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We describe a computational and experimental study on Hanle electromagnetically induced transparency
and absorption resonance line shapes with a Laguerre Gaussian (LG) beam. It is seen that the LG beam
profile brings about a significant narrowing in the line shape of the Hanle resonance and ground-state Zeeman
coherence in comparison to a Gaussian beam. This narrowing is attributed to the azimuthal mode index of the LG

field.
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I. INTRODUCTION

The interaction of a coherent laser light with an atomic sys-
tem induces coherence among the energy levels of the system.
Atomic wave functions with a definite phase relation among
them are then created resulting in interference phenomenon.
This is referred to as atomic coherence and has lead to
interesting effects such as coherent population trapping (CPT),
electromagnetically induced transparency or absorption (EIT
or EIA) and the Hanle effect [1-3]. EIT is a phenomenon
in which the atomic medium is rendered transparent for a
resonant probe field in the presence of another pump beam
resonant with a common higher or lower energy level. The
underlying principle behind EIT can be explained in terms of
the creation of dark states, that is, the uncoupled state which
comprises the superposition of the ground states. Destructive
interference between the probability amplitude associated with
the excitation pathways can be brought about by adjusting the
Rabi frequency associated with the probe and the pump beam,
thus totally cutting off the dark state from coupling to the
higher energy level. This results in the trapping of atoms in the
dark state thus making the medium transparent to the probe
absorption [4,5].

EIA is an opposite effect in which there is an enhancement
in probe absorption under the action of a pump beam due
to the transfer of coherence between the excited and ground
states via spontaneous emission in a two-level degenerate
system [6,7]. EIT and EIA in a degenerate two-level system
can also be observed in the Hanle configuration, by measuring
the transmission or fluorescence of a resonant optical field
as a function of a magnetic field scanned through zero
[8]. The narrow Hanle EIT-EIA profile arises as a result
of the destruction of optical-field-induced coherence among
ground- or excited-state Zeeman sublevels by a magnetic
field [9].

In this report we focus on such Zeeman coherences created
in the presence of a coherent light with spatially varying
phase factor and mode amplitude. The Laguerre-Gaussian
(LG) beam is one such optical field with a doughnut-shaped
intensity distribution and zero intensity at the beam center [10].
It is obtained as a solution of the paraxial wave function in
cylindrical coordinates. The LG beam has several interesting
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features. It has a helical phase structure [10] and carries
an orbital angular momentum of /i per photon along their
direction of propagation, in addition to the spin angular
momentum depending upon the polarization (/ = £1, £2, ...
is the azimuthal mode index and denotes order of the LG
beam).

The optical forces and torque exerted by the LG beam on
particles and atoms have been studied extensively and they
find interesting applications in cooling and trapping of atoms
[10-12]. Nonlinear optical studies like the second harmonic
generation with higher order LG beams have been reported
[13]. The rotational frequency shifts induced by the LG beam
due to its azimuthal phase dependence have been observed
[14-16]. Theoretical studies of force and mechanical torque
exerted by orbital angular momentum associated with the LG
beam on two- and three-level atomic systems have also been
reported [11,17,18].

The influence of the LG beam profile on atomic coherence
and associated spectroscopic phenomenon like EIT and EIA,
Hanle effect, etc. is however not well known. In this paper
we focus on this aspect and report a computational and
experimental study of the Hanle EIA and EIT line shapes
obtained with an LG beam. We report for the first time a
significant narrowing of the LG Hanle line shape and the
associated Zeeman coherence compared to the profile obtained
with a Gaussian beam and show that it arises due to the nonzero
azimuthal mode index of the LG field resulting in a spatially
dependent Rabi frequency.

II. THEORETICAL MODEL

The field amplitude, Ej g for the LG mode is defined in
terms of mode amplitude &p(R) and the phase factor iy, (R)
as [11,18]

Eig = eup R) 9 ® —cc (1)

where k is the wave vector, p is the radial mode index, and
c.c. denotes the complex conjugate of the first term in the
right-hand side of Eq. (1). Ignoring the z dependence in the
region 7z < Rayleigh length ‘zg’ [11] and making the dipole
approximation, Ey g reduces to
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FIG. 1. Atomic level configuration for the transition J, = 1 —
J.=0.

where e~/¢ is the phase factor and its coefficient represents
the reduced mode amplitude of the electric field.

To study the effect of the LG field on the Hanle line
shape, the transition J, =1 — J, = 0 (Fig. 1) was chosen,
where J, and J, represent the total angular momentum
quantum number of the ground and excited states, respectively.
This system produces a well-known Hanle EIT [19]. We
consider a o polarized probe beam [(6+ + 0 7)/2] which
accesses transitions satisfying the selection rule Am; = %1.
The total Hamiltonian H of the system is given by the
sum of the unperturbed Hamiltonian H,, the atom-field
interaction Hamiltonian H;, and the magnetic interaction
energy Hp,

H, = Zhwg lgi) (gl + Zhw le:) (el 3)

= > 10 1y Edos + (i E)o} +He, (@)
i
Hp =Y Qu{mg |g:) (gl +me lei) (eill,  (5)
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where H.c. is the Hermitian conjugate of the first term
in Eq. (4). The Larmor frequency w; = g“h”B, where B
is the magnetic field, pup is the Bohr magneton, and g
the gyromagnetic ratio. The magnetic field direction was
chosen perpendicular to both the optical field propagation
and polarization directions. The quantization axis was chosen
along the magnetic field direction. The electric field vec-
tor associated with the probe beam propagating along the
z direction and polarized in the x direction is given by

E = E, cos (wt) é,. (6)

For a Gaussian beam E, is taken as a constant, and for a
LG beam E, is replaced by Er g (Eq. (2)). The dipole matrix
element d;; is given by [20]

Je 1 J
dij = e(aeJel|r||agjg)(_1)19—mg < o ) ’

—m, g nNg

where the angled brackets denote the reduced matrix element
and the term in parenthesis is a 3-j symbol. The Rabi
frequencies associated with the Gaussian and LG modes are
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given by
di;E,
Qs = jh (7N
dE N
Qg = Uh = =9 (w(z)) e e (8)
where, @7, = d’hﬁ Here, w(z) represents the beam waist

for a beam width of w, and is given by [10] w(z) =

wo/ 1 + (z/2r)? = w, for z K zg. The time evolution of the
density matrix p is given by the Liouville equation [21],

dp

ar P
where H is the total Hamiltonian of the system after making
the rotating wave approximation [22]. The first and the
second terms on the right-hand side of Eq. (9) represent the
commutation and anticommutation operations, respectively. R
is the relaxation operator comprising the spontaneous decay
rate, ' of the excited state, the ground-state collisional decay
rate y,, and the excited-state collisional decay rate y, (with
Ye =Yg = ¥). The effects of collisional dephasing are not
included here. Ar and A, denote the re-population matrix
of the ground state due to the relaxation terms I' and y,
respectively.

The optical Bloch equations (OBE) obtained from Eq. (9)
are numerically solved [23] under steady-state conditions by
setting the right-hand side of (9) to zero. The steady-state probe
absorption « is given by [24]

2\/_7rw J.
= —"leZ
*= X]: ne il <—me
i

1
H] = AR, p} + Ar + Ar, )

J,
¢ ) Im[pe,-pgj]ﬂ

q mg

(10)

where w, is the frequency difference between the ground and
the excited states in the absence of the magnetic field and N
is the density of atoms. For a Gaussian beam, Eq. (10) is used
to compute the absorption with the Rabi frequency Q(=Qg),
treated as a constant.

To compute the probe absorption for the LG beam, £ in
Eq. (10) is replaced by g (with €] ; treated as a constant)
and a double integration carried out over parameters r and ¢
[ignoring the z dependence as in Eq. (2)],

227 R2,N

r=0 Jo= 0,] heQ (- )"e‘mew
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w(z)

x |d;;? fe 1A Im|p,, pg, |drd¢.  (11)
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III. COMPUTATIONAL RESULTS

The calculated absorption of the incident optical field as a
function of magnetic field (the Hanle profile) for Gaussian
and LG beams is shown in Fig. 2. The azimuthal mode
index associated with the LG beam is taken as [ = +1 with
)y =20,R/T =1,9;/T = l,and w(z) ~ wy = 2 mm.
The LG Hanle profile is significantly narrower than the one
that is obtained with the Gaussian beam. The computed
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FIG. 2. (Color online) Calculated Hanle resonance for J, =1 —
J. = 0 with Gaussian and LG fields using I'/y = 20, QL‘G/ r=1,
Qs/TI' =1, and w, = 2mm for / = +1. The absorption-axis scales
for Gaussian and LG profiles were chosen differently to aid linewidth
comparison of the EIT windows. The absorption profile with LG field
has been scaled by a multiplicative factor of 6.

Hanle profile linewidths for the Gaussian and LG beams are
0.363 MHz and 0.105 MHz, respectively. The ground-state
Zeeman coherence pg .., —Tesponsible for the Hanle EIT
resonance [25]—computed by integrating over parameters r
and ¢ also exhibits a similar narrowing as shown in Fig. 3.
The source of the narrowing in the computation originates
in the presence of the spatially dependent Rabi frequency
[Eq. (8)] in the interaction Hamiltonian [Eq. (4)] and in
the Liouville equation [(Eq. (9)]. To understand the origin
of this narrowing, we recomputed the probe absorption and
Zeeman coherence with @1 ~ @-%~'?_ignoring the radial
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FIG. 3. (Color online) Normalized ground-state Zeeman coher-
ence created by Gaussian and LG fields. Parameters are the same as
those used in Fig. 2.
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FIG. 4. (Color online) Probe absorption for J, =1— J, =0
due to Gaussian and LG beams. In (a) the radial dependence of
2, has been ignored and in (b) the phase factor in €2 has been
ignored. Other parameters are same as those used in Fig. 2. See text
for details.

dependence. It is seen from Fig. 4(a) that the narrowing
is absent. Alternatively, if the phase factor is ignored,
Qg ~ SliG[r/w(z)]”' exp[—rz/w(z)z], the same narrowing
is observed in the Hanle profile [Fig. 4(b)] and the Zeeman
coherence. The reduced mode amplitude of the electric field
associated with the LG beam reduces to the far field intensity of
a Gaussian beam when [ = 0. This suggests that the azimuthal
mode index (/) associated with the LG beam which features in
2| g brings about the observed narrowing.

The Hanle signal linewidth is determined by the relaxation
rate of ground- or excited-state Zeeman coherences [3].
Therefore a narrow Hanle signal suggests that an optical field
with nonzero orbital angular momentum (/1) promotes long-
lived Zeeman coherences. Further support for this possibility
is found when the Hanle profile with the LG field was
computed for different azimuthal mode indices [ = +1, +2,
and +3 with beam waists chosen as 2 mm, 3 mm, and
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FIG. 5. (Color online) Probe absorption with the LG field for
azimuthal mode indices, / = +1, +2, and +3 with w, =2 mm, 3 mm,
and 4 mm, respectively. Plotting style and other parameters are the
same as those used in Fig. 2.

4 mm [26]. The EIT width decreases from 0.105 MHz for
I =1 to 0.084 MHz for / =2 and 0.075 MHz for [ =3
(Fig. 5). LG-field-induced narrow EIT profiles may have
several important applications such as atomic clocks and
magnetometers with higher precision and increased storage
times or steeper dispersion in stopped-light or slow-light
experiments.

IV. EXPERIMENTAL DETAILS

An experimental study of the Hanle profile was carried
out with Gaussian and LG fields to verify these results. Hanle
measurements were carried out with Rb vapor with an external
cavity diode laser locked to the Fy = 2 — F, = 3 transition of
Rb¥. This transition gives rise to an EIA and has been studied
by several groups [3,8,27]. The LG beam was created using a
computer-generated hologram (CGH) [28]. The transmittance
function of the CGH denoted by T'(r, ¢) = exp[iS H(r, ¢)], is
the Fourier transform of the interference pattern of a plane
wave with an LG beam. Here, § is the amplitude of the phase
modulation. H(r, ¢) defines the pattern of the CGH and is
given by

H(r,¢) = i mod <l¢ — 2—7Tr cos ¢, 271) , (12)
2 A
where A is the and mod(a,b) =
a — bint(a/b).

The beam with azimuthal mode index / = +1 was used
as the probe beam. The probe transmission was measured
as a function of magnetic field scanned perpendicular to
the direction of the probe beam along the x axis. The probe
beam was polarized along the y axis (Fig. 6). The fields in
the other two directions were reduced down to ~0.3 mG
using Helmholtz coils. Measurements were also made with
a Gaussian beam of the same intensity. Intensities of both
the beams were fixed well below the saturation intensity.

fringe spacing
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FIG. 6. Experimental setup used for measuring the Hanle profile
with an LG beam, ECDL, external cavity diode laser; SAS, saturation
absorption spectroscopy setup; OI, optical isolator; A, aperture; P,
polarizer; CGH, computer-generated hologram; PD, photodetector; 1,
orbital angular momentum; HWP, half-wave plate.
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The Hanle profile obtained with Gaussian and LG beams is
shown in Fig. 7. The LG profile is distinctly narrower than
the Gaussian beam profile confirming our computational
results. The measured linewidths of the Hanle EIA profile
for Gaussian and LG beams are 0.34 Gauss and 0.16 Gauss,
respectively.

The influence of the LG beam on the Zeeman coherence was
confirmed with a two-beam Hanle measurement. The Hanle
profile was measured with a Gaussian beam in the presence of
an LG beam (I = +/). Both beams were rendered circularly
polarized, locked to the Fy, =2 — F, = 3 transition of Rb¥7
and co-propagated through the Rb vapor cell after which the
LG beam was blocked and the transmission of the Gaussian
beam at a power of 80 uW was measured. The LG beam
(~2 uW) induces a noticeable (~50 mG) narrowing of the
Hanle profile [Fig. 8(a)]. No narrowing is observed when the
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FIG. 7. (Color online) Measured Hanle EIA profiles for Gaussian
and LG beams locked to the F, = 2 — F, = 3 transition of Rb*’. The
probe power was 53 uW for both beams.
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FIG. 8. (Color online) Measured Hanle EIA profile for Gaussian
beam (80 uW) locked to the F, =2 — F, = 3 transition of Rb¥
with and without a coupling beam. The coupling beam is (a) LG and
(b) Gaussian. Introduction of the LG beam lowers the linewidth of
the Gaussian EIA Hanle profile from 0.31 Gauss to 0.26 Gauss.

LG beam is replaced with a Gaussian beam (I = 0) [Fig. 8(b)].
The observed narrowing suggests that the presence of the LG
beam enhances the lifetime of the Zeeman coherences probed
by the Gaussian beam in further support of our computational
analysis.

The difference in linewidth between the Hanle EIA profile
of a pure Gaussian beam and that of the Gaussian beam in
the presence of a LG beam (Ag — Ag/1c) is plotted in Fig. 9
as a function of the LG beam power. With increase in the
power of the LG beam, (Ag — Ag/1g) decreases. When the LG
beam power exceeds 98 W, the power corresponding to the
saturation intensity, power broadening dominates, and (Ag —
Ag16) becomes negative. Thus, the influence of the azimuthal
mode index on the Zeeman coherence lifetime depends on the
intensity of the LG field.

Strong experimental support to our results is found by
comparing degenerate four-wave mixing experiments [29]
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FIG. 9. (Color online) Difference in linewidth between the Hanle
EIA profile of a pure Gaussian beam and that of the Gaussian beam
in the presence of an LG beam (Ag — Ag 1) for different powers
of the LG beam. Both beams were locked to the F, = 2—F, =3
transition of Rb%” and the Gaussian beam power was fixed at 80 L W.

performed with the Gaussian [30] and LG [31] signal beams.
All other experimental conditions being the same, the sub-
natural four-wave mixing spectral linewidth obtained with a
Gaussian signal beam was found to be approximately 187 KHz
[32] higher than the 200-KHz linewidth obtained with an
LG signal beam [31]. Since the four-wave mixing spectrum
originates from a long-lived Zeeman ground-state coherence
[31], the use of an LG beam is found to enhance the Zeeman
coherence lifetime in agreement with the present results. Fur-
ther support is obtained when experiments on the topological
study of stored optical vortices are considered [33]. An LG
mode (optical vortex) could be stored in hot atomic vapor
for 110 us without diffusion while the corresponding time
for a Gaussian beam with a uniform phase and a dark center
was found to be only 10 us. Since the storage time is directly
proportional to the lifetime of ground-state coherences [34,35],
the study confirms that a nonzero azimuthal mode index is
crucial to producing long-lived ground-state coherences and
hence enhanced storage times.

In conclusion, the influence of a Laguerre Gaussian beam
on the linewidth of electromagnetically induced Hanle EIT and
EIA profiles has been studied. We have shown by computation
and experiment that the azimuthal mode index of the LG
field induces long-lived Zeeman coherences resulting in a
significant narrowing of the Hanle EIT and EIA resonance.
LG-field-induced narrowing of EIT and EIA profiles may
have several important applications such as atomic clocks,
magnetometers, slow light, etc. Additional experiments on
coherence-induced phenomenon using spatially varying op-
tical fields are in progress.
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