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Coherent population trapping linewidths for open transitions:
Cases of different transverse laser intensity distribution
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We calculated the coherent population trapping (CPT) for the open D1 line transition F,=2— F,=1 in 8"Rb
by solving the time-dependent optical Bloch equations, integrating the results for the total excited state popu-
lations over atomic trajectories, and averaging over velocities (components perpendicular and parallel to the
laser beam) and over atom incident angles to the laser beam. We obtained a square root dependence of the CPT
linewidths as a function of the laser intensity for both steplike and Gaussian transverse beam profiles. The
results obtained with the Gaussian transverse laser beam profile are in good agreement with recent experimen-
tal results. Results for both steplike and Gaussian profiles of the laser beam show asymptotic 1/ Vd dependence
(d is the laser beam diameter) of the CPT linewidths, for a large range of the laser intensity.
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I. INTRODUCTION

When an atom is prepared in a coherent superposition of
two states, coupled by near-resonant light fields to the com-
mon upper state (A configuration), the atom population can
be trapped in a superposition of lower states, called a dark
state. Hence, this phenomenon is called coherent population
trapping (CPT) [1,2]. The origin of coherence trapping is the
destructive interference between transitions from the two
lower states. Due to the CPT phenomenon, the medium be-
comes transparent. This phenomenon of a medium becoming
transparent to the light field under the simultaneous action of
a second light field is called electromagnetically induced
transparency (EIT). Typically, EIT is associated with in-
creased transparency of the probe field in the presence of a
strong pump field (here the probe and pump fields are the
two arms of the A configuration). In that case, the origin of
EIT is the pumping of atoms into the dark state by both a
strong pump and a weak probe field. CPT plays an important
role in many fields of modern physics. It is used for laser
cooling of atoms below the recoil limit [3,4], and for trap-
ping of atoms in optical lattices [5].

Narrow CPT linewidths have important applications. CPT
offers an alternative technique to bulky, complex, and heavy
atomic clocks and frequency standards and to highly sensi-
tive magnetometers, even when compared to superconduct-
ing quantum interference devices. Chip-scale atomic clocks
[6] and magnetometers [7] have already been realized. A
CPT medium has a very steep dispersion function which
plays a key role in slowing group velocity of atoms [8]
which makes CPT media interesting for quantum-
information applications [9-12].

A key feature of the CPT for the above applications is the
resonance slope, determined by the resonance amplitude and
width. A great deal of work has been done on investigating
the dependence of CPT line shapes on important experimen-
tal parameters for alkali-metal atoms contained in glass cells
with and without buffer gas. For the CPT between ground
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state hyperfine levels of alkali-metal atoms in buffer gas
cells, several theoretical studies [13,14] obtained a linear de-
pendence of the linewidths on the pump laser intensity. On
the other hand, calculations in [15] have found that this de-
pendence is linear in the laser intensity only at higher laser
intensity. The linewidth is linear in the laser Rabi frequency
at lower laser intensity, i.e., when the pump field Rabi fre-
quency Q) satisfies Q> <2ywp /T, where 7 is the coherence
relaxation rate, wp is the Doppler width, and I' is the total
spontaneous emission rate. Theoretical models [13-15] as-
sume a A atomic scheme, a steady state solution of the op-
tical Bloch equations, and single values for the relaxation
rates of the populations and coherences between the ground
hyperfine levels. The relaxation rates for coherences are con-
stants determined either by the diffusion rate (buffer gas
cells) or by the reciprocal of the atom transit time through
the laser beam.

Several experiments [13,14,16,17], in buffer gas cells,
supported the theoretical prediction that the CPT linewidths
vary linearly as a function of the laser intensity. Typically,
experiments were done at laser intensities below
100 uW/cm?. On the other hand, experiments in vacuum
cells by Ye and Zibrov [18] on the D2 line in Rb agree
qualitatively with the results of [15] and show a square root
dependence on the laser intensity below ~3 mW/cm? and a
linear dependence at higher laser intensities. Different behav-
ior, with increased intensity causing narrowing of CPT reso-
nance linewidths, was presented in [19,20]. In Ref. [19], the
CPT resonance linewidths, measured for the F g:2—>F =1
transition of the Y’Rb D1 line, decrease for laser intensities
above a few mW/cm?. In Ref. [20], the CPT for the closed
F,=1—F,=0 transition of the D2 line in 87Rb shows a line-
width decrease when the laser intensity is larger than
40 mW/cm?2. Such dependence, with the maximum for the
linewidths at laser intensities near the saturation limit, was
obtained for electromagnetically induced absorption in a
Doppler-broadened medium [21]. On the other hand, recent
results, published in [22], gave nonlinear but monotonically
increasing dependence of the Hanle CPT and EIT for the
F,=2—F,=1 transition in the D1 line of 87Rb as a function
of the laser intensity.
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The theoretical results that we mentioned above are for
steplike dependence of the laser intensity on the laser diam-
eter. The laser profile in experiments is usually Gaussian.
The effects of the transverse intensity profiles on CPT line
shapes and linewidths were studied in [23,24] also for a
simple A configuration, using a steady state solution of the
optical Bloch equations and by integrating the analytical ex-
pression for the linewidths over the radial laser beam profile.

In this work we theoretically investigate the linewidths of
the CPT between Zeeman sublevels of the ground hyperfine
level, by solving time-dependent density matrix equations
for the open F,=2—F, =1 transition in the D1 line. All the
levels interacting with the laser light are taken into account,
as well as population losses to another ground state hyperfine
level. Atom fluorescence as a function of the external mag-
netic field (Hanle CPT) is obtained after integrating over
atom trajectories in the laser beam and averaging over (a)
atom velocity components perpendicular and parallel to the
laser beam, and (b) incident angles of the atom with respect
to the laser beam. We point out that we do not use any
phenomenological terms in the optical Bloch equations, like
relaxation of Zeeman coherences. Calculations were done for
both steplike and Gaussian transverse laser beam profiles, for
the laser intensity ranging from 0.01 to 40 mW/cm?. Our
results for the CPT linewidths are compared with the experi-
mental results. We have also found dependence of the CPT
linewidths on the laser beam diameter, i.e., on average atom-
laser interaction time. Studies of dependence of the CPT
linewidths on the interaction time for an open transition were
previously performed only for Doppler-free systems [25,26].
We are not aware that such a detailed model as ours was
previously applied to a Doppler-broadened open atomic sys-
tem interacting with light fields with different transverse
profiles.

II. THEORETICAL MODEL

EIT resonances were calculated for the D1 line transition
F,=2—F,=1 of %Rb gas in a vacuum cell in Hanle con-
figuration. The transition is open because excited states can
decay to another ground state level, F,=1. The quantization
z axis is chosen to be parallel to the external magnetic field.
Zeeman sublevels of both the ground and the excited hyper-
fine states are coupled by a linearly polarized laser beam
propagating along the z axis. The laser frequency w is cho-
sen to be resonant with the specified transition. Equations for
the density matrix elements connected with the F,=1 ground
level can be excluded since that level is not coupled by the
laser. Although we consider a Doppler-broadened medium,
inclusion of higher excited levels into the analysis is not
necessary, as will be shown later. Under the assumption of
purely radiative relaxation and in the rotating wave approxi-
mation, the optical Bloch equations (OBEs) for the density
matrix of a moving atom have the form

pel-ej = l(wej - we[-)pe,-ej - Fpeiej

F,
S ~
+ % 2 (peing+gkej_ V—eigkpgkej)’ (1a)
k=—Fg

PHYSICAL REVIEW A 79, 023805 (2009)

peigj = l(wL - wei + wg’.)peigj - _peigj

2
; Fe . 5
= D PeeVoeo == 2 Vieygpeo, (ID)
hk:—FL, ik k8 ﬁk:—Fg 8k 8k8
F
‘ . I~ ~
Pyye,= l(ng - w!s’,-)pgigj + %kEF (pgiekv—ekgj - V+giekpekgj)
=
+ (= 1)HQF,+ DTy
1
«S (Fe 1 Fg)<Fe 1 Fg>
o1 PN\j+q —q —j/\itq —q -i
(Ic)

where the subscripts e and g refer to the excited and the
ground hyperfine levels, respectively. For our atomic system
F,=1 and F,=2. Diagonal density matrix elements Pee,
(py¢) are populations of e; (g;) Zeeman sublevels, while
offfdiagonal elements Pee, (pgig ) are Zeeman coherences be-
tween ee; (g:g)) sublevels. Fast oscillations of the optical
coherences p, . between ¢; and g; sublevels were eliminated
by standard substitution p,, = ﬁgigje‘i“’L’, where w;=w,
(I-vy/c) is the Doppler-shifted laser frequency and v is the
magnitude of the atomic velocity component parallel to the
laser direction. Energies of excited (ground) Zeeman sublev-
els e (g) with magnetic quantum numbers 1, (m,) are given
by ﬁwe(g)=ﬁw60(go)+,LLBgFe(g)me(g)B, where wup is the Bohr
magneton and 8F,, is the Landé factor for the hyperfine
levels. I' represents the total spontaneous emission rate from
each excited sublevel and for the ’Rb D1 line it has the
value 27X 5.746 MHz. FFﬁF is the decay rate from F, to
onef F, ground hyperfine level: It can be expressed in terms
of I' as

r 212F1JgJ€12F 2
FEHFg_( ‘]e+ )( g+ ) Fg Fg Ig s ()

and it obeys the sum rule X Frl"Fﬁ p=I". The openness of the
atomic system is quantitativély givégn by the ratio I'p _ /T,
which is less than 1 for open and exactly 1 for closed gsys—
tems.

In a general case, the laser electrical field is given by

E(r) = e,E,(r)cos(w. 1) + e,Eq(r)cos(w t + @),  (3)

For symmetry reasons it is better to express the laser electri-
cal field in terms of the spherical basis unit vectors u.;
=(Fe,—ie,)/\2,

E= u, (E1’+eith + El’_e_ith) +u_ (E_1’+eile + E_L_e_i‘”L[) s

(4)

where we used the notation E.~
=(FEg,+ie™ " Ey,)/(242). The terms Vige, in the OBEs
are of the form

023805-2



COHERENT POPULATION TRAPPING LINEWIDTHS FOR...

/'l’gl-e-,lEl,t~ (5)

Here w, i is the electric dipole matrix element between the

Vi‘gie- == lu’gie-,—lE—l,i -

ground and excited states |g;) =|[Fym,, =|F,m, )
respectively, and it can be calculated as
/Lgie"-,q = <Fgmgi|euq ! r|Femej> (6)

_<J ||er||J ( 1)] +1 +m
XVQF,+ DQ2F, + 1)(2J,+1)

Jo T 1 (F 1 Fg)
X\ & e ,
F, Fg Ig mej g~y

(7)

where (J ||er||J,) is the reduced matrix element of the elec-
tric dipole operator between arbitrary ground and excited
states. In our case J,=J,=1/2 and the correspondlng value is
taken from [27]. Due to the relation ,u —(— )4 e mgp the

terms V., g, are completely determmed by the terms V+ ger

The densuy matrix calculated from the OBEs strongfy
depends on the spatial transverse profile of the electrical
field. We performed calculations using steplike and Gaussian
cylindrically symmetric profiles. In our theoretical treatment,
the effects of the laser propagation and variation of its inten-
sity along the Rb cell are neglected. It is shown in Ref. [28]
that under real experimental conditions and for a range of
laser intensities as in our calculations, the ratio of transmitted
and input laser intensities is 60-75 %. Taking into account
reflection in the front and back windows of the cell, we es-
timate that the average laser intensity in the cell is typically
80-90 % of the intensity that enters the Rb medium. The
dependence of the laser intensity on the radial distance r
from the beam center can be written as

1(r) = 1of(rlro), (8)

where [, is the maximal intensity and f(r/ry) is a profile
function which is chosen such that the profiles have the same
total laser power P,

P= f 2arr Iyf (r/ry)dr = IO’JTI%. 9)
0

ro is what we consider as the beam radius. For the steplike
profile we take

r<=ry,

10
r>rp, ( )

— 17
f(”/”o)— 0

>

while for the Gaussian profile we choose
frirg) = exp(=r/rd). (11)

It can be argued without an explicit analysis that the reso-
nance width for the Gaussian profile must be smaller than in
the case of the steplike profile. For the Gaussian beam, the
intensity reaches its maximal value I, only at the very center
of the beam, while for the steplike profile intensity I is
present all over the beam. Thus, in the steplike profile all
atoms see the same intensity, whereas for the Gaussian beam
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FIG. 1. Atom traversing laser beam.

atoms in the outer regions are exposed to much lower laser
intensity contributing to an overall line shape with narrower
profiles.

The observed resonances in CPT and EIT experiments are
probabilistic averages of contributions due to many indi-
vidual, mutually noninteracting atoms. Rb atoms traverse the
laser beam on different paths with different velocities. The
atomic trajectory (line segment T(T, shown in Fig. 1) is
completely determined by its velocity vector and starting po-
sition. The velocity component perpendicular to the laser
beam, v, is completely given by its magnitude v, and the
angle ¢ as presented in Fig. 1.

The angle ¢ determines the atomic trajectory plane
(which influences the spatial dependence of the electrical
field experienced by a transiting atom) and also, together
with v |, the interaction time. From the point of view of the
moving atom, the electrical field varies and the rate of varia-
tion depends on v ;. Suppose that the atomic trajectory has
perpendicular projection given by r,(1)=r,, +v, f, where
I, is the perpendicular component of the atom position vec-
tor at r=0. At time instant ¢, the electrical field seen by the
atom is

E(r (1) =E(ry, +v,1). (12)

The parallel velocity component v, affects the Doppler shift
in the laser frequency seen by the atom. Besides the beam
profiles, the parameters that determine the solutions of time-
dependent Bloch equations are the maximal intensity I, the
magnitudes of the atomic velocity components v, and vy, the
angle ¢, and the axial magnetic field B. It is worth noting
that the temporal dependence for a given v | yields a spatial
dependence in analogy with Eq. (12). For a suitably chosen
set of those parameters the OBEs were solved with initial
conditions p,, ” (TO)— ijs Peg (To)=0, p,. < (Ty)=0, obtain-
ing the spat1a1 dependence of the density matrix along corre-
sponding trajectories. We use the fluorescence emitted from
an atom as the measure of the effective absorption. Since all
excited states decay at the same rate, the fluorescence is di-
rectly proportional to the total excited state population,
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FIG. 2. Calculated spatial dependence of the total Zeeman sublevel populations of the ground F,=2 (two upper curves in each figure) and
the excited F,=1 (two lower curves in each figure) hyperfine levels for a single atom. (a) and (b) show the effects of the laser intensity for
Iy=0.5 mW/cm? (solid line) and Iy=5 mW/cm? (dashed line). Results are for v, =300 m/s, v;=5 m/s. (c) and (d) show the effects of the
perpendicular velocity component for v, =50 m/s (solid line) and v, =300 m/s (dashed line). Results are for I,=0.5 mW/cm?, V|
=0 m/s. Beam profiles are shown in dotted lines and have ry=1.25 mm. Excited level populations are multiplied by 25 in the case of a
steplike and by 50 in the case of a Gaussian profile. B=20 mG. The atom enters the laser beam from the left.

F(’
f(B;(ﬁ:UL»UH»r) =r 2 peiei(B;d)va’Ull’r)’ re TOTf
i=—F,

(13)

To obtain the final result, the CPT line profile, i.e., the fluo-
rescence as a function of the external magnetic field, Eq. (13)
has to be integrated along the atom trajectory, and then av-
eraged over its velocity components and the angle ¢. The
following figures show the results of intermediate steps taken
toward the CPT line profile. Through the results of such in-
termediate steps we justify the necessity to deal with time-
dependent OBEs and take into account the real atomic sys-
tem, real laser beam profile, and distribution of atomic
velocities and incident angles with respect to the laser beam.

In Fig. 2 we show the spatial variation of the total popu-
lation of the ground and the excited hyperfine states for the
atom with specific values of the perpendicular v, and of the
parallel v, velocity components, for two laser intensities.
These results were obtained for atoms traversing the laser
beam along its diameter (¢=0), and for an axial magnetic
field B=20 mG. As the dotted lines indicate, the left sides are
for the steplike while the right sides are for the Gaussian
transverse laser beam profile.

It is evident that the atomic population of excited and
ground states vary differently, both qualitatively and quanti-
tatively, along the two laser beam profiles. After entering the

laser beam, some fraction of the excited atoms decays into
the uncoupled hyperfine level F,=1, which results in popu-
lation loss. The atoms decaying back to the F,=2 hyperfine
level can populate the dark state composed of Zeeman sub-
levels. The dark state is intensity dependent and ideally non-
coupled only when there is no magnetic field. Therefore,
when the intensity does not change rapidly and the magnetic
field is sufficiently small, something like a steady state can
be reached. In that case one part of the initial ground state
population is pumped into an uncoupled second hyperfine
level while the rest is in an almost noncoupled dark state. At
B=20 mG, because atoms can be excited from the dark state,
the population varies continuously while the atom is illumi-
nated by the laser beam. Changes in the populations are
much more rapid for steplike beam profiles. In a Gaussian
beam, atoms are at first slowly pumped out from the F,=2
level, resulting in the fluorescence peak being delayed until
the atom reaches higher light intensities of the Gaussian
beam. Also, optical pumping is lower and overall fluores-
cence is higher for faster atoms. It is apparent that level
populations and CPT linewidths are influenced by the atomic
motion all the time that the atom is in the laser beam. For
B # 0 and high laser intensity, only populations for slow at-
oms can reach the steady state [Figs. 2(a) and 2(b)] due to
the loss of population to the uncoupled ground state hyper-
fine level. Hence, in order to have a proper description and
take into account the radial profile of the laser beam, it is
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FIG. 3. Fluorescence integrated along trajectory (in arbitrary units) as a function of perpendicular v, and parallel v, atom velocity
components in the case of a Gaussian transverse beam profile. (a) is obtained for I,=0.5 mW/cm? while (b) is for [,=5 mW/cm?. B

=20 mG, ¢=0.

necessary to deal with time-dependent OBE:s.

The total detected fluorescence comes from atoms inter-
acting with the laser at the time of detection. Consequently,
(13) must be integrated along the trajectory TT,

T

_ b
f(B;v v = dr f(B; d,v | ,vp,1).
Ty

(14)

Figure 3 shows the velocity dependence of the fluorescence
integrated along the trajectory [Eq. (14)] in the case of a
Gaussian profile for two laser intensities. A similar result is
obtained for the steplike profile of the laser beam.

The trajectory-integrated fluorescence increases with v |,
i.e., with decrease of the time spent by the atom in the laser
beam. Due to Doppler detuning, only atoms with the parallel
velocity component inside a narrow range around v;=0 give
a significant contribution to the fluorescence, as seen in Fig.
3. The contribution of atoms having large detuning is, in
addition, greatly reduced due to the Maxwell-Boltzmann ve-
locity distribution. When the values of B, ¢, and v | are kept

constant, the product of f(B;¢,v | ,u;) and the weight corre-
sponding to vy in the Maxwell-Boltzmann distribution (i.e., a
Doppler-detuning profile) is an even a bell-shaped function
of v;. The contribution to the total fluorescence of atoms
having larger |v| increases with the laser intensity, resulting
in a wider Doppler detuning profile. This is evident from the
results in Fig. 3 and we quantify this fact in Fig. 4. The solid
(dashed) line shows the values of |v;| for which the Doppler-
detuning profile is reduced to 1/2 (1/1000) of the value
corresponding to atoms with v;=0. In other words, the solid
(dashed) curve in Fig. 4 is the half width at half (one-
thousandth) maximum of the Doppler-detuning profile at a
given laser intensity. Both curves are shown to indicate how
rapidly the Doppler-detuning profile decreases with v,. Fig-
ure 4 supports our model assumption that we do not need to
take into account other excited levels. Namely, even for the
laser intensity ;=400 mW/cm?, the dashed curve comes up
to the value of [v)| <540 m/s. The corresponding frequency
detuning is about 680 MHz which is still less than the
815 MHz splitting between the hyperfine level F,=1 and the
closest excited hyperfine level F,=2. Almost the same result
is obtained for a steplike beam profile. The value of 170 m/s

for v, used for the calculations in Fig. 4, is chosen as the
most probable value for the perpendicular velocity compo-
nent.

After integrating over the trajectory, f(B;(ﬁ,v 1,U)) was
averaged over all velocity component magnitudes and
angles,

F(B;¢)=f va_WJ_(UJ_)J dvW,(v))f(B; v 1,0y,
0 —o

(15a)

2
F(B) = f dep cos(p)Wy(d)F(B; ). (15b)
0

The additional term cos(¢) in Eq. (15b) is due to the fact that
the flux of atoms entering into the beam at angle ¢ is equal
to the incident flux (isotropic by assumption) multiplied by
cos(¢). For the integration in (15a) and (15b) we assume a
Maxwell-Boltzmann distribution of atomic velocities in the
cell,

W) = W)W, (0,)Wi(4), (16a)
with
[v,I(m/s)
sof e
400f 77
/
1
300} |
I
200F !
I
I
100¢ //’"
. . . . 2
0 100 200 300 200 (MW/cm®)

FIG. 4. Intensity dependence of parallel velocity components for
which the Doppler-detuning profile reaches 1/2 (solid line) and
1/1000 (dashed line), respectively, of its peak value for v;=0.
Beam profile is Gaussian. B=20 mG, ¢=0, v ;=170 m/s.
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FIG. 5. Fluorescence given in arbitrary units, integrated along the atom trajectory and velocity components as a function of angle ¢ in
the case of steplike (a) and Gaussian (b) transverse beam profile. Both plots are obtained for [,=0.5 mW/ cm? and B=20 mG.

1
VVH(UH) = re_(”"/”)z, (16b)
uvN
2
W (v,) = e, (16¢)
u
W) = — (164)
LM T

where u=(2kzT/m)"? is the most probable velocity.

By performing velocity integrations of Eq. (15a) we get
the contribution due to atoms moving at angle ¢ with respect
to the laser beam diameter at T, [Fig. 1] with all possible

velocities. The dependence of F(B;¢) on the angle ¢ for
magnetic field B=20 mG is presented in Fig. 5. While the
total fluorescence along ¢=0 is similar for the two laser
beam profiles, the overall F(B) for the steplike profile is
about two to three times greater than for the Gaussian profile.
That is the case for all intensities and it verifies the necessity
to consider trajectories at different angles ¢. For fixed B it is

found that the angular dependency of F(B;¢) can be very
well fitted to A(B)[1—(2¢/m)>]P®) in the case of the steplike
profile while for the Gaussian profile the fitting expression is
more complex, Aj(B)exp[—p;(B)¢*]+A;(B)exp[-pa(B)¢’].
At the present moment we do not have a theoretical expla-
nation of these empirical results. The final integration is over
angles ¢ (15b). The total fluorescence obtained in that man-
ner is what we compare with experiment.

III. CPT RESONANCE LINEWIDTHS AND AMPLITUDES

The Hanle CPT resonances, calculated as a function of the
external magnetic field, using Eq. (15b) are shown in Fig. 6.
The left column is for a steplike and the right column is for
a Gaussian laser beam profile. We present results for two
laser intensities, 0.5 and 5 mW/cm?, given by the lower and
upper curves, respectively. The range of laser intensities in
our calculations is between 0.01 and 40 mW/cm?. The Hanle
CPT curves were fitted using a superposition of a constant
function and two Lorentzians in order to resolve the single-
photon contribution (constant plus Lorentzian) from the pure
CPT profile (the other Lorentzian). The dependence of the
CPT linewidths, obtained as the full width at half maximum
of the pure CPT profiles, as a function of the laser intensity is
given in Fig. 7(a). In Fig. 7(b) we present laser intensity
dependence of the CPT amplitudes. The amplitudes, depen-
dent on the number of atoms put in a dark state, were nor-
malized to the single-photon absorption amplitude. In Fig.
7(c) we show the slope of the resonances (the ratio between
amplitude and linewidth) as a function of the laser intensity.
The resonance slope is important for the performance of de-
vices based on the CPT (see, for example, [17]). The solid
curves are for the steplike beam profile, the dashed curves
for the Gaussian profile.

As expected from analysis of the atomic level populations
for selected parameters [Fig. 2], the two laser beam profiles
give different results for amplitudes, linewidths, and slopes.
The difference is particularly large for linewidths, since the
Gaussian beam profile gives much narrower resonances. In
both cases the linewidths are found to be proportional to the
square root of intensity. The contrast of the resonances be-
comes higher than 0.5 at intensities of a few mW/cm?. The

@ (b)
F(B) F(B)
80 25¢ FIG. 6. Hanle CPT resonances
"""""" N ,oTTTTTTTTT A N for (a) steplike and (b) Gaussian
N ’ 20 v ! .
601 N v transverse beam. Laser beam in-
Vo 15} ‘|,' tensities are 0.5 mW/cm? (lower
401 \ 1ol v curves, solid  lines)  and
20 5 mW/cm? (upper curves, dashed
\V 5 —V lines).
0—2 -1 0 1 2 B(@G) 0—2 -1 0 2 B@G)
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FIG. 7. CPT (a) linewidths, (b) amplitudes, and (c) amplitude/width ratio for step (solid lines) and Gaussian (dashed lines) laser beam
radial profiles. CPT amplitudes are normalized to single-photon absorption amplitude.

amplitudes are in both cases a nonlinear but monotonic func-
tion of the laser intensity, being higher for the steplike pro-
file.

Our results obtained with inclusion of a Gaussian laser
beam profile might explain the previous discrepancy between
calculations and experiment as found in Ref. [18]. In [18],
Hanle CPT was calculated and measured for the D2 line
F,=2—F, =1 transition in 8Rb. The difference between the
intensity dependence of the CPT linewidths for steplike and
Gaussian laser beams, shown in Fig. 7(a) (this paper) is simi-
lar to the difference between theoretical and experimental
linewidths shown in Ref. [18] in Fig. 7. In light of our cal-
culations there is a possibility that the difference is a conse-
quence of theoretical assumptions made in [ 18]—steady state
solution of the OBEs and steplike beam profile. Figure 7(a)
shows that the Gaussian profile, while generating narrower
CPT linewidths, does not qualitatively change the depen-
dence of the linewidths on the laser intensity with respect to
the steplike profile. In Refs. [23,24], it is shown that the
Gaussian profile generates narrower CPT resonances be-
tween hyperfine levels and gives a different dependence of
the linewidths on the laser intensity than the steplike profile.
In [23], for higher intensities, the Gaussian profile gives a
linear dependence as a function of the laser Rabi frequency,
while the steplike profile gives a linear dependence as a func-
tion of the laser intensity. In [24], the two profiles give dif-
ferent dependences at lower laser intensity while at higher
intensities (the sum of both laser intensities is much larger
than the coherence relaxation rate normalized to the decay
rate of the excited state) both profiles give near-linear depen-
dence. It is important to note that both Refs. [23,24] consider
alkali-metal atoms in buffer gas cells, which is a different
system than the one we study.

(@)
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e o ®
800 o
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: , , , , 2
0 100 200 300 400 I(mW/cm®)

In Figs. 8(a) and 8(b) we compare the results of our cal-
culations to results in [22]. For the comparison with results
in [22], we used a Gaussian laser beam profile with the ra-
dius of 1.25 mm in calculations, and extended the range of
the laser intensity up to 400 mW/cm?. Very good agreement
between theory and experiment for the CPT linewidths is
evident from the comparison in Fig. 8(a). There is no nor-
malization of the two sets of data in Fig. 8(a). Our results do
not show narrowing of the CPT at higher laser intensities as
shown in [19]. The measured CPT amplitudes (given in ar-
bitrary units in [22]) were normalized to match the calculated
amplitude for the maximal laser intensity. Differences be-
tween measured and calculated amplitudes, presumably be-
cause our model does not include laser propagation and ab-
sorption in the cell, become larger at lower laser intensities
where absorption of resonant laser light is higher.

Narrowing of the CPT resonances with increasing laser
beam diameter, i.e., with the increase of the interaction time,
is well known. Different methods are used to increase the
interaction time, by adding a buffer gas, or by using coated
cells. We obtained the CPT linewidth dependence on beam
diameter given in Fig. 9, which is similar to previously pre-
dicted 1/vt asymptotical dependence of the linewidths
[25,26], where ¢ is the interaction time between the atom and
the laser light. Those results were obtained using the time-
dependent OBE for the open system without taking into ac-
count the Doppler broadening. As discussed in [25], the 1/t
narrowing law in open systems is a consequence of the qua-
dratic dependence in the Raman detuning of the effective
width of the noncoupled state due to the light irradiation and
to the applied magnetic field. Our results support the exten-
sion of that conclusion and the 1/v¢ narrowing law to
Doppler-broadened open systems.
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FIG. 8. Comparison of our calculation for Gaussian laser beam radial profile with experimental data from [22]. CPT (a) linewidths and
(b) amplitudes. Solid lines represent our calculation while symbols correspond to measurements from Ref. [22]. Measured amplitudes are

normalized to match the value calculated at highest intensity.
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FIG. 9. Calculated dependence of linewidths on laser beam diameter for steplike (a) and Gaussian (b) beam profile. Solid, dashed, and
dotted lines correspond to laser intensities Io=1, 5, and 10 mW/cm?, respectively.

IV. SUMMARY

A theoretical model that takes into account all atomic lev-
els coupled by the laser light and optical pumping to the
hyperfine level not coupled by the laser was used to calculate
CPT between Zeeman sublevels of the F,=2 hyperfine state
of ®’Rb. The populations of ground and excited states change
as long as the atom traverses the laser beam, for small axial
magnetic field and up to moderately high laser intensity. This
by itself presents a good argument that time-dependent solu-
tions of the optical Bloch equations are preferable for the
CPT in an open transition. Our detailed model gave a non-
linear, monotonically increasing CPT linewidth dependence
proportional to the square root of laser intensity. The results
can be compared with experiments with vacuum gas cells.
The linewidths are considerably narrower for the Gaussian
than for the steplike transverse profile of the laser beam.
Different results for the linewidths for two laser beam pro-
files can explain the discrepancies between previous theory

and experiment. Our results did not support experimental
observations of laser intensity narrowing of the CPT reso-
nance. We have shown very good agreement between our
results and recent experiments for the intensity dependence
of the Hanle CPT linewidths. Both steplike and Gaussian
laser beam profiles gave 1/Vd asymptotic dependence of the
CPT linewidths on laser beam diameter d. This dependence
remains for a wide range of the laser intensities. Our results
suggest that the 1/ asymptotic dependence (where ¢ is the
interaction time) of the CPT linewidths for open transitions
in atomic beams also holds in Doppler-broadened media.
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