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Hanle fluorescence spectra of an atom with aJg50↔Je51 transition
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We have investigated the two basic types of Hanle fluorescence spectra, distinguished by the direction of
observation, from aV-type atom with aJg50↔Je51 transition excited by a linearly polarized laser. In the
absence of a magnetic field to lift the Zeeman degeneracy of the sublevels, the incoherent fluorescence
spectrumGX

inc(v) is dark for all Rabi frequencies, while the incoherent fluorescence spectrumGY
inc(v) ex-

hibits a single peak for small Rabi frequencies and a Mollow-like triplet for large Rabi frequencies. However,
if a magnetic field is applied, the incoherent spectra are composed, in general, of five peaks. WhenvB!V, the
incoherent spectrumGX

inc(v) has four peaks, whileGY
inc(v) has a Mollow-like triplet, and the integrated area

~i.e., the fluorescence intensity! under the spectrumGX
inc(v) is much less than that ofGY

inc(v). WhenvB@V,
both incoherent spectra have a two-peak structure similar to that of a two-level atom far off resonance, but the
integrated area under the spectrumGX

inc(v) is much greater than that ofGY
inc(v). WhenvB5V@g, both

spectra have a similar five-peak structure, and the same integrated area. The results obtained are interpreted in
the dressed atomic state representation. In the strong-field limit, the secular approximation is invoked, and
analytical expressions of the resonance fluorescence spectra are derived which demonstrate the dependence of
the peak heights and widths of the resonance fluorescence spectra on the intensities of the magnetic and linear
polarized laser fields in a more transparent way.@S1050-2947~97!00901-3#

PACS number~s!: 42.50.Dv, 32.80.2t, 32.30.2r
-
b
e
th
th

on
ze
er
ti
m
th
tly
n
tin
n
e

hr
n
-

is
in
ee
it
r

v
e
n
en
R
-

nd

hat
f the
has

ser
re-
um

ig-

on-
nle

t
res-
ic

cent
s.
tate
sys-
s
ef-
he
e
We
nce
the
em-
rived
cular
al-
ere
I. INTRODUCTION

The Hanle effect@1# is an important phenomenon for in
vestigating the effects of strong coherence on transitions
tween multilevel atomic states. Its fluorescence radiation
hibits very interesting polarization characteristics due to
interference between the Zeeman sublevels involved in
transition. For aJg50↔Je51 transition, if the linear polar-
ization of the exciting light and the direction of observati
are parallel, the observed fluorescence signal is zero at
magnetic field. When a magnetic field is applied, a nonz
signal is at first obtained, but with an increasing magne
field, the fluorescence eventually decreases. The effect
be explained in terms of the destructive interference in
angular distribution of atomic radiation from two coheren
excited sublevels. A magnetic field reduces the cohere
between the excited sublevels through the Zeeman split
and renders the destructive interference incomplete. Eve
ally, the magnetic field becomes large enough for the diff
ent Zeeman sublevels to be considered uncorrelated.

The Hanle fluorescence signals in the case of monoc
matic excitation were investigated theoretically by Avan a
Cohen-Tannoudji@2# and observed experimentally at low in
tensities by Rasmussen, Schieder, and Walther and
Cresseret al. @3#, where a narrow coherence dip was d
played. The Hanle dip at the zero field broadens with
creasing intensity because the stimulated emission and r
citation partially preserve the coherence between the exc
sublevels. On the other hand, the ability of an intense lase
preserve coherence between themJ561 excited sublevels
depends strongly on the laser bandwidth and statistics. A
and Cohen-Tannoudji@4# have extended their study of th
Hanle signals to the case of a fluctuating intense quasimo
chromatic laser beam, and shown that the Hanle fluoresc
signals are quite sensitive to fast phase fluctuations.
cently, Arnettet al. @5# have carried out an experimental in
551050-2947/97/55~1!/717~8!/$10.00
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vestigation concerning the effect of the laser bandwidth a
spectral shape~i.e., the laser coherence properties! on the
width and shape of the Hanle dip. Their results showed t
when the laser bandwidth increases, power broadening o
Hanle dip normally decreases. A theoretical explanation
also been presented by Ryan and Bergeman@6#, who used
methods for solving stochastic differential equations@7# to
evaluate the Hanle fluorescence signals for the driving la
field with amplitude as well as phase fluctuations. More
cently, we have studied the effect of a squeezed vacu
reservoir on the Hanle polarized fluorescence signals@8#, and
found that the Hanle null does not occur and the Hanle s
nals are broadened.

Other aspects of the Hanle effect have also been of c
siderable interest: for example, the fluctuation-induced Ha
resonance in phase conjugation@9#, the squeezing of Hanle
fluorescence radiation@10#, and the mechanical Hanle effec
@11# have been reported. For related topics such as fluo
cence polarization, alignment and orientation of an atom
state, and level crossing, we refer the reader to the re
special issue of Z. Phys.@12# for comprehensive reference

In the current paper we concentrate on the steady-s
incoherent resonance fluorescence spectra of an atomic
tem with a Jg50↔Je51 transition, since this aspect ha
received little attention in past discussions of the Hanle
fect @13#. This study reveals the directional properties of t
spectrum. Our organization is as follows. In Sec. II, w
present the optical Bloch equations of the Hanle effect.
numerically investigate the Hanle resonance fluoresce
spectra in Sec. III, where a large number of features of
incoherent spectra are predicted. In Sec. IV, we have
ployed the atomic dressed state representation and de
analytical resonance fluorescence spectra under the se
approximation. The agreement with the exact numerical c
culations is generally quite satisfactory over the range wh
717 © 1997 The American Physical Society
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718 55PENG ZHOU AND S. SWAIN
the effective Rabi frequency is sufficiently large. A summa
is presented in Sec. V.

II. OPTICAL BLOCH EQUATIONS

We consider an atom, having a ground state with an
gular momentum quantum numberJg50 and an excited stat
with Je51, with Bohr frequencyvA , driven by linearly po-
larized laser light at frequencyvL . A static magnetic fieldB
lifts the degeneracy of the excited Zeeman sublevels, s
ting the atomic excited state into three equally spaced s
levels: uJe ,MJ&5u1,21&, u1,0&, and u1,1&. The splittingvB is
determined by the amplitude of the magnetic field:vB5mB,
wherem is the gyromagnetic ratio.

The ground-state Zeeman sublevelu0,0& is coupled to the
two-excited-state Zeeman sublevelsu1,21& andu1,11& by the
linearly polarized light.~The sublevelu1,0& is not excited and
may be ignored in the following.! Hence, we have effectively
a V-type system. For simplicity, we abbreviateu0,0&, u1,21&
and u1,11& by u0&, u2&, and u1&, respectively. The atomic
level scheme and typical experimental geometry are sh
in Fig. 1, where the laser light, polarized linearly along theX
axis, propagates along theY axis, the magnetic field is ap
plied along theZ axis, and they interact with the atom
beam directed along theZ axis. The fluorescence detection
are along theX andY axes, which are, respectively, parall
and perpendicular to the polarization direction of the la
field.

In the frame rotating with the laser frequencyvL , the
Hamiltonian under the rotating-wave approximation~using a
system of units in which\51! is of the form

H5~d1vB!A111~d2vB!A22

1@~V1A101V2A20!e
ifL1H.c.#, ~1!

whereAlk5u l &^ku represents an energy operator forl5k and
a dipole transition operator forlÞk. Here direct transitions
between the excited sublevelsu2& and u1& are dipole forbid-
den. The detuning between the atom and the laser fiel
n-

it-
b-

n

r

is

d5vA2vL . The Rabi frequencies which characterize th
atom-laser coupling are given byV65ELeL•d60, whereEL ,
fL, and eL are the amplitude, phase, and unit polarizatio
vector ~which is taken to lie alongex! of the laser field,
respectively,d60 are the dipole moments for theu0&→u6&
transitions. For the Hanle effect~Jg50↔Je51 transition!,
the vectorsd60 are always associated with thes1 ands2

polarizations, respectively. That is, they take the for
@6,8,9,14#,

d205
d

&
~ex1 iey!, d105

d

&
~ex2 iey!, ~2!

where thed is the transition amplitudes of two allowed tran
sition pathways. Therefore, for the system considered h
V15V25V.

The optical Bloch equation for the system, including th
decays of the excited sublevels, is given by@8#

d

dt
X~ t !5BIX~ t !1K , ~3!

where the Bloch vectorX(t) is defined as

FIG. 1. ~a! The atomic level scheme for aJg50↔Je51 tran-
sition. ~b! The experimental geometry, showing the relative pos
tions of the detectors and beams.
X~ t !5@^A10&,^A01&,^A11&,^A20&,^A02&,^A22&,^A12&,^A21&#T. ~4!

The inhomogeneous termK is given by

K5@ iV,2 iV,0,iV,2 iV,0,0,0#T, ~5!

andB is the ~838! matrix

BI 53
2L1*
0

2 iV
0
0
0

2 iV
0

0
2L1

iV
0
0
0
0
iV

2 i2V
i2V
2g

2 iV
iV
0
0
0

0
0
0

2L2*
0

2 iV
0

2 iV

0
0
0
0

2L2

iV
iV
0

2 iV
iV
0

2 i2V
i2V
2g
0
0

2 iV
0
0
0
iV
0

2Lz*
0

0
iV
0

2 iV
0
0
0

2Lz

4 , ~6!
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55 719HANLE FLUORESCENCE SPECTRA OF AN ATOM WITH . . .
where

L65 1
2g1 i ~d6vB!, Lz5g1 i2vB . ~7!

The component̂All & in the Bloch vectorX is the population
of the levelu l &, whilst ^Al0& describes the optical coherenc
between the excited sublevelsu l & and the ground stateu0&,
and^A21& is the Zeeman coherence between the excited s
levelsu1& andu2& which develops as a result of the cohere
driving of the two allowed transitions. The quantityg is the
decay rate of the excited sublevels to the ground level.
above equation governs the evolution of the system and
employed to study the Hanle polarized fluorescence sig
@5,6,8# and nonclassical properties of the Hanle fluoresce
radiation@10#. However, we are here interested in the sp
tral features of the Hanle polarization fluorescence sign
which display remarkable directional properties.

III. HANLE FLUORESCENCE SPECTRA

The fluorescence spectrum is defined in terms of the F
rier transformation of the steady-state correlation betw
the positive frequency field and the negative frequency fi
in the far zone

G~v!5Re E
0

`

^E~2 !~r ,t!•E~1 !~r ,0!&e2 ivtdt, ~8!

where the negative frequency part of the radiation fi
E~2! ~r , t!, at a pointr in the far radiation zone takes th
form

E~2 !~r ,t !5Efree
~2 !~r ,t !2c~r !nFn3D~1 !S t2 r

cD G , ~9!

with Efree
~2!~r ,t! being the negative frequency part of the fr

field operator,c~r ! a geometrical factor,n[r /r a unit vector
in the direction of observation, andD~1!(t) the atomic polar-
ization operator, defined as

D~1 !~ t !5d10A10~ t !1d20A20~ t !. ~10!

Hence the steady-state fluorescence spectrum can be
pressed in terms of the atomic correlation function

G~v!5ReE
0

`

^n3@n3D~1 !~t !#•n3@n3D~2 !~0!#&

3e2 ivtdt, ~11!

whereD~2!(t)5@D~1!(t)#* . It is evident that the fluorescenc
spectrum is dependent on the direction of observationn. For
the Jg50↔Je51 transition, thed60 are governed by Eq
~2!, and we may reexpressD~1!(t) as

D~1 !~ t !5
1

&
@Dx

†~ t !ex1Dy
†~ t !ey#, ~12!

where

Dx
†~ t !5d@A20~ t !1A10~ t !#,

Dy
†~ t !5 id@A20~ t !2A10~ t !# ~13!
b-
t

e
as
ls
e
-
s,

u-
n
ld

d

ex-

are the components of the atomic polarization alongex and
ey , respectively. Then,

Gn~v!5~ny
21nz

2!GX~v!1~nx
21nz

2!GY~v!2nxnyGXY~v!,
~14!

where

GX~v!5Re E
0

`

^Dy
†~t!Dy~0!&e2 ivtdt,

GY~v!5Re E
0

`

^Dx
†~t!Dx~0!&e2 ivtdt,

GXY~v!5ReE
0

`

@^Dx
†~t!Dy~0!&1^Dy

†~t!Dx~0!&#e2 ivtdt.

~15!

The standard detection arrangements@2,5,6,8#, illustrated
in Fig. 1~b!, measure two basic types of fluorescence spec
determined by the direction of observation, which we den
GX~v!, for detection along theX axis ~parallel to the polar-
ization direction of the laser!, andGY(v) for detection along
theY axis ~perpendicular to the polarization direction of th
laser!, respectively. We adopt these arrangements, and c
sider these quantities in detail. In fact, the sing
time correlation functions, limt→`^Dx

†(t)Dx(t)& and
limt→`^Dy

†(t)Dy(t)&, respectively, describe the intensities
theY polarized andX polarized fluorescence signals of th
Hanle effect, and were extensively investigated in the p
@2,5,6,8#.

The spectraGX~v! andGY~v! in Eq. ~15! are composed
of coherent and incoherent components. The coherent R
leigh parts, whose origin can be traced to the elastic sca
ing of the driving field, give rise to onlyd-function contri-
butions, whilst the incoherent ones, which stem from
fluctuations of the dipole polarizations, make the main co
tribution. Hereafter we pay attention only to the incohere
Hanle resonance fluorescence spectra, which are define

GX
inc~v!5Re E

0

`

^DDy
†~t!DDy~0!&e2 ivtdt,

GY
inc~v!5Re E

0

`

^Dx
†~t!DDx~0!&e2 ivtdt, ~16!

whereDDl(t)5Dl(t)2^Dl(`)& represents the deviation o
the dipole polarization operatorDl(t), (l5x,y), from its
mean steady-state value. The two-time correlation functio
^DDl

†(t)DDl(0)&, (l5x,y) can be obtained by invoking th
quantum regression theorem@15#, together with the optical
Bloch equations~3!. To do this, we define a vectorUl(t),
( l5x,y) for the steady-state correlations of the atom
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720 55PENG ZHOU AND S. SWAIN
Ul~ t !5@^DA10~ t !DDl~0!&,^DA01~ t !DDl~0!&,

^DA11~ t !DDl~0!&,^DA20~ t !DDl~0!&,

^DA02~ t !DDl~0!&,^DA22~ t !DDl~0!&,

^DA12~ t !DDl~0!&,^DA21~ t !DDl~0!&#T.

~17!

According to the quantum regression theorem, whent.0 we
have

d

dt
Ul~ t !5BIUl~ t !, ~ l5x,y!. ~18!

Due to the time independence ofB, Eq. ~18! is readily
solved. Substituting the solution into Eq.~16! one obtains the
incoherent resonance fluorescence spectra,GX

inc(v) and
GY
inc(v) to be

GX
inc~v!5ReH (

j51

8

id@R4 j~ iv!2R1 j~ iv!#Uy j~0!J ,
GY
inc~v!5ReH (

j51

8

d@R4 j~ iv!1R1 j~ iv!#Uxj~0!J ,
~19!

whereUxj~0! andUy j~0! are the initial components of th
vectorUl(t), (l5x,y), defined in Eq.~17!. Ri j ( iv) is an
element of the matrixR( iv)5( ivI2B)21 with I being the
identity matrix.

We show the numerical results of the Hanle fluoresce
spectra in the case ofd50. First of all, we consider the Hanl
fluorescence spectra in the absence of an applied mag
field in Fig. 2. One may, perhaps, expect that this system
possess the same spectral features as that of a two-level
driven by the same field. However, our results show subs
tial differences. In the Hanle system, the spectrum is v
sensitive to the observed direction. For the experimental
ometry @5,6,8# used here, the incoherent fluorescence sp
trum, GX

inc(v), detected along theX axis ~parallel to the
polarization direction of the linearly polarized laser field! is
null for all driving intensities, whilst the spectrum
GY
inc(v), detected along theY axis ~perpendicular to the po

larization direction of the driving laser! exhibits simi-

FIG. 2. Incoherent Hanle resonance fluorescence spectra in
absence of a static magnetic field,vB50, and for different Rabi
frequenciesV, ~a! V50.5, ~b! V55. In all figures, the solid curves
denoteGX

inc~v! ~which is zero in the case!, whilst the dashed curve
representGY

inc(v). ~We takeg51 in these graphs.!
e

tic
ill
om
n-
y
e-
c-

lar structures to that of the Mollow system. For example,
frame 2~a!, the spectrumGY

inc(v) consists of a single peak at
line center and the sidebands are beginning to grow but a
not yet resolved for this weak driving intensity~V50.5!,
while a Mollow-like triplet is displayed for a large Rabi fre-
quencyV55 in frame 2~b!. ~We measure all frequencies in
units ofg.! However, the dressed state analysis presented
Sec. IV shows that the sidebands are shifted by an amo
2VR52AvB

212V2514.4 from line center, which differs
considerably from the valueV55 obtained in the resonance
fluorescence spectrum of a driven two-level atom@16#.

The remarkable directional properties of the spectrum a
a direct signature of level crossing and quantum interferen
effects. For vanishing magnetic fields,vB50, the excited
sublevels overlap completely. The coherence produced d
ing optical excitation is conserved and the reemitted radi
tion shows an angular distribution due to the linearly pola
ized excitation. Along the polarization direction of the lase
the reemitted radiation interferes destructively with the co
sequence thatGX

inc~v!50, while the interference in the di-
rection perpendicular to the polarization vector is constru
tive.

However, if a very weak magnetic field is applied, nu
merical calculations demonstrate that both resonance fluor
cence spectra are qualitatively similar, and display a sing
peak for small Rabi frequencies. These spectra are not
particular interest and are not shown here.

We have plotted both spectra for the case ofvB52 and
different excitation intensitiesV in Fig. 3, and forV55 and
various magnetic-field intensities in Fig. 4. The spectra ha
a maximum of five resolved components and are symmet
cal. Some spectral lines can be completely suppressed
certain situations. They have the following general prope
ties. WhenvB,V the central component of the spectrum
GX

inc~v! is less than that of the spectrumGY
inc~v!. When

vB5V both spectra have a similar structure and they ha
the same value at line center. However, whenvB.V the
central component ofGX

inc~v! is larger than that ofGY
inc~v!.

he

FIG. 3. Same as Fig. 2, but forvB52, and various Rabi frequen-
cies,~a! V50.5, ~b! V52, ~c! V55, and~d! V510.GX

inc~v! in the
frames~c! and ~d! are multiplied by the factors 5 and 20, respec
tively, in order to be made visible.
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55 721HANLE FLUORESCENCE SPECTRA OF AN ATOM WITH . . .
In the limit of vB!V, the spectrum,GY
inc~v! has a three-

peaked structure similar to that of the Mollow spectrum
whilst the spectrum,GX

inc~v!, has four peaks. In the limit of
vB@V, both spectra,GX

inc~v! and GY
inc~v!, have a two-

peaked structure similar to that of a two-level atom far o
resonance. The directional properties of the spectra are the
fore more significant in the limitvB!V. On the other hand,
the integrated areas under the spectral curves, i.e., the fl
rescence intensities, are approximately same whenvB5V,
whilst the area under the spectrumGX

inc~v! is much greater
than that underGY

inc~v! whenvB@V, and vice versa.

IV. DRESSED STATE ANALYSIS

The dressed atomic state representation has proved to b
natural description of the system dynamics which makes t
underlying physical processes transparent. In this represen
tion, within the secular approximation, the resonance fluore
cence spectra can be expressed in analytical form@17#. In
this section we derive explicit expressions for the lin
shapes, linewidths, and peak heights of the Hanle fluore
cence spectra in the dressed state representation in the l
of large effective Rabi frequencies. For simplicity, we her
assume that the excitation field is tuned to resonance with
atom,d50. In this situation, the eigenvalues and eigenstat
of the interaction Hamiltonian~1! are given by

la50, lb5VR , lc52VR , ~20!

and

ua&5
1

h
@~2u1&1u2&)eifL1hzu0&],

ub&5
1

h
@~G2u1&1G1u2&)eifL1u0&],

FIG. 4. Same as Fig. 2, but forV55, and different magnetic-
field intensities, ~a! vB51, ~b! vB55, ~c! vB510, and ~d!
vB520. GX

inc~v! in frame ~a! is multiplied by the factor 10 in
order to be made visible.
,

f
re-

o-

e a
e
ta-
s-

s-
mit

he
s

uc&5
1

h
@~G1u1&1G2u2&)eifL2u0&], ~21!

where

VR5AvB12uVu2, h5
VR

uVu
, hz5

vB

uVu
, G65

1

h6hz
.

~22!

The energy diagram of the dressed states and the rele
transition processes, which contribute to different spec
lines, are shown in Fig. 5. In the dressed state representa
the underlying physical processes are evident. The equat
for the diagonal elements,^Paa&, ^Pbb&, and ^Pcc&, are al-
ways associated with zero frequency, which reflects the tr
sitions between the same dressed levels, for instance, lin
5, and 6 in Fig. 5. However, the equations of motion of t
off-diagonal elements, such as^Pac& and ^Pba& representing
transitions 2 and 3, are associated with the effective R
frequencyVR , whilst ^Pca& and ^Pab&, representing transi-
tions 7 and 8, are associated with the frequency2VR , and
^Pcb& and^Pbc& are associated with the frequencies 2VR and
22VR , corresponding to lines 9 and 1, respectively.

In the high-field limit, where the effective Rabi frequenc
is much greater than all relaxation rates, i.e.,VR@g, the
coupling between matrix elements associated with vari
frequencies may be omitted to orderO(v/VR). Correspond-
ingly, the optical Bloch equations in the dressed state rep
sentation are obtained as

^Ṗbb&52G0^Pbb&1G1^Paa&1G2^Pcc&,

^Ṗcc&52G0^Pcc&1G1^Paa&1G2^Pbb&,

^Ṗba&52~G31 iVR!^Pba&1G4^Pac&,

^Ṗca&52~G32 iVR!^Pca&1G4^Pab&,

^Ṗcb&52~G51 i2VR!^Pcb&, ~23!

with

FIG. 5. Level diagram of the dressed atomic states and rele
transitions.
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G05
g

h4 ~11hz
2!2,

G15
2g

h4 ,

G25
g

h4 ~11hz
2!,

G35
g

h4 Fhz
21

1

2
h2~11h2!G ,

G45
g

h4 hz
2,

G55
g

h4 @11h2~11hz
2!#. ~24!

Only the diagonal elements are nonzero in the steady st

^Pbb&5^Pcc&5
2

41hz
2~11hz

2!
,

^Paa&5
hz
2~11hz

2!

41hz
2~11hz

2!
. ~25!

Employing the quantum regression theorem@15#, we can
express the resonance fluorescence spectraGX

inc~v! and
GY

inc~v! in the transparent forms

GX
inc~v!5ReF s0

iv1G012G12G2
1

s1

iv1 iVR1G32G4

1
s2

iv1 iVR1G31G4
1

s3

iv2 iVR1G32G4

1
s4

iv2 iVR1G31G4
1

s5

iv2 i2VR1G5

1
s6

iv1 i2VR1G5
G , ~26!

where

s05
9hz

2

h4 ^Paa&~^Pbb&1^Pcc&!,

s15
1

2h2 ~hz
2^Pbb&12^Paa&!,

s25
hz
222

2h4 ~hz
2^Pbb&22^Paa&!,

s35
1

2h2 ~hz
2^Pcc&12^Paa&!,

s45
hz
222

2h4 ~hz
2^Pcc&22^Paa&!,
e

s55
hz
2

h4 ^Pbb&,

s65
hz
2

h4 ^Pcc&. ~27!

The incoherent Hanle fluorescence spectrum,GX
inc~v!, con-

sists of five spectral components: the central line w
width 2~G012G12G2!, the outer sidebands located at fr
quencies62VR with widths of 2G5, and the inner sidebands
placed at frequencies6VR , which, however, are a superpo
sition of two Lorentzians with widths 2~G36G4!. The heights
of these peaks are proportional to the given parameterssi .
The heights of the central peak, and of the inner and
outer sidebands, are given, respectively, by

Px~0!5
s0

G012G12G2
,

Px~6VR!5
s1

G32G4
1

s2

G31G4
,

Px~62VR!5
s5

G5
. ~28!

Also

GY
inc~v!5ReF e0

iv1G01G2
1

e1~ iv1 iVR1G3!

~ iv1 iVR1G3!
22G4

2

1
e2~ iv2 iVR1G3!

~ iv2 iVR1G3!
22G4

2 1
e3

iv2 i2VR1G5

1
e4

iv1 i2VR1G5
G ~29!

where

e05
1

h2 ~^Pbb&1^Pcc&!,

e15
hz
2

h2 ^Pbb&,

e25
hz
2

h2 ^Pcc&,

e35
1

h2 ^Pbb&,

e45
1

h2 ^Pcc&. ~30!

The incoherent resonance fluorescence spectrumGY
inc~v!

also has five contributions. One is centered at the transi
frequencyvA , two sidebands are displaced by an amou
6VR from the central line, and there are two addition
Lorentzians with the same width 2G5 displaced by62VR
from the central peak. The heights of the spectral com
nents are given by
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Py~0!5
e0

G01G2
, ~31!

Py~6VR!5
e1G3

G3
22G4

2 ,

Py~62VR!5
e3
G5

.

Various components of both spectraGX
inc~v! andGY

inc~v!
are associated with different transitions in the dressed sta
The central peak is related to transitions between the s
dressed levels, and the outer sidebands originate from t
sitions between the dressed statesub& and uc&. However,
other transitions contribute to the inner sidebands. From
equations of motion~23! in the dressed state representatio
we find that the transitions betweenub&↔ua& and ua&↔uc&
are entangled, so that the inner peaks have a complic
structure. The inner sidebands in the spectrumGX

inc~v! are
superpositions of two Lorentzians with different heights a
widths, whilst the inner sidebands ofGY

inc~v! take a compli-
cated, non-Lorentzian shape.

On the other hand, as the stationary dressed state po
tions ^Pbb& and^Pcc& are identical in the secular approxim
tion, both inner peaks have the same shape, and the pa
outer sidebands also have the same height and width.

Furthermore, we may consider certain special situatio
~i! Without the magnetic field,vB50, the upper level is
degenerate. In this case,hz50, h5&, and the steady-
state populations of the dressed states reduce
^Pbb&5^Pcc&5 1

2 and^Paa&50, which demonstrates that th
atom is trapped in a superposition of the dressed statesub&
and uc&. The resultant spectrumGX

inc~v!50. However, for
the spectrumGY

inc~v!, only the inner sidebands disappea
giving a triplet structure of the form

GY
inc~v!5

1

2
^Pbb&F 2~G01G2!

~G01G2!
21v2 1

G5

G5
21~v12VR!2

1
G5

G5
21~v22VR!2G ,

which resembles the Mollow spectrum of a two-level ato
It is not difficult to see that the ratios of the height and wid
of the central peaks to those of the sidebands are 3 and
respectively, the same as in the Mollow triplet@16#. How-
ever, the sidebands are displaced by 2VR from line center,
instead ofVR as in the original Mollow case. See Fig. 2~b!.
The absolute widths of the peaks also differ from the Mollo
values.~ii ! vBÞ0, but vB!V, so thathz!1, hl.&. The
resultant resonance fluorescence spectra,GX

inc~v! and
GY

inc~v! exhibit a five-peak structure. Furthermore, throu
analyzing the parameterssl , ~l50,1, . . . ,6! and ek , ~k
50,1, . . . ,4! we find that~a!: s0,s5,s6!s1,s2,s3,s4, which
implies that the heights of the inner sideband peaks are m
larger than those of the central peak and outer sideband
the spectrumGX

inc~v!; and ~b!: e0,e3,e4,@e1,e2, which
means that the inner sideband height is very small:GY

inc~v!
is a triplet. These conclusions are in excellent agreem
with Figs. 3~c!, 3~d!, and 4~a!. ~iii ! vB5V@g, so thathz51,
es.
e
n-

e
,

ed

d

la-

of

s.

to

,

.

/3,

ch
in

nt

h5). In this case, the populations of the dressed states
identical, ^Paa&5^Pbb&5^Pcc&51/3, and from Eq.~27!,
we haves052/9, s15s351/6, s25s451/54,s55s651/27.
Therefore, the heights of the five peaks of the spectr
GX

inc~v! are given by

Px~0!5 1
3 ,

Px~6VR!5 13
48 ,

Px~62VR!5 1
21 . ~32!

In general, the height of the central component is a lit
larger than that of the inner sidebands which in turn
larger than that of the outer ones. See Figs. 3~b! and 4~b!.

On the other hand, from Eq.~30!, we have e052/9,
e15e25e35e451/9. Correspondingly, the peak heights of t
spectrumGY

inc~v! are reduced to

Py~0!5 1
3 ,

Py~6VR!5 7
48 ,

Py~62VR!5 1
7 . ~33!

The central height is larger than that of the inner pair wh
is approximately equal to that of the outer pair. For instan
see frames 3~b! and 4~b!.

Comparing Eq.~32! with Eq. ~33! shows that the centra
heights of both spectra are the same, see Figs. 3~b! and 4~b!.
~iv!vB@V. We then havehz.h@1, and the populations
^Pbb&5^Pcc& are very small, while^Paa& is close to 1.
From Eq.~27! one gets

s05
9

h2 ^Paa&~^Pbb&1^Pcc&!,

s15s35
1
2 ^Pbb&1

1

h2 ^Paa&,

s25s45
1
2 ^Pbb&2

1

h2 ~^Paa&1^Pbb&!,

s55s65
1

h2 ^Pbb&. ~34!

Due to h22 being very small, only the inner sideband
dominant, and the other peaks are too small to be visible
the spectrumGX

inc~v!. See Figs. 3~a! and 4~d!.
On the other hand, from Eq.~30! we have

e05
2

h2 ^Pbb&,

e15e25^Pbb&,

e35e45
1

h2 ^Pbb&. ~35!
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As in the spectrumGX
inc~v!, only the inner sidebands ar

visible, and the others almost disappear. We also find
both spectra have qualitatively similar structure, but with d
ferent heights whenvB@V.

V. SUMMARY

In this paper we have investigated the directional prop
ties of the steady-state incoherent resonance fluoresc
spectra of the Hanle effect in aV-type atom with a
Jg50↔Je51 transition, excited by a linearly polarized la
ser. There exist two principal types of Hanle spectra, wh
are differentiated by the direction of observation.

In the case ofvB50 ~no magnetic field!, the incoherent
spectrumGX

inc~v!, detected along the polarization directio
of the excitation field, is zero all excitation intensitie
whereas the spectrumGY

inc~v!, detected along the directio
perpendicular to the polarization direction of the laser,
hibits a single peak at weak laser intensities, and at h
excitation intensities, a Mollow-like triplet but with sideban
shifts 2VR , instead ofVR , the effective Rabi frequency in
the original Mollow case@16#. However, if a magnetic field
is applied~vBÞ0!, the incoherent spectra are composed
general of five peaks. WhenvB,V, the amplitude of the
central peak in the spectrumGX

inc~v! is less than that of
GY

inc~v!; and vice versa whenvB.V. Both central peaks
have the same height and the integrated areas under
spectra are also approximately equal whenvB5V. Some
peaks can be suppressed for certain choices of the pa
eters. For example, in the limit ofvB!V, the incoherent
u
ke

lf
at
-

r-
ce

h

-
h

n

oth

m-

spectrumGX
inc~v! has four peaks, whilstGY

inc~v! has a
Mollow-like triplet with sideband shifts 2VR , and the inte-
grated area under the spectrumGX

inc~v! is much less than
that ofGY

inc~v!. WhenvB@V, both incoherent spectra hav
a two-peaked structure similar to that of a two-level atom
off resonance, but the integrated area of the spect
GX

inc~v! is much greater than that ofGY
inc~v!. The direc-

tional properties of the resonance fluorescence spectra
more marked whenvB!V, when the destructive interferenc
in the angular distribution of atomic radiation from the e
cited sublevels dominates.

These results obtained are interpreted in the dres
atomic state representation. Under the secular approxi
tion, we have derived compact expression for the resona
fluorescence spectra which allow us to interpret the spe
in a simple way. The analytical calculations are in excelle
agreement with the exact numerical results.

It is worth noting that the Hanle effect has been exte
sively investigated experimentally@1,3,5#. Therefore, experi-
ments on the Hanle fluorescence spectra studied here, w
demonstrate interesting directional properties arising fr
quantum interference effects, are feasible.
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