequently, the theory was extended [20] to show that the
population of a resonantly pumped two-photon state
could be reduced to zero under circumstances where a
second laser, tuned near a one-photon allowed state, pro-
duced four-wave mixing, again with the restriction that
Ak =0 for the FWM process. The latter process is that
which was demonstrated in Ref. [22], where resonant
two-photon 3s~4s transitions in Na vapor were ob-
served to be reduced in the presence of FWM driven by a
third laser beam (described as "parametric brightening").
Other density-dependent features of the same process
were reported more recently by the same authors [42].
The effect of this interference process was revealed in-
dependently in the context of two-photon resonantly
enhanced third harmonic production by Kildal and
Brueck [43]. It was also examined recently by Smith, Al-
ford, and Hadley [44] in studies of four-wave mixing in

Hg vapor.
A detailed examination of the influence of the two-

photon interference in pumping near Na 4D states has
been given recently by the present authors [25,26,33].
Here we present some additional features of the effects of
this phenomenon on PFWM and we discuss the predic-
tions and observations associated with this third type of
suppression mechanism in order to put it into some per-
spective with respect to the two processes discussed
above. In the studies under discussion, all three mecha-
nisms become operative under circumstances that can be
fairly reliably predicted.

In the even-parity interference process, two-photon
pumping from the ground state, ~0), to a two-photon lev-

3

~%(z, t)) = g a„(z, t)e "
~n ) .

n=0
(10)

The fields are written as

E3(z, t) =E,~(z, t) = ,E,a—e —+c.c. ,
1 (O) ' IR IR )

(1 la)

(1 lb)

and the corresponding reduced Rabi frequencies are
defined as

023(z, t) =D2 3E&a /2', (12a)

03Q( t) =zD3 OEUv /2A (12b)

A perturbation treatment in the rotating-wave approxi-
mation yields equations for the a„'s of the form

el, ~2), by laser photons co& and coz with reduced two-

photon Rabi frequency Qoz' produces two new frequen-
cies co3 and cu4 through PFWM. These generated fields

create a second two-photon rate QO2 between the same(&)

two states. Under phase-matched PFWM generation, the
second pathway destructively interferes with the first

[1,2,6,7], that is, in the equations of motion, the two-
photon pumping rate by the laser field, Ooz', is cancelled

by the two-photon rate Ooz' due to PFWM. The two
rates become equal in magnitude and opposite in sign.
Under these conditions the "effective" two-photon Rabi
rate between ~0 ) and

~
2 ) goes to zero. Since photons

generated through PFWM are almost resonant with in-

termediate p states, the two Rabi rates can become equal
in magnitude even though the fields involved in Qo2 are(2)

fairly weak as compared to the laser field. Manykin and
Afanas'ev [6] showed that solutions to the equations of
motion with Ak =0 always evolve to the destructive in-

terfering phase relationship at zero detuning from two-
photon resonance. Experimental studies of the interfer-
ence associated with resonant two-photon pumping in Na
vapors have so far involved some way of monitoring the
influence of PFWM on the resonant transfer of popula-
tion to the two-photon-resonant state [1—4]. However,
the interference effect also has a strong and easily demon-
strated influence on PFWM intensities that are produced
when tuning near two-photon resonances. We describe
here some of the experimental and theoretical conse-
quences of this effect.

If we ignore the fine-structure splittings in Na, we can
describe the PFWM problem by a four-level system, as
depicted in the leftmost branch of Fig. l. (In the present
context we label co3 as co&z and co4 as ~Uv. The process
differs from SHR by the presence of the detuning 53 from
state ~3).) We choose a simpler phase convention than
that of Eq. (1) and assume the time-dependent state vec-
tor of an atom at z to be of the form
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i5&t —i2kLz . i 53t ikUVz
dp(z, t)=iQp2e e a2(z, t)+iQp3e 'e " a3(z, t), ap(z, t) =1,

(2) &~2t i2kL
a2(z, t)=iQ2pe e ap(Z t)

l (cdIR cop3)t EkIRZ+i Q23e
'" " e ' a3(z, t),

i53t ikUV z
a3(z, t}=iQ3pe e ap(Z t)

(13)

az(z, t) =—
—i5 t

e

52
(2) i2kLz

Q20 e

Q Q23 30 i (kIR+kUV )z

5
t (a»R —

A@23)t
—tkIRz+ Q„'" " '",( t)

—i5 t3

a3(z, t)=— ikU Vz 32 20 i (2kL —kIR )zQ Q")
Q3pe e

253
where 2Q33 is the actual Rabi frequency between I2) and
I3), etc. The intermediate state I

1 ) (here the 3P state of
Na} was adiabatically eliminated, thereby reducing the
problem to a three-level system with an effective two-
photon coupling expressed through the two-photon
frequency 2Q~p2) between IO) and I2),

Q3olQZ3I UV

5353

Qp2 —Qp)Q)2/5)(2)—

Rabi From these solutions one can also write the nonlinear
polarization source terms for the PFWM waves at fre-
quencies co3 and co4. Thus

(14)

Equations (13) are solved to third order for the a„'s un-

der conditions of low population transfer, i.e., a0=1.
Under these conditions the solutions to (13) are

P (tp3)=ND3 2((aza f ))e ' ' +c.c. (16)

A similar expression involving (a3ap ) is obtained for
P (co4}. The results are

( IR IR
PNL(~ }

—PNL( }
b, 253

Q2o'Qo3e
' "*

5
Q331 Qo31 +c.c. ,

3

(17)

e
(~4) =P (~„v}=XDp3

(~UV t kUVz)

5253
Qzp Q33e 5 Q3p I Q23 I

' +c.c.
3

(18)

dQ23 2t ')riotR ID2 3 I (2)

——Q„IQ„I'
3

(19a)

Here 52=52+I, where I allows for collisional dephas-
ing and laser bandwidth effects.

To obtain equations for the field generated at co3 and

co4, Maxwell's equation is solved in the slowly varying en-

velope approximation with the nonlinear polarizations as
source terms. The equations for E,R =E3(o)3) and

EUv =E4(o34), expre—ssed in terms of the Rabi frequencies,
are

or

dQ33 2ino)&R ID2 3I
(20a)

d Q3o 2i mo3Uv ID p, 3'I', „, (, ) (20b)

The effective two-photon Rabi frequency Q',& is, in the
notation of the introduction to this section,
Q' '=Q' '+Q' ' where Q' '= —Q Q e' '/5 . Fromeff 20 20 & 02 23 30 3'
the results of Manykin and Afanas'ev we know that the
phase-matched solutions evolve such that Q02 Qp2',

(2) (2).

that is,

Q23Q30 ~3 Q01Q12 ~1 (21)

dQ3p 2imo)Uv IDp 3I

1

5 Q3olQ»l
3

2i )rtpUV IDp, 31 —i b,kzQ
Rcn (toUv) b, 253

X Q20 e Q30Q23
(2) id kz

53
(19b)

The fields only grow appreciably when hk ~0, where the
phase mismatch hk is given by Ak =kUv+ k&R

—2kL .
Under these circumstances the effective two-photon Rabi
frequency Q'e)r'= (Qzo' —Q33Q3pe' "'/53) ~0 when b,k
=0. That is, the two-photon Rabi frequency is cancelled
out by destructive interference from the phase-matched
PFWM. This causes the nonlinear polarizations at co,R
and coUv and the PFWM gain to go to zero at a critical
depth into the nonlinear medium, at the point where Q02

(2)

grows to be equal in magnitude to Q02'. At this point, ad-
ditional propagation through the medium produces no
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additional growth in the generated fields. Alternatively,
for fixed laser-power density, the PFWM production in a
given column length will grow with number density until
Q ff vanishes within the length of the medium. A further
increase in number density will not increase PF%M out-
put. The point at which the interference grows in simply
moves toward the entrance end of the medium as the
number density is increased.

This particular influence of the interference effect on
PFWM is clearly demonstrated in the data shown in Fig.
18. Illustrated is the total output of the ™330-nmcom-
ponent of PF%M produced in tuning 0.03 nm from two-
photon resonance with the Na 4D state with 34 MW/cm2
laser power density. Note that output as a function of Na
number density saturates at I'N, =0.4 Torr. A further in-
crease in Na pressure produces no additional PF%M out-
put, in agreement with the predicted interference behav-
ior. The complementary wave at coIR behaves in exactly
the same manner (see Fig. 10 of Ref. [41)).

%e note that there are actually four frequency com-
ponents of the =330-nm emission. Two of these are
phase matched through emission at a small angle about
the laser beam at frequencies that are positively disper-
sive for co4 (i.e., for frequencies that correspond to phase-
matching points slightly below the energy of the 4P3/2
level and another slightly below the 4Pi&z level). Two
other components are produced through axial-phase-
matched PFWM, which occurs at frequencies that are
negatively dispersive at co4. One of these points lies at

I
'

I
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I
l I '

I

200

~ ~ 0 ~

50 —(
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—~ ~ ~
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FIG. 18. Output of the UV components (coU&) of the axial
PFWM process as a function of Na pressure at a 6xed laser fre-

quency. Laser detuning was 0.03 nm on the high-energy side of
the 4d resonance. Ip =34.0 MW/cm .

about 2 cm ' above the 4P3/2 level and another at =1
cm ' above the 4P1/2 level. The characteristics of the
phase-matching conditions for PFWM near the Na 4P
levels are extensively discussed elsewhere by the present
authors [33]. Discussed also is the fact that the conical
PFWM associated with pathways through the 3P3/2 and
3P1/2 fine-structure levels is much weaker and can be
neglected in the context of the interference behavior. We
simply note that the axially-phase-matched components
strongly dominate the PFWM process, which greatly
simplifies analysis of the interference problem. The
PFWM intensity plotted in Fig. 18 is the sum of the coUv
components from each of the axially-phase-matched pro-
cesses.

The interference effect has several other consequences
for PFWM production under circumstances where the
conditions for the interference at the two-photon level are
satisfied. From Eqs. (20a) and (20b) it is easy to show
that the generated fields E,„and EUv at frequencies co,R
and coUv obey a constant of motion [25] such that

EIR2 E2

=const . (22)
CHOIR COUV

That is, the change in photon number at coIR is equal to
the change at ~Uv. Therefore, under conditions where
neither of the generated fields is preferentially absorbed,
we can write I&„=IUv(co,R/coUv). That is, the intensity
at cuIR is proportional to that at coUv. But when the fields
grow to the point where Eq. (21) becomes satisfied, we
have the added condition that

I1/2I 1/2 CI 1/2I 1/2
IR UV L L

where C =53DO, D, z/(5, D2 3D3 0). Since I,R IUv,
this means that

IIR IL

(also IUv ~IL ). Thus the intensity of the PFWM beams
at co3 and c04 will grow linearly with laser pump intensity,
once the interference condition is achieved. Consequent-
ly, at a given pressure, the fields at coIR or coUv would
grow nonlinearly with laser intensity at low pump inten-
sities, but linearly at laser intensities above a critical can-
cellation value I,. This influence of the interference effect
on PFWM output is clearly revealed in the data of Fig.
19, where we plot the total 2.33-pm IR intensity versus
pump power density for two different sodium pressures.
In the lower curve (0.35-Torr Na) the yield suddenly
changes to a linear dependence on laser intensity IL at a
critical intensity I, of 0.85 MW/cm2 (laser tuned onto 4d
resonance). For a given vapor density and column
length, the critical laser intensity is that which produces
PFWM of intensity just sufficient to satisfy Eq. (21) at the
exit end of the vapor column. At a higher PN, of 2 Torr
(upper curve) the onset of the interference occurs at a
lower laser intensity. A longer column length would
similarly give a lower I, for a given density, again in a
predictable manner. In the examples shown here the
two-photon Rabi rates, which we calculate on the basis of
intensities of the PF%M and laser fields, the detunings,
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FIG. 19. Intensity of forward axial 2.33-pm PFWM emission

I2 33 p as a function of pump-laser intensity IL at fixed pump-
laser frequency (5&=0.0). Data are for Na pressures of 2.0 and
0.35 Torr. Straight lines are computer fits to the data in
separate intensity regions for each pressure. For laser intensi-
ties above a critical value I, the power dependence for the
PFWM output is predicted to go as (Il )" where n =1. At 2.0
Torr Na pressure, I, =1.3 MW/cm~. At 0.35 Torr, I, =8.4
MW/cm2.

been demonstrated in the present set of experimental
studies.

Finally we note another aspect of the PFWM behavior.
The good agreement between measured and predicted
features due to the two-photon interference was observed
only in the case of pumping near the 4D level where axial
FWM production dominates. The PFWM emissions pro-
duced when pumping near the 3D, where almost all
PFWM output is generated through angle phase match-
ing, did not yield similar two-photon cancellation-effect
behavior under any conditions of pressure, pump intensi-
ty, or detuning. The conical emission problem is much
more difficult to describe theoretically. We have no good
explanation for the marked differences in the PFWM be-
havior between the 3D and 4D cases. It is interesting in
this regard to note that in the first experimental study of
the two-photon interference effect by Boyd et al. , the
linear dependence of the PFWM output on input laser in-
tensity could have been extracted from their equations,
but was not. Instead, they inferred that the dependence
should be quadratic, and further showed a quadratic
dependence of the PFWM intensity with laser energy.
Thus their data actually agreed with our present observa-
tion, that the two-photon interference effect does not lim-
it the conical PFWM emissions associated with 3D
pumping in the way that the simple theory predicts.

and the known oscillator strengths, satisfy the condition
Qo 2 Qo 2 to an accuracy of 15%.

The results plotted in Fig. 19 show a fourth property of
the PFWM generation under the influence of the interfer-
ence effect. The gain for PFWM varies as a constant
times PN, IL /(5362). The critical laser intensity IC for
which the interference sets in (causing the functional
form of IpFwM to go linear in IL } is that which produces
the necessary magnitude of PFWM gain within the full
length L of the vapor zone. Thus, to a good approxima-
tion, the product of critical laser intensity and sodium
pressure should be a constant in experiments conducted
at different Na pressures. This property holds for the
data of Fig. 19, where for data taken at two different
number densities, I,PN, -=2.7 Torr MW/cm~.

A fifth predicted feature of PFWM generation under
the influence of the interference effect is shown in Fig. 19;
namely, above the critical intensity where the outputs of
the PFWM components go linear with laser intensity, the
intensities should merge to a common yield curve for all
Na densities. Indeed, we see from the data in the figure
that total PFWM intensities at 2.0 and 0.35 Torr con-
verge to a common curve in the laser intensity region
where outputs at both densities become linear in IL .

There is yet a sixth and rather novel result of the
influence of the interference effect on four-wave mixing.
Since PFWM output becomes limited when the two-
photon Rabi rate from the parametric waves QppwM be-
comes equal in magnitude to that from the laser pumping
QL ', then for a given QL ' a PFWM process involving a
large nonlinear susceptibility will, under conditions of
two-photon cancellation, produce less output than one
with a smaller y' '. This last predicted feature has not

VI. CONCLUSIONS

In these studies of two-photon resonantly enhanced
SHR and PFWM emissions, we have attempted to verify
as many as possible of the features that can occur as a re-
sult of the interplay between the pump fields and the
fields generated within the nonlinear medium. In the par-
ticular case of pumping near the 4D state in Na, where
axial emission processes are dominant, we have a fairly
global picture of the total atomic response. The overall
picture is rather complicated, but can be summarized and
generalized as follows.

(i) At pressures high enough to observe SHR emissions
in the present experiments, the SHR emissions are
suppressed in the forward direction. This suppression is
produced by interference from four-wave mixing for the
three-photon hyper-Raman process and by a six-wave-
mixing interference in the case of the five-photon hyper-
Raman processes.

ac Stark effects due to the SHR fields produce several
influences on SHR emission. Thus as a consequence of
the Stark shifting we see, in addition, the following.

(ii) The SHR excitation profiles develop, under some
conditions, a pronounced dip at exact two-photon reso-
nance, and an asymmetry for equal detuning above and
below the resonance.

(iii) The SHR output versus laser intensity goes ap-
proximately linear under strong two-photon pumping.

(iv} An effective width for the excitation profile is pro-
duced that is proportional to (PN, )

'~ .
(v) The SHR peak amplitude versus PN, varies as

(p )1/2

(vi) The temporal profile of SHR pulses produced by a
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multimode laser pump should be drastically smoother un-
der conditions where SHR gain is reduced by the ac
Stark effect.

Finally, the effect of the two-photon interference on ax-
ial PFWM in Na has several additional consequences.

(vii) The gain for axially-phase-matched PFWM satu-
rates with pressure above a certain critical pressure.

(viii) Alternatively, the PFWM gain saturates with
column length for a given pressure of the vapor column.

(ix) The intensity of PFWM output goes linear in laser
intensity above a critical intensity.

(x) The product of critical intensity times number den-
sity is a constant.

(xi) Plots of Ippw~ versus IL for difFerent number den-

sities all merge to a common linear curve when the laser
intensities exceed I, .

(xii) If two PFWM processes were pumped with equal
two-photon Rabi rates, then under conditions of cancella-
tion at the two-photon level, one would have the seeming-
ly contradictory result that the process with the smaller
y' ' will have the higher intensity.
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