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Optical four-wave mixing resonances in sodium vapor induced by collisions with inert buffer
gases {He,Ar, Xe,N2) are characterized at high resolution (& 5 MHz) using lasers tuned near the D
lines of Na. These resonances are interpreted in terms of coherent scattering from a population
grating established by collisional absorption of the incident radiation. The roles of homogeneous
and inhomogeneous contributions to the resonance line shapes are clarified. The line shapes exhibit
structure sharper than the predicted linewidth, that characteristic of the 3P-to-3S transition rate.
We show that this is caused by collision-induced optical pumping which introduces the ground-state
lifetime into the grating relaxation physics. These long-lived gratings are exemplified dramatically

by experiments in the presence of N2 which collisionally quenches the Na 3P states. Similar results
are obtained in Xe where it is argued that excimer formation with the 3P states plays a role in the
population dynamics. Model calculations of the effects of sodium level degeneracy on the grating
dynamics are presented to support these conclusions. Finally we present data illustrating interfer-
ence between the collision-induced population grating resonances detailed here and collision-induced
coherent Raman resonances between Zeeman sublevels of the ground state.

I. INTRODUCTION

Experimental observations of several types of collision-
induced four-wave mixing have been reported. ' These
have been of value in elucidating the role of damping in
nonlinear quantum-mechanical phenomena and in the
study of atomic collisions. The role of collisions is to de-
phase quantum-mechanical amplitudes contributing to the
four-wave mixing process which would otherwise destruc-
tively interfere. The resulting "extra" four-wave mixing
resonances are characterized by intensities which increase
with pressure.

A theoretical description of these resonances has been
made using both semiclassical ' and quantum-
rnechanical ' pictures of the atom-radiation system.
General expressions for the third-order susceptibility X' '

governing four-wave mixing have been derived using per-
turbation expansions of the density matrix in the frequen-
cy domain and in the time domain. For comparison
with the experimental results cited above, model calcula-
tions of the resonant terms in X'3' for two- and three-level
systems are used. In all of the calculations to this point,
collisions are incorporated in an essentially phenomeno-
logical manner and the semiclassical treatments are re-
stricted to the impact approximation for this reason.

The correct prescription for applying time-dependent
perturbation theory to the calculation of X' ' involves an
iterative solution of the Liouville equation for the density
matrix and introducing appropriate damping factors at
each level of the calculation. Successive perturbation of
the density matrix by each incident laser field describes
the superposition of material states induced by the fields
which can reradiate coherently. This sequential applica-
tion of laser fields suggests a picture of the four-wave
mixing process as the coherent scattering of the third ap-

plied field from a grating created by the first two. This
grating is a periodic spatial and/or temporal modulation
of coherences (off-diagonal density-matrix elements p;J)
and/or populations (diagonal density-matrix elements p;;).
In this paper we focus on the degenerate frequency popu-
lation grating resonances. In an earlier paper collision-
induced coherences p;j which give rise to Raman-type res-
onances have been discussed in detail. It was shown how
polarization selection rules could be used to distinguish
between the two effects.

Physically, the origin of coherently modulated popula-
tion can be understood in terms of interference between
the incident laser fields. The total intensity in the interac-
tion region due to incident fields E(coi) and E(co2) is given
by

2 2

J «,ct + —EiEzcos[(tot co2)t+(ki ——k2) r
2 2

+(0i —Nz)l

where E;,co;, k;, tb; are the incident field amplitudes, fre-
quencies, wave vectors and phases, respectively. The last
term of (1) is modulated in space due to small, angles be-
tween the incident beams and in time when there is a fre-
quency mismatch between E(to&) and E(to&).

The intensity modulation can be translated by absorp-
tion into a spatial and temporal modulation of excited-
and ground-state populations. These excited-state popula-
tion "excesses" and ground-state population "holes" ap-
pear as an index modulation and a third incident light
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beam can scatter coherent1y from this transient diffrac-
tion grating to produce the four-wave mixing signal at is-
sue. %ith nonresonant radiation these coherent modula-
tions occur only in the presence of collisions which allow
absorption of radiation to couple material levels. This
real-time holographic process is therefore pressure in-
duced.

The grating picture enables us to understand several im-
portant features of population grating resonances in two-
level systems. Generalizations to realistic multilevel sys-
tems with spatial angular momentum degeneracy will be
discussed later. For the two-level system, the following
deductions can be made.

(1}The population grating should be most intense when
it is stationary in time and will therefore be resonant for
co i ——coq (degenerate frequencies).

(2) The spectral width of the resonance will reflect the
rate at which holes are filled by the relaxation of the
excesses, (m T, ) '. Put another way, the grating can only
follow a modulation which is slow compared to the
system's longitudinal relaxation time.

(3) Since the resonance depends only on population
modulation, pure collisional dephasing will not affect the
population relaxation rate and the resonance should not be
pressure broadened except by quenching collisions.

(4) The spatial modulation of the grating can be des-
troyed if the atoms are free to move. This statement is
equivalent to the statement that the resonance is suscepti-
ble to residual Doppler broadening.

Many authors have reported population grating reso-
nances in four-wave mixing. ' These have been used to
measure dye relaxation times in solution, properties of
velocity changing collisions in atomic vapors, and excita-
tion transport in solids' to select a few examples. Exten-
sive theoretical work on the secular terms which describe
these resonances '" has aided in the interpretation of
these experiments and others.

The collision-induced analogs of these resonances have
been detailed in several previous papers which report the
results of relatively low-resolution experiments (~100
MHz). ' These studies verified that collision-induced
four-wave mixing resonances in sodium do occur at
co~ -co2 and that these are not pressure broadened by inert
buffer gases. However, predictions about the linewidths
of these resonances could not be verified without higher-
resolution experiments. The current paper presents results
of high-resolution (& 5 MHz) studies of pressure-induced
population grating resonances. These are separated from
spectrally overlapping collision-induced coherent anti-
Stokes Raman spectroscopy (CARS) and coherent Stokes
Raman spectroscopy (CSRS) resonances between Zeeman
sublevels of the ground state by exploiting the selection
rules for the 3S~3I' transition in sodium. It is demon-
strated that the predictions of a simple two-level model
are not sufficient to explain the four-wave mixing line
shapes and that the degeneracy of the sodium levels must
be considered. Results in the presence of He, Ar, Xe, and
mixtures with N2 and/or Cs are set forth and explained.
Finally we report interference effects between the Zeeman
and population coherences when both are allowed by the
incident field configuration.
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II. EXPERIMENTAL

Figure 1 is a block diagram of the experimental ar-
rangement which has been described in greater detail in
another paper. A 6-W cw argon ion laser (Spectra Phys-
ics 171-19) pumps two frequency stabilized single mode
dye lasers (CR 599-21) with rms linewidths of about 2
MHz. The first dye laser with m~ is split into two beams
which propagate parallel separated by 2 to 3 mm. The
second laser with ~2 propagates parallel to these so that
the beams are at the vertices of an isosceles right triangle
as in Fig. 1. These beams are then focussed by a 5 cm
lens to a common region. The resulting phase matching
geometry' has the advantages that the matching is con-
stant over a wide tuning range and that completely degen-
erate four-wave mixing can be easily studied with only
spatial discrimination. The output 2'~ —co2 is at the
fourth corner of the square whose other three vertices are
formed by the transmitted incident beams.

The sodium oven is operated at sodium densities around
10' —10' /cm with added buffer-gas pressures (He, Ar,
or Xe) up to three atmospheres. The lasers are tuned ap-
proximately 30 GHz (1 cm '} below the Di(3 Si~q-
3 Pi~2) line of sodium, a value large compared to the
Doppler width (b,vD,~~=2 GHz), to the Rabi frequency
(vii-10—100 MHz) and to the collisional width Tz

'

[full width at half maximum (FWHM) =11 MHz/Torr
He]. At this detuning no velocity group is preferred, one
photon saturation effects are negligible and only a small
amount of collisionally assisted absorption occurs. The
impact approximatioo, however, remains valid as the de-
tuning is much less than the inverse collision time.

The polarizations of the beams are linear and para11el
for the data of Sec. III which is strictly confined to popu-
lation grating resonances. In Sec. IV more complex polar-
ization combinations are used and will be described in
that section.

III. RESULTS AND DISCUSSION OF
COLLISION-INDUCED POPULATION GRATING

RESONANCES

We intersperse the results of model calculations with
the experimental data for comparison and insight. The

VIEWS INTO OVEN

FIG. 1. Schematic of experimental apparatus for four-wave
Hllxmg.
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susceptibility corresponding to the population grating res-
onances is proportional to the population modulation
(p'„„'—p~')(coi —coz), where ~g) and

~
n} denote ground

and excited state, respectively. ' The four-wave mixing in-
I

tensities vary as the squared modulus of this quantity.
The frequency domain equations for the 1th-order pertur-
bative corrections p' ' to the diagonal elements of the den-
sity matrix p are

i (ital tttz)pkk g ~mkpkk g II kmpkk (i /~)[~coh~ P ]kk (2)

as given by Bloembergen and Shen. The brackets are
commutators, the 8"; i denote population transfer rates
between

~

i } and
~ j},and A „h is the perturbation Ham-

iltonian for the applied fields.

i 5+ W—gn

—8'gn

(2)

+ ~ng Pnn
(3)

where we have used the simplifying notation that
5=coi —coz is the detuning from the difference frequency
resonance. 8'g„and 8'ng are spontaneous population
transfer rates and

& =(t/&)[~cohr (~ ~ng+il ng) [~ hood p 'l)

describes the field induced population transfer where I „g
is the damping width of the

~

n ) to
~ g ) transition, equal

to Tz in the two-level case. Using the conventional defi-
nition that T~ ——8'g„+ 8'„g gives

y(3) (2) (2)
&Pnn —

Pgg

—2iA

5+1/T;

PgnPngE i Ez (Pnn Pgg )(5+2i I ng )
(0) (0)

2A (5+i /T i )(cong coz+i I n—g )(co i
—cong +i I'ng )
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FIG. 2. Population grating resonance models.

A. The two-level system

The original calculations of the population grating
pn'„' —p~' in a two-level system ' are reproduced here to
establish a notation and a basis for further modeling. For
the two-level system sketched in Fig. 2(a), Eqs. (2) can be
written

The value of A has been calculated explicitly using the
analog to Eq. (2) for the off-diagonal elements of the den-
sity matrix, where p,j are dipole matrix elements and the
roti are transition frequencies of the two-level atom. E; is
the complex shorthand for the electric field,

i( kt r mt)—
E; = ;e

Equation (4}bears out the qualitative features of these res-
onances put forth in the introduction. The term E,Ez is
the complex notation equivalent of the final term in Eq.
(1), which exhibits the spatial and temporal population
modulation. The denominator (5+i/Tj) embodies the
resonance at coi ——ttiz. The full width at half maximum of
this difference frequency resonance is m /Ti ——20 MHz for
the sodium D lines. We point out that this differs from
the absorption resonance whose width is well known to be
m/Tz ——10 MHz. Physically, this is because the popula-
tions and coherences relax at different rates as expressed
by the relation that 2Tz ' ——Ti ' in the absence of pure
dephasing. The four-wave mixing linewidths are only
sensitive to the populations since the grating disappears
when the excesses fill the holes. They are therefore unaf-
fected by inert buffer gases which pressure broaden the
absorptions according to

2Tz ' ——Ti '+PP,
where p is the buffer-gas pressure and P a proportionality
constant. (The sodium pressure is assumed to be small. )

The term with I „g
——Tz ' in the numerator of (4) con-

tains the collision-induced nature of the resonances.
When p =0 the expression 5+2iI „g cancels with the
resonant denominator 5+iT~ ' leaving no resonance. In
the full 48 term expression for X' ' this corresponds to a
cancellation of two terms, a destructive interference be-
tween four-wave mixing amplitudes. At high pressures
(typically p & 10 Torr) we get pp » Ti ', a nonlinear sus-
ceptibility proportional to.pressure, and a four-wave mix-
ing intensity proportional to p . The cancellation between
quantum-mechanical amplitudes is destroyed by collision-
al dephasing. Low-resolution work' has verified this
pressure dependence quantitatively.

The original motivation for higher-resolution studies of
these resonances was to verify the predicted linewidths.
Figure 3 plots the observed linewidth as a function of
added buffer-gas pressure for the population grating reso-
nances. The reason for some of the large width at low
pressure is that for simplicity we had omitted the Doppler
broadening terms which should appear in Eq. (4).' Since
the one-photon Doppler widths ( & 2 6Hz} can be neglect-
ed compared to the detunings from the

~ g ) to
~

n ) tran-
sition (& 20 GHz) (see Sec. II) it is approximately correct
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FIG. 3. Population grating resonance linewidths (FWHM) as
a function of He pressure, on a double-logarithmic scale.
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to add (k 1
—k2) v to the te~s (5+iT I

') and (5+2/r„s)
to amend Eq. (4). These widths are approximately
50—100 MHz in our experimental geometry. As men-
tioned in Sec. I, these corrections can be interpreted physi-
cally as describiiig the decay of the population modulation
in space due to the atomic motion. The reason, then, for
the decrease of the resonance width with pressure is that
velocity changing collisions with buffer-gas atoms con-
strain the grating and prevent its washout. This is an ap-
pealing physical way to understand this collisional nar-
rowing of the Doppler width, first predicted' and ob-
served' by Dicke. We have published a separate paper on
using the collision-induced resonance line shapes to learn
about properties of velocity changing collisions. ' At the
highest pressures in Fig. 3, the Doppler width has com-
pletely narrowed and the linewidths remain considerably
greater than 20 MHz. No power broadening or broaden-
ing with sodium density is observed and we know indepen-
dently that the instrumental width cannot explain this
discrepancy.

FIG. 5. Population grating resonance with lasers tuned near
P&&2 in the presence of excited-state quenching by N2. (6=30

GHz below P~/2).

A typical collision-induced population grating reso-
nance line shape at high helium pressure is shown in Fig.
4 and has FWHM of about 35 MHz and reproducible sub-
structure. The interpretation of ttus line shape will be
given later. To clarify the nature of the grating decay, ad-
mixtures of Nz gas were added to the Na/He mixtures.
Nitrogen quenches the P states in radiationless transitions
to the 3 S ground-state manifold by taking up the elec-
tronic energy as vibrational excitation. The results of
adding nitrogen with the lasers tuned near 3P~/2 are
presented in Fig. 5. The quenching broadens the reso-
nances but also creates a residual component which has
width much less than 20 MHz. This sharp feature is pri-
marily instrumentally broadened and has the same width
as coherent Raman resonances between Zeeman levels but
is unaffected by the application of a magnetic field.
These sharp collision-induced population grating reso-
nances and the structure in Fig. 4 can only be understood
if the strict two-level model is abandoned. More realisti-
cally, the degeneracies in the 3 S and 3 P&/23/2 mani-
folds of the sodium atom must be incorporated to under-
stand the population dynamics and hence the resonance
line shapes. Simple models of excited-state degeneracy,
ground-state degeneracy, and sodium —inert-gas collision
complex formation are worked out in the following sec-
tion and used to explain the above and other results.

B. Considerations of additional degeneracy

I

0
vI -~(MHZ)

FIG. 4. Population grating resonance line shape in pure He
tuned below the P~j~ state (PH, ——700 Torr}.

l. Excited-state degeneracy and fine structure-
ehanging collisions

Some previous work suggested that considering the
fine-structure degeneracy in the sodium P state would
alter the (nT&) '=20 MHz two-level prediction. ' In
fact, since the relaxation rates of 3 P,&z and 3 P3/z levels



HIGH-RESOLUTION STUDIES OF COLLISION-INDUCED. . . 2331

are identical, collisional population exchange between
these levels does not fundamentally change the relaxation
rate of the grating; the excesses still refill the ground-state
holes at the same rate.

Population transfer to and from nonresonant excited
states is caused by fine-structure changing collisions be-
tween Na and inert buffer gases. This effect can be incor-

I

porated in a three-level model by adding a second excited
level

~

n') to the two-level picture. This is depicted in
Fig. 2(b) where

~

n ) is identified with the resonant fine-
structure component and

~

n') with levels that can only
be populated and depopulated by fine-structure changing
collisions. We describe this system by the following equa-
tions:

i 5—+ 8/s„+ Wg„

—8'gn

—8'
gn

where Rnn and Rn n

Fgn +Sng $Vgn + JYn g
tion is

ng

i 5—+ W„,+R„„
—Rnn

(2)—8ng pgg A
(2)-Rn n pnn

& ~+ ~n'g +Rn'n Rn~pg

are fine.-structure changing collision rates and A is defined as before. We let
=I since the P states decay spontaneously at the same rate. The resonant population modula-

(2) (2) ~

pnn —
pgg

———iA
(R„„+2R„„)/(R„„+R„„) R„„/(R„„+R„„)

5+i r 5+i(r+R„„,+R„,„)
"" + (8)

Naturally when R„„=Owe recover the two-level result of
(4} where I'=Ti ' of course. When fine-structure chang-
ing collisions are rapid compared to spontaneous emission
(typically for P & 10 Torr), the second component of (8)
broadens to become unobservable leaving a resonance with
the predicted two-level width (nTi ) '=20 MHz.

The intensity of the grating resonances is, however, af-
fected by fine-structure changing collisions. The rates
Rnn and Rn n are related through detailed balance by the
level degeneracy ratio of

~

n ) and
~

n'), g„/g„so that

Rnn= Rn .gn
(9)

gn'
I

For
~
n) = P, /2 and

~

n') = P3/3 g„/g„=l/2 and thus
at p&10 Torr, —', of the resonant population in (8)
remains corresponding to a four-wave mixing intensity —,

as large. When the lasers are turned near P3/3 6 of the
population remains resonant. The numbers —', and 6 are
easily interpreted physically. The —,

'
(—', ) for the

P, /2 (P3/2) state represents the half of the population
modulation from the ground state (p~') which is unaffect-
ed by fine-structure collisions plus the fraction
g„/(g„+g„)= 1/3 ( —,

'
) of the half of the population

modulation in the P state. This model by itself still does
not account for the features exhibited in Figs. 4 and 5.

—i5+ W~

0

—8"g g
—i5+ 8"g g

0

—r„,
I ng'

—i5+r

(&)
pgg

(2)
pg'g'

(2)
pnn

under typical experimental conditions would produce
homogeneous widths of less than 1 MHz, identical to
those of the collision-induced coherent Raman resonances
between Zeeman levels of 3S. The long-lived population
imbalance will lead to a spectrally sharp population grat-
ing resonance as long as some of the ground states contri-
bute more strongly than others to the four-wave mixing,
known from calculations to be the case. '9

We model the above situation as sketched in Fig. 2(c)
where two ground states

~ g) and
~

g') are used to allow
for optical pumping. The level ~g') is taken to be a
"sink" level in the sense that it is assumed not to contri-
bute to the population grating resonance much like the
nonresonant

~

n') levels in the case of fine-structure
changing collisions. The populations of

~ g ) and
~

g')
equilibrate with spin exchange rates 8~ and 8'gg, in-
troducing the ground-state lifetime into the physics.
Rates for the excited states to decay into the sink level,
( I'„g ), and to be pumped from the sink level
A'=(i/A')[A „„,(co co„g +iI'—„s ) '[A „h,p' ']] are in-
cluded:

2. Ground-state degeneracy and optical pumping

The sharp resonances occurring with mixtures includ-
ing Nq suggest extremely long-lived gratings. These can
occur when a population modulation persists because the
excesses do not refill the holes from which they were
formed. Relaxation of the grating, then, also depends on
the relaxation rate amongst the ground states. This is
determined by ¹ Na spin exchange' collisions and

I

(10)

Again, the grating's frequency response exhibits two com-
plex Lorentzian components corresponding to a biex-
ponential relaxation of the three-level system to equilibri-
um

(&) (2)
pnn pgg = (2A+A')[5+i(W .,+ 8' )]+i(AI „.—A'I'„, }+i(A'O'.,—A W )

5+i (Wsg+ W~ )
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(12)(A I „—A'I „)&0
would mean that relaxation of atoms initially in the

~
g)

state to the
~

g') state is not balanced by the reverse pro-
cess so that a net optical pumping is achieved. The condi-
tion

(13)(A'Wss —A W~ )~0
describes the situation when loss mechanisms for

~ g ) are
different than those for

~

g') so that population tends to
pool in one or the other. For convenience we define an ef-

where I =I „g+I „g is the total population decay rate of
/n).

The expression (11) reduces to the two-level result when
the last two parenthetical expressions in the numerator
vanish. Each of these expressions represents an optical
pumping mechanism. The condition

r.,—=(Ar„,.—A'r„, )+(A'w, ,—Aw ) . (14)

In the presence of either mechanism (r,„&0) Eq. (11)
leads to sharp features in the four-wave mixing spectra
with half width given by the spin exchange rate
W~ + 8'g g.

The four-wave mixing intensity varies as the squared
modulus of the expression (11) leading to Lorentzian
responses with ground-state and excited-state widths and
a cross term which represents an interference between the
scattering from ground-state and excited-state gratings
over the bandwidth during which both populations can
follow the intensity modulation. The resonance intensity
can be written

fective optical pumping "rate" Fpp subsuming both of
these mechanisms,

4A

$2+ p2

'8'+(w, ,+w„+r.,)'

6 +(Wgs+ W~ )2
(15)

Equation (15) is nearly identical to Eqs. (46) of the excel-
lent paper by Yajima and Souma" which describes a
somewhat different three-level system. It is also in keep-
ing with the results of Oudar and Shen, " though written
here to emphasize the interference dip in the line shape
and relate it to optical pumping.

Equation (15) enables us to understand the data of Figs.
4 and 5. At high N2 pressures, the excited-state grating is
quenched by Nz (I large) while optical pumping (r,~) is
increased by N2. The residual-state grating therefore
dominates and a sharp peak is observed. Optical pumping
can occur in the presence of Nz because quenching of an
anisotropic distribution of 3P states can lead to a non-
equilibrium distribution in the 3S ground states. At the
other extreme, when no N2 is present the excited-state
grating persists for a time T~.

However, if there is optical pumping (r,~+0), the
four-wave mixing line shape can still exhibit sharp struc-
ture due to the interference between gratings cited above.
In the experiments with pure He, optical pumping still
occurs because one of the hyperfine components of the 3S
state (separated by QO-1. 8 GHz) is closer to the 3S3P-
resonance and depleted more rapidly. One confirmation
of this optical pumping mechanism is asymmetry in the
line shapes of the collision-induced coherent Raman
scattering resonances between different hyperfine levels of
the ground state. ' The lack of asymmetry due to optical
pumping in the analogous resonances between Zeeman lev-
els of a single hyperfine component lends support to this
choice of optical pumping scheme.

When 0( I p( Wgg+Wgg line shapes of the type
seen in Fig. 4 are predicted by (15). The interference
feature makes the FWHM appear broader than 20 MHz
as it suppresses the line center. Experimentally, we ob-
serve that the line sharpens slightly at large detunings,
presumably because the relative difference in detuning for
the hyperfine levels of 3S is now smaller and less optical

pumping occurs. The rapid degradation of the signal
strength with detuning' ' ' prohibits a more quantitative
comparison with experiment. Equation (15) can, however,
reproduce the line shape of Fig. 4 quantitatively. We
point out that the sign of I,p should change depending on
the direction of detuning from resonance and we would
expect constructive interference for tuning on the opposite
sides of the 3S-3P resonances.

We have verified that the fundamental homogeneous
broadening mechanism of the sharp resonances is caused
by spin-exchange collisions which limit the ground-state
lifetime. It is impractical to raise the sodium pressure
high enough to observe spin exchange. The addition of Cs
vapor at constant cell temperature and Na vapor pressure
does not alter the propagation characteristics of the light
beams, but allows the width from spin-exchange collisions
to become comparable to the instrumental width (Fig. 6).
Similar to analogous studies with the collision-induced
Zeeman coherences, a broadening and asymmetry in this
sharp resonance appear in the presence of cesium.

An extremely interesting and instructive analog to the
phenomena discussed above occurs in the resonant phase
conjugation experiments of Lam, Steel, and McFarlane. '

There, only sodium is present and the lasers are tuned to
the 3S(F=2)—+3P3/2(F =3) transition of sodium where
no optical pumping occurs. A degenerate frequency pop-
ulation grating resonance occurs without collisional de-
phasing when tuned within the inhomogeneous profile of
the resonance. The resonance is Doppler free because a
particular velocity group v=0 is selected by the lasers,
and its homogeneous FWHM is found to be 20 MHz in
accord with the two-level theory. Adding two Torr of in-
ert buffer gas (Ne) leads to a resonance of about 5 MHz
width' "and this is explained by these authors in terms
of velocity changing collisions between sodium and the in-
ert gas. In the language of this paper, the ground-state
holes are not filled properly because collisions remove
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FIG. 6. Effect of cesium admixture on sharp population

grating resonance.

atoms from the resonant velocity group. This destroys
the excited-state grating just as do fine-structure changing
collisions in our experiments and results in a ground-state
velocity distribution imbalance and therefore a ground-
state grating until the population rethermalizes much like
our S sink states. In their experiments, destruction of the
ground-state grating is much slower than that of the
excited-state grating due to higher velocity-changing col-
lision cross sections for the excited states, and their S

MHz ground-state grating widths are also determined by
laser frequency jitter limitations. In our case, destruction
of the excited-state grating by collisional quenching is
much faster than the rate at which the ground-state grat-
ing is destroyed when the quenching mechanism leads to a
net optical pumping of the ground state.

3. Molecular formation and dissociation

The onset of collisional narrowing of the Doppler width
occurs at very low pressures in xenon buffer gas because
of its large mass which makes for efficient velocity chang-
ing collisions. In sodium with 100 Torr of pure Xe, we
find that, for an alignment angle of about 2 deg, the
linewidth of the population grating resonance is less than
20 MHz (Fig. 7), and is the same as the width of the Zee-
man resonances in Xe at that pressure. This resonance is
unaffected by an external magnetic field and its width is
unchanged by the addition of N2. Evidently, the addition
of Xe leads to a quite strong ground-state grating, much
stronger than those in N2. At lower pressures (& 60 Torr
Xe), line wings corresponding to the excited-state grating
can be observed (Fig. 8) but these are apparently
broadened away by the addition of xenon.

The mechanism we propose to explain these data is ex-
cimer formation of NaXe in an excited m. state when P
sodium atoms collide with ground-state Xe atoms. This
affects the excited-state grating in much the same way as
irreversible fine-structure changing collisions would;
molecular formation serves to remove the P state atoms
from resonance. The net result is to leave a resonant

vI —v~ (MHZ)

FIG. 7. Population grating resonance in 100 Torr Xe (6=20
GHz below P~~2).
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FIG. 8. Population grating resonance in 40 Torr Xe (6=20
GHz below P~~2).

ground-state grating, periodic unfilled holes in the ground
state. A model calculation of such an effect [Fig. 2(a)]
corroborates this qualitative reasoning. As with the case
of ground-state sinks, the addition of an extra state to the
two-level model decouples excited- and ground-state pop-
ulation evolutions and introduces the ground-state lifetime
into the physics.

Excimer formation between Na(4 S) and Ar, Kr, and
Xe has been observed and even ground-state "sticking
collisions" between Rb and Ar, Kr, and Xe have been re-
ported. z' In the latter case, lifetimes of the order of 10
ns were associated with these complexes formed in bia-
tomic collisions. Generally, since energy and momentum
cannot be conserved in a two-body reaction, three-body
collisions are required for stable molecular formation. In
the instances cited above, the long relaxation time "re-
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fleets the presence of metastable states associated with
resonances in (interatomic) scattering" " ' which can
occur whenever the relative kinetic energy of colliding
atoms equals the energy of R bound state of the complex.
Other authors report significant formation of Na( P)-Ar
complexes in three-body collisions at only 60 Torr of Ar
prcssure and this, too, could bc Rn important contributing
factor in the destruction of the excited-state grating. "

In thc experiments of Bouchiat 8't Ql. , thc Rb-Kr
complexes formed were found to be dissociated by col-
lisions with helium. Adding helium to the 100 Torr of Xe
modif les thc spectrum of Flg. 7 Rs shown ln Flg, 9.
Indeed, helium coBisions appear to restore the excited-
state grating, presumably by dissociating. the mctastablc
Na-Xc cxciHlcx's. %c note that thc spcctruIYl at 600 Torr
He and 100 Torr Xe very much resembles the four-wave
IIllxlng spcctruGl ln puI'c Hc.

Thc above studies Rlc well cxplalncd by the ITlodcl of
Fig. 2(d). We assume that Na(3P)-Xe collisions form
metastable complexes

I
M) which remove 3P atoms from

I'csonRQcc with 1Rtc A~M Rnd that colllslons can also lc-
sult in dissociation of IM) to its original constituents
with rate A~„. The equations are those of

FIG. 9. Typical population grating resonances in Xe/He
mixtures. (5=20 0Hz below P«2).

—i&+ 8'~ + 8'g g

0

(2)
~sg

(2)
Pen
(2)

Pmm

(16)

where an effective ground-state width W~+8'ss has
bein retained from the calculation of the preceding sec-
tion,

The second ground state is not considered explicitly so
that (16) can be solved analytically. The roots of the
characteristic polynomial P(5) associated with the above
Inatrix represent Lorentzian half-widths which should be
observed ln thc spcctx'a. Hclc,

P(5)=( i5+ Wss +—8'ss)[ 5 »(I +—&„~—+&sr, )

The characteristic full widths are

2
I 51n I

=2( 8'~ + 8's s ), (1ga)

2
I »n I

=I +~ssr+~~.
+[(I +~~+~~.)' 4I'~sr. l' ',—(lgb)

2
I &in I

= I +~.I+~sr.
—[(I +&„sr+&sr„)1—41 Rsr„j'n . (lgc)

TIN first x'oot represents the ground-state width which ls
manifest when formation of

I
M) irreversible on the ex-

perimental timescale prevents the ground-state holes from
filling. %'e examine thc last two roots in the limiting
cases of don1111a11t conlplex fornlatloil (R~~ &)I,R~~ )
and laPid dlssociatloii (R~„))I,R„sr). With raPKl co111-
plex formation the widths describing the excited-state
grRtlng reduce to R stx'ong I'oot with

2
I &in I

=I'+&.~
and much weaker process of width

2
I »n I

=~sr. ~

%hen rapid dissociation dominates complex formation,
the roots become

2l~inl =I
2

I &in I
=I +P.sr+~sr. .

%c note that this latter case has the same roots as the case
of fine-structure changing collisions where

I
M) is identi-

fied with
I
n') The essentia. l difference between these

cases, that
I
M ) does not decay directly to

I g ), had been
made negligible by rapid destruction of

I
M) to reform

I
n) which can decay to

I g) and refill the ground-state
holes. Fol lar'gc dissoclatlon rates, then, the 8IQplltudc
but Qot the linewidth associated with the excited-state
grating is affected by complex formation of excited sodi-
um with xenon, This is just as in the fine-structure
changing colllslon case and thc spectrum also I'cvcrts to
the simple case of Scc. I.

Thc lcsults of population grRtlng lcsonancc studies ln
argon buffer gas appear qualitatively similar to those in
xenon but are considerably less clear cut because the col-
llslonal narrowing of thc Doppler %vldth ln Rrgon ls much
slower. %c note that Ewart et al. 3 have reported exci-
IncI' formation between thc 3 P state of sodium and
ground-state ar'gon.
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A possible alternative mechanism for creating a
ground-state grating is along the lines of the optical
pumping mechanism suggested for collisional quenching
by N2. The NaXe excimers could fall apart in such a way
as to leave the ground state of sodium in a highly non-
equilibrium population distribution. The strength of the
grating resonance may be an indication that this mecha-
nism is less likely.

Z E EI

IV. INTERFERENCE BETWEEN ZEEMAN AND
POPULATION GRATING RESONANCES

Thus far we have presented results of experiments with

incident field polarizations Ei and E i parallel to E2. The
selection rules require AIF Obetw——een the initial and fi-
nal state in the 3 S manifold, and the four-wave mixing

output, E«„ is parallel to the input fields. When Ei and
E

&
are perpendicular to E2 then dmin

——+1 resonances are
selected. Population gratings are excluded and the four-
wave mixing output results from Raman-type coherences
between Zeeman sublevels of 3S. The resonance positions
are sensitive to external magnetic fields and the homo-
geneous widths are characterized by sodium-sodium spin-
exchange collision rates.

Interference between different X' ' processes has been
demonstrated previously, and used to measure relative
cross sections for coherent Raman scattering and two-
photon absorption. An interesting example of this
phenomenon occurs when both Zeeman and population
grating resonances are allowed by the polarization config-
uration. We consider here a simple exainple of interfer-
ence where E(coi) and E'(coi) are parallel polarized and

E(co2) is linearly polarized at an arbitrary angle P with
respect to them. Call the direction of E(coi) the z direc-
tion and let the orthogonal direction in the plane of the
fields be x as illustrated in Fig. 10. In the absence of B,
we can think of the component of E(co2) parallel to E(coi)
creating a population modulation and the perpendicular
component creating a Zeeman coherence. The coherent
emissions corresponding to these processes will have
orthogonal polarizations and what is observed will depend
upon the angle P of our output polarizer in the plane of
the fields. At angles f other than 0, n./2, n, and 3~/2.
both processes (i.e., both sets of radiating antennae) con-
tribute to the total output field and the radiated fields will
interfere. The observed field will be

FIG. 10. Schematic of polarization scheme for interference
experiments.

~«~~ I E««y) I

'~
I P. I

'»n'y+
I P, I

'cos'@

+(P, Pz+Pz P, )sing cosg, (24)

C,sing
Pg ——'= s+ir, (25)

where the last term is an interference term which can can-
cel the output entirely when P, =+Pz and f=m. /4, 3m./4.

Figure 11 shows data from the more general case
described above with /=20' and g varied to demonstrate
the nature of this interference effect. Both constructive
and destructive interferences between collision-induced
Zeeman and population grating resonances in pure helium
are observed as the output analyzer is rotated. The band-
width of the interference structure is characteristic of the
width of the Zeeman resonances. We are also able to veri-
fy that this effect is distinct from the interference dip due
to an optically pumped ground-&tate grating by applying a
magnetic field in the z direction [Fig. 11(d)]. In an exter-
nal field (along z in the experiment) the interference
features due to Zeeman coherences are removed from
~j —co@——0 leaving only the ground-state grating dip at
co~ —~2 ——0 which is much weaker.

A more detailed attempt at modeling the line shapes of
Figs. 11(a)—11(c) runs into fundainental difficulties. Ex-
pressions for the polarizations P, and Pz where the
denominators resonant in the difference frequency are
written explicitly are given by

E,„,(f)aP, sing+ i cos/, (21) and

P, =X, E~E'iEzsing, (22)

Pz Xz 'E&E'iEz cosP . ——
The resulting four-wave mixing intensity will be

(23)

where P, and Pz are nonlinear electric polarizations corre-
sponding to the Zeeman and population coherences and
are given by

icos/P =

5+iran

(26)

In the extreme narrowin~ limit where the velocity distri-
bution is Lorentzian, ' ' these expressions are correctly
averaged over the velocity distribution if we take the
damping widths I; and I z to be the sum of appropriate
homogeneous and residual Doppler widths. '9 In practice,
I z is primarily homogeneous width and I, inhomogene-
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which is symmetric in 5=cot —ro2. The line shapes of
Figs. 11 are distinctly asymmetric and this is not yet com-
pletely understood.

V. SUMMARY AND CONCLUSIONS

%'e have reported results of high-resolution studies of
near degenerate collision-induced four-wave light mixing
in sodium vapor with inert buffer gases. HIgh resolution
experiments enable us to understand inhomogcneous and
homogeneous broadening mechanisms for population
grating resonances in four-wave mixing. The results are
explained qualitatively in terms of a grating picture and
modeled quantitatively using time dependent perturbation
theory in the presence of damping.

At low pressures of buffer gas the residual Doppler
width contributes significantly to the linewidth but at
higher pressures velocity changing collisions reduce this
width by preserving the spatial modulation of the excited
sodium density. More importantly, collisional narrowing
of the residual Doppler width makes it feasible to study
the homogeneous broadening mechanisms unencumbered.

The data show that a detailed treatment of the degen-
eracy of the sodium atoms is necessary to understand the
four-wave mixing line shapes and intensities. Excited-
state fine-structure degeneracy allows fine-structure
changing collisions to introduce a second component .

(broad at pressures & 10 Torr) to the two-level line shape
and reduce the intensity of the two-level grating. The
width of the remaining component is unaltered because
the fine-structure components decay to refill the ground
state at the same rate.

The four-wave mixing resonance broadens when the
excited-state grating is collisionally quenched by N2 and
leaves a sharp component. This sharp resonance is at-
tributable to a residual ground-state grating from a
collision-induced optical pumping and has width charac-
teristic of the ground-state lifetime. Even in the absence
of Nq, optical pumping occurs because the different hy-
perfine components of the ground state are detuned by
different amounts from the 3S-3P resonance. In this case
interferencc between ground-state and excited-state grat-

ings can explain the anomalously large linewidth and the
structure in the line shape. In xenon buffer gas, sharp
ground-state population gratings were also observed.
There, the excited-state quenching mechanism is probably
excimer formation between the highly polarizable Xe
atoms and the sodium I' states.

Results of experiIDcnts demonstrating interference be-
tween the collision-induced population grating resonances
and collision-induced coherent Raman resonances between
ground-state Zecman levels are also presented. From
these, one can deduce relative intensities and phases of the
corresponding electric polarizations and a dephasing be-
tween the susceptibilities for these processes which is not
yet understood has been documented. The collision-
induced resonances arise because collisions remove the
destructive interference between different time-ordered
quantum-mechanical amplitudes contributing to 7' '. The
analogous dephasing between different intermediate state
ordered pathways contribution to X~ ~ could explain this
phenomena but further work needs to be done to clarify
this speculation.

The experimental observation and characterization of
damping-induced nonlinear phenomena has stimulated
theoretical work as well as applications to other scien-
tific problems, Dephasing-induced four-wave mixing ex-
periments have been used to study relaxation times in or-
ganic dyes in solution and used to do novel spectroscopy
of excited-state vibrations in molecular crystals. Atomic
collisional potentials and properties of velocity changing
collisions' have been explored by pressure-induced four-
wavc mixing experiments. In conclusion, dephasing-
induced coherent phenomena are promising research tools
to study collisional properties, population dynamics and
chemical interactions.
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