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A quantum-statistical theory of optical Hanle effect is developed for arbitrary intensities and bandwidths of the
pump field. The excited- and ground-state level shifts, caused by another light field with appropriate polarization,
are directly included in the theory by using the method of time averaging. The laser fluctuations are taken into
account exactly by using the phase-diffusion model of the pump laser. The analytical and numerical results for the
fluorescence signals are presented for a variety of excitations. Our results in the limiting case reduce to those of
Kaftandjian, Klein, and Hanle. Finally, the case of a very broadband excitation under saturation conditions is
analyzed and the results for signals in various directions and the polarizations are obtained.

I. INTRODUCTION

The Hanle effect has been extensively used in the
study of the lifetimes of the excited states and the
measurement of various relaxation and collision
parameters.!™ In the normal Hanle effect, one
studies the properties of the magnetic sublevels by
preparing the system in a coherent superposition
of the Zeeman sublevels and by observing the flu-
orescence from such a coherent superposition as
a function of the magnetic field. The coherent su-
perposition® %! can be achieved either by using a
broadband source or by using a monochromatic
pump. The linewidth of the observed signal has
been seen to be critically dependent on the nature
of the exciting source.’ % Several variations!*™
of the Hanle effect have been proposed and used in
the high-resolution work. For instance, it has
been shown that a modulated pump field leads to
fluorescence variation that immediately yields not
only the relaxation parameters but also the ex-
cited-state splittings. 2"1* A novel variation!s !¢ of
the Hanle experiment involves the use of a suitably
polarized radiation to lift the degeneracy of the ex-
cited states, i.e., each energy level is shifted by
a different amount due to light shifts. 2% Thus the
properties of the magnetic sublevels could be stud-
ied by using another strong off-resonance laser,
in addition to the pump laser, whose frequency and
intensity could be easily varied. *" The fluores-
cence is now observed as a function of the intensity
or the frequency of the strong off-resonant laser
field. In this case it has been found by Kaftandjian
et al.'® that the zero-field level crossings occur in
the same manner as in the normal Hanle effect
(using the magnetic fields).

In this paper we develop a general theory of the
optical Hanle effect. The theory is valid for ar-
bitrary values of the strength and bandwidth of the
pump field. In the limiting case of a weak mono-
chromatic pump, our results go over to the stand-
ard results. Our theory is also applicable to

cases when a broadband source is used in place of
the monochromatic pump. For simplicity, we re-
strict our considerations only to the case when the
levels involved in the Hanle transitions correspond
to the levels with total angular momentum J =0
and 1, respectively. In Sec. II we present the
general formulation and show how the bandwidth
effects?! of the pump field could be included in the
equations of motion of the density matrix. We al-
so show how the off-resonant strong field leads to
the light-shift terms in the equations of motion.
Such equations are solved in the steady state in
Sec. I, and we present expressions for the flu-
orescence signals in different directions. A num-
ber of special cases of our results are also dis-
cussed in Sec. III. Finally, we present a numeri-
cal study of the fluorescence signals and discuss
how the signals change by varying the strength and
the bandwidth of the exciting laser. In Sec. IV op-
tical Hanle effect in intense broadband fields is
treated rigorously.

II. DENSITY MATRIX FORMULATION
OF OPTICAL HANLE EFFECT

In this section we present the density matrix for-
mulation of the optical Hanle effect. We obtain the
most general equations valid for arbitrary values
of the field strengths and arbitrary values of its
bandwidth. For simplicity and in view of the re-
cent experimental work'? on optical Hanle effect,
we restrict our considerations only to the case
when the two levels involved in the transition pos-
sess angular momenta 0 and 1, respectively. The
energy-level diagram is schematically shown in .
Fig. 1.

The geometry used in optical Hanle effect is
shown in Fig. 2. The physical situation in optical
Hanle effect corresponds to a circularly polarized
light propagating along the 2z axis intersecting the
atomic beam directed along the x axis. A second
linearly polarized laser beam (which will hereafter
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FIG. 1. Schematic representation of the energy levels
involved in optical Hanle effect.

be referred to as the pump) propagating along the

z axis, with its electric vector making an angle ¢
with the x direction, interacts with the laser beam.
The linearly polarized light creates the atomic co-
herences, i.e., it prepares the atomic system in
a coherent superposition of the excited states. The
atomic coherences are monitored by observing the
fluorescence signals in different directions. Two
common situations used for observing fluorescence
correspond to the detection of the radiation in the
directions (i) x with polarization along the y axis,
(ii) y with its polarization along the x axis. The
circularly polarized off-resonant radiation lifts the
degeneracy of the excited states and also shifts the
ground state. The role of the circularly polarized
radiation is similar to the role of the magnetic
field used in the usual Hanle experiments, with the
difference that the magnetic field does not shift the
ground state. It is well known that when a two-lev-
el atom is subjected to an off-resonant light field,
its ground and excited states are shifted by equal
amounts, but in opposite directions.!® The magni-
tude of the light shift is 82/4,, where 8 is the Rabi
frequency of the transition and 5, is the difference
between the frequency of the atom and the light
field. For our system, we expect that the levels
I+) (corresponding to the magnetic quantum num-
ber +1) and lg) will be shifted in opposite direc-
tions if the circularly polarized light is left-handed;
this will be shown explicitly later. In Fig. 1 the
positions of the shifted levels are shown.

Eét)

FIG. 2. Schematic diagram showing the directions
and polarizations of the various beams.

The total Hamiltonian for the system interacting
with the pump field E(#) and the circularly polar-
ized field E,(¢) can be written as:

H=TwyA..+A_)
-[d, E@A,+d, EMA,+H.c.]
-[d, E.0A,+H.c.], (2.1)

whereA,-, are the operators li) {jl, a{, are the di-
pole-moment matrix elements, and wy=(E.— E,)7.
The pump field is written in the form

E(t) = 8,(t) (% cosd + § sind)e 1t ®) 1 ¢ ¢,
=8We Lt +c.c. , @2.2)

where, as shown in Fig. 2, the angle ¢ gives the
direction of polarization of the pump. The func-
tions §,(¢) and ¢ (¢) are taken to be slowly varying
functions of time. For a strictly monochromatic
field 8,(f) and ¢ () are independent of time ¢ and
are not random variables. For a fluctuating field,
8,(#) and ¢(t) are stochastic functions. The fre-
quency of the pump is either at resonance or close
to resonance with the frequency of the J=0 to J=1
transition. The terms in the last brackets in (2.1)
represent the interaction of the system with the
circularly polarized radiation

E (t)=8 et +& Jeiut. : (2.3)

The density matrix p of the system satisfies the
equation

ap

ot ::ﬁ}-[H’ p]+Lincp9 ' (2' 4)

where the effect of spontaneous emission, as well
as that of the decay mechanisms and pumping pro-

cess, is contained in L,,,, which has the structure??

(LineP) iy = Gu; 27 inPrr
£

"<; Yu""z; 'Vk/)pil’ (2.5)

where 2y represents the transition probability
per unit time, from the level j to the level 7, due
to spontaneous, collisional and all other incoherent
processes. On transforming (2. 4) to a frame ro-
tating with the angular frequency of the pump field
wy, and on making a rotating wave approximation,
(2. 4) reduces to

% _-i

o == [H(R)(t)’Q(R)]+Lincp(R)

- i[GA+gei(wL-wc)t
. (R)
+G*Ag+€-‘(wL-%)t'p ], (2.6)

where all the slow time dependence is contained in
H®)(¢) and the fast time dependence in the p ’
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equation is explicitly displayed. H ®)4) and G are
given by
H® @) =[-d, -EMA,-d, EMA, +H.c.]
+ 7wy - wy A +AL), 2.7
G=dy8./7). (2.8)
The matrix elements of p‘®’ are related to p by
pEU) =004 B) + (1= 0,)p (B,
Weg=We =Wy, wWe=0,.

(2.9)

As a first step in the calculation we show how the
rapidly oscillating terms in (2. 6) lead to light
shifts. For this purpose, we use Bogoliubov-Mit-
ropolsky’s method of time averaging. This method
when applied to the density matrix equation?3%

3p/at=_Lyp + L(t)p (2. 10)

shows that the effect of rapidly oscillating terms
in Ly(¢) in leading order could be taken into account
by replacing (2.10) by

t .
% = Lop +Ly(2) f L(n)p()dr. @.11)
On using (2.11), we find that (2. 6) reduces to
w® -, (R 4. ; ®)
ot - h— [H (t)yp ]+Llncp ’ (2. 12)
where

H'(t)=—[d, 8®)A, +d, E(MA, +H.c.]
+ 7wy = wy + 0)A .+ 7wy - wy )A ..~ BA,,,
(2.13)
where

8=|G|¥/(wy - w,). (2. 14)
The effective Hamiltonian (2. 13) now explicitly has
light shift terms 6(A..—A,,).

We next eliminate the explicit 6 dependence and
the phase dependence from the Hamiltonian by
making use of the relations among the dipole ma-
trix elements

di,=R(-%+149), dy=R(®+i}) (2.15)
and by making the transformations

Pis=Piis Pr.=—pect?,

Pag == psg €XPi[0 + p(t) + wyt], (2. 16)

De-=pe-expi[p(t) - 0+ w.t].

We further assume only the radiative decay from
the level |+) to the ground level lg) at the rate 2y
and include no other decays. In such a case, the
density matrix elements p;; satisfy the equations

Pes= iabg-l- - ia *bw - 2YD++,

| Paem P = i0*Py = 27D,

Pee == 10 (Dg+ + ) + 30 *(Bay + Pog)
+ 27(b++ + ﬁ--) ,

. @.17)
Py == @y +i0)Pi+ 0P, .= 10 Py,
P == 206 +y +in(®)]p,, +ict Bpg = Prs=P:),
Bp=—[ib+y +ip(D)]py+ i (Byg = P Po) s
where

P@)=p() and o =R8,(t). (2.18)

The above equations could be solved if u(#) and
8,(t) were constants, as in the case of a monochro-
matic pump. For a fluctuating pump, we have to
specify the nature of the pump, i.e., we have to
specify the stochastic processes u(¢) and §y(¢).

The model, for which exact solutions could be ob-
tained, corresponds to (i) §,(¢) being a time-inde-
pendent constant, and (ii) u(f) being a Gaussian
delta correlated process, i.e.,

(w@u@))=2y.6(¢~-1), (u@®))=0. (2.19a)

This is the familiar phase-diffusion model of the
laser light in which the amplitude remains con-
stant.  In this model the amplitude correlations
are given by

(8" 06"y =exp{-y, |t -#']}, (8(18E"))=0

(2.19b)

i.e., the spectrum is Lorentzian. Higher-order
correlations of the field have more complicated

structure, though these can be evaluated in a

closed form.® The method of calculation for the
above model is similar to that given in Ref. 21.
Let us denote the ensemble-averaged values of Py
over the distribution of u(¢) by ¥, =(p;). Using
the general theory of Ref. 21, we then find the
equations of motion for ¥;:

B =00 (Tpr = W) = 27T,
Vo.=i0 (W= v )= 2yv._.,
Ve =00 (W + W = Vg = W, ) + 27 (T +9.), (2.20)
o= i0 (W= W) = @y +i0) ¥,
Vg =10(Vpp= W= Wi) = 260+ + 7, )y,
Y=o (T =V__=W) = ((0+7+7)0.,.

The above equations no longer involve any expli-
cit’time dependence and could be solved in a
straightforward manner. The solutions of these

equations can then be used to obtain the detection
signals. The fluorescence signals detected along
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v and x directions, denoted respectively by L, and
L,, with polarizations along x and y, respectively,
are given by [cf. Ref. 10]

L,xp, +p,..+2Rep:.,

Ly®pit+p..— 2Rep... (2.21)

Substituting for the density matrix elements p;,’s
in terms of p;;’s we obtain

L, D4+ Paa— 2(Reﬁ+_cos29 +Imp..sin26),
(2.22)

L, pas+ po.t+ 2(Rep..cos26 +1mp..sin26),

and hence the ensemble-averaged signals will be

(L,)< ¥ir+ ¥..— 2(Rew..cos20 +Imy._sin26),
(Ly)« ¥+ w..+2(Rev, cos20 +Imy,.sin26).
(2.23)

In the following section, the set of equations
(2. 20) is solved analytically under steady-state
conditions and the analytical expressions for the
fluorescence signals are obtained. The signals
are studied as a function of 0 for various values of
the parameters, such as field strengths and band~-
widths. Hereafter, the ensemble-averaged signals
will be denoted by L, and L,, with the angular
brackets omitted for simplicity.

L. ANALYTICAL AND NUMERICAL RESULTS FOR THE FLUORESCENCE SIGNALS

The fluorescence signals L, and L, defined in the previous section are determined by the steady-state
solutions of the density matrix elements ¥.., ¥.., and ¥... Under steady-state conditions, the left-hand

side of the set of equations (2. 20) becomes zero.

Therefore, these nine algebraic equations can be solved

analytically. A long but straightforward calculation yields the results

o+ U= 2020[(472u? + 40Py + 82) (6% + 472 u + 40?) +96%(8% + 4A)u ]Dt, (3.1)

which for 5- 0 goes over to 202/(4a® +y*1), which in the limit of strong and weak fields further reduces to

+ for a?>»y*u, 5=0
ZI)H+¢"'={ 2.2 2 a2 = ®.2)
20%/y% for al«<yip, 6=0.
In Eq. (3.1), ¢ and D are given by
p=1+@/7),
D= (yzuz +4a%p + 28 +5—:§‘7—22(—1+—'6,‘;—))[(4y2u2 +40%p + %) 4y + 6% +4a?) +90%(8% + 4y ]
+ (62/2)(952 + (4y*u? + 402 + 62)Eég(—'l‘i)_/z—l;_:252':)—5El [2a%(p = 1) = u(4y? + 8%)]. ‘ (3.3)
The atomic coherences are given by
Rew..=a?u[(6% + 4y2u? + 4a2p) (4y2u + 40 — 8%) +90%(6% + 4y*)u D, (3.4)
which for 5 0 goes over to @?/(4a®+y?u), which in the limiting cases further reduces to
Re¢+_={%2 for a?>yu, 520, 6.5)
a?/y* for o<y, .
Similarly we have the results
Im..=20%u5y[96%(1 - p) - (4y2p? + 40y + 64 (1 + )], (3.6)
Im¥, ~0as 5—-0. 3.7

Now, let us examine the symmetry properties of the above expressions when we change 6 to — 5. We
see that (¥..+ v.) and Rev.,. are even functions of 5, and Imv.. is an odd function of 8. The symmetry
properties of the fluorescence signals depend on the direction of polarization of the incident pump field.

We note that
L,(-8)=L,(0),
Ly(-8)=L,(0),

(3.8)

for 6=0, m/2 etc., i.e., L.(6) and L,(8) are symmetric about 5=0 for these values of 6. Moreover, for

6=m/4, 3m etc. we have the relations



v

L,(8)=Ly(-9),
Ly(8)=L(-9).
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(3.9)

Let us now consider some special cases under which the expressions for signals have a simplified form.

A. Monochromatic pump

Let us first examine the results for the case of narrow-band excitation, i.e., in the limit y,—0, for an

arbitrary strength of the linearly polarized pump laser.
(Vo + ¥.) =2a2[90%(8% + 47%) + (4* + 8% + 4a?)? D],

Rew,.=a?[(8% + 47* + 4a?)(4y? + 4a? — 82) + 962 (6% + 49) ID{,

and

Imy,.=—- 4y6a%(4y? + 4a? + 8D,

where

Dy = (2 +40? + 3 09)[95% (82 + 492) + (8 + 4y% + 402)?] + 6} [(4y2 + 4a? + 81 (8 + 4%)] .

The positions and widths of peaks in (¥..+ v.),
etc., could be ascertained from the roots of Dy,
which are rather complicated as D, is cubic in &2,

Now, if we assume, as usual, that the pump is
weak, i.e., o <y, then in this limit the results of
(3.10) to (3. 13) simplify considerably to

1 1
(\Il+++ \Il__) = az(m——’)ﬁ- +m) s (3. 14)
alf 1 2
Rev..= ‘E‘(‘s‘z‘;“fy + 452 +‘ '}’- b] ) ’ (3- 15)
and
— 2,28 1 4
Imy,. = 3 a y(m—m) . (3.16)

In this limit, the results are given by
(3.10)
(3.11)

(3.12)

(3.13)

‘ In this limit, it can be seen that each of the func-
tions (¥..+ ¥..) and Rev.. can be expressed as the
sum of two Lorentzians, one with a width v and the
other with a width /2. Imv.. is dispersive in na-
ture, which results from its dependence on 6.
Therefore, the signal for the case 9= 0,7/2 etc.
could be written as the sum of two Lorentzians
(the weight factor associated with one of them may
be negative) of widths ¥ and v/2, respectively, and
for the case when 0 =17/4,37/4 there are two dis-
persion terms in the signal which come from the
term Imv._, in addition to the absorption type of
terms. The results (3.14) to (3.16) are in agree-
ment with a recent work of Delsart et al. !

B. Broadband pump

As Hanle experiments have been performed with both monochromatic and broadband sources, it is
worthwhile to examine the effect of the source bandwidth on the nature of the spectra. We first consider
the weak field spectra a <v,y,. In this case, expressions (3.1) to (3. 6) simplify to

1 1
(\I/+++\Il.._) = azu((462+72“2)+(62+72uf)), (3. 17)
20 [ (u+2) | -1\ 2uc(@i-16)T(u+4) pi-4)To(u-2)
Rev.. = @ g1ty ) e e ©.19
_5 fle-pw)(P-4)t— (u+1)(pi-16)"] 40 +p)(i-16)" (2-p)(ui-4)"
Imy.. = y“2< &+ 47 FTEE A T @A) ). 6.19)

We can see from the above that the fluorescence
signal for 6 =0, 7/2 etc. is a sum of three Lorent-
zians, with the possibility of the weight factors as-
sociated with some of them being negative, of
widths 2y, yu, and yu./2, respectively. For the
case 6 =7/4, the signal has, in addition to the
above, a dispersive contribution which comes from
the term Imw... Although the signal has a disper-
sive contribution, it always remains positive. For

I
arbitrary values of the strength of the broadband
field, the signals are examined in the next section.
From the analytical expressions given above, it
is difficult to get an insight into the actual behavior
of the fluorescence signals L,(6) and L,(6). There-
fore, we now proceed to present some of the nu-
merical results for the line shapes of the fluores-
cence signals L (5) and L,(5), for various values
of the field strengths and the fluctuation parameter
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Y, as functions of 6.

The normalized plot of the signal L,(5), i.e., of
L.(6)/L.(0), which is detected along the x direction
with its polarization vector directed along the y
direction, as a function of 8, for 6 =7/2, for the
weak-field case is shown in Fig. 3. This signal is
a symmetric function of 6. It can be seen that with
increase in y,, the line broadens. It is to be noted
that the value 6 =0 corresponds to the zero value
of the intensity of the circularly polarized light.
Figure 4 shows the normalized plot (normalized so
that the maximum value is unity) of the signal
L,(5), detected along the y direction with its polar-
ization parallel to the x direction, for 6 =71/2, for
the weak-field case. The signal L,(5), which is
symmetric with respect to 6, has a double-humped
structure. Here, again, a similar effect, as in
the case of Fig. 3 viz. broadening of the line with
increase in 7, is observed. In both the above
cases (Figs. 3 and 4) it is seen that the lines are
much narrower with monochromatic excitation (v,
=0) than with broadband excitation. A similar re-
sult was found by Rasmussen ¢t al.® for the case
of usual magnetic-field Hanle effect.

Figure 5 is a plot of the fluorescence signal L (5)
for the weak-field case for 6 =n/4. It is to be
noted that the signal for 6 =7/4 has the property
L,(8)=Ly(- 9), and vice versa. The signal has a
single-peaked structure with slight asymmetry
about 6=0. As the fluctuations become larger, the
asymmetry increases and the line attains a disper-
sive shape for large enough y.. However, the sig-
nal always remains positive. Here, the signal for
the case when v, =10 has been magnified by a fac-
tor of 10.

FIG. 3. The normalized fluorescence signal L, as a
function of 6 for 6=17/2, @=.01, y=1, and for the follow-
ing values of the bandwidth parameter v,: (a) Ye=0;
(b) =----~ Ye=1; (€)—memrmey =2; (d)——-7,=10; (e)
______ 70220; (f) esssccee Yc=50'

8/y

FIG. 4. The normalized fluorescence signal L, as a
function of 6 for the same values of parameters as in
Fig. 3.

Figure 6 shows the normalized fluorescence sig-
nal L,(6), for §=n/2, for the strong-field case. The
signal has a similar shape to that of the weak-field
case, but with a much larger magnitude than that
of the weak-field case, which is due to saturation
effects [cf. Eq. (3.2)]. In Fig. 7, the normalized
fluorescence signal L,(6) for the case when 6 =7/2
is plotted for the strong-field case. Here, again,
the signal has a double-humped structure like that
of the weak-field case. The width of the signal
(i.e., dip at the origin) does not depend critically
on the width of the pump laser, in contrast to the
weak-field case. The width first increases slightly
with increase in y, and then decreases with further
increase in v,. One may compare the results of

FIG. 5. ‘The fluorescence signal L, as a function of ¢
for 6=1/4, @=0.01, y=1, and for the following values
Yt (a) Ye=0; (b) ———--7,=2; (c) ———-- Y. =10.
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0 10
8/y

Fig. 6. The normalized fluorescence signal L, as a

function of 6 for 6=n/2, a=10, y=1, and for the follow-
Ye=0; () ——~=-= Ye=2; (©)

ing values of v,: (a)
—t—em e 'yczl().

Figs. 6 and 7 with those of Avan and Cohen Tan-

noudji'® for the case of the usual magnetic-field
We see that the qualitative effect of

Hanle effect.
bandwidth on the optical Hanle signals is similar

to that in the case of magnetic-field Hanle effect.
We also note that the optical Hanle signals do not
show very pronounced narrowing due to laser line-
width, as is typical of the magnetic-field Hanle ef-
fect. The differences may be due to the fact that
the pumping laser is always asymmetrically off the

two atomic transitions, due to Stark shifts induced
26

by the nonresonant laser.

Ly o5}

8/y

FIG. 7. The normalized fluorescence signal Lyas a
function of 6 for the same values of parameters as in

Fig. 6.

8/y

FIG. 8. The fluorescence signal L, as a function of §
for 6=7/4, =10, y=1, and for values of the bandwidth

Ye=0; ®) Ye=1 (c)
Y.=10.

parameter v, as: (a)
Ye=2; (d)--—--

—t— e

In Fig. 8, a plot of the fluorescence signal L,(5),
for 6 =7/4, for the strong-field case is shown.
For the narrow-band excitation, the line has a sin-
gle peaked structure with slight asymmetry about
5=0. As the fluctuations are increased, the

asymmetry becomes more pronounced and the line

attains a dispersive shape. However, it is to be
noted that the signal always remains positive.

1V. OPTICAL HANLE EFFECT UNDER STRONG
BROADBAND EXCITATION

In this section, we outline an alternate approach
to the Hanle effect in strong broadband fields, al-
though in the literature several treatments!! of the
broadband fields already exist. We will use some
general results from the theory of multiplicative
stochastic processes. We assume that the broadband

field could be represented by a delta correlated Gaus-
Both these assumptions are

sian random process.
justified in view of the central-limit theorem,

since a broadband field, in principle, can be rep-
resented by a superposition of an infinitely large
number of modes. Therefore, the electric field
&(#) in (2.13) is now regarded as a Gaussian sto-

chastic process with correlation function
(4.1)

(&' ()8 *(t"))=2D6(t—t'), (8'()8'(t"))=0
where

&(t)=8'(t)(% cosd + 3 sinf) . (4.2)
On using (2.15) and (4.2), the Hamiltonian H'(¢)

simplifies to
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H' ()= 1wy — wy + 8)A s+ i(wy — wy, — 0)A,, +[A,8 () -A8'®)°+H.c.]. (4.3)

On using the theory of multiplicative stochastic processes,?’ the ensemble average of p %’

0
ot

(R¥Y/1*)D[A.,e - A e® [Age® -
- R¥Y/1)D[Ay.e® - A, [ALe”

can be written as

H{p®) = Ly o(p®) = il(wy = wy + 0)Asi+ (W = wg — 8)A,,, (p®)]

Ag-e'ie’ <p(R)>]]
¥oAge®, (0™ | (4.4)

On making use of the transformation of type (2.16) (with ¢ replaced by zero), the equations of motion for
the ensemble-averaged elements of the density matrix are now given by

Tir== 2y +V)si = DyQU s+ T+ s — 2,,),

Voo== 20 +Y)Ia= Dy (20 + U+ T = 20,,),

Voe =D — 2V¥e, +2Y (Vs + 0. ) + 2D (T + Vo + T+ T — 28,,),

Tio== (27 + 2y +10) Wi = D201+ Wiy + W= 20y,),

g == (Vg + ¥y +7 +2i0) 0y — Dy (¥, +3%.,),
Vg== (Vg +7  +7y +ib¥ = Do(¥sy +3¥.),

(4.5)

where R2D/R? =D, and where we have also included the incoherent decay of the levels J=0 and J=1 at the
rates 2y, and 2y;, respectively, as well as the pumping of the level J=0 at the rate p. This kind of situa-
tion was considered by Carrington and Corney and Ducloy,!! who also assumed that ¥ <y, and v4, in the
context of the usual Hanle effect. The steady-state solutions of Eqs. (4.5) are given by

Dep [ 4Dyyyly, + 1)y +v+D
(Wt v.) _—.—AOB( 070(7(152 7)1(721) =7 0)), (4.6)
2D (y +7¢) (1 +Dy/ (v + 71)]
Rev.. = (52 + I"2)A (4. 7)
_ = 0Dyl +7)
Im‘I’+- = (62 + rz)A 3 (4. 8)
where
ro _ Ao+ + 2Dy + 213{,71](7' +y1+ Do)y +74) (4.92)
and
A=[(yy+7y+Dy)vy+2Dyv,]. (4. 9b)
The fluorescence signals L, and L, for the case when 6 =u/2 are given by
B _Dpf,  4ly+y)1 +Do/(7+71)][(Y+71)70+2DQ'/1])
L(0=1/2) =3 (1+ &+ T (4.10)
_ _Dpf, _4b+r)[1+Dy/ly +71)][(7 + 71070+ 2D, (v + 71)])
L,(0=7/2) =28 ( ks (4.11)

The above results, which are valid to all powers
in D, and for arbitrary values of decay parameters
Yo, Y1, and y, have been derived rigorously under
the assumption of a delta correlated Gaussian
pump field. Ducloy, in an extensive study?® of the
magnetic-field Hanle effect, has examined the na-
ture of the Hanle signals in the presence of a
broadband field. He considered the broadband
field to be a superposition of a large number of la-
ser modes, with the spacing between the laser

r
modes taken to be much smaller than say the width
of the excited state. His model of the broadband
laser is very much like our model (4.1). It is in-
teresting to note that our results for optical Hanle
signals in broadband fields are rather similar to
those for the magnetic-field Hanle signals—the
most important property being the Lorentzian
characteristic of the signals, with intensity-depen-
dent detunings.

The degree of polarization produced by the pump



P( =1)=L_L _ 2Rev.. I
2
(4.12)

Ty=2(y +y )1+ Do/ (y +7)]V2. (4.13)
2, does not depend on the decay rate v, of the
A series expansion of (4.6), (4.7), and (4.8) in

Vet O_) = —F—

(s ) Yolre +v)

radiation for the case when 6 =7/2 is given by
L,+L|~ ¥, +¥__ Ig+06%’

where the full width at half-maximum of the degree
of polarization signal is given by
It is important to note that the width of the polar-
ization as a function of 5, for the case when 6 =7/
ground state, although the width of the signals L,
and L, does depend on the parameter v,.
powers of the intensity parameter D, leads to

pDy

_D (y + zn))
+-0, (4.14
S , @.14)

2p(y +v1)Dy
YoX
_plyiX+ 47’9(7 +v)?ID§ PN
7§

Re\lm. =

, (4.15)
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_ =5D,y
Imy,. = '}’()X
+<(271+70) 8(’)’+71))5PD(2)+_”
W +r)  veX X ’
(4.16)
where
X=[6*+4(+7)]. 4.17)

The results of (4.14) to (4.16) in the limit when ¥
<y, and 4 are in agreement with the general ob-
servations and remarks made by Ducloy“ in the
context of the usual magnetic-field Hanle effect
studies. Recently, Delsart et al.* have reported
the experimental results on optical Hanle signals
both in monochromatic as well as in broadband
fields. They consider the case in which the satur-
ation effects are not important. The experimental
observations, say in the broadband case, can be
explained in terms of the first term in the series
expansions like (4.15) and (4. 16).
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