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A broadband multimode dye laser, detuned from the A, =570.68 nm resonance line of Sm atoms,
was used to provide three incident beams in the standard phase-conjugate four-wave-mixing

geometry. The phase-conjugate output intensity was measured as a function of polarization and
external magnetic field configurations, and of the pressure of several buffer gases. %e have con-
Armed the theoretical prediction that correlated stochastic fluctuations in the incident light field
make a contribution to the four-eave-mixing signal. Collisional cross sections for reorientation
among the m sublevels in the J=1 ground state of Sm have been obtained for He, Ar, and Xe.
Differences in polarization characteristics between the collision-induced Hanle resonances in Na and
Sm are pointed out.

I. INTRODUCTION

In this paper the investigation of collision-induced
Hanle resonances in four-wave light mixing, previously re-
ported' for Na, is extended to Sm vapor with He, Ar, or
Xe buffer gas. In Ref. 1 the relationship between induced
~man coherences and transverse-optical pumping was
discussed in detail. The distinguishing feature in
collision-induced coherence or collision-enhanced optical
pumping2 is that the detuning b =to —to„s from the
one-photon resonance line is kept large compared with
Doppler broadening, collisional damping, Rabi frequen-
cies, and hyperfine interactions. In this regime the four-
wave-mixing signal is an increasing function of buffer-gas
pressure. The detailed pressure dependence of both the
width and peak intensity of the Hanle-type resonances is
quite striking. The complexity of the theoretical interpre-
tation of the experimental data is much reduced in com-
parison with on-resonance four-wave-mixing signals.
There is an extensive hterature on the latter subject, with
particular emphasis on the polarization characteristics of
the four waves.

The situation in samarium is significantly different
from that in sodium vapor, as the ground-state configura-
tion of samarium is a triplet state, 4f 6S Fi. The sub-
levels of the ground state will be denoted by
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—). The excited state
~

n ) for the resonance
at A, =570.68 mm is the singlet configuration
4f 6s6p Fo. The four pertinent energy levels and relative
optical transition probabilities are shown in Fig. 1. Solu-
tions of the density-matrix equations for such a four-level
system subjected to two or more light fields are available
in the literature. ' '"

A standard four-wave-mixing geometry, reproduced in
Fig. 2, and used extensively in the case of Na, also pro-
duced col11sion-induced Hanlc-type rcsonanccs 10 SI11 va-
por. Two beams of about equal intensity,

~

E
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I E21, are linearly polarized in orthogonal directions,
Eqz and E2y, respectively. Both beams propagate nearly

parallel to the positive x direction. The wave vectors k&

and k2 make a small angle 6I with each other, with
b,k

~

=
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ki [ sin(8 j2). Since the beams have

the same frequency, they produce a spatial grating, such
that the state of polarization of the resultant mono-
chromatic field varies periodically with period
d =2m

~

b,k
~

', changing from right circular to left cir-
cular and back again. Taking the x direction as the axis
of quantization, an orientation grating is induced in the
ground-state manifold. " Denote the induced rate of
pumping out of

~

—) state to the excited state with
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FIG. 1. The four pertinent energy levels of Sm and optical
pumping produced by or+ light.

The state
~
0) is never pumped out. The relative popula-

tion in the excited state always remains very small for
Wt, p «&1. The width of the electronic transition is given

by

1
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FIG. 2. Diagram of the experimental configuration (M mir-

rors, L lenses, and PMT photomultiplier tube).

where c~p is the collisional contribution to the width of
the optical one-photon resonance. The spontaneous life-
time of the 4f 6s6p Fo of Sm has been measured recently
by Hannaford and I.ow, ' who report the value t,~=342
ns. This contrast with a previous result by other au-
thors, '3 t,~=10.3 ns. The ground-state manifold gets re-
populated by the spontaneous emission in an isotropic
fashion. Thus the following rate equations for x directed
optical pumping apply:

= —W+N + —,
' (8'+N~+ W N )

=+—,(W+E++ W E )

precess around the z axis, and if the frequencies of the
light beams are kept constant, the scattering grating will
be averaged out. Thus a Hanle-type resonance in the
four-wave-mixing intensity is created with a resonance at
Box=0 and a width determined by I ~ —I +0
=I 0-1+. The intensity of the induced signal for
b, ~~l"„s will be proportional to I „s, as is evident from
Eqs. (la) and (lb). Equation (2) shows that the grating is
collision enhanced. The contribution from the spontane-
ous decay alone is comparatively small and does not give
rise to an observable signal. Now I „g may be regarded as
a stochastic fluctuation in the resonant frequency ro„s of
the material system. Since Eqs. (la) and (lb) contain the
combination co —co„g, it may be conjectured that stochastic
fluctuations in the laser frequency might lead to a similar
enhancement. This is indeed the case, as has been
analyzed in detail by Prior et al. for the case of four-wave
light mixing. ' They denoted the effect with the acronym
SFIER for stochastic-fluctuation-induced extra reso-
nances.

This paper presents experimental evidence for this new
effect, and detailed results are given for the intensity and
width of the Hanle resonances of the Sm atom in four-
wave-mixing, as a function of the pressure of several
buffer-gases (He, Ar, and Xe) and for various polarization
geometries. In Sec. II the essential experimental features
are reviewed. Section III presents the results for the
linewidth from which the cross section for orientation-
changing collisions in the J=1 ground-state of samarium
with He, Ar, and Xe are derived. In Sec. IV the
parametric intensity variations reveal the SFIER effect.
In Sec. V the polarization selection rules are discussed.
Throughout the paper a comparison with the correspond-
ing results, previously reported for Na, is made and im-
portant differences are pointed out.

—I -o(Ã0 —1v- ) —I +0(xo —x+ ) (3)

= —W N++ —3($' N +8'+N+)ct

+ I +0(NO —N+ )+I" ~(N N+ ) .

We have omitted the diffusion term, " which will elim-
inate the population grating in a time t~ it takes a samari-
um atom to diffuse over the spacing d of the grating.

It is straightforward to write down the steady-state
solutions, including optical pump saturation, explicitly,
but it is clear on physical grounds that a dipole moment
grating proportional to

~(W —8' )~( ~E+
~

—~E [ )exp(ibk r)

(4)

will be created for weak optical pumping. This induced
dipole moment grating in turn scatters a probe beam
propagating in the —x direction, with wave vector
k3 ———k~ giving rise to a phase-conjugate beam with wave
vector k4 ——k2. If a magnetic field is now imposed in
the x direction, the induced dipole moments will start to

II. EXPERIMENTAL METHOD

The experimental arrangement is similar to that used'
for Na and shown in Fig. 2. A new oven, made of
stainless-steel tubing, was constructed to sustain tempera-
tures up to about 900'C. In most of the experiments the
oven was heated to about 800'C, corresponding to a densi-

ty of Sm atoms of about 10' cm . Natural samarium
contains a mixture of seven isotopes, and the isotopic
shifts have been determined. ' Our detuning 6 is mea-
sured from the center of gravity of the optical line at
A, =570.68 nm. The maximum spread of the isotopic res-
onances of ' Sm and ' Sm is about 6 GHz. Two odd
isotopes, ' Sm, with relative abundance of 14.97%, and

Sm, with relative abundance of 13.85%, each have a
nuclear spin I = —,'. The hyperfine structure of their F,
ground-state is mell known. ' In our experiments 6 was
always larger than this hyperfine splitting and the isotopic
shifts, as well as the Doppler width of the A. =570.68 nm
resonance line.

The coherent dye laser was operated with Rhodamine
560 dye and with the etalons in the cavity removed. This
increased the power output available near A, =570 nm, but
this output power is then distributed over a large number
of statistically independent longitudinal modes with fluc-
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tuating phases.
It is well known that two beams with phase fluctuations

and a broadband chaotic characteristic, derived from the
same laser by a beam splitter, can be used to excite very
narrow Raman-type resonances. ' ' In fact, the narrow
Hanle resonances obtained by us' for Na had a linewidth
of 10 kHz, orders of magnitude narrower than the residu-
al width of the power spectral density of 1 MHz of the
laser beams used. This same point was demonstrated ear-
lier by Mlynek ei a/. for Zceman coherences in Na vapor
detected by optical polarization spectroscopy. '9 It is a
necessary condition that the difference in optical paths of
the light beams, derived from a broadband chaotic laser
field, remain smaller than the coherence length of the
source In. fact, this condition may be used to measure
this coherence length. For this purpose the Hanle reso-
nance experiment in Na vapor was repeated with a broad-
band dye laser. The optical path length between the two
forward beams, with wave vectors ki and ki, respectively,
was varied. The Hanle resonance was recorded as a func-
tion of the time delay, as shown in Fig. 3. The other ex-
perimental parameters are listed in the caption. It is seen
that the peak intensity is a function of the delay time. It
is a maximum for zero delay time and disappears for de-
lays exceeding 40 ps. A full width at half maximum
(FTHM) power bandwidth for the chaotic field of the
multimode laser of 7.65 GHz is derived from this curve.
The zero time delay can readily be found experimentally
by maximizing the four-eave-mixing signal. It was veri-
fied that the width of the Hanle resonance itself, observed
by varying the external field Boz, did not change as a
function of time delay. It is also possible to give one of
the beams a coherent phase modulation, superimposed on
the chaotic one, with an external electro-optic modulator.
The narrow Hanle and Zeeman resonances for Na vapor
obtained with a broadband chaotic laser field, are shown
in Fig. 4. The observed width of 54 kHz is the same as
that for a single-mode laser experiment, if the other exper-
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FIG. 4. The Hanle and ~man resonances in Na vapor for
four-wave hght mixing with broadband chaotic fields. The
phase modulation frequency is ~ /2m =600 kHZ and the modu-
lation depth was such that I~(co}=0.03 %'/cm~ at (co}, + 0.2
%/cm2 at (mkco~), + 0.08 W/cm2 at (u+2co ). (8=0.06',
T,„=285'C, 6/2+=50 GHz belo~ PI~2, argon pressure
3260 Torr}.

imental conditions are the same. It is determined by a
combination of magnetic field inhomogeneity, residual
Doppler broadening, and power broadening, as discussed
previously. '

The advantage of the multimode operation is that the
observed fluctuations in the nominal power of the laser
beam are reduced. Thus the signal-to-noise ratio is im-
proved, as the amphtude fluctuation power spectral densi-
ty is reduced, presumably due to averaging of the partial
power fluctuations in individual modes.

Figure 5 shows the corresponding Hanle and Zeeman
resonances obtained with Sm vapor, with natural isotopic
composition. The modulation frequency was taken as

i2n = 10 MHz, and the modulation depth was adjusted
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FIG. 3. The Hanle signal in Na vapor in four-wave light
mixing with broadband chaotic fields, as a function of the time
delay bctwccn beams kl and k2 (8=0.45, T „„=230 C,
5/2m =40 GHz below PI ~2, p(Ar) = 1000 Torr, and
I l

——I2 ——0.2 %'/cm ).
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FIG. 5. The Hanle and Zeeman resonances in Sm vapor for
four-wave light mixing with broadband chaotic fields. The
phase modulation frequency is m /=10 MHz. The intensity
distribution is approximately I~(co)=0.5 %'/cm~ at co, + 0.25
%'/cm at (a)+co ) (l9=0.4', T,„=860C, 5/2@=20 GHz
below A. =570.68 nm, helium pressure 310Torr).
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so that the combined power in the sidebands at co+co

was about equal to that of the carrier frequency at co. The
Zeeman resonances occur in a field of 4.8 G for
gP&a=fico . This corresponds to a Lande g factor
g =1.5, for the I, state, in good agreement with more
precise spectroscopic data. ' lt should be noted that this
value applied only to the even isotopes of Sm. In sinall
external fields the g value of the hyperfine states of the
odd isotopes with I= —,, coupled to the J= l electronic
momentum, is much smaller. Thus, only the even iso-
topes with about 70go combined abundance contribute to
the Zeeman sidebands. The width of the Zeeman reso-
nances is measured to be about 1.5 times the width of the
Hanle resonance. Putting the above-mentioned factors to-
gether, and realizing that the two Zeeman sidebands
merge into one central component, one may expect the ra-
tio of the peak intensities of Zeeman and Hanle reso-
nances to be given by the factor 0.7 X0.5/1. 5=0.22, in
reasonable agreement with the experimental result shown
ln Fig. 5.

III. LINE%IDTH OF HANLE RESONANCES IN Sm

In the investigation of Na the following contributions
to the linewidth have been identified: residual Doppler
broadening, homogeneous broadening by collisions with
the buffer-gas, magnetic field inhomogeneities, and power
broadening by the laser beams. The contribution of
orientation-changing collisions between Sm atoms in the
ground-state vanishes, because the ground-state has no hy-
perfine splitting and all atoms have the same g value.
The total magnetization is conserved in scalar exchange-
type collisions. We have verified this by changing the
oven temperature from 780'C to 880'C. The linewidth
was found to be independent of Sm vapor pressure. We
have also verified that power broadening is negligible in
the Sm experiments. This contribution depends on the in-
tensity in the three light beams2~

20;I „g
~~power= g (5)

] 6+I„g
Here 0;=—,'A' '

~ p ~ ~
E;

~

is the Rabi frequency associat-
ed with transitions to the excited state

~

n) induced by
beam i T. he broadening may be interpreted as a lifetime
shortening of the ground-state levels produced by the
pumping-out rates, given by Eqs. (la) and (lb). This con-
tribution was determined by using maximum laser intensi-
ties Ii Iz ——1W——/cm, and minimum detuning b, =0, at
300-Torr He pressure. A maximum power broadening of
90 mG was observed under these conditions. The max-
imum field inhomogeneity over the interaction region was
determined by Zeeman coherence experiments on Na,
which generally displays narrower resonance. For a field
of 2 G produced by the Helmholtz coils, the contribution
to the linewidth from such inhomogeneities is les than 20
mG. The resonances displayed by samarium, carried out
with a detuning b. p 10 GHz, usually have widths larger
than 400 mG. Examples are given in Figs. 6—8 for the
width of Hanle resonance in samarium as a function of
partial pressure in the buffer-gases He, Ar, and Xe. It is
seen that residual Doppler broadening is only important
at low pressures, and there is a large domain of operating
conditions where the width of resonance is proportional to
the buffer-gas pressure.

It may be concluded from the negligible contribution of
the power broadening that in this series of experiments on
Sm the weak power regime with W+ ~~I'~ prevails. In
this regime saturation effects are not important, and
lowest-order perturbation theory should provide a good
description. Turning the axis of quantization by 90' from
the x direction, in which the light beams propagate, to the
z direction, in which the external magnetic field is ap-
plied, the spatial orientation grating is then described by
the Zeeman coherences p+0 and po, instead of the x
directed population difference N+ N-

A second-order coherence grating is given by

(2) I .+@0.EIE2 ~(p++ p~ ) i I;(p—+++p~ )
(0) , (0) ~ (0) {0)

4& [& 'gP&0 —(i —i)+(ki —kq) (v,h) iI' ]— 5 +I„b,+1'„

@exp[i(k, —kp) r —i(coi —cop)t] (6)

and a similar expression for po . Since the initial popula-
tions of the nearly degenerate states are equal, only the
second term in the large parentheses remains. The inten-
sity of the phase-conjugate four-wave-mixing signal is
proportional to the absolute square of the coherence given
by Eq. (6). The diffusion-limited, motionally narrowed
residual Doppler broadening gives a contribution to the
Lorentzian profile, which is additive to the lifetime con-
tribution to the width I ~. This Lorentzian shape must
be convoluted with the inhomogeneous distribution of the
magnetic field inhomogeneities. If the latter can be ap-
proximated by a Lorentzian near the line center, a
Lorentzian profile as a function of the external field Bo
results. It leads to a line shape for the Hanle resonance,

2
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FIG. 6. The linewidth of Hanle resonance of Sm with He
pressure (0=0.3, T~v~ =845 'C, II

——I2 ——1 %'/crn, and
6/2m = —20 GHz). The solid line is a guide for the eye.
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the very large difference, but point out that the interpreta-
tion of the Raman heterodyne result appears to be less
direct than that of our data. Neither can we explain why
the resonances in a weak external field are almost 50%
broader than in zero field, as shown in Fig. 5. One would
not expect the relaxation mechanism of Sm —noble-gas
collisions to be sensitive to this parameter, and a continu-
ous merging of the two Zeeman resonances into the Hanle
resonance in zero field as co —+0 had been expected A.
more detailed theoretical analysis of the relaxation mecha-
nisms in the degenerate case Bo——0 is desirable.

FIG. 7, The linewidth of Hanle resonance of Sm with Ar
pressure (8=0.4', T,„,„=880'C, I& ——I2 ——1.6 W/cm, and
5/2m = —20 6Hz). The solid line is a guide for the eye.

with ~j ——co2, proportional to

I
g'I3'& '&o+hI3& '(~o)+f'gg +~~RDl'l

with an effective width

~~= I ss +~~RD+ ~We .

The first term is proportional to the buffer-gas pressure p,
the second term is inversely proportional to pressure, p
and the last term is pressure independent. The observed
profiles are indeed approximately Lorentzian (compare
Fig. 5), and the curves in Figs. 6—8 obey the pressure
dependence implied by Eq. (8).

The regime of dominant orientation-changing collisions
is defined by the slope of the lines at high buffer-gas pres-
sures, where I ~ &&b~RD, hem;„i, . It yields the following
values for the broadening of the ground-state coherences,
with b,m =+ l. For Sm-He collisions the rate for orienta-
tional change is 0.44 mo/Torr, or 0.92 kHz/Torr; for
Sm-Ar 4.2 kHz/Torr; and for Sm-Xe„7.4 kHz/Torr.
These rates are orders of magnitude higher than for
Na —noble-gas collisions. This is understandable, as the
Sm ground-state is more readily deformable than is the
3 S»2 state of Na. Our values are, nevertheless, consider-
ably smaller than those obtained by Mlynek et al. with a
very different experimental method. 2' They detected
radio-frequency resonances by heterodyne Raman light
scattering. They reported a rate of about 60 kHz/Torr
(45 kHz/mbar) for Sm-He collisions. We cannot explain

IV. INTENSITY OF THE HANI. E RESONANCE IN Sm

The variation of the integrated Hanle resonance with
buffer-gas pressure is shown in Fig. 9. For the previous
series of experiments in Na, this integrated intensity was
observed to be proportional to the square of the buffer-gas
pressure over the whole range. This behavior also follows
from the fact that the four-wave-mixing intensity is pro-
portional to the square of the coherence given by Eq. (6).
For 6& I „, ~~ —co2 ——O. This leads to a peak intensity at
Bo——0 proportional to (I ~ +b,~RD+b, co;„i,) I „s, and
an intensity integrated over Bo proportional to
(l~+bcoRD+hco;„b) I „s. If the experimental width is
dominated by hco;„s and is independent of pressure, then
both the peak intensity and the integrated intensity derive
their pressure dependence from I"„s~p~, as the pressure
broadening is always large compared to the spontaneous
width proportional to t,p . This is the collisional
enhancement of the coherence and the four-wave-mixing
signal. At low pressures, hmRD ~p

' becomes important.
The integrated intensity then acquires a term proportional
to p, and the peak intensity acquires terms proportional
to p and p . This behavior has been observed' in Na.

In the present experiments on Sm, the integrated inten-
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FIG. 8. The linewidth of Hanle resonance of Sm with Xe
pressure (8=0.4, T,„,„=860 C, II ——Iq ——0.8 &fern, and

5/2m = —20 GHz). The solid line is a guide for the eye.

FIG. 9. Integral Hanle four-wave-mixing signal intensity in
Sm as a function of helium pressure (8=0.6, T,„,„=840 C,
Il ——I2 ——1 %'fcm, and b /2m =20 GHz below A, =570.68 nm).
The solid line is a guide for the eye.
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FIG. 10. Integral Hanle four-wave-mixing signal intensity in
Sm as a function of helium pressure (5/2m=10 6HZ belo~
A. =570.68 nm), other conditions are the same as in Fig. 9). The
solid line is a guide for the eye.

sity versus buffer-gas pressure is shown in Figs. 9 and 10.
There is p regime, but at low pressures the intensity ap-
pears to become independent of pressure. At very high
prcssuI'c the lntcnslty IQay cvcn dccleasc with lnclcaslng
pressure. This behavior is quite different from that in the
experiments on Na. In the regime at high pressures the
condition b, &~I ~ is no longer valid. The detuning b, /2m.

could not be chosen larger than 20 GHz because the signal
in Sm is weaker and drops as 6 . %hen I «becomes
comparable to 5, the integrated intensity becomes propor-
tional I ss'[I „s/(b, + I „s)],with both I gs and I'„s pro-
portional to p. Thus, in this regime we first get a linear
dependence on p, when I ~p and 6 gy I „g. For
h~yI „g, this goes over into a p behavior. This ex-
plains the observed behavior at high buffer-gas pressures
in Sm. Note that the behavior for the smaller detuning b,
in Fig. 10 shows the expected decrease at the highest p,
whereas the data in Fig. 9, with a detuning twice as large,
do not. From Fig. 10 the collision broadening of the opti-
cal transition by Sm-Hc collisions may be estimated as
I „s/2n =15 MHz/Torr.

The independence of the intensity from p at low
buffer-gas pressures is more interesting. The origin of
this effect is attributed to the stochastic fluctuations in
the multimode laser field used in these experiments. As
argued in the Introduction, for a Lorentzian frequency
spectral density, the width of fluctuations I L in the laser
frequency may be added to the width I'„g of the resonance
frequency co„s of the electronic transition. This was put
on a firm theoretical basis by Prior et al. .' The result is
that in Eq. (6) I „s should be replaced by I L, +I'„s. At
low pressures I I is larger than I „g, and the integrated in-
tensity, being proportional to (I I +I „s)2, is dominated
by the I r, term, which is independent of buffer-gas pres-
sure. The data in Fig. 3 show that I L -7.6 0Hz.

It cannot be expected that the power spectrum of the
free-running multimode dye laser be truly Lorentzian.
This shape probably overestimates the spectral density in

the far wings, and it is precisely the spectral density at the
detuning frequency b, /2n =10—20 GHz which is impar-
tant. It is noteworthy that the data in Fig. 10, where the
detuning is a factor of 2 smaller than in Fig. 9, shows a
relative increase in the SFIER-type contribution. The
transition froin the p independent regime to the p depen-
dence occurs at a higher partial helium pressure (350 Torr
for b, /2m=10 GHz, instead of 250 Torr for b, /2m =20
GHz).

The SFIER-type coherence in four-wave light mixing
requires rather large stochastic fluctuations in the laser
frequency. It was not possible for us to make more quan-
titative observations on this effect by using a single-mode
cw dye laser in conjunction with an optical phase modula-
tor driven with a large random white-noise voltage. Other
investigations have been carried out with this more precise
technique to determine the influence of stochastic fluctua-
tions on related nonlinear optical processes, two-photon
absorption, and coherent Raman scattering. 2~

The theory for stochastic fluctuations in two-photon
nonlinear processes was first developed by Mollow.
Agarwal and Kunasz presented a discussion of four-
wave light mixing in stochastic fields. The effect we have
observed was, however, not contained in that paper but
was first predicted by Prior et al. , ' who designated it as
SFIER. %C believe that the data in Figs. 9 and 10
represent the first experimental confirmation of this new
effect.

U. POI.ARIZATION GEOMETRIES

A comprehensive treatment of polarization properties
in phase-conjugate four-wave light mixing has recently
been given by Ducloy and Bloch. Earlier these same au-
thors had already discussed polarization selection rules
and disorienting collisional effects with special emphasis
on the simple case of a J=O~J =1 transition, which is
applicable to the case of Sm. Agrawal" also considered
in detail some theoretical aspects characteristic of this sit-
uation. These theoretical papers, as well as the early ex-
perimental work by Lam and co-workers ' all focused on
the resonant condition with 6=0. This situation is com-
plicated by population trapping in selected velocity groups
within the Doppler profile and saturation effects'z'i6 due
to optical pumping and population trapping. In this
sense the investigation of collision-induced effects at large
detuning outside the Doppler profile should be easier to
interpret. The same symmetry properties and polarization
characteristics due to coherences should be expected to
hold off-resonance. As we have shown earlier, optical
pumping effects are thought to be weak in our series of
experiments on Sm, because the weak field limit prevails
for 8'+ &I ~. So far, all results obtained werc taken
with the geometry shown in Figs. 2 and 11(a). If we
choose the z axis, along which the field Bo is to be ap-
plied, as the axis of quantization, the beam ki is ~ polar-
ized, and beams k2 and k3 are o polarized, i.e., perpendic-
ular to 80. The phase conjugate beam k4 is m polarized.

One might superficially think that similar results
should be obtained if the backward probe beam k3 were m

polarized, and consequently k4 would have to be o. polar-
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FIG. 11. Hanle resonances in Sm in two different geometries
of linear polarization of the backward probe beam (8=0.6',

T„,„=S60'C, Il ——I2 ——0.5 %/cm~, helium pressure 500 Torr,
and 6/2m =20 GHz).

ized. This is, however, not the case. Bloch and Ducloy
pointed out that for a J=O~J =1 transition, with iso-
tropic relaxation of the orientation among the J=1
ground-state sublevels, no phase-conjugate signal could
occur. The physical argument for this selcetion rule is
that in the four-wave-mixing process one photon is taken
out of each of the beams with kl and kI, but in creating
thc ZccInall cohcrcncc po I plopoftlollal 'to El E), onc caII-
not form the required third-order coherence, po „' with the
J=0 excited state

~
II ), pl'oportlollal to ElEIE3, lf EI ls

p' polarized.
Experimentally we have observed a clear collision-

induced Hanle resonance with EIIr polarized parallel to
80, but the intensity is smaller by more than 1 order of
magnitude compared to the case EIlBO. Bloch and Du-
cloy already observed' that this selection rule, based on ar-
gulnents of simultaneous conservation of energy and an-
gular momentum could be broken if collisional reorienta-
tion were anisotropic, i.e., if the relaxation time for align-
ment in the J= 1 ground state were different from that of
its polarization. Such an anisotropy is equivalent to re-
quiring that I +&I +0——1 o in Eq. (3). Our experimental
observation could be explained in terms of such an aniso-
tropic relaxation effect.

It is perhaps instructive to discuss the same situation
also from the point of view that the x direction of the
propagation of the light beams is the axis of quantization.
The beams k~ and k2 produce two x directed population
gratings, X+ —N() and No —Ã . These gratings are
probed by the linearly polarized probe beam k3. This
probe can be decomposed into two circularly polarized
probes. One of these probes the grating involving X+,
the other that involving X . For k3 polarized in the y

(a)

Sm

C
4I
Cw

l I I

0 +1

80 (gauss)

Bo
kl IJ k~A

k2~J.

kg II

0
Bz {gauss)

Bo
kl y

'

ykg

(a)

FIG. 12. Hanle resonances in Sm for a geometry with (a)
linear polarizations and (b) circular polarizations {8=0.6,
T,„=860'C, II ——I2 ——1.4 %"/cm, helium prcssure 530 Torr,
and 4/2~=20 0»).

direction, the diffracted signals from these two gratings
interfere constructively to produce the beam k&. For k&

polarized in the z direction, the relative phase of the two
circularly polarized probes is changed by 180', and the
diffracted signals now interfere destructively in the direc-
hon k4.

Next the polarization geometry in Fig. 12(b) is con-
sidered, in which all beams are circularly polarized in the
salne sense with respect to the laboratory frame. There is
population grating in the N+ state of the J=1 manifold
setup because the pumping-out rate W+ from this state is
modulated by the intensity interference pattern

~

E+
~

of
two forward beams, kl and k2. This population grating is
probed by the backward beam with the same circular po-
larization. The relative intensity appears somewhat lower
than for the linear polarization case with similar intensity
of the light beams. As the first Box is applied in the
transverse direction, the polarization precesses around the
z axis and the grating averages out to zero, if the Zeeman
precession frequency is larger than the damping constant
gpHO & RI'+p. Tllls is the same explanation as used in the
original Hanle effect.

This geometry is identical to that used by Koster
eI al. in their experiment on Hanle resonances in Na va-

por. We have repeated their experiment but with large de-
tuning and high buffer-gas pressure, as shown in Fig. 13.
The collision-induced Hanle resonance shows qualitatively
the same behavior as that observed by Koster et al. , who
used zero or small detuning. At modest power levels of
the hght beams, optical pumping leads to saturation ef-
fects and population trapping in the + —,

'
levels of the

ground 3 S»2 state. A dip develops at the center of the
resonance, 80=0. This should be contrasted with the re-
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FIG. 13. Hanel resonances in Na vapor, when all beams are
right circularly polarized, for various intensities of the light
beams, I~ ——I2. The magnetic field is scanned in the transverse
direction. The dye laser is single mode I, 8=0.6', T,„=310'C,
partial argon pressure 1260 Torr, 5j2m =50 6Hz above the D2
resonance).

suits on Sm, where we are evidently in the weak field lim-

1t, S + gQ I ~~, and no mlmmQIQ 18 observed.
Finally the interesting geometry is considered, in which

the beams ki and k2 have circular polarizations in the op-
posite sense, and the magnetic field Bo is scanned in the
longitudinal x direction, parallel to the direction of propa-
gation of the light beams. With this axis of spatial quant-
ization, the two light beams induce a coherence grating

p+ ~EiE2exp[i(ki —k2) r], between the two sublevels
with m =+1. This is an alignment grating. If the two
light beams had the same amplitude, they would produce
at each point in space a linearly polarized field, but the
direction of this linear polarization varies periodically.

This hm =2 aHgnrnent coherence was discussed
theoretically by Agrawal" and by McLean et al. ' The
latter also demonstrated the existence of this coherence by
a Hanle-type sharp dip in the resonance fiuorescence spec-
trum of a J=O~J =1 transition in a Ne discharge, ' as
well as in Sm vapor.

Unfortunately, our four-wave-mixing experiment in this
geometry yielded a negative result for either linear or cir-
cular polarization of beam 3. This is all the more puz-
zling, as populating trapping effects in the ~0) state
should be negligible in the weak field limit, as discussed
previously.

VI. CONCLUSION

The collision-induced Hanle resonances in Sm show sig-
nificant differences from those in Na. We have demon-
strated experimentally the SFIER effect predicted theoret-

ically, by the use of a free-running multimode dye laser.
The orientation changing collisions in the J=1 ground-
state manifold of Sm have much larger cross sections than
for the 3 Si~i state for Na. New values for such collision
cross sections of Sm with He, Ar, and Xe have been ob-
tained. Evidence is presented for some deviation from
isotropy, i.e., a difference in the decay constants for align-
ment and polarization in the J=1 manifold. The ob-
served variations in intensity for different polarization
geometries and external magnetic field configurations are
only partially understood.

It is possible that some of the noted discrepancies might
be caused by contributions from two other Sm resonance
lines in the immediate vicinity of the J=1~0 transition
at A, =570.675 nm, on which our discussion has focused.
Albertson has reported a line at A, =570.620 nm, which
is 6'/2n =52 GHz higher in frequency, and another line
at A, =570.772 nm, or 5"/2m = —44 GHz, lower than the
A, =570.675 nm line. It appears that the line at the higher
frequency corresponds to a F&~ Gi transition between
the same electronic configurations, and the line at the
lower frequency to a Fi~ Ii transition. i' The latter is
weaker in absorption at 850'C than the A, =570.675 nm
line, while the high-frequency line is the strongest, ' ' but
quantitative oscillator strengths are not known. The g
factors' of the F2 i states are also 1.5, so that these tran-
sitions, in principle, make contributions to both the
collision-induced Hanle and Zeeman resonances.

The induced coherence contains additional terms of the
form given by Eq. (6), corresponding to coherence grat-
ings induced in Sm atoms in the Fi i states of the ground
electronic configuration. The observed intensity of the
collision-induced signal should be proportional to

C O' C"
(b —6') b —b")

All observations reported in this paper were obtained for
detunings in the range 10—20 6Hz below the A, =570.675
nm resonance, i.e., away from the strongest line at the
higher frequency. For b, /2~= —10 GHz, the first term is
obviously dominant as the denominator of the second
term in Eq. (9), (b, —b')/2m. = —62 GHz, is larger by a
factor (6.2), and the last term is smaller by at least a fac-
tor (3.4), since C"gC. Thus in a range of detunings
near —10 6Hz, the signal is proportional to the dominant
term, or C /5 . Turning now to a larger detuning on the
low-frequency side, 6/2m = —20 GHz, the denominator
of the last term is only smaller by a factor (24/20) than
that of the first term. The transition at A, =570.722 nm
should yield an observable destructive interference in this
situation, if C"/C is not too small. Experimentally, the
decrease of the observed signal intensity was not faster
than 5, as might have been expected in this case of des-
tructive interference between the coherence gratings. Un-
fortunately, the accuracy of the experimental data in Sm
is inferior to the case of Na, where the 5 behavior was
verified with precision for detunings up to SO 6Hz. At
large detunings deviations were noted for the case of Na
because the impact regime approximation ceased to be
valid, and also interference between the D~ and D2 reso-
nance lines were observed in that case. It would clearly be
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of interest to extend the investigations to larger detunings
in Sm and to study the absorption strength and the
collision-induced effects of the adjacent resonances near
6=5' and 5" in more detail. The available data reported
in this paper did not reveal an identifiable contribution
from the adjacent resonances.
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