PHYSICAL REVIEW A

VOLUME 30, NUMBER 2

AUGUST 1984

High-resolution four-wave light-mixing studies of collision-induced coherence in Na vapor

L. J. Rothberg* and N. Bloembergen
Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138
(Received 19 December 1983)

Near-resonant four-wave light mixing in Na vapor with inert buffer gases reveals collision-
induced coherences when the difference frequency between two incident light beams equals the hy-
perfine splitting or the Zeeman splitting between two states of the 3%S ground-state manifold. The
Doppler broadening of the corresponding resonances decreases with increasing buffer-gas pressure.
The width of the resonances becomes significantly narrower than the spontaneous linewidth of the
near-resonant intermediate state and is determined by spin-exchange collisions between ground-state
atoms. The dependence of the intensity of these collision-induced resonances on buffer-gas pressure
and detuning from one-photon resonances is measured. Selection rules for various polarizations of
the incident light fields and directions of an externally applied magnetic field are established.

I. HISTORICAL BACKGROUND

Early in the development of nonlinear optics it was ex-
plicitly noted that the calculation of complex nonlinear
susceptibilities based on the evolution of the density ma-
trix with damping terms yielded resonant terms with ener-
gy separations between pairs of initially unoccupied excit-
ed levels. Such terms do not occur in perturbation
theories without damping.!

In the mid-1970s detailed studies of four-wave light
mixing, including resonant Raman-Stokes and anti-Stokes
scattering, required detailed expressions’~* for the non-
linear susceptibility X*.. Questions had been raised about
its correct form, and occasionally procedures were used,
where damping was added in an ad hoc fashion to results
of perturbation theory without damping.’~7 It was there-
fore important to cast general expressions for X 2 and x®
in such a form that the terms with resonances between
pairs of excited states are explicitly displayed.> Such
terms, which have numerators proportional to an algebra-
ic sum of damping parameters, are irretrievably lost if one
starts with a perturbation approach without damping.
The existence of these extra resonances was subsequently
verified experimentally by Prior et al.® firmly establish-
ing the correct general complex form of X* in near-
resonant situations.

Several authors have used double-sided Feynman dia-
grams*°~1!! to facilitate the bookkeeping of the 48 terms
in X®. In the absence of damping, the (bra| and |ket)
states evolve independently. In this case their relative
time ordering is unimportant and single-sided diagrams
could be used. To obtain the extra resonances the use of
double-sided diagrams is necessary.

The essential aspects of the damping-induced extra res-
onances can be illustrated by a very simple calculation for
a three-level system,!! shown in Fig. 1(a). The system is
initially in the ground state pg,)z 1. Electric dipole ma-
trix elements p1,, and p,, connecting the ground state
with two excited states, exist. The system is excited by
two coherent fields at frequencies @, and ,, respectively.
The frequency w; is near the resonant frequency @,g, and
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the frequency o, is near the resonant frequency w,, so
that

|01 —03| >> |01 —0pg | = |03—@pg | >>Tpg=Tpy .

The dominant terms in the first-order solution are the in-
duced coherences
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In the second approximation one obtains the coherence at
the difference frequency w,— w1,
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There are two contributions to this coherence depending
on the time ordering of the perturbations at @, and w,,
respectively. The term with the resonant denominator
Wy —(@y—o1)—IiT,, exactly cancels in the absence of
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FIG. 1. (a) Collision-induced coherence pﬁ,zlz,(wz—wl) between

two excited states, when initially only the ground state is occu-
pied, plg=1. (b) Collision-induced coherence pfy(w,—a,) be-
©_ (0 _ 1

tween two equally populated ground states, pgy =pgrgr= 7.
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damping or if T+ g, —iT,, =0. This last condition
holds if the states | n ) and | n) can decay only by spon-
taneous emission to the ground state | g). This fact was
also noted by Hansch and Toschek.'? In this case the ex-
tra resonances will only be induced by other damping
mechanisms, such as collisional mechanisms for which
Fegn+Tyg—Tp ,,#0

In media with 1nver51on symmetry there is no dipole
moment associated with pi%}, and no difference frequency
is generated. The existence of this coherence may be
demonstrated in a four-wave mixing experiment. The
presence of the two incident waves sets up a coherence
grating pmexp[z kl—kz) T—i(w;—wy)t], from which a
third wave may be scattered to generate a fourth wave.
The existence of such a collision-induced coherence, or
pressure-induced extra resonance, was first demonstrated
by four-wave mixing in a system of Na vapor and helium
buffer gas.® In this case | g) corresponds to the 35,
ground state and | n) and |n’') to the doublet 3P3,; 1,,.
A detailed comparison between theory and experiment! 13
confirmed the correct treatment of damping in nonlinear
situations.

Another way to describe the same phenomenon utilizes
the concept of dressed material states. Grynberg!* has
shown that collisional transfer of population between
dressed states leads to the same coherence given by Eq. (2)
(as the collision acts only on the material part and not on
the radiative part of the dressed eigenstates). An advan-
tage of this method is that it can be extended to the case
of large detunings. In this quasistatic regime details of
the atomic interaction potential are important, and the
Lorentzian line shapes characteristic of the impact ap-
proximation are no longer valid.

There are, however, differences between single-atom
collisional redistribution and coherent four-wave mixing
which require care in using this analogy. Most notably,
the cooperative nature of four-wave mixing leads to
phase-matching requirements and a different pressure
dependence than for collisional redistribution. Different
behaviors of the strengths of these processes with detun-
ingl 5from intermediate resonances have also been predict-
ed.

While there remains no ambiguity or disagreement
about the correctness of Eq. (2) to describe the coherence
pi,zl,), in the impact approximation, the verbal interpreta-
tion has given rise to some discussion. If the material sys-
tem contains other states besides the three levels depicted
in Fig. 1, and if spontaneous emission from one or more
of these three levels to those other states can occur, then
the “extra resonance” would be observable even in the ab-
sence of collisions. In this case it would be more rigorous
to speak of collision-enhanced coherence.!® In fact, the
extra resonance could then also be enhanced by thermal
radiation fields, which would cause an increase in

Ipg+Tg—T,,. Enhancement by hlgher-order radiative
processes has also been considered theoretically.!”

Enhancement of the resonance between two initially un-
populated vibrational states of an electronically excited
manifold has been observed for the molecules embedded
in a host crystal at low temperature.'®!® The four-wave
mixing resonance was observed to increase in intensity as

the temperature was increased. This increased the
numerator I,y 4T, —T,,, as the damping due to pho-
non interactions is increased. Such experiments may pro-
vide a new tool to study relaxation processes of molecules
in excited electronic configurations.

It is, of course, somewhat paradoxical that the oc-
currence of collisions can give rise to, or enhance, the in-
tensity of a coherent light beam in a four-wave mixing
process. This fact may be made understandable by ob-
serving that there are two channels leading from Eq. (1a)
to the coherence p,,z, in Eq. (2). In the absence of damp-
ing there is a destructive type of interference between
these two coherent pathways. The presence of collisions
destroys this destructive interference.!'! Despite a contrary
view expressed by Dagenais,?® we believe this is a logically
satisfying description of the physical situation. A some-
what analogous situation may occur in two-photon ab-
sorption processes or in Raman scattering. Bjorkholm
and Liao?! have shown that, for the two-photon transition
from the 3S,,, to the 3Dj;,, states in Na vapor, destruc-
tive interference occurs if one laser frequency is tuned be-
tween the D; and D, resonances of the Na doublet. The
intermediate states 3P;,, and 3P;,, will give opposing
contributions to the two-photon matrix element because
of the opposite sign of the detuning denominators. This
destructive interference is essentially complete for one
particular choice of w;. If now a buffer gas is added and
collisions cause the imaginary part of the respective
denominators to become significant, this destructive in-
terference will be reduced. It will disappear completely if
the doublet resonances are broadened to significant over-
lap. Although we made an attempt to demonstrate it, ex-
perimental difficulties have prevented us from positively
identifying this effect. It would be another example of a
collision-induced effect on X'*. The two effects, which
are closely related but not identical, have been discussed in
detail by Yee and Fujimoto?? with the aid of double-sided
Feynman diagrams.

It is well known that second-order perturbation theory
gives rise to changes in the diagonal elements of the densi-
ty matrix.22=2° In fact, p(Z) and p,,,, or pi,zﬁ,' will show
sharp resonances for w; —w,=0 with a width equal to the
inverse lifetime of these states. Bogdan et al. have
demonstrated collision-induced population gratings.?> We
have studied such gratings at high resolution for a variety
of buffer gases. These results will be the subject of a
separate publication

Dagenais'® has emphas1zed that the Schwarzschild-type
inequality |p(2) < p,,%,’pﬁ,zﬁ,: must always be obeyed. This
does not imply, however, that p,,,,r is caused by the popula-
tion changes or could be theoretically derived from them.
Population changes and coherences are concomitant but
independent phenomena. Their relative 1ndependence 1s
best illustrated by the frequency dependence of p,l ),
which has a resonance as w, is swept through w,tw,,,
while the populations remain essentially constant.

A careful distinction should also be made between X*
effects and collision-induced effects of higher order,
where first excited states are populated with collisional as-
sistance and subsequently four-wave mixing experiments
are performed. Such effects are properly described by
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nonlinear susceptibilities of higher order.

This paper is concerned with coherences between two
states belonging to the ground-state manifold, as depicted
in Fig. 1(b). Such coherences can also be detected by
four-wave mixing and they are also induced or enhanced
by collisions.!"!> The second-order coherence between
two initially populated states of the ground-state manifold
is given by

,unggu‘g’nElE;
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At the Raman resonance condition wg, =@w;—w,, which
implies equal detunings A= —w,, =w;— W, this ex-
pression reduces, for the case 'y, =T,,-=T and for large
detuning A>>T, to
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The first term vanishes when the two levels |g) and
| g') have equal populations. This is the basis of the con-
ventional statement that the Raman-type susceptibility be-
tween two equally populated levels vanishes. In the pres-
ence of damping, the second term, which is proportional
to the sum of the populations in the two levels, can be sig-
nificant. It exists even in the absence of collisions, when
' is determined by spontaneous emission. When col-
lisional broadening is dominant, the coherence will be pro-
portional to the buffer-gas pressure. Bogdan et al.® al-
ready reported a collision-enhanced resonance in four-
wave mixing for the case that | g) and | g’) stand for the
F=1 and F=2 hyperfine levels of the 32S;,, ground
state of the Na atom. This resonance occurs when
w|—w,=1772 MHz. It could obviously be very sharp be-
cause the damping Ty, between two components of the
electronic ground state is determined by magnetic spin-
flip interactions, but the resolution in this first experiment
was insufficient to make a detailed study of mechanisms
determining the linewidth. -

It is also possible that | g) and |g’) correspond to two
Zeeman sublevels with different spatial quantum numbers
m and m’. In the presence of an external magnetic field
such levels would not be degenerate. Grynberg first called
attention to collision-induced Zeeman coherences.?6 We
have reported the observation of such resonances in the
32S,,, ground-state conflguratlon of Na atoms, mixed
with various buffer gases.”

Here results of more recent, higher resolution studies
are reported for the Zeeman and hyperfine coherences. In
Sec. II the experimental arrangement is reviewed. The in-
tensity and the width of the resonances are studied as a
function of the pressure of various buffer gases in Sec. III.
Residual Doppler broadening and collisional narrowing by

various types of velocity-changing collisions, as well as
the causes for the ultimate homogeneous broadening, are
discussed.

In Sec. IV the resonances are studied as a function of an
externally applied magnetic field for various configura-
tions of the polarizations of the three incident light beams
and the direction of the external field. Selection rules are
presented which permit a distinction between Zeeman
coherences and population gratings even in the absence of
a magnetic field. The relationship to the collision-induced
Hanle effect is pointed out in Sec. V.

II. EXPERIMENT

The experimental apparatus is similar to that used in
previous studies of collision-induced four-wave mix-
ing.!'b1327 A schematic of the apparatus is diagramed in
Fig. 2. The present experiment uses two argon-ion laser-
pumped (Spectra Physics Model 171-19, 6W at 514 nm),
single-mode, continuously tunable cw dye lasers (Coherent
599-21). These are frequency stabilized with active feed-
back electronics to a root-mean-square linewidth of ap-
proximately 2 MHz, which represents an improvement of
more than an order of magnitude over previous experi-
ments. The output of each laser is monitored with a 7.5-
GHz free spectral-range-scanning Fabry-Perot etalon with
40-MHz resolution. One laser, taken to have frequency
w1, is split into two beams which are made to propagate
parallel to one another but are offset by 1—5 mm. The
beam from the second laser at w, propagates parallel to
each of these, so that in a plane perpendicular to the
direction of travel the three beams fall at three corners of
a square with the beam at w, occupying the intermediate
vertex.

The three Gaussian beams are each about 1 mm in di-
ameter and are focused to the center of a 10-cm-long
stainless-steel sodium heat pipe by a 5-cm focal-length
lens which is the entrance “window” of the oven. The
beam diameters at the focus are approxxmately 20 pm.
Here the beams with wave vectors kl and k2 cross each
other at an angle which could be varied in the range of
1°—6°. The beams are recollimated by a matching 5-cm
focal-length lens which is the exit window. This
scheme enforces a three-dimensional phase-matching
geometry?®—3° which enables spatial discrimination of the
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FIG. 2. Schematic of experimental apparatus. PMT is the

photomultiplier tube.
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generated wave from the input beams even if the beams
have nearly or exactly the same frequency. Good phase
matching over a wide range of tunability is obtainable,
which is not possible in the conventional phase-conjugate
backward wave geometry of frequency degenerate four-
wave mixing.

The input beams are blocked at the heat pipe exit and
the signal beam is transmitted through a pinhole and spa-
tial filter to a photomultiplier tube operated at low gain.
Additional discrimination against scattered light from the
beams at @, is provided by mechanically chopping the
beam at w, and by using phase-sensitive detection (PAR
HR-8 lock-in amplifier). Each of the three input beams
has linear polarization which can be rotated with a half-
wave retarder or made circular with a Fresnel rhomb. For
some combinations of input polarizations a polarizer
preceding the photomultiplier provides additional
discrimination against scattered light. It is possible to ro-
tate the double Fresnel-rhomb half-wave retarders without
appreciably altering the beam alignment.

Nichrome-wire heaters with variable ac current heat the
oven to between 200 and 300°C, corres 3pondmg to sodium
densities in the neighborhood of 10'*—10'*/cm®. Inert
buffer gases (He, Ar, Xe, N,) are added in pressures up to
3 atm, as measured by a capacitance manometer (MKS
Baratron 170M). Addition of buffer gases can affect the
density of sodium in the interaction region.! In principle,
measuring the nonresonant four-wave mixing intensity
can be used to correct for variations in sodium density
and laser intensity. At the small angles used in most of
the experiments ( <2°), the nonresonant background is
difficult to measure accurately due to scattering noise. In
studies where cesium admixtures are also present, solid
cesium is added into the heat pipe with the sodium metal.
The cesium pressure is governed by the oven temperature
where it is placed and cannot be varied independent of the
|

sodium pressure. Addition of cesium also strongly affects
the density of sodium in the interaction region.

The lasers are detuned either below the D; (32S,,-
3%P, ;) line or above the D, (32S, /,-3%P; ;) line of sodi-
um by about A=30 GHz (1 cm™'), a value small enough
to make only one of the 3P levels near resonant. This de-
tuning is, however, very large compared to the Doppler
width (Avp=~2 GHz), the Rabi frequency (vg ~10—100
MHz at typical intensities), and the collisional width 75!
(full width at half maximum approximately equal to 11
MHz per Torr of He buffer-gas pressure). Thus, no par-
ticular velocity group is selected, no one-photon satura-
tion effects are important, and only a small amount of ab-
sorption occurs, all collisionally assisted. Because all of
the beams have nearly the same frequency @ ~wss.3p and
because 2@ is not near any sodium resonances, the only
contributions to X® resonant in all three energy denomi-
nators are those where the output frequency w, is also
near @. The only phase—matched combination in the cited
experlmental geometry is that with @, =20;—w, and
kom_ k1+ K] 1— k2 where k1 and k denote wave vectors
of the two beams at w;. The laser w1th frequency w, is
scanned to higher frequency with w, fixed to observe
four-wave mixing resonances in the difference frequency
®;—®,. The scan rate is calibrated by measuring reso-
nances known to be separated by the ground-state hyper-
fine splitting of sodium.

ITII. LINE SHAPE AND INTENSITY
OF COLLISION-INDUCED ZEEMAN COHERENCES

The intensity I (2w;—w,) of the newly generated output
wave is proportional to | X’ |2, the absolute square of the
pertinent third-order susceptibility. The dominant term is
derived from the second-order coherence in Eq. (4),

+oo HgelegtgrettegNo( +iT) S\ S

X3 =20+ w0, —Wy,w1)=

f(¥)dv . (5)
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Here N, is the number of Na atoms per cm> and f(V) is a
distribution over suitably averaged atomic velocities. The
Doppler shift in the Raman-type resonant denominator
has been explicitly included. The other denominators
have been set equal to the detuning A, which is large com-
pared to the damping and the Doppler shift of one-photon
transitions, A>>T,,, | K9 |. A complete treatment of
Doppler broadening in four-wave mixing, when the detun-
ing is small, has been published.>? In this case, particular
velocity groups are singled out and selective absorption
occurs, which leads to complications in the interpretation
of the collision-induced signals.

The complete energy-level diagram of the 3S and 3P
configurations of the Na atom in a weak external magnet-
ic field, shown in Fig. 3, is of course much more complex
than the three-level simplifications of Fig. 1. Since the
hyperfine splitting in the excited P states is small com-
pared to the detuning, the summation over the virtual ex-
cited states |n) can be restricted to one 32P configura-

P 2
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25 ¢ o:
38 ——gp— V2 17721 =
-8  T(L+8) o:
fine hyperfine
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splitting splitting Zeeman effect
FIG. 3. Energy levels of the 32S and 3P configurations of

Na.
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FIG. 4. Collision-induced Zeeman resonances in four-wave

mixing in an external magnetic field (py. =700 Torr, A=30
GHz below 32P, ;).

tion, and a common average value of A can be used for all
its sublevels. Since all the dipole matrix elements con-
necting the pertinent excited states with any sublevel | g)
or | g') of the ground state are known, X ) can be calcu-
lated theoretically from Eq. (5).

In Fig. 4 we have shown the nearly degenerate four-
wave mixing resonance in an external field B=175G in a
mixture of Na vapor at 30 mTorr with a helium buffer-
gas pressure of 700 Torr. The magnetic field was applied
perpendicular to the direction of propagation of the light
beams, parallel to the E fields of the beams at ;y, and per-
pendicular to the polarization of the beam at w,. We shall
discuss details of the selection rules under these conditions
in Sec. IV. The absence of the resonance at w;=w, is ex-
perimentally evident. No population gratings contribute
to the signal in this polarization geometry. Only Zeeman
coherences are observed due to pay, with m’=m +1. The
pattern agrees well with the computer-generated response
using Eq. (5), which is reproduced in Fig. 5.

If the external magnetic field is reduced to zero, the
Raman-type resonances of the Zeeman coherence collapse
to a single line with wg, =w;—w,=0. Figure 6 shows
that this resonance has a width of 4 MHz, considerably
narrower than the one-photon spontaneous linewidth
I'=~Tg. ~10 MHz and also narrower than the collision-
free Doppler width

Awp=(K,—K,)V~2K; |v|sin(+0), (6)

where 0 is the angle between the wave vectors El and Ez.

J (2v;-v,) (arb. units)

U, U, (MHz)

FIG. 5. Computer simulation of the data in Fig. 4.
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FIG. 6. Zeeman coherences in vanishing magnetic field.

A. Collisional narrowing of Doppler broadening

At the helium pressure of 700 Torr this inhomogeneous
Doppler broadening is much reduced because of collision-
al narrowing. During the time Awp', a Na atom under-
goes many collisions which average out the velocity. Call
the time required for a significant change in velocity, i.e.,
the velocity correlation time, 7., which is inversely pro-
portional to the pressure. Then we have at high pressures,
7. Awp << 1, the reduced width

Aw, ~AwHT, . (7a)

One may also describe the motional narrowing of the
Doppler broadening in the spatial domain. A coherence
grating is created with a spacing 7| k;—k, | ~%. If col-
lisions prevent significant diffusion of the Na atoms, be-
cause the mean free path / =7,v is small compared to the
grating constant, motional narrowing of Awp will occur.
The limiting behavior for I | kK, — Kk, | <<1 yields a residu-
al Doppler contribution

Aw,=Aopl | K;—Kk,| (7b)

which is equivalent to Eq. (7a). The mean free path is re-
lated to the cross section by

1
noyp

1= , ®

~i|e

where n is the number density of the inert gas, oy the
velocity-changing collision cross section between sodium
and inert gas atoms, ¥ the average relative velocity, and T
the average thermal speed of the Na atom.

We have experimentally observed that the width de-
pends on the angle between the beams at low buffer-gas
pressures and that it narrows with increasing helium pres-
sure. These data are displayed in Figs. 7 and 8. Note that
the narrowing sets in at lower pressures, the smaller the
angle 6. At high pressures the broadening is indeed in-
versely proportional to the pressure, in agreement with
Egs. (7a) or (7b).

Elimination of Doppler broadening in microwave reso-
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FIG. 7. Line shapes of Zeeman coherence resonances in Na-
He mixture for 6=3".

nances was first proposed by Dicke, and the reduction in
inhomogeneous width was first observed by Romer and
Dicke*® with wall collisions in a very small cavity. Soon
thereafter narrowing by the addition of a buffer gas in a
large cavity was observed.

Heretofore, collisional narrowing has never been ob-
served on pure electronic transitions since such transitions
usually are broadened by the optical dephasing induced by
the collisions. This causes a homogeneous broadening
which obscures the collisional narrowing of the Doppler
width. The observation of Doppler narrowing in optical
spectroscopy has previously been confined to infrared and
Raman spectra of vibrational and rotational transitions in
small molecules. Even there the dissimilarity in collision-
al potentials for the transition levels is sufficient to re-
strict experiments to light molecules, so that velocity-
changing effects are dramatic. Most experiments to date

100+
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N
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FIG. 8. Linewidth as a function of helium pressure for three
angles 6.
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FIG. 9. Comparison of collisional narrowing in helium with
models of strong and weak velocity-changing collisions.

have been on narrowing in H,, D,, and HD, and a brief
survey is given by Pine.**

In our four-wave mixing experiments collisional de-
phasing is absent since the Zeeman levels | g) and |g’)
have essentially the same interaction potential during the
collisions. Therefore, the collisions in our case behave as
pure velocity-changing collisions. They may be incor-
porated in the classical Boltzman transport equation

 vv-9r= l—ai

at at

coll

This permits a comparison of theoretical models of
Doppler narrowing with our experimental results.

Rautian and Sobel’'man® have discussed the influence
of velocity-changing collisions on one-photon absorption
and fluorescence line shapes in the limiting cases of the
strong collision and weak collision models. In the former,
each collision essentially rethermalizes the atomic veloci-
ty; in the latter, the velocity change in a single collision is
relatively small. The predicted line shapes are Lorentzian

L {Argon data
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o
* 1o oWeak
50|
301
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log INHOM. WIDTH (MHz)

10 30 100 300
log PRESSURE
(Torr)

FIG. 10. Comparison of collisional narrowing in argon with
models of strong and weak velocity-changing collisions.



826 L. J. ROTHBERG AND N. BLOEMBERGEN 30

{ Xenon data
° = Strong
k1 i © Weak
50 i

70

30+

20

10

log INHOM.WIDTH (MH2)

10 30 100 300
lecg PRESSURE
(Torr)

FIG. 11. Comparison of collisional narrowing in xenon with
models of strong and weak velocity-changing collisions.

at high pressures, while the wings are suppressed at lower
pressures. In the absence of collisions the Gaussian shape
of the Doppler broadening is recovered. Details of the
line shape in the intermediate narrowing regime are model
dependent.

In Figs. 9—11 we compare our experimental results for
three different buffer gases, He, Ar, and Xe, respectively,
with the theoretical predictions. The vertical placement
of the theoretical curves on the data is determined by the
measured collision-free Doppler width, and the horizontal
placement is specified by the coincidence of the 1/p limit-
ing dependence of the linewidth. Clearly, collisions with
successively heavier collision partners tend to agree better
with those described by a strong collision model. The
values of averaged velocity-changing collision cross sec-
tions derived from Egs. (7b) and (8) are 2.3 X 10~'* cm? in
He, 6.1x 107" cm? in Ar, and 1.0 10~ * cm? in Xe to
about +20%. Diffusion coefficients are easily obtained
from these cross sections for a given foreign-gas pressure.

B. Residual linewidth

While the Doppler contribution to the width can be ef-
fectively eliminated by working with small angles 6 be-
tween the beam at high buffer-gas pressure, the data in
Fig. 8 reveal that there remain other contributions to the
observed width. The asymptotic value at high pressures
of about 7 MHz in this figure is higher than the 4-MHz
width shown in Fig. 6. The difference is due to power
broadening since the data in Fig. 8 were taken at higher
beam intensities. No further narrowing of the linewidth
below 4 MHz could be obtained by lowering the power
level still further. We believe the residual width of 4
MHz is of instrumental origin due to frequency jitter of
the two lasers, each being stabilized to approximately 2
MHz. The true homogeneous width of the resonance,
Iy, should be considerably smaller. The dominant con-
tribution of 'y, is expected to result from spin-exchange
collisions between pairs of Na atoms. Such collisions can
cause transitions between Zeeman and hyperfine levels.
They have been studied extensively in radiofrequency

P =0 .
Cs E4E1EaEqut
iy

18 MHz

PCs- 10 Torr

[+
U1-D2(MH2)

J(2v4~v,) (arb. units)

FIG. 12. Broadening of Zeeman coherence resonance by Na-
Cs spin-exchange collisions.

spectroscopy studies.’® At the Na pressure prevailing in

our experiment, and from the known spin-exchange col-
lision cross section, I'y, is expected to lie in the range of
50—300 kHz.

It is difficult to change the Na vapor pressure because
this changes the index of refraction of the sample and
hence the beam overlap and absorption in the cell. In or-
der to demonstrate that spin-exchange collisions contri-
bute to the homogeneous width, we have added Ca vapor
to our cell, keeping the oven temperature constant. Figure
12 shows a significant broadening at 10 Torr of Cs pres-
sure. The observed increase in width due to the Cs-Na
spin-exchange collisions is in agreement with the estimate
of the cross section for this process and the prevailing
densities. The asymmetry is tentatively ascribed to in-
terference with a nonresonant background contribution to
X from the rather high Cs density. Furthermore, the
Na density may be affected by the formation of CsNa
molecules. The data in Fig. 11 have therefore only a sem-
iquantitative character. They confirm the nature of the
homogeneous broadening I'gg-.

C. Intensity dependence on buffer-gas pressure
and detuning

The intensity of the resonant signal at the line center in-
creases with buffer-gas pressure, as indicated in Fig. 13.
At pressures below the onset of collisional narrowing, the
linewidth is constant and equal to Awp. At very high
pressures the linewidth is again constant and equal to the
instrumental width. In these pressure ranges the peak in-
tensity is proportional to the square of the buffer-gas pres-
sure py.. This is in agreement with Eq. (4), since T =T,
is proportional to pye, and therefore |X®|? to p¥., ac-
cording to Eq. (5). At intermediate pressures the peak in-
tensity increases at pj. In this regime the linewidth
changes inversely proportional to pg., due to collisional
Doppler narrowing. While the integrated resonant signal
remains proportional to p,, the peak intensity increases
as Pie-

At very high buffer-gas pressures, beyond the range
shown in Fig. 13, the intensity starts to level off and final-
ly decreases with pressure. This happens when the col-
lisional absorption width I'y, becomes comparable to the
detuning A and the incident beams undergo considerable
absorption.
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FIG. 13. Pressure dependence of the peak intensity of Zee-
man coherence resonance.

Another characteristic of the third-order susceptibility
describing the collision-induced Raman-type Zeeman
coherence is its proportionality to A~3 Ordinarily
Raman-type susceptibilities are proportional to A~2. We
have verified that the intensity of the collision-induced
resonances varies as A~ for detunings satisfying the im-
pact approximation (A <<1/7., where 7. is the dura-
tion of a collision). Unfortunately, our signals become too
small to test interesting theoretical predictions in the
quasistatic regime (A >>1/7.y), where details of the in-
teratomic potential becomes important.

IV. SELECTION RULES FOR ZEEMAN AND
HYPERFINE COHERENCES

In a weak magnetic field the eight states of the 325,
fundamental level of Na?* with nuclear spin I =+ are
nondegenerate and may be conveniently labeled by the set
of quantum numbers | F,mg), with F=1 or 2. Three
types of contributions to the collision-induced four-wave
mixing signals may be distinguished.

(1) Degenerate Zeeman resonances. Second-order per-
turbations in the diagonal elements of the density matrix
ppz’mF; Fm, cause degenerate frequency resonances at

w1=w,. These transitions are characterized by AF
=Amyp=0. They should be carefully distinguished from
population-grating resonances, which occur because real
collision-induced transitions to the 3 P manifold may take
place and cause a modulation of this excited-state popula-
tion at w;—aw,. The subsequent relaxation of these 3 P-
state populations by spontaneous emission or by radiation-
less decay to the 3S manifold may also contribute to
P%m i F,mp(@1—©3), modulated at the difference frequency
w;—a,. It is quite clear that no population grating in this
sense can be induced if the fields at w; and w, are mutual-
ly orthogonal. For conditions where fields at »; and w,
have the same state of polarization, such population grat-

ings contribute significantly to the four-wave mixing at
w;—w,=0. These effects fall outside the scope of the
present paper and will be discussed in detail elsewhere.’’
A similar distinction, based on polarization selection
rules, was made by Steel et al.3¥3° The experiments of
these authors, like those of Bloch et al.,**=*? are carried
out at resonance, A=0 for one selected velocity group.
Dephasing collisions still play an essential role. A phase-
conjugate backward-wave geometry is used by these au-
thors with w;=w,. The analysis and interpretation of the
data is more complicated in those degenerate cases.

(2) Nondegenerate Zeeman-type resonances are caused
by terms p FompiFymb at a frequency corresponding to an en-

ergy separatlon between two Zeeman levels (mps£mp) of
the same hyperfine state (AF=0). An example was
shown in Fig. 4.

(3) Hyperfine resonances are caused by terms
pF i Fum? with AF=F'—F==1. They are centered
around the hyperfine splitting of the ground state
®;—w,;~1.8 GHz. Examples of this type of resonance
are shown in Fig. 14.

The patterns in Figs. 4 and 14 obey the selection rule
Amp=mp—mp==1. The energy separation of such
pairs of levels can be calculated from the Breit-Rabi hy-
perfine spin Hamiltonian. The effective Lande g values
of the F=1 and 2 levels are gr=—+ and + 5, respec-
tively. Thus, some resonances coincide in Fig. 14. In Fig.
4 the peak on the right (v —;>0) represents coherent
anti-Stokes Raman-type Zeeman resonances and contains
contributions of Amp=-+1 within the F=2 manifold
and Amp= —1 within the F =1 manifold. The substruc-
ture in these two peaks is a result of the breakdown of the
weak-field (linear) Zeeman effect with the incipient
Paschen-Back decoupling of the nuclear and electron
spins. The energy separation between the maxima inside
each sideband has the order of magnitude
(gBH()?/Apgs~5 MHz. Since F and mp are not exact
quantum numbers, very weak satellite resonances should,
in principle, exist. Since their intensity is down by a fac-
tor (gBH/Ang)?, they were not observed. The pattern in
Fig. 4 compares very well with a purely theoretical calcu-
lation in Fig. 5 based on the known electric dipole matrix
elements connecting the various | F,mp) states of the
328, configuration with the Zeeman sublevels of the ex-
cited 3%P, /, level. The agreement between theory and ex-
periment not only confirms the selection rules, but also
demonstrates that deviations due to the small angle be-
tween the beams and alignment of the magnetic field are
negligible.

| EEEEqy B=155G
El Ll 1,9~(2,2
3
g (F:mr.']
£ (1,-142,2 (1,12,0)
i %1 0)=(2,-1) 1,02,1)
) a,1-2,0
Y
a8
™
1.8 GHz
ViV, (MH2)
FIG. 14. Hyperfine coherence resonances (AF =1,
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FIG. 15. Computer simulation of the data in Fig. 14.
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The hyperfine coherence pattern in Fig. 14 should be
compared with the computer calculation in Fig. 15. The
cause of the observed experimental asymmetry in the in-
tensity is not established, but it could be some optical-
pumping mechanism. Whatever the cause, it should be
counteracted by the addition of Cs vapor. The spin-
exchange collisions would tend to reestablish an equilibri-
um population over all ground-state levels. A symmetri-
cal intensity pattern of the hyperfine resonances is indeed
observed in the presence of 10 Torr of Cs vapor, as shown
in Fig. 16. Thus the agreement between theory and exper-
iment may be considered satisfactory.

In general, one would expect a selection rule with
| Amp | <2 for Raman-type transitions. There are, how-
ever, severe restrictions, since both the initial and the final
state of the two-phonon electric dipole transition belong
to S-state orbitals. The Zeeman effect for two-photon
transitions between the 32S and 5°S states of Na was dis-
cussed some time ago. In that case there was a large de-
tuning from the 3°P,,,;,, doublet and a selection rule
AM =0 was established.”” For our Raman-type transi-
tions between two states of the same 32S manifold only
one of the intermediate 3*P configurations contributes.

E1E; EZEoul

i Ll B=180G

J(22,-1,) (arb. units)

N ~n_ N

1772
7)1- U2 (MH2)

FIG. 16. Hyperfine coherence resonances, as in Fig. 14, but
with the addition of 10 Torr Cs vapor.
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FIG. 17. Zeeman resonance with the external magnetic field
and the electric fields at @, and @, mutually perpendicular.

The selection rule |Amg|=1 for the polarization
geometry used may be understood as follows.

The fields E| and E| at o, are polarized parallel to the
magnetic field, which is taken as the quantization axis.
The field E, is polarized at right angles. Use a descrip-
tion in which the orbital state is decoupled from the elec-
tron spin and introduce the spin-orbit coupling
AL,S,++5(L*S~+L~S*) as an explicit perturbation in
the 3P manifold. The ground 32§ state has, of course,
myp =0. The electric dipole perturbation at w; only con-
nects with states mj; =0, that at w, only with states
my =1=1 in the virtual excited 3P manifold. The spin-
orbit coupling term (L *S~ 4L ~S*) admixes these orbi-
tal states. Thus this polarization permits a Raman-type
electric dipole transition with Amg=+1. Therefore, the
selection rule | Amp|=+1 applies to both the Zeeman
and the hyperfine coherences in this geometry.

We next turn to the case that the magnetic field is ap-
plied parallel to the direction of propagation of the light
beam, while the electric fields at w; and w,, respectively,
are perpendicular to each other and to the magnetic field.
With the axis of quantization parallel to the magnetic

EE\E,Eqy B=175G

L1y
)
=
3
8
s
N
;'g‘ 22 MHz
G
™

1772
A (MHz)
FIG. 18. Hyperfine resonances (AF=1, Amg=0) in an

external field parallel to the propagation direction.
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TABLE 1. Selection rules for collision-induced coherences in the 3.5 manifold of Na in a weak mag-

netic field by optical four-wave mixing.

Polarization of incident Population
light beams Zeeman coherence Hyperfine coherence grating
El E’l E2 p(Iz,inF;F,m;? p(F,mF;F’,m}',,, p(l%l"F;F’mF
F'=F+1
[l Il L yes, mp=mp=*1 yes, mp=mp+1 no
1 1 1 yes, mp=mp yes, mp=mp no
C C C no no yes
C C c* no no no
I I I o no yes
| 1 [l yes, mp—mp=1=1 yes, mp —mp==+1 yes

field, it is readily seen that the selection rule Am;=0 ap-
plies. The observed degenerate Zeeman coherence
AF=Amp=0 is shown in Fig. 17. The polarization
geometry is indicated in the figure in self-explanatory no-
tation. The three hyperfine coherences |AF| =1, with
Amg=0 for mp=mp=1,0,—1, respectively, are shown
in Fig. 18 for the same geometry, in which the external
magnetic field is parallel to the direction of the light
propagation.

If the incident light beams are circularly polarized in
the same sense around the longitudinally applied magnetic
field, a population grating is produced. The phases of the
nonvanishing electric dipole matrix elements between the
3S and 3P manifolds are such that no (degenerate) Zee-
man coherence is induced. If the sense of the circular po-
larization at w, is opposite to that at w,, neither collision-
induced population gratings nor Zeeman or hyperfine
coherences occur. Transitions with |Amyg|=2 are al-
ways forbidden.

Turning now to the case that the fields at ; and w, are
all linearly polarized in the same direction, one finds that
only population gratings are produced, regardless of the
direction of an externally applied magnetic field. Finally,
the hybrid case is considered, in which one beam at w; is
polarized parallel to that at w, and parallel to an external
field, but the other beam at w, is polarized in an orthogo-
nal direction. In this geometry, population gratings and
Zeeman and hyperfine coherences exist simultaneously.
The results of all these selection rules are summarized in
Table I. We have experimentally confirmed the correct-
ness of these rules for all listed geometries.

V. COLLISION-INDUCED HANLE EFFECT

In the limit that the external magnetic field goes to
zero, the Zeeman resonances collapse to a single line at
| —w,=0 and the hyperfine resonances coalesce to a sin-
gle line at @;—w,=Apg. The selection rules in the table
remain valid in this limit. The discrepancy between the
first two lines, which show selection rules Amyz=0 and
| Amp | =1, respectively, is only superficial. In the case
of level degeneracy one has a choice which basis set of
quantized states to adopt.

Consider again the Zeeman coherences in Fig. 4. It is
clear that a similar pattern would have been obtained if
the frequencies w; and w, had been held fixed, and the

resonance at w;—, had been scanned by varying the
external magnetic field. This is the usual procedure in
magnetic-resonance spectroscopy. Next consider the case
of Fig. 6. This resonance could have been scanned by
holding @, =w, constant and varying the external magnet-
ic field through zero. This is usually known as a Hanle-
type crossing experiment, which indicates a frequency de-
generate Zeeman coherence. This establishes the close
connection of our results with the collision-induced Hanle
effect, which was first discussed theoretically by Gryn-
berg.2® It has been observed experimentally, using a
pulsed laser, for a Zeeman coherence between sublevels of
an electronically excited state in Ba vapor with argon
buffer gas by Scholz et al..** These authors were able to
observe the resonance at large detunings A and to demon-
strate the asymmetric nature of the detuning dependence
of the four-wave mixing intensity in the quasistatic re-
gime.

If w;—w, is kept fixed at the value zero, all three in-
cident light beams may be derived from a single laser.
Furthermore, it is then also possible to use a standing-
wave geometry, with a phase-conjugate backward wave as
the output. This was, in fact, the geometry used by
Scholz et al** The Hanle-type degenerate Zeeman reso-
nance can equally well be observed in our geometry and
with high resolution continuous lasers. If the beams are
derived from a single laser oscillator, the instrumental fre-
quency jitter would be eliminated. One might expect to
observe a much sharper resonance, with width g, set by
the spin-exchange collision between Na atoms, rather than
the 4 MHz residual width in Fig. 6. We are, at present,
modifying our optical cell and adding Helmholtz coils to
observe such zero crossings in collision-induced effects. A
small fixed-frequency difference w;—, <100 MHz could
also be obtained from a single laser by using an acousto-
optic modulator.

VI. CONCLUSIONS

The observation of collision-induced and collision-
enhanced coherences has unequivocally established the
correct treatment of damping in nonlinear, multiresonant
situations. Collision-enhanced coherences between states
of the electronic ground-state manifold exhibit resonances
which are much narrower than the natural linewidth of
the near-resonant intermediate one-photon transitions.
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Optical four-wave mixing makes it possible to investi-
gate resonances in the ground-state manifold with the
same resolution as radiofrequency spectroscopy experi-
ments in vapor cells. The observed spectra are in agree-
ment with ab initio model calculations. Their intensity de-
pends on optical dephasing constants I',,.

Optical investigations of the collisional narrowing of
Doppler-broadened profiles have yielded information
about the nature of velocity-changing collisions between
Na atoms and a variety of collision partners. It would be
of interest to study collisional narrowing as a function of
magnetic field and/or in the presence of depolarizing im-
purities.**4

It may also be possible to study Raman transitions be-
tween rotational levels of heavy molecules, although the

initial and final rotational states essentially have equal
populations. The oscillator strengths are usually not as
favorable as for Na atoms and high-intensity pulsed laser
beams would probably be required. Collision-induced
four-wave mixing provides a new tool to investigate vari-
ous collisional processes in both excited and ground-state
electronic configurations, as well as to study the spectros-
copy of these manifolds.
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