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Magnetic optical activity in intense laser fields. II. Forward scattering
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The theoretical formulation of the nonlinear optical activity is utilized to describe the signal inten-
sity in forward scattering. For cases in which the ratio of the Rabi frequency of an isolated transi-
tion to its relaxation rate is less than one, a perturbation procedure in this parameter is presented.
The successive terms in the resulting series are interpreted as higher-order coherences or induced
multipole moments. Application is made to the hyperfine components of the sodium D transitions
where experimental data is described by a third-order calculation. Good agreement is obtained
without invoking an induced hexadecapole moment as was proposed originally.

I. INTRODUCTION

In our preceding article' the saturated magnetic rota-
tion spectrum of a dilute gas was studied. That is, the
nonlinear (in the radiation field) contribution to the
change in intensity of laser light which has passed
through a sample placed between crossed polarizer and
analyzer in a longitudinal external magnetic field was in-
vestigated as a function of the incident laser frequency.

In the following, the same system is studied, but as a
function of the external magnetic-field strength with a
fixed laser frequency. It will be shown that this experi-
mental arrangement which has been variously called for-
ward scattering, stimulated level crossing, or the for-
ward Hanle effect has certain advantages not present in
the more usual magnetic rotation spectroscopy.

Both of these methods are manifestation of nonlinear
magnetic optical activity (MOA). That is, the intensity
detected passing through the crossed analyzer is the com-
bined result of the rotation of the plane of polarization
[Faraday effect or magnetic circular birefringence (MCB)]
and an induced ellipticity of the initial polarization [mag-
netic circular dichroism (MCD) j. This interpretation
complements the usual forward-scattering formulation
and permits an alternative physical picture of the effect.
Thus, for example, the use of a crossed analyzer is seen to
be simply a means of measuring the Faraday rotation and
dichroism induced in the incident laser beam as it passes
through the gyrotropic medium. Of course, this is the
same thing as stating that the crossed analyzer rejects the
incident beam and allows only the forward-scattering sig-
nal to pass (Corney et al. ), or that the angular intensity
distribution of a scattered signal is modified by the pres-
ence of a magnetic field (although this latter interpreta-
tion of Feld et al. is independent of polarization).

In any case, the observed spectral profile yields impor-
tant information on the spectroscopic parameters of the
transition involved. In particular, a pressure-broadened
line shape contains the effects of the interaction potential
on the concerned levels. However, in cases for which the

Doppler broadening of the transition is important, this
width dominates the magnetic rotation spectrum and in-
formation on the collisional contribution to the line shape
is obscured. The light scattered in the forward direction,
on the other hand, contains a component that is not
Doppler shifted with respect to the incident radiation if
velocity-changing collisions are ignored. This means that
the signal detected in forward-scattering experiments will
have a sub-Doppler contribution to the line profile and
can be used to obtain information on the collision
broadening parameters of the transition.

Sub-Doppler magnetic rotation spectroscopy can also
be performed on this system with fixed magnetic-field
strength, but a second counterpropagating laser is re-
quired to saturate the transition while the intensity of the
probe beam is monitored as a function of its frequency.
If the magnetic field is set to zero and a circularly polar-
ized saturating laser is used, this technique, polarization
spectroscopy, developed by Wieman and Hansch, can
also be used to measure sub-Doppler profiles. However,
these methods require more sensitivity in the detection of
the weak probe beam than do the forward-scattering ex-
periments.

The theory of magnetic optical activity developed in I
will be used to analyze in detail the forward-scattering
signal. That is, in varying the magnetic field, we vary the
amount of MCD and MCB created in the system. This
results in a modification of the signal detected through
the crossed analyzer. This point of view is also equivalent
to that in which the variation of the magnetic field is a
means of inducing level crossings or a Hanle effect in the
gas. Nevertheless, it is important to note that since the
detection is through a crossed analyzer in the forward
direction, a coherent effect is observed. Due to the ran-
darn positions of the gas atoms it is evident that stimu'lat-
ed emission in other directions will be incoherent and
MOA will therefore not be observed as such. This is the
principal difference between forward-scattering and the
usual level-crossing experiments with a detector at right
angles to the propagation direction of the incident radia-
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tion. The consequence of this difference is that there is
linear (in the incident laser intensity) MOA in the forward
direction and, hence, a linear contribution to the forward-
scattering signal. This linear effect is, of course, absent in
the spontaneous-emission Hanle-effect experiments since
the signal is incoherent.

The linear effect has the full Doppler width, as is usual
in unsaturated spectroscopy. However, with increasing
laser power, higher-order contributions which saturate a
particular velocity group appear. This pumping of
specific velocities results in the appearance of narrow res-
onances superposed on the linear background. These are
the stimulated-emission contributions that permit the pos-
sibility of sub-Doppler spectroscopy.

To illustrate the physical basis of the effect, consider
the case of a transition from a level with angular momen-
tum j; to one with jf. If the pumping laser frequency is
within the Doppler width of the transition, it will saturate
a selected velocity class. However, with a magnetic field
splitting the mf ——+1 Zeeman substrates of the upper lev-
el, different velocity classes will be saturated for
Am = + 1 and Am = —1 transitions. Since atoms
pumped in these two transitions belong to different veloci-
ty groups, the pumping process is incoherent. However,

as the magnetic field is varied and the widths of the sub-
levels begin to overlap, this level crossing creates a
coherent quantum interference effect which is observed
within the Doppler width. In Fig. 1 this description is il-
lustrated for the case of a 0—+1 transition. Note that only
the intensity of the stimulated Hanle effect depends on the
laser detuning. This dependence is the same as in the
spontaneous-emission effect.

From this we see that the saturated forward-scattering
signal depends on the Lande factors and coherences of the
two states coupled by the laser, unlike spontaneous-
emission level-crossing signals which depend only on
those quantities for the excited state. In addition, since
the forward scattering through the crossed analyzer must
vanish in zero magnetic field (where the system becomes
isotropic), these are null observations with much greater
sensitivity than the usual absorption or emission spectros-
copy experiments.

Finally, we note that forward scattering can also be ob-
served using Stark splittings instead of the Zeeman effect
discussed above. Experiments of this type on CH3OH in
an electric field have been recently performed by Inguscio
et al. with results analogous to those discussed here.

In the next sections the method of calculation outlined
in I will be reviewed and applied to the case of forward
scattering resonant with the D lines of Na. Comparison
with the experimental studies of Gawlik et al. is given
along with an interpretation in terms of the multipole mo-
ments induced by the coherences. The interpretation is
analogous, but not identical, to that which has been
developed for the spontaneous Hanle effect by Ducloy,
and these differences will be discussed.

II. FORWARD SCATTERING

.0

f Ugd~AleAt Bl
Ie ye] PQp U) GtIG&

FIG. 1. Schematic interpretation of the stimulated Hanle ef-
fect on a j;=1—+jf——0 transition. The hole burnings in the fun-
darnental level {j;=1)population for en=+1 and m =—1

states move in the direction indicated by the arrows when the in-
tensity H of the magnetic field is turned to zero. They begin to
overlap when their splitting is on the order of y;(c/cg) (where y;
is the fundamental level half-width, in units of atomic velocity
U, ) leading to cross coherence.

As explained above, the calculation of the nonlinear op-
tical activity developed in I will be used to obtain expres-
sions for the signal scattered in the forward direction as a
function of the external longitudinal magnetic field. The
signal observed in these experiments is the intensity of a
monochromatic wave which passes through crossed polar-
izer and analyzer. The left and right circularly polarized
components of the radiation become dephased because of
the asymmetry induced by the magnetic field. This de-
phasing results in a Faraday rotation per unit length 6/L
and a corresponding ellipticity 4/L. The observed signal
can be written in terms of these quantities as

I =ID(sin 6+sinh 4)
&& exp[( —2n coL /c) Im(X„+Xt )],

where X, (Xt) is the right (left) circularly polarized com-
ponent of the electrical susceptibility of the medium. The
complex Faraday effect in terms of these susceptibilities is

6+i'P=(vrcoL/c)(X„—Xt) .

For dilute gases, the imaginary part of the susceptibility
is small as is the left-right difference of the susceptibili-
ties. Thus, for path lengths not too large, the fraction of
the intensity passing through the analyzer is proportional
to simply 6 +4, the sum of the squares of the rotation
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angle and the ellipticity.
Since stimulated zero-field level crossings are to be ob-

served, the case from I for weak magnetic fields and for
which the laser is quasiresonant with an isolated transi-
tion of the atomic system will be used.

A complete discussion of the method of calculation of
the nonlinear contribution to X„(X&)under the appropri-
ate condition for magnetic optical activity has been given
in I. The method used was based on an iterative solution
to a Dyson equation for the line-shape Green's function
written as an operator in the Liouville space of the system
states and a space of harmonic numbers of the external
laser field. ' The iteration produces a power-series solu-
tion in the laser intensity and is capable of being summed
to all orders in a dressed-atom type of theory. " The all-
orders solution adapted to the resonant, weak-field,
Doppler-broadened case is discussed in I and completely
presented in Ref. 12. This solution (which is exact within
the rotating-wave approximation) displays power broaden-
ing and shift and contains the complete features of the

Lamb-dip-type saturation phenomena of Doppler-
broadened transitions. For laser intensities and transitions
such that the Rabi frequency is less than the relaxation
width of the transition, these effects can be approximated
by a finite-series solution.

The lowest-order contribution is, as mentioned above,
the linear Faraday effect and, of course, displays no
intensity-dependent saturation effects. The expression for
this term, given in I, will be rewritten below in order to re-
call the notation. The field wiH be taken to be weak
enough so that the Zeeman splittings of the levels in-
volved in the transition considered can be assumed to be
less than their widths. This ensures that the collisional
mixing of the Zeeman components can be neglected so
that the relaxation matrix is diagonal. ' The angle of ro-
tation per unit length in first approximation, 6'"/L, and
the corresponding ellipticity, 4' "/L, for an isolated
Doppler-broadened transition i ~f of frequency cofc ln a
gas of, Xz atoms in a volume V and in a longitudinal
magnetic field with Larmor frequency coL are

I. j (j +1) j'f(j'f+1)(6'"+i+'")/L = —(S„/V)(p; —pf) [1—zf'Z(zf )] g;+'gf+(g; —gf)
3'AC COD 2

(3)

where coD is the Doppler width of the transition, coD (2kT/m——)' cole, p; and pf are the equilibrium populations of the
levels with Lande g factors g; and gf, and df; is the dipole-moment reduced matrix element of the transition. Z(zf;) is
the plasma dispersion function (see, for instance, Ref. 14) with the argument

zf' —( 1/coD )(co cof +( IIf—' ) )'
In the limit of a very small detuning, b,co =co cof;, Z(zf; ) —+i V m—and Eq. (3) leads to

j (j +1) j'f (jf +1)6 /L = —(Sq /V)(p; pf ) — g'+gf+(g; —gf ) (4)

The ellipticity ql /L vanishes in this limit. We note, in addition, that the signal detected in the small-rotatiori limit is a
quadratic function of co& . Thus, as expected, whenever the transition width is dominated by the Doppler effect, so is the
linear contribution to the Faraday rotation.

The next contribution, the third-order term, which contains the lowest-order saturation effects, will display the sub-
Doppler collisional width parameter. Again assuming a diagonal relaxation matrix for an isolated Doppler-broadened
j;—+jf transition, we have

3/2 2 2

6 /L =(Nq/V)(p; pf ) — exp( —b,co lco )
(33 2 22' ND

xf ) 2+ I f Jf
I —1+

x&+1 ' 4x~+12 ~ —(m+1) 1 m;
S

jf 1

—(m; —1) —1 m;

1 j;,x;, 2+I; Jf
I2+1 f 4X2+12 ~ —(m; —1) 1 m;

Jf 1 J
—(m; —1) 1 (m; —2)

(5)

where x, =g, col /yf;, I,=y, /yf; are the dimensionless
Larmor frequency and the relaxation parameter of the a
level. The square of the reduced Rabi frequency,
(pQ lyf ) =

~
df'EI,

~
/TPyf;, is the expansion parameter

which orders the terms in the iteration series for the non-
linear contributions. The level relaxation, orientation, and
alignment parameters are al1 taken to be the same in Eq.

l

(5).
The contribution of Eq. (5) to the Faraday rotation can

be seen to be composed of two dispersion functions of the
reduced Larmor frequency. This means that the small-
angle third-order contribution to the forward scattering
[the square of Eq. (5)] has a narrow dip about col ——0.
The width of that dip is I;/2, and its amplitude is related
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to the level relaxation parameter as well. On the other
hand, the Ace dependence with fixed ~1, which is the
magnetic rotation spectrum, is a Doppler-broadened
Gaussian function with width coD.

This shows explicitly that the third-order forward-.
scattering contribution, unlike that of the magnetic rota-
tion spectrum, contains a sub-Doppler component. It can
also be seen that as long as the laser is tuned to within the
Doppler width of the transition, the amplitude of the
forward-scattering signal is only weakly dependent on the
detuning hood;.

Finally, it should be noted that the weak-rotation limit
of Eq. (1) can be written, for this case,

broadening of the transition. In addition to this
intensity-dependent shape effect, the amplitude of the sig-
nal has contributions proportional to the first and second
powers of the laser intensity to this order of approxima-
tion. ""

The role of different dipole transition widths yJ;(1) and
level-a relaxation, alignment, and orientation rates y, (0),
y, (1), and y, (2) can be made explicit in the simple case
of a transition with j;=j~ or in one with a normal Zee-
man effect. In both these cases the Lande g factor of the
two levels is the same and we have, with the reduced
quantity x =x; =xf cot.g/—yf((1),

(~(1)+~(3))2 (6)
ldJ( I

~ )(Iz x"'/I- =(&~ /V)(P; —PJ )
~cog) py- x + 1

to third order. Since 6'" is linear in mz and is indepen-
dent of the laser intensity and 6( ' has a dispersion shape
in col and has a linear dependence on laser intensity, it is
clear that the shape of the resonances observed in forward
scattering will be a. sensitive function of the laser intensity
even though the third-order calculation contains no power where

Xexp( hc—o /coD)D,

(K —2)(4K —1)
6 JJ' Jt Ji

K(K —1) K 1 1 I r

2 Jf Ji Ji 6

2+ I, (K)
+

4x +I";(K)

E
+ J

I f '(K) 2+ I J'(K)
+ 4x'+ r~(K)

(8)

From this result it is obvious that in the third-order
term no Zeeman coherences higher than second order
arise. These coherences which can be interpreted as in-
duced quadrupole moments dominate the nonlinear Fara-
day effect whenever the Rabi frequency is less than the re-
laxation parameter. The situation is not the same for the
spontaneous Hanle effect where, under the same condi-
tions, interferences between the levels may cause cancella-
tion so that the fifth-order coherences may dominate.
These induced hexadecapo1e moments have been observed
in Hanle-effect experiments on neon by Ducloy et al. ' In
Sec. III we shall show that similar experiments performed
in forward scattering on Na by Gawlik et al. and origi-
nally interpreted in the same manner can be described in
terms of the lower-order induced quadrupole moment. 190

F-3
F=2

34 F-q
F=O

r

et al. , that is, a pressure of 5 && 10 Torr of sodium and
a temperature of 160'C. These conditions imply a col-
lisional contribution small with respect to the natural
width yf = (y; +yJ')/2 =4.98 MHz where yi ——9.65
MHz and y;=0.3 MHz (due to transit time through the
beam diameter, 0.18 cm), and imply also a Doppler width,
co~ ——950 MHz, which is much larger than the natural
width. The laser intensity, in the range 0.05—0.15 mW,
distributed over 50 MHz, gives a reduced Rabi frequency
in the range 0.13—0.23, small enough so that the third-

III. APPI, ICATION TO SODIUM D
TRANSITIONS

The forward-scattering intensity, discussed in Sec. II,
will now be calculated explicitly to third order for the
sodium D lines. The hyperfine structure of these transi-
tions (from Ref. 18) is displayed in Fig. 2. The parame-
ters used in the calculation are those appropriate for com-
parison with the experimental observations of Gawlik

FIG. 2. Hyperfine structure of the D~ and D2 transitions of
Na.
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order calculation outlined above should be sufficient. The
center frequency is tuned to within the Doppler width of
each line considered.

Because the frequency spread of the incident laser in
the experiments of Gawlik et al. was of the order of the

. hyperfine splitting of the upper states, the contributions
from the hyperfine transitions F; +F~—with the same F;
are added together to obtain the Faraday rotation.

To illustrate the calculation, the third-order Faraday
rotation is displayed in Fig. 3 for one set of hyperfine
transitions for each D line. The curves have the disper-
sion shape described by Eq. (5).

The forward-scattered intensity, calculated from Eq.
(1), is given in Fig. 4, for each group of distinct hyperfine

0 ( radar

8.0x10 2,

Na 0, , F(- 2 F) ), 2

I-5 3
I

-2
0.0
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-4.0x10 2'
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FIG. 3. Third-order contribution to the Faraday rotation
from (a) the group of D~ transitions originating from the
S~q2~ ~ level and (b) the group of D2 transitions originating

from the S&~2F 2 level. The laser power is Po ——0.24 mW, the
beam radius is R =0.15 cm, and the path length is L =5 crn.

transitions; in 4(a) and 4(b) are those arising from the
Sizz+ i and S»2z 2 levels for the D, line and in 4(c)

and 4(d) are the analogous transitions for the D2 line.
Note that the signal for the D, and D2 lines arising from
the S~~2 ~ &

level is predicted to be more than two orders
of magnitude weaker than the other component of these
lines. This agrees with the observation made by Gawlik
et al. that this component was too weak to be measured.
Since, in addition, it is separated by about 1600 MHz
from the other component for each line, which is about
twice the Doppler width, it can be neglected in analyzing
the experimental results centered about the other hyper-
fine component. Note also, that in the range of laser in-
tensities used, the shape of the scattered intensity is great-
ly altered by increasing the reduced Rabi frequency. In
Figs. 5(a) and 5(b), which reproduce the two theoretical
curveis from Figs. 4(b) and 4(d), we have displayed the ex-
perimental curves-of Ref. 7, normalized to the intensity of
the first resonance, for comparison with our theoretical
predictions for low magnetic-field strengths. Since Eq. (5)
has been calculated for a monochromatic laser source, we
have not attempted a quantitative fit with the experimen-
tal data, since this was taken using a laser with a 50-MHz
width (this would be a simple but meaningless exercise).
Instead, we insist upon the excellent qualitative agreement
of the third-order theory and note that no fifth-order con-
tributions are necessary at these power levels. This
corrects what we believe to be a misinterpretation ' ' of
their experimental results by the authors of Ref. 7.

For larger magnetic fields, the experimental curves of
Ref. 7 contain structure at 15 and 27 G which is probably
due to the hyperfine level crossings that occur at these
points. The theory presented in I contains these effects in
principle, but they have been neglected in Eq. (5), in the
isolated line approximation. For this reason, the theoreti-
cal curves have been plotted only in the restricted range of
5 G about the zero-field level crossing.

Finally, the independence of the structure on detuning
within the Doppler width of the transition, predicted by
Eq. (5), has been also studied experimentally by Gawlik
et ah. , by using a piezoelectric sweep of the dye laser.
This "quasi-broad-band-excitation" method produced the
same structure as was observed by excitation with the
fixed laser frequency. The dependence on the reduced
Rabi frequency of the sub-Doppler third-order terms was
also tested by adding 6 Torr of Ne buffer gas to increase
greatly the dipole relaxation parameter y~; and, hence,
reduce /3it. The resulting forward-scattering signal then
displays the parabolic first-order contribution unmodified
by the now small third-order resonance, as expected.

In conclusion, it is to be noted that the nonlinear
resonant Faraday effect as measured in forward-scattering
experiments can be an important tool for the determina-
tion of level lifetimes of both levels involved in an isolated
electric-dipole transition. This depends, however, on the
existence of a sufficient difference in the characteristic pa-
rameters such as Lande factors, lifetimes, etc. This means
that it should be an especially interesting method whenev-
er one of the levels is a true ground state (or a metastable
state). These states are, of course, inaccessible to study by
the spontaneous-emission Hanle effect. As can be seen by
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(a)
Na D1,
F;=2~ Ff =1, 2

I (arb units)

(b)
Na D2,
F;=2~Ff =1, 2, 3 I (arb units)
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FIG. 5. Theoretical third-order forward-scattering calculation (solid line) using the same parameters as in Figs. 3 and 4 and a laser
power of 0.24 mW. Comparison with two experimental patterns (dashed lines) recorded at different laser power levels from Gawlik
et al. (Ref. 7) for each of two groups of transitions. (a) Na Dj,0.5 mW; - - -, 3 mW. (b) Na D2. , 0.3 mW; - - -, 2.5 mW.
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