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A general equation is constructed for magneto-optical spectra. The incident laser beam has an arbitrary
polarization and its direction is arbitrary relative to the magnetic field. The analyzer has an arbitrary extinction
ratio function. The Faraday and Voigt formulas are deduced as special solutions. From the generalized Faraday
formula, the absorption spectra of o™ and o~ light are measured without influence of the birefringence. The -
circular dichroism is estimated. The measured spectra clearly show the frequency shifts of o* and o~ light.
The magnitude of the shift for a magnetic field of 0.015 T is twice as large as the Doppler width for the Cs
D, line. These shifts are induced by the Larmor precession defined by the fine-structure g factor. The Larmor
precession does not induce a real shift of Zeeman levels, but induces a phase shift of optical coherence through

the Rabi frequency.
PACS number(s): 32.60.+i, 32.70.Jz, 32.30.—r

I. INTRODUCTION

Forward-scattering magneto-optical effects such as the
Faraday and Voigt effects have been studied extensively by a
large number of authors (see [1-9] and references therein).
In particular, the Cs D, line has been studied mainly on the
Faraday rotation angle by Chen, Telegdi, and Weiss [10] and
Kanorsky eral. [11]. The spectral profiles and relevant
theory still need to be investigated further. All studies to date
have been based on the fundamental and specific formulas of
Faraday and Voigt. The application of these formulas is lim-
ited to the special case where the incident light is linearly
polarized and the exctinction ratio function of the analyzer is
also linear.

In the Faraday formula, the incident light must be parallel
to the magnetic field. Moreover, the Faraday rotation angle
(birefringence) and absorption terms (circular dichroism) are
closely related to each other and cannot be separated. In the
Voigt formula, the light must be incident perpendicular to the
field and the polarization plane of the incident light must be
perpendicular (o eigenwave) or parallel (7 eigenwave) to
the direction of the static homogeneous magnetic field.

In our previous paper [12], we analyzed the case where
light is incident at an arbitrary direction to the magnetic field,
from which the Faraday and Voigt formulas have been de-
rived as special solutions. In our present approach to
magneto-optical spectra, we have expanded the theory of lin-
ear polarizers to the more general case. This general equation
also makes it possible to derive Faraday and Voigt spectra as
special solutions. The spectral profiles can be investigated
for arbitrary polarization of the incident laser beam such as
linear, elliptical, or circular polarizations. In addition, the
analyzer can possess an arbitrary extinction ratio function
that is linear, elliptical, or rectangular. The direction of
propagation of laser beam is arbitrary with respect to the
magnetic field.

By taking advantage of one of the special solutions of the
generalized Faraday formula, the absorption profiles of o*
and o~ light can be measured independently without the
influence of the Faraday rotation. Therefore, the circular di-
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chroism (magnetic-field-induced optical rotation) can be
evaluated.

In our experiment of Faraday geometry, a clear frequency
shift is observed between o™ and o~ polarized light. All
o™ lines shift together in the same direction and all o~ lines
in the reverse direction. The magnitude of the shift for a
magnetic field of 0.015 T is twice as large as the Doppler
width for the Cs D, line. This shift originates in the Larmor
precession of the Cs atom and does not depend on the real
level splittings. The level splittings are not always linear with
the magnetic field: the classical vector model is not always
valid.

II. THEORY
A. Light electric field

Figure 1 shows the geometry for the observation of
forward-scattered magneto-optical spectra. The axis 581 de-
fines the electric field of the light (see captions)

FIG. 1. Applied homogeneous magnetic field in the E, direction.
(a) Axes é,, Ey, c
coordinates. The axis ¢ #, shows the direction of propagation of the

and e, constitute an orthogonal set of Cartesian

laser beam and is contained in the (Ew], Ez) plane. Axes gg,gw]
correspond to axes el e , rotated by an angle ¢, around the e . axis.
®) e ¢ perpendicular to the page. The plane spanned by the axes
e » and e ¢ is perpendicular to the direction of laser beam ( g(pl). The
electric field of light is in the plane (e,e)). (c) Axis ¢, defines the
electric field of the light.
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E} cosy;cose — sinycosP ;sine

e — y _ — ot — .

e, = El|= singcose — cosy cos® sine | . (1)
| E3 sin® sine ]

The direction perpendicular to Esl is expressed by 582

X . . 7
E; —cosy;sing — sinygr; cos®  cose
>l =l g ine —
€s,= E} | =| siny;sine—cosycos® cose |. (2)
| ES sin® | cose ]

Therefore, the incident elliptically polarized laser beam may
be expressed as

E} E;
E(0,t)=Eqa coswt| EY | + Eqaysinwt| E3 |,  (3)
Ej Ej;

where @, and a, are the major and minor axes of the ellipse,
respectively. When the electric field of the light rotates in the
opposite sense, the coefficient a, becomes —a,.

Here we seek a propagating electric field of light in the
form

E(z,t)=(Eo/2)[A e e (T D+ A_e_e i@ k-0
+A e e @ kD) p o], 4)

where A . . is a proportional constant and k. . is the com-
plex wave number for the o-t and 7 components, respec-

tively. The vectors e+ and e constitute a spherlcal coordi-

nate system, i.e., e+—+(1/\/’—)(e +zey) e eZ

From the boundary conditions for Egs. (3) and (4), the
electric field transmitted through the absorption cell is ob-
tained in the form

E(S,I)Z[Ex, !Eyt?Ezt]’ (52)

where

¢ r EjcosR . —EYsinR .
E. . =(Ey)2)[e *+% e *-* .
= (Eo/2)l Ja TcosR_+E7sinR _
EJcosR . +EjsinR

+a
?| —E}cosR_+ EXsinR _

(5b)

2
10f [E(s,t)-Es*dé= f [Ey.EyE, ]| bicosd| S

s i E JcosR ;. + E7sinR
E,,=(Ey2)[e *+% e *-*
w=(Eof2)[e I a E)cosR_— EjsinR _
—E3cosR . + E}sinR

+a
?| EicosR_+E}sinR_

] . (5¢)

E.=Ef[e “~{a [ EjcosR ]+ a>[ E3sinR,]}.  (5d)

The symbols R. and R, are defined as wr—k%s and
wt—k’ s, respectively. s refers to the length of the cell and
1, ...,E3, ... are as defined in Egs. (1) and (2).

B. Observed spectra

The plane of polarization of the analyzer is expressed
analogously to Eq. (1) by (see Fig. 1 and its caption)

ST cosip,cosf—siny,cosP,sinf
ggl =| 8§} | =| —sing,cos6—cosi,cos®,sinb | . (6)
S3 sin®,sinf

The axis perpendicular to e s, is described by e 0,

53 — cosi,sinf— sinygr,cos®,cosf
592 =| 83| =| sing,sinf—-cosy,cos®,cos8 |. (7)
S5 sin®,cosf

When the extinction ratio function of the analyzer is ellipti-
cal, it may be written as

ST S5
Es=bcosd| S1 | +b,sind| S3 |, (®)
S 53

where b, and b, are the major and minor axes, respectively.
The symbol & refers to the angle measured from the axis
ep,- The light transmitted through the analyzer is given by
the square of the inner product of the vector of the electric
field of the light and that of the analyzer and by integrating
over the exctinction ratio function. Therefore, we obtain the
spectral profiles observed through the analyzer as follows:

X 2
S7 S5
+b,sind| S3 dé
Si 53

=[(b1)*2IL(ST)*(Ex)?+ (S (Ey)*+ (SD*(E.)?
+28%SY(E Eyy) + 284S Ey E ) + 25183 (ELE,)]

+[(b2)*2][(83)*(Ex)* + (S)*(Ey)?

+(S5)X(E)*+28383(EE ) +2S3S5(EE ) +28;

2(EEx)], ©
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where the rotating-wave approximation (rapidly oscillating
terms are neglected) is assumed and the extinction ratio func-
tion E s may assume an arbitrary form: rectangular or any
closed curve.

C. Generalized Faraday formula

The Faraday formula is deduced as a special solution of
this general equation. When the light propagates along the
magnetic-field direction and the plane of the analyzer is per-
pendicular to the laser beam ®;=0,®,=®, and ;= ¢,.
Therefore the Faraday spectrum for an elliptically polarized
incident laser beam and an elliptical extinction ratio function
of the analyzer is obtained as follows:

1, (E216){(b2+b2) (e~ H+%(a) — ay)?+ e~ -5(a, +a,)?
+2(a%—a2)(b2—b2)e K+seKoscos[2(e — 6)

+ (k. —k")s]}. (10)

For circularly polarized incident light (a;=a,), the Far-
aday spectra give an absorption profile of either right or left
circularly polarized light and the interference term vanishes.
When the analyzer is absent (b;=25,), the Faraday spectra
possess only absorption profiles. These facts may be com-
bined to extract the circular dichroism ([k’, —k' ]s/2, for
small k', , the parity nonconserving rotation [10,13]) without
the influence of birefringence ([k’, —k”_]s/2, the Faraday ro-
tation).

For linearly polarized light (a;=1, a,=0) and a linear
extinction ratio function of the analyzer (b,=1, b,=0), the
ordinary Faraday formula is obtained.

For the case where the analyzer is not perpendicular to the
light beam, the spectra are different from those for the per-
pendicular case. For example, the Faraday spectra for
U1=¢,=0, ®,;=0, and ®,#0 are given by

1,5 (EX16)(B [(a)—ajy)%e ™24+ + (a; +ay)%e 2]
+Bo{(B_)cos[2e+ (K, —k")s]+(bT—b3)

X cos®,sin2 fsin[2e + (k" — k" )s]}), (11a)

where

B.=b3(cos? 6= cos’D,sin?§) + b3 (sin 6+ cos’D,cos )
(11b)

and

30:2(a%—a%)e—ki+se—ki—". (11c)
When ®,=0, Eq. (11a) reduces to Eq. (10).

D. Generalized Voigt formula

For the Voigt spectra ®,=7/2, ®,=®, and ¢, = ¢,.
Therefore, the o component is obtained when £ =0:

n )

WL

=~

FIG. 2. Larmor precession of a magnetic dipole moment m and
a relevant valence electron orbit with angular frequency ¢. H
shows the magnetic field. The electric dipole moment is ,J,= —er.

1,5<(E216)[a2(b2cos? 9+ blsin B){e ~ 25 + ¢~ 205
+ 2e_"i+se_ki—scos(RJr —R_)}—2a,a,
X (b= b3)sin(2 c9)e”kiws{e“kiﬁ-ssin(R+ —R,)—e —kls
Xsin(R_ —R.,)}+4a2(bsin? 0+ b2cos? B)e ~2kx].

(12)

When the analyzer is absent (b;=b,) the Voigt spectra have
an interference term between right and left circularly polar-
ized light as well as absorption terms. For a,=1, a,=0,
b,=1, and b,=0, the Voigt spectrum for a o-polarized
eigenwave with a linearly polarized laser beam and a linear
analyzer extinction ratio function is obtained:

1 p<cos?( N{( 1/2)(e"2kis+e—2kis)

+cos[(kﬂr—ki)s]e_(kLJ“ki-)s}. (13)

The o component has an interference term as well as absorp-
tion terms.

For mr-polarized light of Voigt geometry &= 7r/2. In this
case, the spectrum is obtained by interchanging a, and a, in
Eq. (12). For linearly polarized light (a;=1, a,=0) and a
linear analyzer extinction ratio function (=1, b,=0), the
absorption spectrum of the eigenwave 7 is obtained:

I y¢2 sin?( 0)6“2";". (14)

The 7 component spectra have simple absorption profiles.
For Voigt spectra [Egs. (13) and (14)], the profiles of eigen-
waves o and 7 are not influenced by the angle () of polar-
ization of the analyzer; only their intensity is modified.

E. Complex wave-number

Figure 2 shows the precession of the magnetic dipole mo-
ment m around a magnetic field H with Larmor frequency
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w; . The electric dipole moment ;2 precesses in the plane
perpendicular to the magnetic moment with an angular fre-
quency ¢. When the Larmor frequency is small compared to
the angular frequency of the valence electron, the electric-
dipole moment can be written as [12,14]

My cosa coswyt+sinwyt
w=| my | ~(u/\2)| cosa sinw t—coswpt |. (15)
M, —sina

For a cesium atom, ¢= 10'* Hz and ) 10® Hz at 0.015 T.

In the first stage of density-matrix formalism, the wave
number & is usually regarded as real. Therefore, from Eqgs.
(4) and (15), the Rabi frequency is deduced as follows [12]:

E(z,t)- plh=(uEqI4\2h){e' S+~ “(f )] - cosa—i]
+e!S-*e(f_Y(cosa—i)—2e"(f,)(sina)
+c.cl, (16)

Where St,-rrzwt—kt,'n'z7 f“_'zlftle—i”t’ fﬂ':lf‘nlewi”"’
and — 7. , is the angle between |f. ,| and f%. .. The ex-
plicit expressions for f. and f, are given by

._EX _Ey
fo=fitifi=laval{| |+ |1 (72
= 1 =lay.a, [/ . a
+ + + —Ei’ E,;
=f_+ifl=[ ] ki +i s (17b)
f-=f_+if_=la;.a, B i _E .
Ej

fr=futify=la;.a,] . (17¢)

—E?
iE;

where E77%,E>>"* are defined by Egs. (1) and (2).
As the Rabi frequency is a proportional coefficient of op-
tical coherence in the density-matrix formalism, which is de-

fined by the Hamiltonian H=H,— ,4117? , in order to obtain
the time-independent part of the density matrix by the
rotating-wave approximation and to preserve the effective-
ness of the usual framework of density matrix formalism, the
following definition is necessary in view of Eq. (16):

ptzﬁ:ei[(wiwll)t——ktz]’ (183)

p{::ptei”t’ (18b)
where the optical coherence of 0" and o~ light is shifted in
phase in opposite directions by the Larmor precession. In
analogy to Eq. (18), the optical coherence for 7r-polarized
light has the form

i wt—k.,.,z),

Pr=Pne (19a)

pl=pae'm. (19b)

The density-matrix equations defined by the Liouville
equation are solved here for the two-level open system where
the populations are not necessarily conserved for the relevant
two levels, but an equilibrium is maintained by optical
pumping and relaxation cycles (Fig. 3).

2
— L1
A2 1Yy w21 Ys 2
1
/ ﬁ\\
Ay %

FIG. 3. Two-level open system. vy, refers to the ground-state
relaxation rate, y, to the excited-state relaxation rate, 7y, to the
natural transition rate, and /vy, to the induced emission rate (/ is a
factor proportional to the laser intensity).

The macroscopic polarization of the medium and the sus-
ceptibility are obtained through this solution as [12,14]

Pt,-rr(zvt)zNOJ- [/’Li,'rrpt;t,’n'_*-c'c]d(kv)
=3{eoEox+ ne" @ kx4 cc),  (20)

where the electric-dipole moment in the spherical coordinate
system is given by wu.=F(u/2)(cosaxi)e™ L and
Mn=— (! \/-2—) sine. Ny is the atomic density and
Xi,,,=)(’:,,r—ixﬂ:‘,,. The susceptibility is derived for o™*
light as [12,14]

r——c fm ((J)-T—(.()L~(l)21_kv)
Xx * ) ew(@F op— 0y —kv) 2+ Y2+ 298| B|?

Xexp[ — (kv/Avp)?k dv, (21a)

. w v
L=+C.
X C—j‘wm(w-T-wL—wZI—kv)z+'y2+2'y5|,31|2

Xexpl — (kv/Avp)*lk dv, (21b)

‘where

C.=|f+|(1+cos?a)(Ny/eo) [ (ui) R[4 2 mA vy,
(22)

Y=ty ty,HIy)2, and S=(y+y)/[yi(v2+ s
+1Iv,)]. The electric-dipole moment w and the transition
probability B have the relation u?=3g,hi\3>B/87?.

The stationary Rabi frequency related to p. , may
be written as Bi=|fs|mpEo(—iFcosa)/42A and B,
=|f .l m12Eo(—sina)/2\2%. As the transition probability is
broadened by the laser spectral width (wyg) [15], the Rabi
frequency B may be expressed as

|,3:,w|2(st)2
(0= iy " kv)*+ (o)

IB‘:,WP:} (23)

For m-polarized light, susceptibilities are obtained by as-
suming ®; =0 in Eq. (21) and the proportional coefficient is

C o= |fal(sin?a)(No/e)[ ()R [2\TA V)], (24)
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FIG. 4. Experimental block diagram. LD, laser diode; L, colli-
mating lens; N/4, quarter-wave plate; BS 1 and BS 2, beam split-
ters; M1, M2, and M3, mirrors; C, chopper; Cell, Cs absorption
cell; D, detector. The applied magnetic field is 0.015 T.

The relations between the susceptibility and complex wave
number are written as [12,14]

27

ki,‘n': )\

{1+ x% D2+ (e D212 = (1 + X% DY,
(25a)

27

=

r
ki,‘n’

LA+ x5 D2 (X )P+ (T + X D
(25b)

The magneto-optical spectra /4 is deduced from these wave
numbers.

III. EXPERIMENT

In order to observe both right and left circularly polarized
light simultaneously, the instrumental arrangement shown in
Fig. 4 is used. Right circularly polarized light reflected by a
mirror is converted to left circularly polarized light and vice
versa.

The method is based on Eq. (10). The analyzer is absent
(by=b,) and the incident light is circularly polarized
(ay=a,). The chopper interrupts o* and o~ light recipro-
cally with a chopping frequency of around several hertz.
When o* light passes through the absorption cell, o~ light
does not exist in the cell and vice versa. Accordingly, the
o and o~ light are absorbed independently (e~ 2Kss
e 2k 5.

or

For distorted circularly polarized light, the following ap-
proximation is valid. When the analyzer is absent, Eq. (10)
reduces to I,xI.=(a,* az)ze'zk’f‘+ (a; Iaz)ze_zkl-s,
where double signs refer to right and left elliptically polar-
ized light, respectively. With no absorption /. =2(a%+a%).
When the quality of circularly polarized light deteriorates,
it is reduced, for example, to elliptically polarized light
with 60% ellipticity, i.e., for a,=6a,/10,

1,=(2a,/5)Y[16¢ 2K+ + e =205
and

I_=(2a,/5)[e” 2+ + 166251,

Then the following approximation holds: 7,~(2a,/
5)26_21(1*"‘ and 1_~(2a1/5)2e‘2k1—s because the spectral dis-
tributions of k’;r and k° are mostly overlapped in the present
case. Thus, even if the circularity of polarization is not per-
fect, the ¢ and o~ light in Fig. 4 can be approximately
regarded as right and left circularly polarized light, respec-
tively, with an uncertainty of around 7%.

In our experiment, the circularity of o™ light is 50-90 %
for each beam before and after the absorption cell. The de-
gree of ellipticity is measured to be almost the same for the
light before and after the cell. Under these conditions, all
measured spectra coincide within experimental errors of
around *5%. This coincidence may be due to the spectral
shifts of great bulk and gross absorption profiles.

The large shift and broad width may conceal fine details
due to optical pumping, which has a significant effect in a
precise fluorescence measurement [16]. In our experiment,
large effects are not observed for laser intensities of around
0.1 to a few wW/mm?. Including the above uncertainty,
however, the veracity of shift may be estimated to be better
than 80—90 % for a modest evaluation.

The solenoid coil has a 70 cm length, a 6.5 cm inner
diameter, and a 13.5 cm outer diameter and is cooled by
circulating water. The coil produces a magnetic field of 0.015
T at 8 A. The cylindrically shaped Pyrex absorption cell
placed in the center of the coil has a 7 cm length and'a 5 cm
diameter. The laser beam passes the center of the coil and the
cell. Consequently, the uniformity of the magnetic field in
the interaction region may be estimated to be better than
98%. The uncertainty of the electric current to the solenoid
coil is less than 0.05 A. Therefore, the mean-field uncertainty
may be estimated to be less than 0.0001 T.

The earth’s magnetic field is not shielded because of its
weakness (0.000 05 T) in comparison with the coil’s field
(0.015 T). The magnetic field of 0.015 T is adopted in this
paper because this magnitude is neither too weak nor too
strong for the Zeeman splittings of the Cs 6 28, and
6 2P, fine-structure and hyperfine levels that constitute the
D, line. For a weak magnetic field, the effect of Larmor
precession is not clear (see Sec. V) and for a strong field the
electric-dipole moment must be treated differently from Eq.
(15). The effectiveness of the formalism described by Eq.
(16) is limited to the intermediate strength of the magnetic
field. For the Cs D, line, this is less than around 10 T. In
addition, the coil used in this study produces a maximum
magnetic field of 0.03 T.

The laser intensity is on the order of a few ' W/mm?. The
absorption cell is at room temperature. The vapour pressure
(Pmm ng of the Cs atom is given by the Nernst formula.
The Cs atomic density is obtained as [12] Ny=9.651
X 10" Pomug/T. For room temperature No~10°-10'
cm™3. For this optically thin vapor and the current laser
intensity, the atoms may be presumed to interact with the
laser beam independently. The cell is not coated and is not
filled with a buffer gas in order to make the optical pumping
and alignment effect as small as possible. Therefore, colli-
sional effects may be mainly caused by the resonance broad-
ening (7yg), i.e., collisions between the same species.
(yg=1.965X10"P ., ug/T MHz. For the present case,
vr=0.093 MHz.)
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FIG. 5. (a) Measured absorption profiles in the absence of a
magnetic field. (b) Typical experimental absorption profiles for
H=0.015 T. (c) Theoretical spectra for w;=g;ugH.

IV. RESULTS

The experimental results obtained by utilizing one of the
methods of this theory are compared with the theoretical
spectra of the Cs D,, F,=3 line for a magnetic field of
0.015 T (150 G). The level splittings that determine the spec-
tral line distribution are derived from Ref. [17].

Figure 5(a) refers to the spectra in the absence of the
magnetic field and the intensities of the incident ot and
o~ light differ significantly. In Fig. 5(b) the typical absorp-
tion spectra for o™ light of equal intensity and a magnetic
field of 0.015 T are shown.

The vertical lines are recorded as follows. When the chop-
per is open to o light, the amount of absorption of o+ light
is recorded and when the chopper is open to o~ light, its
absorption is recorded. Thus the amount of absorption of
o™ light is recorded reciprocally, sweeping the vertical lines.

The o* and o~ absorption profiles cross each other with
distinct frequency shifts. The two envelopes refer to the ab-
sorption spectra of ¢t and o~ light, respectively. The ab-
scissa refers to frequency. The laser intensity is adjusted by
an attenuator.

Figure 5(c) shows theoretical profiles for o™ light that are
obtained by assuming the Larmor frequency to be
w;=g;upH=420 MHz, where g;=2.002 is the ground-
state fine-structure g factor of the Cs 6 2S,, state. The
abscissa denotes the frequency measured from the Cs
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FIG. 6. (a) Profiles for w;=0. (b) Profiles for w;,=gruzH.

628 12—6 2P5, fine-structure transition frequency.

Figure 6(a) refers to w; =0 (where the spectral line dis-
tributions correspond to those for H=0.015 T). Figure 6(b)
shows profiles calculated with the assumption that
w;=grpupgH=53 MHz (gr is the hyperfine g factor
= g,;/8). These profiles do not reproduce the measured pro-
files. Therefore, from Figs. 5 and 6, it is concluded that the
Larmor frequency is well defined by g;, not gr.

From experimental results [Fig. 5(b)] and theoretical pro-
files [Fig. 5(c)], the circular dichroism D can be estimated:

D=(I,—1))/(I;+1), (26)

where I} and I, denote the ¥ and ¢~ components of
detected intensity of the forward scattering light [18]. Figure
7 shows the circular dichroism D deduced from the above
experiment and theory.

V. DISCUSSION

The Larmor frequency w; has been assumed to represent
Zeeman splitting in a classical vector model. However, even
for a weak magnetic field, the level splittings are not always
linear: for example, the splittings are extraordinarily compli-
cated for the Cs 6 2P, F,=3 state [17]. For the interme-
diate strength of the magnetic field also, the splittings of the
6 2P, level are not simple. In this paper, it is taken into
account that the Larmor precession does not induce the level
splittings but provokes a phase shift of optical coherence
through the Rabi frequency. The real resonance frequency is
represented by w,; in Eq. (21). The measured spectra [Fig.
5(b)] clearly show this effect of the phase shift.

CIRCULAR DICHROISM (D)

3 5 T

FREQUENCY (GHz)

FIG. 7. Circular dichroism (D). Frequencies are measured from
the Cs 6 28,,—6 %P5, fine-structure transition frequency.
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Moreover, the magnitude of the shift is 420 MHz for
H=0.015 T, which surpasses the Doppler width (226 MHz
at T=25 °C). This shift, whose direction is opposite for
0" and o~ components, cannot be attained by collisional
interactions such as spin exchange, spin destruction, phase
changing or phase destroying, and velocity changing colli-
sions. These collisional effects (if any) are around several
MHz and can be neglected compared to the magnitude of
optical coherence shift.

When the magnetic field is absent, o%-, o7-, and
mr-polarized light have the same transition probability and
the same transition frequency. Therefore, the absorption pro-
files of o and o~ light coincide, as shown in Fig. 5(a). As
the laser intensity is on the order of several ' W/mm?, with a
spectral width of about 20 MHz and the ground-state Zee-
man splittings larger than 50 MHz for 0.015 T, it would be
difficult to establish Zeeman coherence in the ground state.

In Fig. 5(b) the measured spectra of o+ and o~ light are
regarded as simple absorption spectra. Therefore, the circular
dichroism is estimated in relation to parity nonconserving
(PNC) rotation. The PNC rotation experiment [19-22]
searches for optical rotation originating in admixtures of
electric-dipole states (parity change) into the dominant
magnetic-dipole transition (no parity change).

The circular dichroism D is related to refractive indices
nt, n~, and n as [19]

(n*=n")/(n—1)=2D. (27)
Accordingly, the optical rotation & is given by
O=(aL/IN)(nT—n")=QwL/IN)(n—1)D, (28)

where L refers to the cell length, \ to the wavelength, and n
to the refractive index induced by the magnetic-dipole am-
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plitude [19-21]. As the PNC experiment exploits the refrac-
tive index n induced by the magnetic-dipole amplitude, our
approach is different. However, if n is regarded as the aver-
age refractive index of the Cs vapor, ® may be assumed to
be the magnetic-field-induced optical rotation. For the Cs
vapor (1077 Torr at room temperature), n— 1 <1.

VI. CONCLUSION

A general equation is constructed for the magneto-optical
spectra. In this formalism, a laser beam of arbitrary polariza-
tion (linear, elliptical, or circular) is incident into an absorp-
tion cell placed in a static homogeneous magnetic field from
an arbitrary direction to the field and detected through an
analyzer with an arbitrary extinction ratio function (linear,
elliptical, or any closed curve). The Faraday and Voigt for-
mulas are deduced as special solutions of the general equa-
tion.

From the general equation, several facts are clarified.
When the incident light is circularly polarized, the Faraday
spectra give an absorption spectra of either right or left cir-
cularly polarized light and the birefringence term vanishes,
whereas the generalized Voigt spectra contain absorption
terms as well as interference terms. When the analyzer is
absent, the generalized Faraday spectra for any polarized
light give only absorption terms. Consequently, the effect of
circular dochroism is evaluated without the influence of
birefringence (Faraday rotation). From the generalized Fara-
day formula and the experiment utilizing it at 0.015 T, the
existence of a virtual frequency shift due to Larmor preces-
sion that is twice as large as the Doppler broadening is veri-
fied for the Cs D, line.
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