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Relaxation processes in coherent-population trapping
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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 resul{§1050-29476)02708-4

PACS numbe(s): 32.80.Bx, 34.50-s, 42.55-f, 34.10:+x

[. INTRODUCTION the relaxation processes affecting that superposition. The
present theoretical analysis examines atomic coherent-

Coherent-population trapping in a three-leekystem is  trapping superposition in the presence of different sources of
based on the preparation of atoms in a coherent superpositigalaxation: the interaction time defined by the atomic time of
of the two lower states. Owing to quantum interferences irflight through the laser beam, the collisional damping of the
the absorption of two lasers exciting the lower states to theatomic polarizations and of the coherences, and VCC. By
upper state, the trapping superposition is electromagneticalljaking use of available rates for the collisional relaxation of
transparent, i.e., it does not absorb the incoming laser radigolarizations and for VCC, we derive a value for the colli-
tion [1-3]. Atomic preparation in a nonabsorbing superposi-sional relaxation of the coherent superposition of the sodium
tion has applications in light-induced drift, laser cooling, la- hyperfine ground states from a fit of the data of Réf.
ser without inversion, adiabatic transfer, and so[4h The The experiments of Ref$1,8] were performed in a so-
preparation of the atomic superposition requires a long interdium vapor cell with helium as a buffer gas. Two phase-
action time, and its use imposes a preservation of the cohecorrelated laser fields, copropagating through the sodium cell
ent superposition in atomic collisions. Experiments in theat an angle with an applied magnetic field, linearly and cir-
context of light-induced drift have examined the relaxationcularly polarized, coupled the ground-state pair
processes affecting the atomic superposition of sodium hyR3S,,,;F=2;m=2), |3S,,;F=1;mg=1), respectively, to
perfine ground statef5]. In experiments involving laser a common level of the B,,, excited state. Therefore popu-
without inversion, the dependence on collisions for a sodiumation trapping was created via atomic coherence between a
atomic superposition was measured and found surprisinglpair of ground-state hyperfine levels. The coherent-
sensitive to buffer-gas pressuf@]. The effects of atomic population-trapping preparation was monitored as a decrease
collisions on these last experiments was examined theoretin the fluorescent light emitted by the sodium atoms. As
cally, including the important role played by velocity- pointed out by Ref[5], a sodium hyperfine ground-state-
changing collisiongVCC) [7]. Additional measurements for coherent superposition is quite robust against collisions be-
preparation of sodium atoms into coherent-population trapeause the two sodium ground states involved in the superpo-
ping at large pressures of buffer-gas have been performesition experience a common shift in collisions with a buffer
recently by Xu[8], with a dependence on the buffer-gas gas. Thus a very large number of collisions with the buffer
pressure quite different from that reported in the lasergas is required to destroy the ground-state coherence. The
without-inversion experiments: the coherent-population-analysis presented in this work evidences that velocity-
trapping signal was found to be weakly sensitive to buffer-changing collisions transfer efficiently between different ve-
gas pressure. The different dependence on the buffer gas locity classes the coherent superposition prepared by the la-
the two investigations was explained in REf] in terms of  ser. The laser copropagating geometry applied in the
optical pumping between the Zeeman ground levels. Becausexperiments of Refs[1,8], as well as in those of light-
of a different polarization geometry in the laser-without-induced drift[5] and laser without inversiofg], allows a
inversion experiment, optical pumping depleted the levels opreparation of coherent-population trapping for all the veloc-
the coherent superposition, whereas in Rgfs3,8 optical ity classes. On the contrary, a laser counterpropagating ge-
pumping enhanced the occupation of the coherent superpemetry produces a velocity-selective coherent-population
sition atomic levels. trapping, as in Refl9].

The results of Ref[8] demonstrate that a large coherent  The phenomenon of coherent-population trapping is de-
atomic superposition of sodium hyperfine ground states magcribed by differential density matrix equations, as presented
be produced for operation in the presence of a buffer gas. A Refs.[2,3]. In the recent work by Graét al. [7], those
a consequence, it is important to investigate more carefullygquations 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-
"Permanent address: Dipartimento di Fisica, Univerdit®isa, duced through use of the coupled and noncoupled linear su-
I-56126 Pisa, ltaly. perposition of ground states defined in R&f. Solutions of

1050-2947/96/5¢)/22168)/$10.00 54 2216 © 1996 The American Physical Society



54 RELAXATION PROCESSES IN COHERENT-POPULATION ... 2217

4
le> o -3.0
1—‘vcc (10 )
-25
® (V] =<
L2 L1 2.0 =
N
11>
~15
Y (’)12 )
12> | - 1.0
I
100 150 200
FIG. 1. Schematic representation of the three-level system ex- P(He) (torr)
amined in the coherent-population-trapping experiments of Refs.

1,8]. .
[1.8] FIG. 2. Ground-state relaxation ratEg, I''(0), andl'yc for
the density matrix equations in the coupled-noncoupled bas%torn a_nd laser paramem_rs of the experiment by[SﬂuR=0_.075

. ) . . ¢m, T=300 K, and Qg=6I'g,. Half-width at half maximum
are presented here. The integro-differential equations de;s

L . ; . Suwnum » iIN MHz on the right-hand scale, versus the buffer-gas pres-
scribing VCC are solved analytically in the hypothesis Ofsure, derived in the VCC treatment, with ground-state collisional

very fast collisions thermalizing the ground-state velocCity ae chosen to provide the best fit for the dependence of the mea-
distribution. This approach, introduced in Reff§0-14 for  ¢red contrasE on the helium pressure.

rate equations of a three-lev&l system, is here extended to

the equations with coherences in order to describe the inﬂUexperiment of Refs[1,8], such as the different dipole mo-
ence of VCC on coherent-population trapping. ments on the two transitions and the presence of several hy-
The collisional phenomena investigated here are not relperfine and Zeeman sublevels. However, the present simple
evant for the laser cooling process based on the velocityanalysis allows the main features of the relaxation processes
selective coherent-population trapping, i.e., on the preparay pe described. The restriction to only two ground states is a
tion of the atoms on a noncoupled linear superposition of th%]ood approximation if the optical pumping process transfers
ground state, more precisely the linear superposition correy|| the population to a few states, for instance,
sponding to zero velocity. In effect the laser cooling experi—|351/2,|::2'mF:2> and|3S,,,F=1m:=1) usings* po-
ments are performed in atomic samples at very low densityyrized light.
where the collisional rates are very small. On the contrary The relaxation ratd’, of the optical coherences in the
the phenomenon of reabsorption, i.e., the destruction of th@ensity matrix,pe ; and pe », and their complex conjugates,

noncoupled superposition of states by the reabsorption of thg yetermined by the spontaneous emission d&tgpgnd by
light emitted by other atoms, is much more important for thethe dephasing collisional rafe?
diR]

lifetime of the noncoupled superposition. This process is

briefly discussed in the conclusions and its rate compared to I'sp
the collisional rates examined in this work. FL:7+FE : D
Il. ANALYSIS The dephasing rate for sodium-helium collisions reported in

Ref. [15] has the valuel', (Na-He =4.16x10" ps?
torr !, where p is the helium pressure. The ground-state
Figure 1 reports a simplified model for the three-levelrelaxation is determined by the transit time réteof atoms
sodium system, to be used in the present theoretical analysiacross the laser beam, with sodium atoms in the laser inter-
where|1), |2) stand for the pair of levels within the hyper- action region replaced by fresh atoms arriving from the vol-
fine split 3S;,, sodium ground-state, coupled by the laserume outside that regioit’; depends on the pressypeof the
fields to the common excited levid) within the 3P, mani-  buffer gas and on the sodium diffusion coefficieDt
fold. The atomic energies are defined through the groundthrough a standard relatidi6,17]
state splittingi w,,, and the energy separation from the ex-
cited state to the lower leveldw,; (i=1,2). Each laser
beam, frequencyw ;, and electric field amplitudeE;
(i=1,2) excites selectively one optical transition, the selec-
tivity being provided by polarization selection rules. For sim-where 2.405 is the lowest zero of the zeroth-order Bessel
plicity, the combination of electric field amplitudes and di- function,\ is the mean free patiR is the radius of the laser
pole momentsl;, is supposed to produce Rabi frequenciesbeam, and: is a numerical constant equal to 6.8 for a hard-
equal for the two optical transitionsQg=d.E /% sphere interactiofi16]. For sodium atoms diffusing in he-
=d,.E ,/h. The wave numbers of the two lasers will be lium the following values are derived from Refl15]:
approximated by a single value. The spontaneous emission D 4=555/ cm?sttorr™! at T=300 K, and A=11.1
decay from|e) is supposed to transfer atoms to the groundx 10 3/p cmtorr— 1. The escape ratE; for sodium in he-
states with equal decay ral&,/2. This simple model does lium is plotted versus the buffer-gas pressure in Fig. 2, for
not include several additional features present in the sodiurparameters corresponding to RE3]. The collisional decay

A. Density matrix equations

Dy
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I" .on Of the ground-state coherenge; is given by the transit
time I'; and an additional collisional teri?,, proportional 0.20
to the helium pressure to be derived from a fit of the experi-
mental results 0.15
(=9
Feon=1'¢+ I‘goh' 3 Ew
L 0.10
With the parameters introduced above, the evolution™
equations of the density matrix equatiopév) for atoms
with velocity v may be written in the following forn2]: 0-05
0.00 T T T

. F S| ~
P14(0)= 5" Pee(v) ~ QaIM[Pe(v)] =T p1s(v) = 5|, T T S —
(4a) 8/l

_ Ty _ ' 1
p2Av)= TPe,e(U)_QRIm[Pe,Z(U)]_F f p2,Av)— >

: FIG. 3. Numerical results for the fluorescent intensjfyversus
(4b)  the Raman detuningy, for 6,,=0, Qg=6Ig,, and helium pres-
: v)=—T )+ QrlM[Pe 1(0) ]+ QrIM[ D ()], sure of 5 torr. Other parameters as in Fig. 2. The continuous line
Peelv) sie,e(V) T QRIMpea(v)]+ QM peo(v)] applies to thev=0 atoms, and the dashed line to the atoms with
(40)  v=—20Ig/k. The data for the dashed line have been multiplied
- . ~ by a factor 5. The contragl is reported for each case.
Pe1(v)=—[I' +i(d1—kv)]pea(v)
QO fluorescent light intensity, emitted from the atoms in the
IR IR . . . )
—i T[pe,e(v)—plvl(v)]-l— i > P21 (4d) velocity classv is connected to the excited-state population
pe,e(v) through the following relation:

Pealv)= [T, +i(8,—kv)[Pea(v) 1= pee(0)Tep. ®)

—ij %[Pe e(U)_PZZ(U)]‘H%ley (49 Figure 3 repor_ts th.e fluorescent light intensi';yyersus
2 ' ' 2 7> the Raman detuningy in the case 0B, ;=0 and varying the
detuningé, », for atoms in two different velocity classes, the
(4f) v=0 class and the = —20's,/k class. Similar results are
obtained keeping constant the separation between the two
laser frequencies and varying the atomic energies through an
where we have introduced the slowly varying density matrixapplied magnetic field, as in the experimental configuration
elements of Ref.[8]. Figure 3 shows that at Raman resonafge-0
_= o-iogt (5 the excite_d-_state population and the fluorescent_ int_ensity
Pe1=Pe1 ' reach a minimum because of the atom accumulation in the
7 eioat (50) coherent-population-trapping superposition. The results for
Pe2™Pe ’ atoms withv#0 show that at the Raman resonance the
= oo - ept coherent-trapping preparation is realized also for atoms not
po1=po € P2 et (50 . , : o
’ ‘ in resonance with the optical transition. For those atoms, a
Here 8,i(v)=w i~ wei— kv (i=1,2) are the laser detun- Iong_gr time is required to reach the coherent-trapping super-
ings, kv is the Doppler shift, andbg= 8, ;— 8, is the Ra-  Position. . _ _
man detuning. The thermal equilibrium population difference In order to characterize the coherent-population-trapping
between thg1) and|2) sodium hyperfine levels has been résonance, a contraét may be defined as a functlon of the
neglected in Eqg4a) and(4b). The equation for the ground- Maximum and minimum in the fluorescence intensity,y
state coherence does not include any source due to the spdd!min, respectively,
taneous emission process, even if the ground states are de-
generated, because in the experimental configuration c= | max— I min @
considered here the two ground states have different quan- I maxt Vmin
tum numbers. For this case any ground-state coherence cre-
ated by the spontaneous emission is destroyed in the averagbe contrasC depends on the atom-laser interaction param-
over the spontaneous emission angular distribution, as showgiers and on the relaxation of the ground-state coherence, as
in Ref.[9]. On the contrary, that coherence is preserved foanalyzed in the next section. For the two velocity classes of
two ground states having the same quantum numbers, sé&dg. 3, different contrast values are obtained, i@=1 for
Ref.[18]. thev =0 resonant velocity class and a smaller value for the
The steady-state numerical solution of the density matrixionresonant class. In a laser spectroscopy experiment per-
equations allows the main features of the coherentformed within a cell, the fluorescent intensity and the corre-
population-trapping phenomenon to be derived. The totasponding contrast function are obtained by integration over

- U 0 TS
p12= —[[contidrlpro—i 7[pl,e_pe,2]a
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elements are obtained. Near the Raman resonance condition
Or= 01— 0.2~ 0, the difference betweeé, ; and 5, , may
be neglected, i.e.§ 1~ 6, o~ 6, . These equations are then

1.0 5

- 0 obtained:
&
g 0.5 0.9 d ’
8 . a[Pc,c(U)_PNC,Nc(U)]:_ZF (U)Pc,c
0.8
0 20 40 - Fcot{PC,C_ PNc,Nc]
| ]
0.0 ———rrrry — il — —i0rlpnec—Pencls (99
10 100 1000

P(He) (torr) q
a[PNC,C(U)_PC,NC(U)]:_(Fcoh+rl(v)[PNC,C_PC,NC]
FIG. 4. Experimental resultgsquare 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 folf-h . .

mping rate from th I iven
the contrast within the VCC theoretical treatment, by using € pumping rate from the coupled staté(v), given by
I'{do(1—a)=1.2x10* s * torr 1. The inset shows the theoretical 02
dependence of the contrast at low buffer-gas pressure. I'(v)= R

—idrlpcc—Pnenel- (9b)

Iy

2 T2+4(5 —kv)? (10

the velocity distribution. Because of the relation between the

contrast function and emitted fluorescent light, the resonarftas been defined in laser cooling analy#49], except for
atoms with larger excited-state populations and larger fluothe velocity dependence due to the Doppler shift. The depen-
rescent light intensitie&ontinuous line of Fig. Bcontribute ~ dence ofI’; on the helium pressure produces a pressure
mostly to the velocity-averaged contrast. Experimental redependence of the pumping rate, as reported in Fig. 2 for
sults from Ref[8] for the total contrast function of the so- I''(0).

dium atoms versus the helium buffer-gas pressure at constant From the steady-state solution of E¢8), the populations
laser frequencies, 8,.,=6,,=0, and Rabi frequency for the noncoupled and coupled states are derived as

Qg=6Ig,, are reported in Fig. 4.

1 I'(v) 1
==|1+ , (11
B. Coupled and noncoupled states prencv) 2 Swnm 1+ (Sr/ Shwrm)? (113
The process of coherent-population trapping may be de- 1 () 1
scribed on the basis of coupled and noncoupled sté®s, pedv)= _[ _ T 5, (11b
and|NC), defined in Ref[9]: ’ 2 Suwhm 1+ (Sr/ Shwrm)
1 with the dwhm half-width at half maximum of the coherent-
|C)= E[|l>+|2>], (88  population-trapping resonance of the atoms having velocity
v given by
1 —_T
|NC>: E|:|1>_ |2>] (8b) 5HWHM r (U) +Fcoh' (12)

At the Raman resonancé;=0 the population of the non-
These states have Rabi frequency coupling with the excitegoupled state reaches a maximum, whereas the population of
stateQzy/2 and 0, respectively. The time evolution of the the coupled state, and thus the fluorescent intensity from the
density matrix elements in the coupled-noncoupled basis igXcited state, reaches a minimum value. The fluorescent in-
obtained from Eqs(4) by applying the linear transformation tensity I, of Eq. (6) can be expressed as a function of
of Egs.(8). At the Raman resonance, the atomic populationPncne @ndpec, and the contrast functioB(v) for atoms
is pumped into the noncoupled state, which is not excited byvith velocity v may be derived as
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 frequefigyis small
compared tol'y, and I', , the excited-state population is  This expression shows that the contrast function is near its
small as compared to those of the ground states, and it maypaximum value of 1 ifl",,<I''(v), and decreases drasti-
be neglected. Furthermore, on the slow time scale of theally for I' .o, ~1"'(v). Equation(10) shows that as a func-
evolution for the ground-state populations and coherence, thigon of atomic velocity, the pumping rate is a maximum for
optical coherences, evolving at thd'l/time scale, may be atoms having resonant velocity,= 6, /k, and decreases
adiabatically eliminated. Thus time evolution equations forwhen the velocity is away from this value. By combining the
only the pc (v), pnenc(v), and pcnc(v) density matrix — dependence df’ onwv and the relation betwee@ andI'’,

C(v)= (13)

1+ 20 /T (v)
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we obtain a maximum contrast for atomic velocity, and d ©
the contrast decreases drastically for velocities such that gilP1a@) T p22v)]=~Tved pra(v) +p2Av)]
+ | K@@ —v
lo—vg|~T, (%) I ~1. (14) f ( )
FL ZFCOh
X[p1a(v")+poAv)]dv’,
Applying this equation to the experimental conditions of Ref. (153
[8], at 5, =0 andQr=6Ig,, and assuming’5,,=0, we find
that the contrast function remains at the maximum value of 1 ﬁ[pl,l(v)—pzyz(v)]= —Fi/lc)c[Pl,l(U)_Pz,z(v)]
for all velocities within the Doppler profile up to the largest
buffer-gas pressure examined in Rgg], p~10° torr. This
result is also obtained by performing an integration of the +f KM (' —v)
fluorescent intensity over the velocity distribution. The role
played by thel'® , collisional damping on the contrast will X[p1a(v')=paAv’)]dv’,
be analyzed next. (15h)
C. Velocity- i isi d =T Dy’ do'!
. y-changing collisions Epl'Z(U)__FVCCPl’Z(U)JFI KM —v)pyv")dv’.
Velocity-changing collisions which shuffle atoms be- (150

tween different velocity classes, represent another important

source of relaxation for the ground state. Thg rate for At this point the transformation to the coupled-noncoupled
VCC of ground-state sodium atoms with helium buffer gas isbasis may be applied, so that by combining E§sand(15)
4.4x10" ps~ttorr~! [20,15. Thus the VCC rate, plotted the complete equations for the density matrix elements in the
in Fig. 2, is larger than the rates of all other relaxation pro-coupled-noncoupled basis are obtained,

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 dt[pc‘dv) prencv)]

are transferred to other velocity classes. If this transfer ap-

plies with high efficiency, all the atomic velocity classes are =—2I"(v)pcc—idrlprnccPend — (F+TVdo)
pumped into the noncoupled state, either by direct pumping

or by VCC. The conservation of optical coherences in VCC X[pc’c—pNC’Nc]+f KD —v)

has been discussed by Le Gbaed Bermari21]. The Zee-

man or hyperfine coherences involved in the sodium non- X[pcdv')—pnend(v’)]dv’, (169
coupled state should be well preserved in collisional pro-

cesses because the two atomic states that compose that state d

belong to the same electronic state, and thus experience the a[PNc,c(U)_Pc,Nc(U)]

same interatomic potential during a collisional process, as
pointed out by de Lignie and Eli¢b].

The influence of VCC on the coherent-population-
trapping process is formally treated by writing the density —is _ +j KD (p!
matrix equations for each velocity class and introducing in 10rlpe.c™ Prel (' =v)
those equations the probability for VCC between different "o , ,
classes, as in Gradt al. [7]. The VCC kernel for sodium XLone.dv’) = pendv’)]do’. (16b)
atoms colliding with a buffer gas has been derived in Refrpege equations involve the collision ker€l). In general
[20], so a numerical sollutlon of the densny matrix equauonsEqS_(lG), although quite complicated, may be solved using
can be performed. A different approach will be used here tGerative techniques. However, for strong collisions the ker-

describe the combination of VCC and coherent-population,q| is greatly simplified and can be approximated by
trapping. First we note that the collision kernels required to

describe the VCC process depend on the angular momentum KO —v)= ar{}gcw(v), (17)

of the atomic levels, and for the coherent superposition of

sodium hyperfine levels a precise modeling of the kernels isvhereW(v) describes the Maxwell-Boltzmann velocity dis-
quite complex. Instead, we model the three-level system afgibution
the (mg=-1-m=0-my=1) A system of a Jq

=1—J,=1 transition, where the VCC process is described

in terms of the collisional relaxation rat&§%. andI"(X. for

population and alignment and the associated
KO(v'—v) andK® (v’ —v) collisional kernel20]. For  where u is the thermal width andu is the 1& Doppler
that three-level system the VCC process is described by theidth. Furthermore, for rapid VCC coverage of the velocity
following equations: distribution, the atoms may be assumed to have a thermal

—[T"(v) + T+ Tl pne.c— Penc]

W(v)= e~ (W/W)? (18)

wku
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distribution. As discussed in Reff10,12, two conditions The expressions for the occupations of the coupled-
are required to ensure a rapid velocity coverd@ethe num-  noncoupled states and the contrast are very similar to those
ber of VCC processes occurring during th&' dground-state  previously derived for each velocity class. The main differ-
relaxation time should be large compared to the total numbegnces are that the coherence relaxation includes the
of homogeneous velocity bins within the Doppler width, (1) (1—4) VCC term and that the velocity-dependent
pumping rate of Eq(10) is replaced by the Doppler pumping
Iyee  ku s - _
S — (19 rate, i.e., a pumping rate of the whole Doppler width treated
Ty Iy as homogeneous.
From the rates plotted in Fig. 2 andi=6Xx10° s~ in
5odium at room temperature, we find that under the experi-
Tvee>T' (). (200  mental conditions of Fig. 4 at helium pressures larger than
100 torr, the conditions of both Eq&l9) and (20) are well
Under those conditions the thermal distribution of the veloc-satisfied. Equatioi27) may be used to fit the contrast mea-
ity dependence allows us to write the coupled-noncoupledurements versus helium buffer gas reported in Fig. 4, in
occupations as order to derive a value for the VCC parameter
I'{}«(1— @). The continuous line in Fig. 4 shows the theo-
pi (V) =W(W)R;;, @D retical dependence of the contrast on the buffer gas assuming

NPT . . 1) (1— )= -1 -1 ;
with (i,j) = (C,NC). By integrating Eq<16) over the veloc- ! vec(1— @) =1.2% 10.4 ps “forr " Satisfactory agree-
ity distribution and making use of Eq¢l8) and (21), we  Ment with the experimental results is obtained. It must be
obtain the following equations fdR, ; : noted that the theoretical near-Lorentzian line shape for the
' dependence of the contrast on the buffer-gas pressure cannot

and(2) the VCC rate should be larger than the pumping rate

d , (1) provide a perfect fit for the experimental data that present a
gilRec™Ruenel= —20pRe e [T+ ec(1- @) sharp cut off around 1100 torr. The experimental setup of
Refs.[1,8] was based on an inhomogeneous magnetic field to

X[Re,c—Rnenel localize in space the coherent-population-trapping resonance.

+i 5 Ruc.c— Rend, (228 That inhomogeneous magnetic field could have modified the

measured maximum fluorescent intensity, and also the de-
q pendence of the contrast function on the buffer-gas pressure.

_ _ - @O (1— / Moreover, the Rabi frequencfg=61"g, has been derived
dt[RNC'C Rend] (Tt Tvee(l=a)+To) from the total laser intensity, but the gpatial dependence of
X [Rye.c—Rendl the Rabi frequency over the laser Gaussian profile should
NCC TCN have been properly treated through an integration over the
+i8x[Re.c—Rnenels (22b) spatial dependence of the contrast function. The inset to Fig.
4 shows the contrast function at low buffer-gas pressures, a

where the Doppler integrated pumping rdig is defined as regime not investigated in the experiment of H&f. In the

low pressure region, the contrast function presents a kink

. Of associated with th&'; modification occurring at those pres-
FD:EV(kUIFL)' (23 sure valuegsee Fig. 2 A similar kink is presented by the
contrast function of Eq(7). Figure 2 shows the expected
and the Voigt functionv(ku,I',) is given by dependence of thé,wnw half-width at half maximum for
the coherent-population-trapping resonance, as derived from
1 Ff e Eq. (26), by using the VCC collisional rate obtained from the
V(ku,I')) \/;kuf ri+(5L_Z)2e dz. (29 contrast. The decrease &f,, at large buffer-gas pressure

is in agreement with the dependence observed by8{u

From the derived value of the collisional rate of the
round-state coherence and from thigsc value of Refs.
20,15, an « value of 0.9997 is obtained. This large value
indicates the large probability of sodium atoms to experience
I 1 collisions with helium gas preserving the ground_—stgte cohe_r-
Ry ne— Re.c= o 5, (25)  ence. The present value for the VCC depolarization colli-

' ™ Shwhm 1+ (6! Shwrm) sional rate, and the corresponding cross sectiorl@ 8
cm?, is smaller than the cross section for VCC population
transfer in sodium reported in Rgfl5]. 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 R¢L6]. The reason for this
disagreement may be associated to the several simplifying

1 assumptions introduced in the theoretical analysis, such as
= T - (27) that of strong collisions or of a reduction of the whole so-
1+2[I'+Tec(1-a)JITp dium ground-state structure to a two-level system.

pressions for the total population of the coupled-noncouple

The steady-state solution of these equations provides the eg
states and their difference

with the half-width at half maximum given by
Suwrim =T+ TUdc(1- )+ T (26)

Thus the total contrast function is
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[1l. CONCLUSIONS In the applications of coherent-population trapping to la-
ser cooling[9,23,4, the atomic density is low, so that the
This work analyzes the relaxation processes of theaelaxation rates previously discussed are very small. Under
ground-state superposition created in coherent-populatioghese conditions the interaction between the atoms is not the
trapping. The role of velocity-changing collisions in redis- rgjevant mechanism for the ground-state coherences. The im-

tributing the coherent superposition between different velocy ;i nt nrocess for the destruction of the around-state coher-
ity classes has been evidenced. The VCC relaxations ha\P P 9

e . 1S Navgh superposition is the atomic absorption of photons not

been analyzed within the assumption of strong collisions lonaing to th d f the dE lectric field
The preparation of a whole inhomogeneous atomic sample iﬂ; onging to the modes o L1 and ko EEctrc Telds
the coherent superposition of states may be achieved using®&fiNing the coherent superposition. Even if the applied elec-
large Rabi frequency, so that nonresonant atoms also affc fields contain only photons in thé ; andE,, modes,
pumped into the coherent superposition, as reported in Figdhotons having the same frequency but different propagation
3. Alternatively, for a small Rabi frequency the velocity- directions are produced by spontaneous emission from the
changing collisions may be used to transfer the coherent sye) excited state in the phase of preparation of the non-
perposition from one velocity class to other ones. coupled coherent superposition. Those photons, if absorbed

The value derived here for the VCC collisional rate of theby atoms already prepared in the noncoupled coherent super-
ground-state coherence should be considered only as an guesition, destroy the ground-state superposition. For the laser
der of magnitude. That value has been derived from a fit otooling based on the coherent-population trapping, the reab-
the only available data set. Measurements taken at differessforption of the spontaneously emitted light is the relaxation
laser intensities could provide a consistency check of th@rocess of coherent-population trapping. The reabsorption
theoretical analysis. In the fit, the laser detunings were assate depends on the photons emitted in the preparation phase
sumed to be zero, i.e., both lasers were assumed resonasftthe coherent-population trapping and on the specific ge-
with thev =0 velocity, but that detuning was not precisely ometry of the laser cooling experiment. An upper limit of the
measured in the experiment of R¢8]. The laser beams reabsorption coherence relaxation rate will be obtained sup-
have been assumed to have polarizations such as to indupesing two separate and identical samples, contaiNiray-
transitions within a close three-level system. On the contrarypms, the first one already prepared in the coherent-
weak wrong polarization components were present in the expopulation trapping, and the second one not prepared in the
perimental configuration. Those components could induceoherent-population trapping, whose emitted photons pro-
undesired transitions to other levels, as examined in [Réf. duce a relaxation for the ground-state coherence of the first
for the laser-without-inversion experiments of RE8]. A sample. In the first sample, the numlmey, of photons emit-
rough estimate indicates that this process has a negligibled by spontaneous emission per unit time s,
influence on the dependence of the contrast on the buffer-gasNng/z(af+r§F/4+ QZR)_ The damping rate of the
pressure. ground-state coherence is given by the absorption rate of the

From the experimental point of view, a direct measure-emitted photons. By supposing that all the photons from the
ment of the VCC coherence transfer can be obtained usingecond sample reach the first sample, i.e., that the photons do
the four-laser scheme of Maichenal.[22]. Thus two lasers not escape out of the regions containing the atoms, the reab-
should be used to prepare the atomic coherent superpositioggrption rate is equal t&zcnsr]Z. At an atomic density
and two additional lasers shifted in their absolute frequenC)N: 108 Cm_3, the reabsorption relaxation rate of the coher-
but with their frequency difference matching the, ground-  ence is around I s~! and this rate increases with the
state splitting should probe the coherence as a function Qftomic number. Such a rate, even if smaller than the colli-
atomic velocity. From a theoretical point of view, the de- sjonal relaxation rates examined in this work, is quite impor-
scription of the collisions through a strong collision kernel, tant for the efficiency of the laser cooling process based on
introduced here as in RefEl0-14, is certainly quite inac-  the coherent-population trapping. However, the precise value
curate for the case of sodium-helium collisions, even if th%f the reabsorption coherence rate depends on the prepara-
results at high pressure may not be overly sensitive to th@on of the atoms in the coherent-population-trapping state. It
form of the kernel. A numerical solution of the density ma- should be noticed that for large values of the atomic density
trix equations and a numerical integration over the velocitythe reabsorption coherence relaxation rate becomes compa-
distribution could be used to derive the precise form of theraple to the collisional relaxation rate. Thus the role of the

collisional kernel. Other important processes, such as, fofeabsorption relaxation should also be carefully investigated
instance, the relaxation of the excited state, may also be inn future experiments.

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- ACKNOWLEDGMENTS
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