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The role played by a buffer gas in the ground-state superposition created in coherent-population-trapping
experiments is investigated theoretically. The density matrix equations are solved on the basis of the coupled-
noncoupled states. The velocity-changing collisions are examined in the limit of strong collisions. The relax-
ation rate for transfer of the ground-state superposition between atoms with different velocities is derived from
a fit of available experimental results.@S1050-2947~96!02708-4#

PACS number~s!: 32.80.Bx, 34.50.2s, 42.55.2f, 34.10.1x

I. INTRODUCTION

Coherent-population trapping in a three-levelL system is
based on the preparation of atoms in a coherent superposition
of the two lower states. Owing to quantum interferences in
the absorption of two lasers exciting the lower states to the
upper state, the trapping superposition is electromagnetically
transparent, i.e., it does not absorb the incoming laser radia-
tion @1–3#. Atomic preparation in a nonabsorbing superposi-
tion has applications in light-induced drift, laser cooling, la-
ser without inversion, adiabatic transfer, and so on@4#. The
preparation of the atomic superposition requires a long inter-
action time, and its use imposes a preservation of the coher-
ent superposition in atomic collisions. Experiments in the
context of light-induced drift have examined the relaxation
processes affecting the atomic superposition of sodium hy-
perfine ground states@5#. In experiments involving laser
without inversion, the dependence on collisions for a sodium
atomic superposition was measured and found surprisingly
sensitive to buffer-gas pressure@6#. The effects of atomic
collisions on these last experiments was examined theoreti-
cally, including the important role played by velocity-
changing collisions~VCC! @7#. Additional measurements for
preparation of sodium atoms into coherent-population trap-
ping at large pressures of buffer-gas have been performed
recently by Xu @8#, with a dependence on the buffer-gas
pressure quite different from that reported in the laser-
without-inversion experiments: the coherent-population-
trapping signal was found to be weakly sensitive to buffer-
gas pressure. The different dependence on the buffer gas in
the two investigations was explained in Ref.@7# in terms of
optical pumping between the Zeeman ground levels. Because
of a different polarization geometry in the laser-without-
inversion experiment, optical pumping depleted the levels of
the coherent superposition, whereas in Refs.@1,3,8# optical
pumping enhanced the occupation of the coherent superpo-
sition atomic levels.

The results of Ref.@8# demonstrate that a large coherent
atomic superposition of sodium hyperfine ground states may
be produced for operation in the presence of a buffer gas. As
a consequence, it is important to investigate more carefully

the relaxation processes affecting that superposition. The
present theoretical analysis examines atomic coherent-
trapping superposition in the presence of different sources of
relaxation: the interaction time defined by the atomic time of
flight through the laser beam, the collisional damping of the
atomic polarizations and of the coherences, and VCC. By
making use of available rates for the collisional relaxation of
polarizations and for VCC, we derive a value for the colli-
sional relaxation of the coherent superposition of the sodium
hyperfine ground states from a fit of the data of Ref.@8#.

The experiments of Refs.@1,8# were performed in a so-
dium vapor cell with helium as a buffer gas. Two phase-
correlated laser fields, copropagating through the sodium cell
at an angle with an applied magnetic field, linearly and cir-
cularly polarized, coupled the ground-state pair
u3S1/2;F52;mF52&, u3S1/2;F51;mF51&, respectively, to
a common level of the 3P1/2 excited state. Therefore popu-
lation trapping was created via atomic coherence between a
pair of ground-state hyperfine levels. The coherent-
population-trapping preparation was monitored as a decrease
in the fluorescent light emitted by the sodium atoms. As
pointed out by Ref.@5#, a sodium hyperfine ground-state-
coherent superposition is quite robust against collisions be-
cause the two sodium ground states involved in the superpo-
sition experience a common shift in collisions with a buffer
gas. Thus a very large number of collisions with the buffer
gas is required to destroy the ground-state coherence. The
analysis presented in this work evidences that velocity-
changing collisions transfer efficiently between different ve-
locity classes the coherent superposition prepared by the la-
ser. The laser copropagating geometry applied in the
experiments of Refs.@1,8#, as well as in those of light-
induced drift @5# and laser without inversion@6#, allows a
preparation of coherent-population trapping for all the veloc-
ity classes. On the contrary, a laser counterpropagating ge-
ometry produces a velocity-selective coherent-population
trapping, as in Ref.@9#.

The phenomenon of coherent-population trapping is de-
scribed by differential density matrix equations, as presented
in Refs. @2,3#. In the recent work by Grafet al. @7#, those
equations have been written in an integro-differential form to
include VCC processes. The relaxation processes produced
by collisions with the walls and other atoms may be intro-
duced through use of the coupled and noncoupled linear su-
perposition of ground states defined in Ref.@9#. Solutions of
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the density matrix equations in the coupled-noncoupled basis
are presented here. The integro-differential equations de-
scribing VCC are solved analytically in the hypothesis of
very fast collisions thermalizing the ground-state velocity
distribution. This approach, introduced in Refs.@10–14# for
rate equations of a three-levelL system, is here extended to
the equations with coherences in order to describe the influ-
ence of VCC on coherent-population trapping.

The collisional phenomena investigated here are not rel-
evant for the laser cooling process based on the velocity-
selective coherent-population trapping, i.e., on the prepara-
tion of the atoms on a noncoupled linear superposition of the
ground state, more precisely the linear superposition corre-
sponding to zero velocity. In effect the laser cooling experi-
ments are performed in atomic samples at very low density
where the collisional rates are very small. On the contrary
the phenomenon of reabsorption, i.e., the destruction of the
noncoupled superposition of states by the reabsorption of the
light emitted by other atoms, is much more important for the
lifetime of the noncoupled superposition. This process is
briefly discussed in the conclusions and its rate compared to
the collisional rates examined in this work.

II. ANALYSIS

A. Density matrix equations

Figure 1 reports a simplified model for the three-level
sodium system, to be used in the present theoretical analysis,
whereu1&, u2& stand for the pair of levels within the hyper-
fine split 3S1/2 sodium ground-state, coupled by the laser
fields to the common excited levelue& within the 3P1/2 mani-
fold. The atomic energies are defined through the ground-
state splitting\v12, and the energy separation from the ex-
cited state to the lower levels,\vei ( i51,2). Each laser
beam, frequencyvLi , and electric field amplitudeELi
( i51,2) excites selectively one optical transition, the selec-
tivity being provided by polarization selection rules. For sim-
plicity, the combination of electric field amplitudes and di-
pole momentsdie is supposed to produce Rabi frequencies
equal for the two optical transitions,VR5d1eELi /\
5d2eEL2 /\. The wave numbers of the two lasers will be
approximated by a singlek value. The spontaneous emission
decay fromue& is supposed to transfer atoms to the ground
states with equal decay rateGsp/2. This simple model does
not include several additional features present in the sodium

experiment of Refs.@1,8#, such as the different dipole mo-
ments on the two transitions and the presence of several hy-
perfine and Zeeman sublevels. However, the present simple
analysis allows the main features of the relaxation processes
to be described. The restriction to only two ground states is a
good approximation if the optical pumping process transfers
all the population to a few states, for instance,
u3S1/2,F52,mF52& and u3S1/2,F51,mF51& usings1 po-
larized light.

The relaxation rateG' of the optical coherences in the
density matrix,re,1 andre,2 , and their complex conjugates,
is determined by the spontaneous emission decayGsp and by
the dephasing collisional rateG'

p ,

G'5
Gsp

2
1G'

p . ~1!

The dephasing rate for sodium-helium collisions reported in
Ref. @15# has the valueG'~Na-He! 54.163107 p s21

torr21, where p is the helium pressure. The ground-state
relaxation is determined by the transit time rateG t of atoms
across the laser beam, with sodium atoms in the laser inter-
action region replaced by fresh atoms arriving from the vol-
ume outside that region.G t depends on the pressurep of the
buffer gas and on the sodium diffusion coefficientDg
through a standard relation@16,17#

G t52.4052
Dg

R2

1

11cl/R
, ~2!

where 2.405 is the lowest zero of the zeroth-order Bessel
function,l is the mean free path,R is the radius of the laser
beam, andc is a numerical constant equal to 6.8 for a hard-
sphere interaction@16#. For sodium atoms diffusing in he-
lium the following values are derived from Ref.@15#:
Dg5555/p cm2 s21 torr21 at T5300 K, and l511.1
31023/p cm torr21. The escape rateG t for sodium in he-
lium is plotted versus the buffer-gas pressure in Fig. 2, for
parameters corresponding to Ref.@8#. The collisional decay

FIG. 1. Schematic representation of the three-level system ex-
amined in the coherent-population-trapping experiments of Refs.
@1,8#.

FIG. 2. Ground-state relaxation ratesG t , G8(0), andGVCC for
atom and laser parameters of the experiment by Xu@8#: R50.075
cm, T5300 K, and VR56Gsp. Half-width at half maximum
dHWHM , in MHz on the right-hand scale, versus the buffer-gas pres-
sure, derived in the VCC treatment, with ground-state collisional
rate chosen to provide the best fit for the dependence of the mea-
sured contrastC on the helium pressure.
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Gcoh of the ground-state coherencer1,2 is given by the transit
time G t and an additional collisional termGcoh

p proportional
to the helium pressure to be derived from a fit of the experi-
mental results

Gcoh5G t1Gcoh
p . ~3!

With the parameters introduced above, the evolution
equations of the density matrix equationsr(v) for atoms
with velocity v may be written in the following form@2#:

ṙ1,1~v !5
G sp

2
re,e~v !2VRIm@ r̃e,1~v !#2G tFr1,1~v !2

1

2G ,
~4a!

ṙ2,2~v !5
G sp

2
re,e~v !2VRIm@ r̃e,2~v !#2G tFr2,2~v !2

1

2G ,
~4b!

ṙe,e~v !52Gspre,e~v !1VRIm@ r̃e,1~v !#1VRIm@ r̃e,2~v !#,

~4c!

ṙ̃ e,1~v !52@G'1 i ~dL12kv !#r̃e,1~v !

2 i
VR

2
@re,e~v !2r1,1~v !#1 i

VR

2
r̃2,1, ~4d!

ṙ̃ e,2~v !52@G'1 i ~dL22kv !#r̃e,2~v !

2 i
VR

2
@re,e~v !2r2,2~v !#1 i

VR

2
r̃1,2, ~4e!

ṙ̃ 1,252@Gcoh1 idR#r̃1,22 i
VR

2
@ r̃1,e2 r̃e,2#, ~4f!

where we have introduced the slowly varying density matrix
elements

re,15 r̃e,1e
2 ivL1t, ~5a!

re,25 r̃e,2e
2 ivL2t, ~5b!

r2,15 r̃2,1e
2 i ~vL22vL1!t. ~5c!

Here dLi(v)5vLi2vei2kv ( i51,2) are the laser detun-
ings, kv is the Doppler shift, anddR5dL12dL2 is the Ra-
man detuning. The thermal equilibrium population difference
between theu1& and u2& sodium hyperfine levels has been
neglected in Eqs.~4a! and~4b!. The equation for the ground-
state coherence does not include any source due to the spon-
taneous emission process, even if the ground states are de-
generated, because in the experimental configuration
considered here the two ground states have different quan-
tum numbers. For this case any ground-state coherence cre-
ated by the spontaneous emission is destroyed in the average
over the spontaneous emission angular distribution, as shown
in Ref. @9#. On the contrary, that coherence is preserved for
two ground states having the same quantum numbers, see
Ref. @18#.

The steady-state numerical solution of the density matrix
equations allows the main features of the coherent-
population-trapping phenomenon to be derived. The total

fluorescent light intensityI v emitted from the atoms in the
velocity classv is connected to the excited-state population
re,e(v) through the following relation:

I v5re,e~v !Gsp. ~6!

Figure 3 reports the fluorescent light intensityI v versus
the Raman detuningdR in the case ofdL150 and varying the
detuningdL2 , for atoms in two different velocity classes, the
v50 class and thev5220Gsp/k class. Similar results are
obtained keeping constant the separation between the two
laser frequencies and varying the atomic energies through an
applied magnetic field, as in the experimental configuration
of Ref. @8#. Figure 3 shows that at Raman resonancedR50
the excited-state population and the fluorescent intensity
reach a minimum because of the atom accumulation in the
coherent-population-trapping superposition. The results for
atoms with vÞ0 show that at the Raman resonance the
coherent-trapping preparation is realized also for atoms not
in resonance with the optical transition. For those atoms, a
longer time is required to reach the coherent-trapping super-
position.

In order to characterize the coherent-population-trapping
resonance, a contrastC may be defined as a function of the
maximum and minimum in the fluorescence intensity,Imax
and Imin , respectively,

C5
Imax2Imin
Imax1Imin

. ~7!

The contrastC depends on the atom-laser interaction param-
eters and on the relaxation of the ground-state coherence, as
analyzed in the next section. For the two velocity classes of
Fig. 3, different contrast values are obtained, i.e.,C51 for
the v50 resonant velocity class and a smaller value for the
nonresonant class. In a laser spectroscopy experiment per-
formed within a cell, the fluorescent intensity and the corre-
sponding contrast function are obtained by integration over

FIG. 3. Numerical results for the fluorescent intensityI v versus
the Raman detuningdR , for dL150, VR56Gsp, and helium pres-
sure of 5 torr. Other parameters as in Fig. 2. The continuous line
applies to thev50 atoms, and the dashed line to the atoms with
v5220Gsp/k. The data for the dashed line have been multiplied
by a factor 5. The contrastC is reported for each case.
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the velocity distribution. Because of the relation between the
contrast function and emitted fluorescent light, the resonant
atoms with larger excited-state populations and larger fluo-
rescent light intensities~continuous line of Fig. 3! contribute
mostly to the velocity-averaged contrast. Experimental re-
sults from Ref.@8# for the total contrast function of the so-
dium atoms versus the helium buffer-gas pressure at constant
laser frequencies,dL15dL250, and Rabi frequency
VR56Gsp, are reported in Fig. 4.

B. Coupled and noncoupled states

The process of coherent-population trapping may be de-
scribed on the basis of coupled and noncoupled states,uC&
and uNC&, defined in Ref.@9#:

uC&5
1

A2
@ u1&1u2&], ~8a!

uNC&5
1

A2
@ u1&2u2&]. ~8b!

These states have Rabi frequency coupling with the excited
stateVRA2 and 0, respectively. The time evolution of the
density matrix elements in the coupled-noncoupled basis is
obtained from Eqs.~4! by applying the linear transformation
of Eqs.~8!. At the Raman resonance, the atomic population
is pumped into the noncoupled state, which is not excited by
the laser radiation, so that the excited-state population and
the emitted fluorescent intensity reach the minimum of Fig.
3.

Under the assumption that the Rabi frequencyVR is small
compared toGsp and G' , the excited-state population is
small as compared to those of the ground states, and it may
be neglected. Furthermore, on the slow time scale of the
evolution for the ground-state populations and coherence, the
optical coherences, evolving at the 1/G' time scale, may be
adiabatically eliminated. Thus time evolution equations for
only the rC,C(v), rNC,NC(v), and rC,NC(v) density matrix

elements are obtained. Near the Raman resonance condition
dR5dL12dL2;0, the difference betweendL1 anddL2 may
be neglected, i.e.,dL1;dL2;dL . These equations are then
obtained:

d

dt
@rC,C~v !2rNC,NC~v !#522G8~v !rC,C

2Gcoh@rC,C2rNC,NC#

2 idR@rNC,C2rC,NC#, ~9a!

d

dt
@rNC,C~v !2rC,NC~v !#52~Gcoh1G8~v !@rNC,C2r C,NC#

2 idR@rC,C2rNC,NC#. ~9b!

The pumping rate from the coupled state,G8(v), given by

G8~v !5
VR

2

2

G'

G'
21~dL2kv !2

, ~10!

has been defined in laser cooling analyses@9,19#, except for
the velocity dependence due to the Doppler shift. The depen-
dence ofG' on the helium pressure produces a pressure
dependence of the pumping rate, as reported in Fig. 2 for
G8(0).

From the steady-state solution of Eqs.~9!, the populations
for the noncoupled and coupled states are derived as

rNC,NC~v !5
1

2 F11
G8~v !

dHWHM

1

11~dR /dHWHM!2G , ~11a!

rC,C~v !5
1

2 F12
G8~v !

dHWHM

1

11~dR /dHWHM!2G , ~11b!

with thedHWHM half-width at half maximum of the coherent-
population-trapping resonance of the atoms having velocity
v given by

dHWHM5G8~v !1Gcoh. ~12!

At the Raman resonancedR50 the population of the non-
coupled state reaches a maximum, whereas the population of
the coupled state, and thus the fluorescent intensity from the
excited state, reaches a minimum value. The fluorescent in-
tensity I v of Eq. ~6! can be expressed as a function of
rNC,NC and rC,C, and the contrast functionC(v) for atoms
with velocity v may be derived as

C~v !5
1

112Gcoh/G8~v !
. ~13!

This expression shows that the contrast function is near its
maximum value of 1 ifGcoh!G8(v), and decreases drasti-
cally for Gcoh;G8(v). Equation~10! shows that as a func-
tion of atomic velocity, the pumping rate is a maximum for
atoms having resonant velocityv05dL /k, and decreases
when the velocity is away from this value. By combining the
dependence ofG8 on v and the relation betweenC andG8,

FIG. 4. Experimental results~square points! from Ref. @8#
for the contrastC of the coherent-population-trapping resonance
versus helium buffer-gas pressure. A 10% accuracy applies to both
contrast and pressure values. The continuous line is derived for
the contrast within the VCC theoretical treatment, by using
GVCC
(1) (12a)51.23104 s21 torr21. The inset shows the theoretical

dependence of the contrast at low buffer-gas pressure.
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we obtain a maximum contrast for atomic velocityv0 , and
the contrast decreases drastically for velocities such that

uv2v0u;G'AS VR
2

G'
D 2 G'

2Gcoh
21. ~14!

Applying this equation to the experimental conditions of Ref.
@8#, atdL50 andVR56Gsp, and assumingGcoh

p 50, we find
that the contrast function remains at the maximum value of 1
for all velocities within the Doppler profile up to the largest
buffer-gas pressure examined in Ref.@8#, p;103 torr. This
result is also obtained by performing an integration of the
fluorescent intensity over the velocity distribution. The role
played by theGcoh

p collisional damping on the contrast will
be analyzed next.

C. Velocity-changing collisions

Velocity-changing collisions which shuffle atoms be-
tween different velocity classes, represent another important
source of relaxation for the ground state. TheGVCC rate for
VCC of ground-state sodium atoms with helium buffer gas is
4.43107 p s21 torr21 @20,15#. Thus the VCC rate, plotted
in Fig. 2, is larger than the rates of all other relaxation pro-
cesses. VCC could modify the atomic velocity without af-
fecting the atomic coherence in the ground state: in this case
the atoms prepared by laser radiation in a noncoupled state
are transferred to other velocity classes. If this transfer ap-
plies with high efficiency, all the atomic velocity classes are
pumped into the noncoupled state, either by direct pumping
or by VCC. The conservation of optical coherences in VCC
has been discussed by Le Goue¨t and Berman@21#. The Zee-
man or hyperfine coherences involved in the sodium non-
coupled state should be well preserved in collisional pro-
cesses because the two atomic states that compose that state
belong to the same electronic state, and thus experience the
same interatomic potential during a collisional process, as
pointed out by de Lignie and Eliel@5#.

The influence of VCC on the coherent-population-
trapping process is formally treated by writing the density
matrix equations for each velocity class and introducing in
those equations the probability for VCC between different
classes, as in Grafet al. @7#. The VCC kernel for sodium
atoms colliding with a buffer gas has been derived in Ref.
@20#, so a numerical solution of the density matrix equations
can be performed. A different approach will be used here to
describe the combination of VCC and coherent-population
trapping. First we note that the collision kernels required to
describe the VCC process depend on the angular momentum
of the atomic levels, and for the coherent superposition of
sodium hyperfine levels a precise modeling of the kernels is
quite complex. Instead, we model the three-level system as
the (mg521→me50←mg51) L system of a Jg
51→Je51 transition, where the VCC process is described
in terms of the collisional relaxation ratesGVCC

(0) andGVCC
(1) for

population and alignment and the associated
K (0)(v8→v) andK (1)(v8→v) collisional kernels@20#. For
that three-level system the VCC process is described by the
following equations:

d

dt
@r1,1~v !1r2,2~v !#52GVCC

~0! @r1,1~v !1r2,2~v !#

1E K ~0!~v8→v !

3@r1,1~v8!1r2,2~v8!#dv8,

~15a!

d

dt
@r1,1~v !2r2,2~v !#52GVCC

~1! @r1,1~v !2r2,2~v !#

1E K ~1!~v8→v !

3@r1,1~v8!2r2,2~v8!#dv8,

~15b!

d

dt
r1,2~v !52GVCC

~1! r1,2~v !1E K ~1!~v8→v !r1,2~v8!dv8.

~15c!

At this point the transformation to the coupled-noncoupled
basis may be applied, so that by combining Eqs.~9! and~15!
the complete equations for the density matrix elements in the
coupled-noncoupled basis are obtained,

d

dt
@rC,C~v !2rNC,NC~v !#

522G8~v !rC,C2 idR@rNC,C2rC,NC#2~G t1GVCC
~1! !

3@rC,C2rNC,NC#1E K ~1!~v8→v !

3@rC,C~v8!2rNC,NC~v8!#dv8, ~16a!

d

dt
@rNC,C~v !2rC,NC~v !#

52@G8~v !1G t1GVCC
~1! #@rNC,C2rC,NC#

2 idR@rC,C2rNC,NC#1E K ~1!~v8→v !

3@rNC,C~v8!2rC,NC~v8!#dv8. ~16b!

These equations involve the collision kernelK (1). In general
Eqs. ~16!, although quite complicated, may be solved using
iterative techniques. However, for strong collisions the ker-
nel is greatly simplified and can be approximated by

K ~1!~v8→v !5aGVCC
~1! W~v !, ~17!

whereW(v) describes the Maxwell-Boltzmann velocity dis-
tribution

W~v !5
1

Apku
e2~v/u!2, ~18!

where u is the thermal width andku is the 1/e Doppler
width. Furthermore, for rapid VCC coverage of the velocity
distribution, the atoms may be assumed to have a thermal
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distribution. As discussed in Refs.@10,12#, two conditions
are required to ensure a rapid velocity coverage:~1! the num-
ber of VCC processes occurring during the 1/G t ground-state
relaxation time should be large compared to the total number
of homogeneous velocity bins within the Doppler width,

GVCC

G t
@
ku

G'

, ~19!

and~2! the VCC rate should be larger than the pumping rate,

GVCC@G8~v !. ~20!

Under those conditions the thermal distribution of the veloc-
ity dependence allows us to write the coupled-noncoupled
occupations as

r i , j~v !5W~v !Ri , j , ~21!

with ( i , j )5(C,NC). By integrating Eqs.~16! over the veloc-
ity distribution and making use of Eqs.~18! and ~21!, we
obtain the following equations forRi , j :

d

dt
@RC,C2RNC,NC#522GD8RC,C2@G t1GVCC

~1! ~12a!#

3@RC,C2RNC,NC#

1 idR@RNC,C2RC,NC#, ~22a!

d

dt
@RNC,C2RC,NC#52~G t1G VCC

~1! ~12a!1GD8 !

3@RNC,C2RC,NC#

1 idR@RC,C2RNC,NC#, ~22b!

where the Doppler integrated pumping rateGD8 is defined as

GD8 5
VR

2

2G'

V~ku,G'!, ~23!

and the Voigt functionV(ku,G') is given by

V~ku,G'!5
1

Apku
E G'

2

G'
21~dL2z!2

e2~z/ku!2dz. ~24!

The steady-state solution of these equations provides the ex-
pressions for the total population of the coupled-noncoupled
states and their difference

RNC,NC2RC,C5
GD8

dHWHM

1

11~dR /dHWHM!2
, ~25!

with the half-width at half maximum given by

dHWHM5G t1GVCC
~1! ~12a!1GD8 . ~26!

Thus the total contrast function is

C5
1

112@G t1GVCC
~1! ~12a!#/GD8

. ~27!

The expressions for the occupations of the coupled-
noncoupled states and the contrast are very similar to those
previously derived for each velocity class. The main differ-
ences are that the coherence relaxation includes the
GVCC
(1) (12a) VCC term and that the velocity-dependent

pumping rate of Eq.~10! is replaced by the Doppler pumping
rate, i.e., a pumping rate of the whole Doppler width treated
as homogeneous.

From the rates plotted in Fig. 2 andku563109 s21 in
sodium at room temperature, we find that under the experi-
mental conditions of Fig. 4 at helium pressures larger than
100 torr, the conditions of both Eqs.~19! and ~20! are well
satisfied. Equation~27! may be used to fit the contrast mea-
surements versus helium buffer gas reported in Fig. 4, in
order to derive a value for the VCC parameter
GVCC
(1) (12a). The continuous line in Fig. 4 shows the theo-

retical dependence of the contrast on the buffer gas assuming
GVCC
(1) (12a)51.23104 p s21 torr21. Satisfactory agree-

ment with the experimental results is obtained. It must be
noted that the theoretical near-Lorentzian line shape for the
dependence of the contrast on the buffer-gas pressure cannot
provide a perfect fit for the experimental data that present a
sharp cut off around 1100 torr. The experimental setup of
Refs.@1,8# was based on an inhomogeneous magnetic field to
localize in space the coherent-population-trapping resonance.
That inhomogeneous magnetic field could have modified the
measured maximum fluorescent intensity, and also the de-
pendence of the contrast function on the buffer-gas pressure.
Moreover, the Rabi frequencyVR56Gsp has been derived
from the total laser intensity, but the spatial dependence of
the Rabi frequency over the laser Gaussian profile should
have been properly treated through an integration over the
spatial dependence of the contrast function. The inset to Fig.
4 shows the contrast function at low buffer-gas pressures, a
regime not investigated in the experiment of Ref.@8#. In the
low pressure region, the contrast function presents a kink
associated with theG t modification occurring at those pres-
sure values~see Fig. 2!. A similar kink is presented by the
contrast function of Eq.~7!. Figure 2 shows the expected
dependence of thedHWHM half-width at half maximum for
the coherent-population-trapping resonance, as derived from
Eq. ~26!, by using the VCC collisional rate obtained from the
contrast. The decrease ofdHMHW at large buffer-gas pressure
is in agreement with the dependence observed by Xu@8#.

From the derived value of the collisional rate of the
ground-state coherence and from theGVCC value of Refs.
@20,15#, ana value of 0.9997 is obtained. This large value
indicates the large probability of sodium atoms to experience
collisions with helium gas preserving the ground-state coher-
ence. The present value for the VCC depolarization colli-
sional rate, and the corresponding cross section 2310218

cm2, is smaller than the cross section for VCC population
transfer in sodium reported in Ref.@15#. However, the de-
rived cross section is quite large when compared to the typi-
cal values for the depolarizing collisions between alkali met-
als and rare gases, see Ref.@16#. The reason for this
disagreement may be associated to the several simplifying
assumptions introduced in the theoretical analysis, such as
that of strong collisions or of a reduction of the whole so-
dium ground-state structure to a two-level system.
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III. CONCLUSIONS

This work analyzes the relaxation processes of the
ground-state superposition created in coherent-population
trapping. The role of velocity-changing collisions in redis-
tributing the coherent superposition between different veloc-
ity classes has been evidenced. The VCC relaxations have
been analyzed within the assumption of strong collisions.
The preparation of a whole inhomogeneous atomic sample in
the coherent superposition of states may be achieved using a
large Rabi frequency, so that nonresonant atoms also are
pumped into the coherent superposition, as reported in Fig.
3. Alternatively, for a small Rabi frequency the velocity-
changing collisions may be used to transfer the coherent su-
perposition from one velocity class to other ones.

The value derived here for the VCC collisional rate of the
ground-state coherence should be considered only as an or-
der of magnitude. That value has been derived from a fit of
the only available data set. Measurements taken at different
laser intensities could provide a consistency check of the
theoretical analysis. In the fit, the laser detunings were as-
sumed to be zero, i.e., both lasers were assumed resonant
with the v50 velocity, but that detuning was not precisely
measured in the experiment of Ref.@8#. The laser beams
have been assumed to have polarizations such as to induce
transitions within a close three-level system. On the contrary,
weak wrong polarization components were present in the ex-
perimental configuration. Those components could induce
undesired transitions to other levels, as examined in Ref.@7#
for the laser-without-inversion experiments of Ref.@6#. A
rough estimate indicates that this process has a negligible
influence on the dependence of the contrast on the buffer-gas
pressure.

From the experimental point of view, a direct measure-
ment of the VCC coherence transfer can be obtained using
the four-laser scheme of Maichenet al. @22#. Thus two lasers
should be used to prepare the atomic coherent superposition,
and two additional lasers shifted in their absolute frequency
but with their frequency difference matching thev12 ground-
state splitting should probe the coherence as a function of
atomic velocity. From a theoretical point of view, the de-
scription of the collisions through a strong collision kernel,
introduced here as in Refs.@10–14#, is certainly quite inac-
curate for the case of sodium-helium collisions, even if the
results at high pressure may not be overly sensitive to the
form of the kernel. A numerical solution of the density ma-
trix equations and a numerical integration over the velocity
distribution could be used to derive the precise form of the
collisional kernel. Other important processes, such as, for
instance, the relaxation of the excited state, may also be in-
cluded in that analysis. However, the aim of the present
analysis is to point out through a rough description the infor-
mation to be derived from the study of the coherent-
population-trapping phenomenon in the presence of colli-
sional processes. In effect, the equations derived here for the
contrast function provide an accurate indication for the
amount of coherent-population trapping formed under differ-
ent conditions of a three-level system.

In the applications of coherent-population trapping to la-
ser cooling@9,23,4#, the atomic density is low, so that the
relaxation rates previously discussed are very small. Under
these conditions the interaction between the atoms is not the
relevant mechanism for the ground-state coherences. The im-
portant process for the destruction of the ground-state coher-
ent superposition is the atomic absorption of photons not
belonging to the modes of theEL1 and EL2 electric fields
defining the coherent superposition. Even if the applied elec-
tric fields contain only photons in theEL1 andEL2 modes,
photons having the same frequency but different propagation
directions are produced by spontaneous emission from the
ue& excited state in the phase of preparation of the non-
coupled coherent superposition. Those photons, if absorbed
by atoms already prepared in the noncoupled coherent super-
position, destroy the ground-state superposition. For the laser
cooling based on the coherent-population trapping, the reab-
sorption of the spontaneously emitted light is the relaxation
process of coherent-population trapping. The reabsorption
rate depends on the photons emitted in the preparation phase
of the coherent-population trapping and on the specific ge-
ometry of the laser cooling experiment. An upper limit of the
reabsorption coherence relaxation rate will be obtained sup-
posing two separate and identical samples, containingN at-
oms, the first one already prepared in the coherent-
population trapping, and the second one not prepared in the
coherent-population trapping, whose emitted photons pro-
duce a relaxation for the ground-state coherence of the first
sample. In the first sample, the numbern sp of photons emit-
ted by spontaneous emission per unit time isn sp

5NGVR
2/2(dL

21G sp
2 /41VR

2). The damping rate of the
ground-state coherence is given by the absorption rate of the
emitted photons. By supposing that all the photons from the
second sample reach the first sample, i.e., that the photons do
not escape out of the regions containing the atoms, the reab-
sorption rate is equal tol2cnsp/2. At an atomic density
N5108 cm23, the reabsorption relaxation rate of the coher-
ence is around 1022 s21 and this rate increases with the
atomic number. Such a rate, even if smaller than the colli-
sional relaxation rates examined in this work, is quite impor-
tant for the efficiency of the laser cooling process based on
the coherent-population trapping. However, the precise value
of the reabsorption coherence rate depends on the prepara-
tion of the atoms in the coherent-population-trapping state. It
should be noticed that for large values of the atomic density
the reabsorption coherence relaxation rate becomes compa-
rable to the collisional relaxation rate. Thus the role of the
reabsorption relaxation should also be carefully investigated
in future experiments.
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