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Scaling laws in velocity-selective coherent population trapping
in the presence of polarization-gradient cooling
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One-dimensional laser cooling based on velocity-selective coherent population trap{8adT) on a
24— 1, transition has been investigated numerically through the solution of the optical Bloch equations. As in
the work of G. Morigiet al. [Phys. Rev. A53, 2616(1996], it has been found that for a large set of atomic
and laser parameters, the VSCPT cooling process may be described through scaling-law relations. The scaling
laws are based on the relations between the loss rates at large atomic momentum and their dependence on the
momentum around zero value. The role of the laser detuning on the VSCPT trapping efficiency has been
examined and scaling laws including the detuning have been defi8&650-2947@7)01111-§

PACS numbes): 32.80.Pj

Velocity-selective coherent population trappidSCPT)  tion is determined by two sets of momentum families, i.e.,
laser cooling is based on the preparation of atoms into &vo sets of states closed for their time evolution under atom-
coherent superposition of ground states noncoupled to thiaser interaction. One family is fully equivalent to that of the
applied laser fields. Efficient VSCPT cooling is realized if A scheme in }— 1, transition. For the other family, equiva-
the coherent superposition is also a trap state being stablent to that of the 2— 2, transition, a stable VSCPT super-
against kinetic energy evolution. In thg-% 1, transition of ~ Position is realized when the kinetic energy difference be-
the experiment in heliurfil, 2], the three-level scheme had fween the states of the superposition is compen_sated by light
the required stability and efficiency. An experimental inves-Shifts [4]. Thus, VSCPT in g—1. is characterized by a
tigation of rubidium atom$3], also dealing with the g1, competition between two trap states. The present analysis

transition, combined VSCPT with polarization-gradient cool-démonstrates that for a laser resonant with the-2,
ing acting on another transition. VSCPT laser cooling ontomic transition VSCPT can be fitted by the previous scal-
high J transitions has been examined theoretichlfy, An ing laws. Furthermore we have framed more precisely the

. S scaling-law relations through the dependence of the ground-
'mpo.”f’"”t step towards the application of VSCPT on high . State loss rate on the atomic momentum, so that extension to
transitions has been recently performed by some of us, wit

L . ny atomic transition is straightforward. A suitably detuned
the d_erlvauo_n_ of scaling laws fc_)r theg}’l_e and %—2. laser driving the g— 1, or 24— 2, transition leads to polar-
atomic transitiong5,6]. The scaling laws link the VSCPT i, aiion gradient cooling8]. Thus, for this case VSCPT is

behavior for different atomic and angular momentum transigisted by cooling forces. In the present study we have also
tions. Thus the results obtained for one particular transitionyyestigated the validity of the VSCPT scaling laws for the
for instance, the J— 1. one in helium, allow us to predict case of a detuned laser.

the VSCPT results for other atoms and other angular mo- We consider atoms with madé and excited state spon-
mentum transitions. The idea of the scaling laws is based otaneous decay ratE, interacting with a laser field of fre-
an interpretation,of VSCPT dynamics, introduced by Bardowjuencyw, and wave numbek, i.e., with recoil frequency
etal. [7], as a Lay-flight evolution in atomic momentum .=7#k?/2M. For ¢*— o~ counterpropagating laser fields
space. Within this point of view, three regions are identifiedof amplitudeE interacting with the g— 1, atomic transition,

in atomic momentum spacéi) the so-called Raman hole, ysing the rotating-wave approximatiédRWA) we write the
that is, the momentum region that characterizes the filling oftom-laser interaction as

the trap state noncoupled to radiatidii) the momentum

region outside the hole with a constant momentum diffusion hQe ioLt

rate, (iii ) the high momentum region with a decreasing laser V= s

absorption rate due to Doppler effect. The scaling laws are

based on the study of the noncoupled state absorption rate

and the determination of the relation between the parameters X (m§—22) [<1vm+1;1v1I2'm>|ep,m+l><gp,m|
characterizing the extension of the Raman hole and the mo- . ’
mentum diffusion rate. Although the functional dependence +(1m-1;1-1[2m)|e, m-1){Fpm/ I+ H.c., (D

of those quantities gets more complicated as the angular mo-

mentum increases, the regions of the Raman hole and of th&here|ap,m>, with a=(g,e), describes a ground or excited

momentum diffusion can still be identified. state with magnetic quantum number and momentum
In the present work VSCPT on thg2 1, transition is  p+mfik. The Rabi frequency)=dE/# is defined on the

examined and compared to the previously studied transitiongasis of the reduced dipole momenhtbetween upper and

The 2,— 1. transition has several original features. Usinglower stateg5]. We introduce the saturation paramesgr

the standardr™— o~ laser configuration the atomic evolu- characterizing the atom-laser coupling
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FIG. 2. Loss ratef’;‘gc_*g(p,&:O)/F’ plotted vsp/#k for the
with 6= —wo the detuning between the laser frequency1,— 1, transition and the kinetic energy compensatgeb2., tran-
and the atomic transitiom,. The 2,— 1, coherently driven sition, ate; ;=1 andas ;= a}" ;= 1, respectively.
atomic transitions relevant for the VSCPT evolution are in-
dicated in Fig. 1. The atomic states are classified into tWqays are valid when the initial momentum distribution is
independent familiesF, (p) af]d Fiw(p) composed of the  arrow, and for interaction times short enough to neglect
following states, respectively: atomic diffusion to momentum values where the Doppler

shift is significan{5]. The asymptotic values of the loss rates
|gp,—1>v|ep,0>i|gp,1>’ (3) are g 1[] ymp

|gp,—2>1|ep,—1>’|gp,0>!|ep,1>'|gp,2>' (4) F’z\lgl’A(p_)oc'b‘)=3FSO/40' (79

The noncoupled states associated to those families are F§31,|W(p—>00,5) = T's,/20, (7b)

1 . .
NC, _ - _ while the asymptotic loss rates for thg-%1, and 2,—2,
|CD (p)>A ‘/2[|gp’—1> |gp,l>]1 (53) transitions are

I'¥C. (p—o,8)=Tsy/8, (8a)

—

[BNP) === [1gy, o)~ \Blgp)+ gy (5D
W pyg P2 P07 ISR2 NS, (p—o0,8)=T'sy/12. (8b)

If the kinetic energy difference#4wr among the states com- ~ The plot of the loss rates around the=0 value in Fig. 2
posing the|®N(p)),y superposition is compensated by ashows the characteristic minimum denoted as the Raman
light shift produced by additionair-polarized light, both hole [5,10l. The VSCPT optical pumping rate into the
|®NC(p)), and|®NC(p)),w are stable trap statéd]. In the |®NS(p=0)) trap states is determined by the extension of
following we will assume there is a compensation of thethe Raman hole in the momentum space. In order to compare
kinetic energy mismatch. In the limit of small Rabi fre- the Raman holes for different transitions, we write for 0
quency, i.e.Q)<|5—iT'/2| the atomic evolution may be ex- NC

pressed through the effective Hamiltonian based on the adia- _ ¢ FFgHFe(p—m,&) p

batic elimination of the excited states. From the | Fg-F(P~0)~ 2 ar _r (0)hik
diagonalization of the effective Hamiltonian acting on the g e )
ground states of thé, (p) and Fw(p) families we derive

the eigenvalue€,(p,s), with a=A or IW, associated to This equation definear ¢ () as the extension of the
the eigenstates of E@5). These complex eigenvalues con- Raman hole. An analytical calculation of the eigenvalues
tain the energy shif6h“(p, ), and the decay ra®)(p,8):  shows that the loss raﬂéE‘;:_}Fe(me) does not depend on

the laser detuning. The definition of the Raman hole width
by Eq. (9) in terms of the asymptotic loss rate, which de-
pends on the detuning, introduces a dependeno@FgLFe

on 4. The following relations apply:

2

ENC(p,8)=63C(p,8) —iTN(p, 8). (6)

Results for the loss rate8)<, , andT'5<, , at §=0 as a
function of p are shown in Fig. 2. Figure 2 shows also for

comparison the loss rai&)<,(p, 5=0) for the 1,— 1, tran- I s 1148%T

sition, as derived ifi5,9]. The loss rates have been expressed ay_1(8)=— OT, (103

in units of I'"=Q2/2I", the on-resonance optical pumping @R

rate, while the Rabi frequency for each atomic transition is 7

determined by the appropriate reduced dipole moment. a% ()= E L w, (10b)
The scaling laws allow us to compare different atomic - S wr 16

systems when the laser-atom interaction times are measured

in units of the inverse of the—c asymptotic value of the oV (5= \/_61 SoV1+46°T? (100

loss rate neglecting the Doppler shift. In effect the scaling -1 5 wg 16 ’
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FIG. 3. In(a) trapped fractionf for the 2;— 1, transition and FIG. 4. In (a) trapped fractionf for 2,— 2, transition and he-

helium, sodium, and rubidium parametersa)ﬂl. In (b) trapped  lium parameters vs the,_., at different laser detunings. Only blue

fraction f of helium vs ag ¢ for different atomic transitions. detunings have been shown, because within the accuracy of our
9 e .

Interaction times@l‘ﬁ&F (p—»)=132x and initial distribution data the trapped fraction depends on the absolute valdelof(b)

width 8p,= 1%k in all cases. trapped fractiorf of helium and sodium atoms w8} ;. Interac-

tion times@l’ﬁgc_‘Fe(pﬂoc)=132a and initial distribution width

2T s 1+ 4522 8po= 14k in all cases.
ar 0= \og5———— (100 : .
27 wg 16 atoms. The smaller value d¢ffor helium parameters, consis-

_ . . . tentwith the 1— 1, results of[5], is originated by the pres-
For the different atoms and/or different optical transitionsence of a large Doppler shift for this light atom. Figur)3
VSCPT occurs with equal efficiencli) for equal Raman  shows results for the trapped fraction of different transitions

hole extension, i.e., if the Rabi frequencies are chosen iRersys thewr .. parameter, again at laser detunifig 0.
order to match ther values of the corresponding transitions, By applying %heescaling laws. those data. obtained for he-

and(ii) for equal effective interaction times, i.e., if the times lium, may be applied to other atoms. For the-21, transi-

measured in units of the inverse of the limiting loss rates ¢ 01 two different scalinas are obtained usin i , or
equal. In[5] the comparison between thg-% 1, and 2;— 2, W oies 9 g Mg
as” 4 .

transitions was based on a heuristic scalingagf,, by a i . . .
factor of four, corresponding to the increase in kinetic energy The quantitative basis for the scaling laws defined by Egs.

of the 2,— 2, trap state. The present approach provides 5{7)’ (8)% i’;md(l(?) tallgws E.S to czmrﬁ)are VSCIFt)Tfm ttEe tpres— d
more solid relation for the scaling factors between thos%encfo faser € Utpllng. |guret S E{)v(\j/ifresuts cl)r € fra;r}:])pe
atomic transitions, as well for all others. racion T versus thea parameter at difierent values or tne

Figures 3 and 4 show the VSCPT efficiency for different?het;m'”gl.a”ﬁ' for ?";Lere”t ‘T.tom'lc ”afns'té‘.’f’];‘s- '-ft i hotice
atoms and optical transitions versus tla,eg_,Fe parameters. at application of the scaling faw for diiferent detunings

. i requires comparing the trapped fractions at different interac-
The VSCPT efficiency is expressed by the fractionf at- 45 times. Scaling the interaction tin@(8) with the limit-
oms trapped in the states of ti# (p) or Fw(p) families ing loss rates of Egs.(7) or (8), we obtain

with |p|<7#k/10. The trapped fractions, obtained through the® 8 =0 (0)V1+484T2 In Fi a) the trapped fraction
solution of optical Bloch equations, are smaller than thos%f(ﬂze 29(_>)2 transition.is shlc?\;vﬁ( f)or the cF;Ze of hellium

H e
obtained through the quantum Monte Carlo analfSisThe oo oters at different laser detunings on the blue side be-

interaction times® of Figs. 3 and 4 satisfy the following cause, when a narrow initial momentum distribution is used,

: . NC _ H
relation: OI'g °.¢ (p—)=132, leading to a constant he ySCPT efficiency depends only very weakly on the sign

value of the interaction time when expressed in terms obf the detuning. For the 2- 2, transition the scaled VSCPT
l/wg. Figure 3a) shows the 2— 1, trapped fractionf for  efficiency presents only a weak dependence on the laser de-
helium, sodium, and rubidium parameters versl$ , inthe  tuning. A similar result applies also for thg, 1, transi-
case of6=0 and an initial momentum distribution width of tion. Figure 4b) shows results for helium and sodium on the
17k. It may be noticed that the application of the scaling law2,— 1, transition at different red and blue laser detunings,
leads to a good agreement for the VSCPT results of differentaking into account the population in both trap states. For this
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transition even applying the scaling for the interaction timeoms jump between the two families, and the competition
and the Raman hole extension, the VSCPT efficiency prebetween the [ey-flight evolution of the two trap states pro-
sents a strong dependence on the detuning. Moreover faluces the dependence on atomic species and laser detuning
detuningsé+0 the independence of the atomic parameterspf Fig. 4(b).

derived in Fig. 3 in the case of zero detuning, is no longer  Scaling laws have been derived for the dependence of the
valid. _ _ o fraction of trapped atoms on the interaction time and the
~ The interpretation of the results of Fig. 4 requires invesRap; frequency for different atomic transitions. We have ex-
tigating the role of the polarization-gradient cooling and ofanded our previous study to the case df-aF—1 transi-

the Levy-flight e_v_olut_lon. Polarlzatl_o_n-gradlent cooling for on Furthermore we have derived a quantitative basis for
the 2,—2, transition is not very efficieni8]. The results of o sajing between different transitions using the Raman
Fig. 4@ with the trapped fraction independent of the detun'hole extension and the dependence of the loss rate on the

ing, evidence that, at least for a narrow initial atomic MO~ tomic momentum. In the absence of polarization-gradient

mentum distribution, the polarization gradient cooling has . : ; - .
. o orce the scaling laws between different atomic transitions is
small influence on the VSCPT efficiency of thg-22, tran- - ;
very good. The presence of a strong polarization gradient

sition. For the g— 1, transition, the analysis of Ref8] kens th lidity of th i lati . i
suggested an efficient process of polarization-gradient coo‘-Orce weakens the vaiidity of the scaling relations, in particu-

ing. The results for sodium and the helium atom of Fign4 & When several trap states are present, because of the com-

evidence that the dependence of the polarization-gradielﬂet't'on between t_rap states WIFh comparab_le occupations. In

cooling on the detuning derived in R¢8] does not apply to  any case the scaling laws prov_ld_e good estimates of the laser

VSCPT in the case where the ground-state kinetic energarameters to be used for realizing an efficient VSCPT trap-

mismatch is compensated by the light shift. An additionalP!Ng-

result of Fig. 4b) is the large difference in the sodium and

helium VSCPT efficiencies, so that the scaling laws are no

satisfied for the case of;2-1, VSCPT with a detuned laser. %hrqugh TMR Grant No. ERB4061PL95'0044' and the Con-
§|gl|o Nazionale delle Ricerche of Italy. J.H.M. acknowl-
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