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Hanle fluorescence spectra of an atom with d;=0+J,=1 transition
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We have investigated the two basic types of Hanle fluorescence spectra, distinguished by the direction of
observation, from &/-type atom with aly=0+J,=1 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
spectrumGi?C(w) is dark for all Rabi frequencies, while the incoherent fluorescence speﬁﬁﬂl‘ihu) 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 peaksogAtierthe
incoherent spectrurﬁi)?c(w) has four peaks, WhiIGi\?c(w) has a Mollow-like triplet, and the integrated area
(i.e., the fluorescence intensitynder the spectrurﬁ‘;;?c(w) is much less than that (Gi\}‘c(w). Whenwg>(),
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 spectr@ﬁ‘c(w) is much greater than that dr:i;‘c(a)). When wg=05v, 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 W&1050-294{@7)00901-3
PACS numbefs): 42.50.Dv, 32.80-t, 32.30--r

[. INTRODUCTION vestigation concerning the effect of the laser bandwidth and
spectral shapdi.e., the laser coherence properties the
The Hanle effecf1] is an important phenomenon for in- width and shape of the Hanle dip. Their results showed that
vestigating the effects of strong coherence on transitions bewhen the laser bandwidth increases, power broadening of the
tween multilevel atomic states. Its fluorescence radiation exHanle dip normally decreases. A theoretical explanation has
hibits very interesting polarization characteristics due to thealso been presented by Ryan and Bergeftdnwho used
interference between the Zeeman sublevels involved in theethods for solving stochastic differential equatigi$ to
transition. For aly=0+J.=1 transition, if the linear polar- evaluate the Hanle fluorescence signals for the driving laser
ization of the exciting light and the direction of observation field with amplitude as well as phase fluctuations. More re-
are parallel, the observed fluorescence signal is zero at zetently, we have studied the effect of a squeezed vacuum
magnetic field. When a magnetic field is applied, a nonzergeservoir on the Hanle polarized fluorescence sigi&lsand

signal is at first obtained, but with an increasing magnetiGound that the Hanle null does not occur and the Hanle sig-
field, the fluorescence eventually decreases. The effect mayy|s are broadened.

be explained in terms of the destructive interference in the oher aspects of the Hanle effect have also been of con-

angular distribution of atomic radiation from two coherently giqeraple interest: for example, the fluctuation-induced Hanle
excited sublevels. A magnetic field reduces the coherenc

ally, the magnetic field becomes large enough for the differ-

- cence polarization, alignment and orientation of an atomic
ent Zeeman sublevels to be considered uncorrelated. P _g
tate, and level crossing, we refer the reader to the recent

The Hanle fluorescence signals in the case of monochrg® 2€; i 7 PhvEl2l f hensi ;
matic excitation were investigated theoretically by Avan angSPecial Issue of 2. y$12] for comprehensive references.

Cohen-Tannoudji2] and observed experimentally at low in- | In the current paper we concentrate on the steady'-state
tensities by Rasmussen, Schieder, and Walther and b!gcohe'rent resonance quorescgpce spectra qf an atomic sys-
Cresseret al. [3], where a narrow coherence dip was dis-fem with aJy=0J.=1 transition, since this aspect has
played. The Hanle dip at the zero field broadens with inreceived little attention in past discussions of the Hanle ef-
creasing intensity because the stimulated emission and reefect[13]. This study reveals the directional properties of the
citation partially preserve the coherence between the excitegpectrum. Our organization is as follows. In Sec. II, we
sublevels. On the other hand, the ability of an intense laser tpresent the optical Bloch equations of the Hanle effect. We
preserve coherence between thg==1 excited sublevels numerically investigate the Hanle resonance fluorescence
depends strongly on the laser bandwidth and statistics. Avaspectra in Sec. lll, where a large number of features of the
and Cohen-Tannoud[i4] have extended their study of the incoherent spectra are predicted. In Sec. IV, we have em-
Hanle signals to the case of a fluctuating intense quasimon@loyed the atomic dressed state representation and derived
chromatic laser beam, and shown that the Hanle fluorescenamalytical resonance fluorescence spectra under the secular
signals are quite sensitive to fast phase fluctuations. Reapproximation. The agreement with the exact numerical cal-
cently, Arnettet al. [5] have carried out an experimental in- culations is generally quite satisfactory over the range where
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the effective Rabi frequency is sufficiently large. A summary (a (b)
is presented in Sec. V.

1, 1>=l+> €

II. OPTICAL BLOCH EQUATIONS

,-15=l->

We consider an atom, having a ground state with an an-
gular momentum quantum numhky=0 and an excited state
with J.=1, with Bohr frequencyw, , driven by linearly po-
larized laser light at frequenay, . A static magnetic field
lifts the degeneracy of the excited Zeeman sublevels, split-
ting the atomic excited state into three equally spaced sub-
levels:|J.,M;)=]1,—1), [1,0), and|1,2). The splittingwg is
determined by the amplitude of the magnetic field= u.B,
where i is the gyromagnetic ratio. FIG. 1. (8 The atomic level scheme for =0<J.=1 tran-

The ground-state Zeeman suble{&D) is coupled to the sition. (b) The experimental geometry, showing the relative posi-
two-excited-state Zeeman sublevdls-1) and|1,+1) by the  tions of the detectors and beams.
linearly polarized light(The subleve|1,0) is not excited and
may be ignored in the followingHence, we have effectively
a V-type system. For simplicity, we abbrevig@0), |1,—1 > X L
and |>f,)+1)yby 10), |-, anF:JI |+3>/’ respectivelj.mT%J aton>1ic ¢, and g are the amphtude, phase, and unit polar|zat|on
level scheme and typical experimental geometry are show}ector (.Wh'Ch is taken to 'I|e along,) of the laser field,
in Fig. 1, where the laser light, polarized linearly along ¥e respe_qtlvely,dio are the dipole moments for tHe>._’.|i>
axis, propagates along thé axis, the magnetic field is ap- transitions. For the Hanle effedly =0 Jo=1 tr+an5|t|or1,
plied along theZ axis, and they interact with the atomic the vgctqrsdio are alvx_/ays assomafced with the” and o
beam directed along th& axis. The fluorescence detections polarizations, respectively. That is, they take the form
are along theX andY axes, which are, respectively, parallel [6.8,9,14,
and perpendicular to the polarization direction of the laser d d
field. d_o=— (g,+ig), d.o=—(e,—ie), 2

In the frame rotating with the laser frequenay , the *va (&) s (&) @
Hamiltonian under the rotating-wave approximatioising a
system of units in whicth=1) is of the form

Beam

10,0>=10>

6=wp— w . The Rabi frequencies which characterize the
atom-laser coupling are given §y. =E, g -d.,, whereE, ,

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

H=(5+wg)A;+(6—wg)A__ Q.=0_=0.
» The optical Bloch equation for the system, including the
T QAL TR Ao+ H.C], (1) decays of the excited sublevels, is given[By

whereA, = |l)(k| represents an energy operator fferk and

a dipole transition operator fdr£ k. Here direct transitions gt XU =BX(1)+K, €)
between the excited subleveis) and|+) are dipole forbid-

den. The detuning between the atom and the laser field iwhere the Bloch vectoX(t) is defined as

X(O=[(Ar0) (Ao ) (As2 ) (A o) (Ag-) (A ) (AL ) (AT, @

The inhomogeneous terk is given by

K=[iQ,—-iQ,0,iQ,-iQ,0,0,07, (5
and B is the (8X8) matrix
-A* 0 -i20 O 0 -iQ —-iQ 0 ]
0 —A, i20 0 0 iQ 0 iQ
—-iQ iQ —y 0 0 0 0 0
0 0 -iQ —-A* 0 -i20 0 -iQ
B=l o 0o i@ 0o -A_ 20 iQ o | ©6)
0 0 0 —-iQ  iQ —y 0 0
-iQ 0 0 0 iQ 0 —A¥ 0
0 iQ 0 -iQ 0 0 0 —A,
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where are the components of the atomic polarization alepgnd

, respectively. Then,
Ai=3y+i(6*wg), A,=y+i2wg. (7) % P Y

The componertA,;) in the Bloch vectoiX is the population G (w)= (n§+ ng)Gx(w) + (n§+ ng)GY(w)— Ny Gxy(®),
of the level|l), whilst (Ao) describes the optical coherence (14)
between the excited sublevgly and the ground stat|®),

and(A_,) is the Zeeman coherence between the excited sub-

levels|+) and|—) which develops as a result of the coherentWhere

driving of the two allowed transitions. The quantiis the

decay rate of the excited sublevels to the ground level. The ©

above equation governs the evolution of the system and was Gy(w)=Re f <D;(T)Dy(0)>e—iwrd7’
employed to study the Hanle polarized fluorescence signals 0

[5,6,8 and nonclassical properties of the Hanle fluorescence

radiation[10]. However, we are here interested in the spec- .

tral features of the Hanle polarization fluorescence signals, GY(w)=ReJ (DI(7)Dy(0))e '“7dr,

which display remarkable directional properties.

Ill. HANLE FLUORESCENCE SPECTRA

The fluorescence spectrum is defined in terms of the FouSxv(@)= ReJ [<DT(7')D (O)>+<D (1)Dx(0))]e "' dr.
rier transformation of the steady-state correlation between (15)
the positive frequency field and the negative frequency field
in the far zone
The standard detection arrangemd$,6,9, illustrated
in Fig. 1(b), measure two basic types of fluorescence spectra,
determined by the direction of observation, which we denote
Gy (w), for detection along thX axis (parallel to the polar-
where the negative frequency part of the radiation fieldization direction of the lasgrandGy(w) for detection along
) (r, t), at a pointr in the far radiation zone takes the theY axis (perpendicular to the polarization direction of the
form lasep, respectively. We adopt these arrangements, and con-
sider these quantities in detail. In fact, the single-
n><D(+>(t— [” (9) time correlation functions, lip,..(DI(t)Dy(t)) and
c Iimpx<D;(t)Dy(t)>, respectively, describe the intensities of
the Y polarized andX polarized fluorescence signals of the
Hanle effect, and were extensively investigated in the past
[2,5,6,8.
The spectra&Gy(w) and Gy(w) in Eq. (15) are composed
of coherent and incoherent components. The coherent Ray-
D) =d, oA o) +d_oA_o(t). (10) !eigh parts, vyh_ose _origin can _be traced to the _elastic scatter-
ing of the driving field, give rise to only-function contri-
Hence the steady-state fluorescence spectrum can be dxdtions, whilst the incoherent ones, which stem from the
pressed in terms of the atomic correlation function fluctuations of the dipole polarizations, make the main con-
tribution. Hereafter we pay attention only to the incoherent
Hanle resonance fluorescence spectra, which are defined as

G(w)=Re J'W<E(’>(r,r)~E(“(r,O))e’i“”dr, (8)
0

EC)(r,t)=Efea(r,t) = ¢(r)n

with ELr t) being the negative frequency part of the free
field operatory(r) a geometrical factom=r/r a unit vector

in the direction of observation, aria *'(t) the atomic polar-
ization operator, defined as

G(w)=Re w(nx[nx DY(7)]-nX[nxD)(0)])
0
xe 1o7dr, (11 GI%(w)=Re fx<AD;(T)ADy(O)>e_indT'
0

whereD (1) =[D™(t)]*. It is evident that the fluorescence
spectrum is dependent on the direction of observatiofor

the J;=0J,=1 transition, thed., are governed by Eg.
2), and we may reexpreﬁ(+)(t) as GY(w)= ReJ (DJ(7)ADy(0))e "*"d7,  (16)
D)(t)= — [D}(t)e,+ Dl(V)e] (12)
Vi x y\U&1 whereAD,(t)=D,(t) —(D,(«)) represents the deviation of
the dipole polarization operatdd,(t), (I=x,y), from its
where mean steady-state value. The two-time correlation functions,
. (AD/(t)AD,(0)), (I=x,y) can be obtained by invoking the
Dy(t)=d[A_o(t) +A o(t)], quantum regression theore5], together with the optical

: . Bloch equationg3). To do this, we define a vectdy,(t),
Dy(t)=id[A_o(t) =A.o(1)] (13)  (I1=x,y) for the steady-state correlations of the atom
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FIG. 2. Incoherent Hanle resonance fluorescence spectra in the NO'B :'.
absence of a static magnetic fieldg=0, and for different Rabi §0.6 n
frequencied?, (a) 2=0.5, (b) Q=5. In all figures, the solid curves S04 n
denoteG ¥'°(w) (which is zero in the cagewhilst the dashed curves L ) n "
represenGy'(w). (We takey=1 in these graphs. 02 ,"\‘ 1 in
Q & e
20 ] 20
Ui() =[(AAo(1)AD(0)),(AAg (t)AD(0)), ®

(AA.(DAD)(0))(AA_o(1)ADi(0)), FIG. 3. Same as Fig. 2, but faig =2, and various Rabi frequen-

(AAy_(1)AD(0)),(AA__(1)AD,(0)), cies,(a) 2=0.5,(b) =2, (c) =5, and(d) 2=10. G*(«w) in the
frames(c) and (d) are multiplied by the factors 5 and 20, respec-
(AA, _(1)AD(0)),(AA_,(1)AD,(0))]". tively, in order to be made visible.
(17)

lar structures to that of the Mollow system. For example, in
According to the quantum regression theorem, whe@ we  frame Za), the spectrunG {'°(w) consists of a single peak at
have line center and the sidebands are beginning to grow but are
not yet resolved for this weak driving intensit§2=0.5),
while a Mollow-like triplet is displayed for a large Rabi fre-
quencyQ=5 in frame Zb). (We measure all frequencies in
units of y.) However, the dressed state analysis presented in
Due to the time independence &, Eq. (18) is readily = Sec. IV shows that the sidebands are shifted by an amount
solved. Substituting the solution into E4.6) one obtains the 2Q0z=2/w3+202=14.4 from line center, which differs
incoherent resonance fluorescence spedBq’(w) and  considerably from the valu@=5 obtained in the resonance
GY°(w) to be fluorescence spectrum of a driven two-level atd@].
The remarkable directional properties of the spectrum are
) 8 a direct signature of level crossing and quantum interference
G;?C(w)ZRF«'{ Z id[R4j(iw)—le(iw)]ij(O)], effects. For vanishing magnetic fieldeg=0, the excited
1= sublevels overlap completely. The coherence produced dur-
8 ing optical excitation is conserved and the reemitted radia-
inc, |\ _ (i " _ tion shows an angular distribution due to the linearly polar-
Gy (@) R% 121 d[Raj(1 @)+ Raj(i@)1Ux(0) ized excitation. Along the polarization direction of the laser
(190  the reemitted radiation interferes destructively with the con-
sequence thab Y'(w)=0, while the interference in the di-
where U,;(0) and U,;(0) are the initial components of the rection perpendicular to the polarization vector is construc-
vector U (1), (I=x,y), defined in Eq(17). R;(iw) is an tive.
element of the matriR(iw)=(iwl —B)~* with | being the However, if a very weak magnetic field is applied, nu-
identity matrix. merical calculations demonstrate that both resonance fluores-
We show the numerical results of the Hanle fluorescenceence spectra are qualitatively similar, and display a single
spectra in the case @&=0. First of all, we consider the Hanle peak for small Rabi frequencies_ These spectra are not of
fluorescence spectra in the absence of an applied magnef@rticular interest and are not shown here.
field in Fig. 2. One may, perhaps, expect that this system will We have plotted both spectra for the casewgfi=2 and
possess the same spectral features as that of a two-level atejiferent excitation intensitie€) in Fig. 3, and forQ=5 and
driven by the same field. However, our results show substanyarious magnetic-field intensities in Fig. 4. The spectra have
tial differences. In the Hanle system, the spectrum is veryy maximum of five resolved components and are symmetri-
sensitive to the observed direction. For the experimental gecal. Some spectral lines can be completely suppressed for
ometry[5,6,8] used here, the incoherent fluorescence speceertain situations. They have the following general proper-
trum, GY'°(w), detected along th& axis (parallel to the ties. Whenwg<(Q the central component of the spectrum
polarization direction of the linearly polarized laser field G '°(w) is less than that of the spectru@®.'®(w). When
null for all driving intensities, whilst the spectrum, wz=( both spectra have a similar structure and they have
Gy“(w), detected along th¥ axis (perpendicular to the po- the same value at line center. However, wheg>(Q the
larization direction of the driving lasgrexhibits simi-  central component db ¥ %(w) is larger than that o6 ¥'*(w).

d
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FIG. 4. Same as Fig. 2, but fd2=5, and different magnetic-
field intensities, (8) wg=1, () wg=5, (¢) wg=10, and (d) where
wg=20. G¥%w) in frame (a) is multiplied by the factor 10 in
order to be made visible.

Q
) QR:VwB+2|Q|2! n:m_Rll 772:@! Gt:niﬂ .
In the limit of wg<(), the spectrumG{'%(w) has a three- (222)

peaked structure similar to that of the Mollow spectrum,

; inc .
whilst the spectrumGx “(w), has four peaks. In the limit of The energy diagram of the dressed states and the relevant

> inc inc " o ! ' )
wg>(), both spectraGy(w) and Gy ‘(w), have a wo transition processes, which contribute to different spectral

peaked structure similar to that of a two-level atom far OffI'nes are shown in Fig. 5. In the dressed state representation
resonance. The directional properties of the spectra are therg- ™’ . 9. . ; p S
fore more significant in the limitzg<(2. On the other hand, e underlying physical processes are evident. The equations

the integrated areas under the spectral curves, i.e., the fufor the diagonal elementsll,y), (Ilyy), and(Ileo), are al-
rescence intensities, are approximately same wigh Q) ways associated with zero frequency, which reflects the tran-

whilst the area under the spectn@i?"(w) is much greater sitions between the same dressed levels, for instance, lines 4,

inc s : 5, and 6 in Fig. 5. However, the equations of motion of the
than that unde6 y™(w) when wg>(, and vice versa. off-diagonal elements, such &d,.) and(Il,,) representing

transitions 2 and 3, are associated with the effective Rabi
IV. DRESSED STATE ANALYSIS frequencyQg, whilst (I1,,) and(Il,,), representing transi-
tions 7 and 8, are associated with the frequerdyy, and

The dressed atomic state representation has proved to b B A1l iated with the f i d
natural description of the system dynamics which makes th%—20;2>Ranco<rr£sci3§:1?jiiZS?oCII?nZs \gland i ;qu;ggg:/elfan

u_nderlyin_g physical processes transparent. In this representa- In the high-field limit, where the effective Rabi frequency
tion, within the secular approximation, the resonance quoresrs much greater than all relaxation rates, i8s>7, the
cence sp'ectra can b.e expregsgd In analyﬂcal frri. In ._coupling between matrix elements associated with various
this section we derive explicit expressions for the I'nefrequencies may be omitted to ord@fw/Qg). Correspond-

shapes, Ilnewu_jths, and peak heights of the I-_|an|_e ﬂuore_:qh ly, the optical Bloch equations in the dressed state repre-
cence spectra in the dressed state representation in the In@ nhtation are obtained as

of large effective Rabi frequencies. For simplicity, we here
assume that the excitation field is tuned to resonance with the .
atom, §=0. In this situation, the eigenvalues and eigenstates (Hpp) = = To(Mpp) + T'y(Ilaa) + T'a(Ilee),
of the interaction Hamiltoniall) are given by
(Mg = —To(Mge) + T (T o) + T (I,
)\a=0, )\b:QR, )\C:_QR, (20) cc, 0 cc, 1 a 2 bb,

and ()= — (T3 +i Qr)(Mpa) + T (o),

1 . ) = — (Ts—i Qr){(ITea) + T o(TT,),
@)= 1]+ )+~ e nfo)), Hea) == (o1 0) Tea) Tl

(Tgp) = — (Ts+i20Q)N(My), (23

L .
[b)= - [(G-|+)+G|=))el*+]0)], with
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Y
Fo=_ (1+72)?,

2y
I‘lz?,

Y 2
I'o=—%(1+ ,
2 774( 772)

2
72
T5= A (I,

2
0-6:%<Hcc>' (27)

The incoherent Hanle fluorescence spectr@¥;(w), con-
sists of five spectral components: the central line with
width 2(I'y+2I';—T',), the outer sidebands located at fre-
quenciest2Qy with widths of 4’5, and the inner sidebands,

1 . .
I‘3:l4 7]§+ = 72(1+ 5% |, placed at frequencies (g, which, however, are a superpo-
7 2 sition of two Lorentzians with widths(®'3=1I",). The heights
of these peaks are proportional to the given parameters
T _Y 2 The heights of the central peak, and of the inner and the
4= Nz . . -
i outer sidebands, are given, respectively, by
Y 2 2 P(0)= ___J0
Fsz?[l—kn (1+ 7)1 (24 X To+2l-T,’
Only the diagonal elements are nonzero in the steady state (%51 02

2
I,y ={l..)= ,
< bb> < CC> 4+7]z(1+7lz)
L+
A+ i1+ 1))

(a0 (25

Employing the quantum regression theorgth], we can
express the resonance fluorescence speGtif(w) and

G V% w) in the transparent forms

01

GIN(w) = Re[. 70

(0t Tot 20, -T,  TotiQgtTs—T,

+ 72 + 73
|(1)+|QR+F3+F4 |(1)_|QR+F3_F4

+ 74 + s
|(l)_|QR+F3+F4 |(l)_|ZQR+r5

+ 76

: (26)

where

975
0'0:7 <Haa>(<be> + <Hcc>)7

1 2
01757 (75(Hpp) +2(TL50)),

ne—2
27]4

(77§<be> - 2<Haa>):

(O

1
0'3:2_7]2 (77§<Hcc>+ 2<Haa>).

2
n,— 2
O4= 22774 (77§<Hcc>_2<naa>)a

PR =T T T,

Osg

P(208) = .

(28

Also

€p n el(iw+iQR+F3)
iw+lo+Ty  (iw+iQr+T3)°—T%

GiY"°(w)=Re{

" éz(iw_iQR+F3) €3
(iw—iQr+T3)%-T7 i0—i2Qg+T5

€4

T oti2000 Ts (29

where

1
fo:;z ((Mpp) +(Ice)),

2
72
61:7<be>v

2
7
62:? <Hcc>!

1
63:?<be>:

1
64:;2 <Hcc>- (30

The incoherent resonance fluorescence spect@f(w)
also has five contributions. One is centered at the transition
frequencyw,, two sidebands are displaced by an amount
+Qg from the central line, and there are two additional
Lorentzians with the same widthl'2 displaced by+2Qg
from the central peak. The heights of the spectral compo-
nents are given by
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7»=V3. In this case, the populations of the dressed states are
PyO) =17 (3D identical, (TT,,)=(Iy,) =(I1,o)=1/3, and from Eq.(27),

0" "2 we haveoy=2/9, 0,=03=1/6, 0,=0,=1/54, 05=05=1/27.
Therefore, the heights of the five peaks of the spectrum
G Y% w) are given by

P,(0)=3,

_&
Py(+20R)= 1 P+ 0r)= 1,

Various components of both spectd{°(w) andG '*(w) P (£205) =4 (32)
are associated with different transitions in the dressed states.
The central peak is related to transitions between the samg general, the height of the central component is a little

sitions between the dressed stafey and |c). However, |arger than that of the outer ones. See Figh) and 4b).
other transitions contribute to the inner sidebands. From the o the other hand, from Eqg30), we have =29,

equations of motiori23) in the dressed state representation,¢, — ¢, = ¢,=,=1/9. Correspondingly, the peak heights of the
we find that the transitions betwedn) —|a) and[a)«<[c)  spectrumG "%(w) are reduced to
are entangled, so that the inner peaks have a complicated
structure. The inner sidebands in the specti@§l°(w) are P,(0)=1,
superpositions of two Lorentzians with different heights and Y
widths, whilst the inner sidebands Gfy'°(w) take a compli-
cated, non-Lorentzian shape.

On the other hand, as the stationary dressed state popula-
tions (11, and(Il..) are identical in the secular approxima-

tion, both inner peaks have the same shape, and the pair of o i i )
outer sidebands also have the same height and width. The central height is larger than that of the inner pair which

Furthermore, we may consider certain special situationdS @PProximately equal to that of the outer pair. For instance,
(i) Without the magnetic fieldwg=0, the upper level is S€€ frames®) and 4b).
degenerate. In this case;,=0, »=v2, and the steady- Comparing Eq(32) with Eq. (33) shows that the central
state populations of the dressed states reduce t?elghts of both spectra are the same, see Figs.ahd 4b).
(M) =(IT.o) = 4 and(I1,,)=0, which demonstrates that the V)wg>Q. We then havenzzn>1, and t_he populations
atom is trapped in a superposition of the dressed sfajes (Ilon) =(Ilcc) are very small, whilell,,) is close to 1.
and [c). The resultant spectrurG {'°(w)=0. However, for ~F'OM Eq.(27) one gets
the spectrumG {'°(w), only the inner sidebands disappear,

giving a triplet structure of the form 00=77 (Iaa) ((Ipp) +(Ilce)),

Py(iQR):%l

Py (£2Q0g)= :. (33

. 1 2(Tg+T,) I's
inc =_—(II
v(@)=5¢( bb>{(ro+r2)2+w2+ Ii+(w+20g)?

1
o1=03=5(Ipp) + — (I,,),
s 7

+
i+ (w0—20g)2

1

0= 04=5(Tlpp) = —2 ((Tlaa) +(Ipp)),
which resembles the Mollow spectrum of a two-level atom. K
It is not difficult to see that the ratios of the height and width
of the central peaks to those of the sidebands are 3 and 2/3,
respectively, the same as in the Mollow trip[éi6]. How-
ever, the sidebands are displaced §yz2rom line center,
instead ofQ); as in the original Mollow case. See Figb2  Due to 7 2 being very small, only the inner sideband is
The absolute widths of the peaks also differ from the Mollowdominant, and the other peaks are too small to be visible in
values. (i) wg#0, but wg<Q), so thatz,<1, 5,=v2. The the spectrunG¥°(w). See Figs. @) and 4d).

1
(75:0'6:;2<be>- (34

resultant resonance fluorescence spec@}’c(w) and On the other hand, from E¢430) we have
G {'°(w) exhibit a five-peak structure. Furthermore, through

analyzing the parameters;, (1=0,1,...,6 and ¢, (k 2

=0,1, ... ,9 we find that(a): oy,05,04<07,05,03,04, which 50:7 (I,

implies that the heights of the inner sideband peaks are much
larger than those of the central peak and outer sidebands in — e=(T1
the spectrumGY%(w); and (b): €,€3,64,>€;,6,, Which €1= €2=(Ipp),
means that the inner sideband height is very sn@{l(w)

is a triplet. These conclusions are in excellent agreement

1
with Figs. 3c), 3(d), and 4a). (i) wg=0>1, so thaty,=1, €s= €= 2 (Hop). (35
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As in the spectrunG °(w), only the inner sidebands are spectrumG{¢(w) has four peaks, whilsG\'°(w) has a
visible, and the others almost disappear. We also find thafollow-like triplet with sideband shifts @z, and the inte-
both spectra have qualitatively similar structure, but with dif-grated area under the spectru®}'°(w) is much less than

ferent heights whemwg>). that of G '(w). Whenwg>Q, both incoherent spectra have
a two-peaked structure similar to that of a two-level atom far
V. SUMMARY off resonance, but the integrated area of the spectrum

_ _ _ o G P%(w) is much greater than that @ Y'°(w). The direc-

_ In this paper we have investigated the directional properonal properties of the resonance fluorescence spectra are
ties of the steady-state incoherent resonance fluorescenggyre marked whemg<(, when the destructive interference
spectra of the Hanle effect in &-type atom with a i, the angular distribution of atomic radiation from the ex-
Jg=0+J.=1 transition, excited by a linearly polarized la- gjted sublevels dominates.
ser. There exist two principal types of Hanle spectra, which  These results obtained are interpreted in the dressed
are differentiated by the direction of observation. atomic state representation. Under the secular approxima-

In the case ofwg=0 (no magnetic field the incoherent ion we have derived compact expression for the resonance
spectrumG x'“(w), detected along the polarization direction fyorescence spectra which allow us to interpret the spectra
of the excitation field, is zero all excitation intensities, jn 5 simple way. The analytical calculations are in excellent

perpendicular to the polarization direction of the laser, ex- "t is worth noting that the Hanle effect has been exten-
hibits a single peak at weak laser intensities, and at higljyely investigated experimentalf,3,5. Therefore, experi-
excitation intensities, a Mollow-like triplet but with sideband ments on the Hanle fluorescence spectra studied here, which

shifts A)g, instead of()g, the effective Rabi frequency in gemonstrate interesting directional properties arising from

is applied(wg#0), the incoherent spectra are composed in
general of five peaks. Wheng<(), the amplitude of the
central peak in the spectru® ¥ “(w) is less than that of
GV{°w); and vice versa whemg>(). Both central peaks
have the same height and the integrated areas under both This work is supported by the United Kingdom EPSRC,
spectra are also approximately equal wheg=(. Some the EC, and by a NATO Collaborative Research Grant P.Z.
peaks can be suppressed for certain choices of the paramishes to thank the Queen’s University of Belfast for finan-
eters. For example, in the limit abg<<(), the incoherent cial support.
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