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Enhanced absorption Hanle effect in the configuration of crossed laser beam and magnetic field
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We have analyzed the Hanle effect on the closedFg53→Fe54 D2-line transition of 85Rb. Exciting the
rubidium atoms by circularly polarized laser light, and scanning an applied transverse magnetic field, a bright
resonance Hanle signal is obtained at different values of an applied longitudinal magnetic field. We report
experimental and numerical evidence of this bright resonance.
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In a multilevel atomic system the creation of low
frequency coherences, and eventually their circulat
through absorption and spontaneous emission proce
leads to significant modifications of the atomic fluoresce
line shape. Well-known examples of these modifications
the Hanle effect@1# and coherent population trapping@2#.
Low-frequency coherences also lead to drastic modificati
of the absorptive and dispersive properties of atomic me
@2–4#, and are responsible for the sub-Doppler@5,6# and sub-
recoil @7# temperatures reached in the laser cooling proce
with counterpropagatings1 ands2 laser fields. Recently an
investigation of a multilevel atomic system with two optic
fields revealed that the combined actions of the two cohe
optical fields produces a low-frequency Zeeman cohere
that increases the atomic absorption@8,9#. The increased
atomic absorption, denoted as electromagnetic induced
sorption or bright resonance, was observed by scanning
frequency difference between the two optical fields creat
the low-frequency coherence.

The production and destruction of low-frequency coh
ences can also be properly studied in the Hanle configura
with a single laser field applied to an atomic transition, a
the Zeeman degeneracy in the lower and upper states br
by an applied magnetic field. It should be noted that sim
experimental configurations, and theoretical approaches
ply to Hanle effect dark-state and bright resonances. W
the Hanle configuration for the dark-state coherences
studied in Ref.@10#, that for the bright resonances was r
cently investigated experimentally in Ref.@11#, with a theo-
retical analysis in Ref.@12#. Bright resonances appear as
increased atomic fluorescence, following laser excitation
the Fg→Fe5Fg11 transition. The bright resonance Han
effect is based on the laser creation of large Zeeman gro
state coherences at zero magnetic field, and their destru
at nonzero values of the magnetic field. Equivalently, in
rotated atomic basis, the effect is associated with the op
pumping, at zero magnetic field, of the atomic population
the ground-state sublevels maximally excited by laser fie
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and with the destruction of the population difference throu
the magnetic-field-created Zeeman coherences.

The Hanle effect investigations of Refs.@11,12# were
based on a linearly polarized laser field and a magnetic fi
parallel to the light propagation direction. However, in th
configuration the measured fluorescence increases, due t
low-frequency coherence, are very modest, of the orde
1% of the broad fluorescence background. In the pres
work we theoretically and experimentally demonstrate
effect of enhanced absorption in a different ground-st
Hanle effect configuration. In this configuration, a circular
polarized laser field excites the closedFg5F→Fe5F11
transition, and a transverse magnetic field, applied ortho
nally to the light propagation direction, is scanned arou
zero. It will be shown that for this configuration the brig
resonance fluorescence increase is more pronounced tha
the previous configuration. The larger atomic coheren
will allow applications of bright resonances to quantum o
tics and nonlinear wave mixing. We also examine, both
perimentally and theoretically, the influence of ground-st
relaxations and spurious magnetic fields on the bright re
nance strength.

In the experiment85Rb vapor, contained in a vacuum ce
was excited by circularly polarized light in resonance w
the transitionFg53→Fe54 of the D2 line. Owing to the
atomic Doppler distribution, the laser light excited seve
hyperfine transitions of theD2 line. However, because th
closedFg53→Fe54 transition is the strongest hyperfin
transition with efficient optical pumping, the largest cont
bution to the atomic fluorescence arises from this transiti
Magnetic fieldsBz along theOz axis of the laser propagatio
direction andBx along theOx orthogonal direction were
applied, or scanned around the zero value. Additional c
compensated for the external magnetic fields within a 50-
range. The atomic fluorescence was monitored while sc
ning theBx field.

Figure 1 shows experimental results for the emitt
atomic fluorescence in the present bright resonance con
ration, with circularly polarized laser light and theBx mag-
netic field scanned around zero for different values of
applied static magnetic fieldBz along theOz axis. Only the
narrow central part of the Hanle resonance, with a linewi
around 30 mG, is shown in the figure. This narrow resona
is superimposed on the broader structure associated with
inhomogeneous linewidth of the optical transition.
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The amplitude of the bright resonance depends on
value of the magnetic field applied along theOz axis, with
the maximum value detected at an appliedBz value around
0.25 G. The amplitude of the bright resonance was cha
terized through the contrastR, defined as the ratio betwee
the intensity of the narrow fluorescence structure and
intensity of the the broad background fluorescence. Exp
mental results forR versus the appliedBz magnetic field are
shown in Fig. 2 at different laser intensities. The goo
(1Bz,2Bz) symmetry of the data of Fig. 2 demonstrate t
good alignment ofBz with the light propagation direction
Values ofR up to 30% have been measured, to be compa
with measurements forR of the order of 1% for the (lin,kW iBW )
configuration, as reported in Ref.@11#.

FIG. 1. Experimental results for the fluorescence emitted fro
85Rb vapor excited with a circularly polarized laser field on t
Fg53→Fe54 D2-line transition while scanning the magnetic fie
Bx , at different values ofBz : 0, 0.37, 0.73, and 1.09 G, respe
tively, starting from the bottom curve. The laser intensity w
3.2 mW/cm2. The zero level of the atomic fluorescence, far bel
the bottom horizontal line, was shifted up on the vertical sc
increasingBz .

FIG. 2. Experimental data for the bright line ratioR in the
experimental conditions of Fig. 1, vs the static appliedBz field,
with laser light intensities of 3.2 mW cm22 ~squares!, and
0.32 mW cm22 ~circles!.
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The experimental data have been analyzed through op
Bloch equations~OBE’s! for 85Rb illuminated by as1 laser
field propagating along theOz axis and resonant with the
Fg53→Fe54 D2-line transition, in the presence of mag
netic fields along different axes. The analysis follows t
previous OBE solution applied for the dark resonances,
cept for additional terms produced by the presence of tra
verse magnetic fields@10#.

Choosing thez propagation axis as the quantization ax
the OBE’s for a closed transition have the following form
(uej&5uJe ,I ,F , j &,ugj&5uJg ,I ,Fg , j &):
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Here G is the spontaneous emission rate for any exci
level, andVek ,gj

the matrix element of the atom-laser inte
action Hamiltonian in the dipole and rotating-wave appro
mations. The quantitiesva i ,b j

represent the frequency sep

ration between the energies of levelsa i and b j , including
the Zeeman splittinggamBmiBz due to theBz magnetic field.
Here mB is the Bohr magneton, andga , with a,b5(e,g),
the gyromagnetic factor of the ground or excited state. In
~1c! SE indicates the spontaneous emission repopula
terms for the density matrix evolution~see Ref.@6# for their
explicit form!. A transverse magnetic field, for instanceBx
along theOx axis, results in additional terms in the densit
matrix equations
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cFM
6 [A~F7M !~F6M11!, ~3!

and we abbreviated the subscriptFa by a (a5e,g).
For the OBE solution we assumed the laser light to

near resonant with the85Rb Fg53→Fe54 atomic hyper-
fine transition, and supposed only a natural broadening of
optical transition, as for a cold atomic sample. Moreover,
a cold sample the interaction time between the laser
atoms may be assumed to be long enough for us to cons
only a steady-state solution of the density-matrix equatio
In the experimental results of the present work, the bri
line was detected as an increase of the fluorescence inten
For a laser-excited closed transition, the atoms reach a st
state, and the fluorescence intensity emitted from the c
atomic sample interacting with the laser beam is proportio
to the total steady-state population of the excited state,Pst

e .
Thus the dependence of this quantity on the amplitude of
applied magnetic field produces the Hanle effect line sha
observed on the fluorescence emission.

Reference@13#, examining the role of Doppler broadenin
on coherent population trapping, showed that the Dopp
broadening associated with the optical transition has a n
ligible influence on the measured contrast and width of
dark resonance. We have verified through numerical ca
lations that this is also true for the bright resonance, a
therefore we have not included Doppler broadening in m
analyses. Finally, due to Doppler broadening and the fi
interaction time, the laser intensities needed to saturate
atomic vapor are much larger than for a cold sample@14#.
Therefore, we expect that the effects observed in an ato
vapor at a given laser intensity will be reproduced by o
numerical calculations on cold atoms at a much lower int
sity of the laser fields.

We solved the OBE for the (s1,kW'BW ) configuration ex-
perimentally investigated in the present work, with a tra
verse magnetic fieldBx scanned around zero. Results for t
total population of the excited statePst

e as a function of the
applied magnetic fieldBx are shown in Fig. 3 for differen
laser intensities. A subnatural bright resonance appears
perimposed on a broad profile. In fact, in the absence o
transverse magnetic field, thes1-polarized laser light pumps
all the atomic population on theuFg53,MF53&↔uFe
54,MF54& Zeeman transition, which is the strongest on
The application of a transverse magnetic field, produc
low-frequency coherences between the ground Zeeman
levels, redistributes the population among the Zeeman s
levels, with a decrease of the fluorescence intensity.

Our numerical calculations confirm that the effect
bright resonances is much more pronounced for the confi
ration of crossed laser beam and magnetic field (s1,kW'BW )
examined in this work than for the configuration (lin,kW iBW )
considered in Refs.@11,12#. The numerically calculated am
plitude of the (lin,kW iBW ) bright resonance is in fact abou
one-tenth of the broad fluorescence signal@12#, to be com-
pared with the (s1,kW'BW ) configuration investigated in Fig
3, for which the amplitude of the bright resonance has ab
the same amplitude as the broad structure.
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The predicted ratioR between the amplitude of the na
row resonance and the broad profile of Fig. 3 is nearly c
stant over the examined range of laser intensities. By c
trast, in the experimental resultsR increases with the lase
intensity. This different behavior can be explained by t
presence of relaxation processes in the ground state. In
case an efficient optical pumping is obtained for a pump
rateV2/G larger than the ground-state relaxation rateg, and
the ratio R becomes, for weak laser fields, an increas
function of the laser intensity viaV2/Gg. A finite interaction
time u, corresponding to a relaxation rateg51/u, and the
additional transverse stray fields, to be included in the f
lowing analysis, are equivalent to ground-state relaxat
processes. We have verified numerically that the grou
state relaxation processes modify the dependence ofR on the
laser intensity, but a fit of the experimental results cannot
performed without a characterization of the relaxation p
cesses.

In order to analyze the experimental results of Fig. 1
the dependence of the ratioR on the longitudinal appliedBz
magnetic field, we have theoretically examined the effect
a longitudinal magnetic fieldBz on the bright resonance. Nu
merical results for the bright resonance, scanning theBx
field, supposingBy50, and at different values of the long
tudinal Bz magnetic field, showed a contrast of the brig
resonance slightly decreasing with increasing strength of
Bz magnetic field, in contrast with the experimental obser
tions of Fig. 2. The presence of laser detunings did
modify this result. However, in the presence of stray ma
netic fields, the application of aBz field different from zero
should help the optical pumping by thes1-polarized light.
Thus, we included in our numerical analysis a weak m
netic field By along they axis. Results for the excited-stat
population as a function of the scanning magnetic fieldBx at

FIG. 3. Numerical results for theFg53→Fe54 85Rb D2-line

bright resonance in the (s1,kW'BW ) configuration. The steady-stat
total population of the excited state, as a function of theBx field for
different laser intensities, is atBz50. The insets show the region
around zero magnetic field.
1-3
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different values of the ‘‘stray’’ magnetic fieldBy are shown
in Fig. 4. It appears that, atBz50, the presence of the stra
magnetic fieldBy leads to a drastic reduction of the amp
tude of the bright resonance with respect to the ideal c
By50 previously analyzed. The stray magnetic fieldBy ,
mixing the Zeeman sublevels, produces a disturbance of
s1 optical pumping. The application of a longitudinal ma
netic fieldBz restores thes1 optical pumping, and therefor
leads to an increase in the amplitude of the bright resona
Thus the experimental results of Fig. 2 are associated w
the presence of an additional transverse magnetic field in
50-mG range.

FIG. 4. Numerical results for theFg53→Fe54 85Rb D2-line

bright resonance in the (s1,kW'BW ) configuration, at a laser intensit
of 0.1 mW/cm2. The steady-state total population of the excit
state as a function of the appliedBx magnetic field for different
values ofBy and Bz . Continuous line:Bz5By50. Dashed line:
Bz50 and By550 mG. Dot-dashed line:Bz520 mG and By

550 mG. Only the region around zero magnetic field is shown
p-
tin

C

06540
se

he

e.
th
he

As an additional test of the role of the stray magne
fields, we calculated, at different laser intensities, the ratiR
for a bright resonance in the (s1,kW'BW ) configuration as a
function of the longitudinal magnetic fieldBz in the presence
of a stray magnetic fieldBy510 mG. The numerical result
demonstrate that the residual magnetic field along theOy
axis indeed introduces an increasing dependence ofR on the
laser intensity, for a smallBz field. However, we could not
reproduce the decrease of Fig. 2 at a larger magnetic fi
Bz , proving that a better control of the experimental con
tions is required for a precise control of the bright resonan

In conclusion, we experimentally and theoretically stu
ied the bright resonance Hanle effect on a closedFg53
→Fe54 transition for circularly polarized light and a tran
verse magnetic field. The zero-field-enhanced absorp
corresponds to the accumulation, via optical pumping, of
atomic population in ground states maximally coupled to
excited state. The application of a magnetic field redistr
utes the population among the ground-state sublevels,
results in a decrease of the fluorescence intensity. The
cient production of low-frequency coherences realized in
present Hanle effect configuration produces a strong dep
dence on the ground-state relaxation processes and on
spurious magnetic fields, to be explored under highly c
trolled experimental conditions.

The experimental investigations reported here were p
formed by S.C. while visiting the Dipartimento di Fisica
Universitàdi Pisa, I-56126 Pisa, with the financial support
the NATO-CNR Senior Guest Fellowship Program. F.
is grateful to G. Grynberg and P. Verkerk for usef
discussions.
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