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Magneto-optical trap operating on a magnetically induced level-mixing effect

K. Nasyrov,1,* V. Biancalana,1 A. Burchianti,1 R. Calabrese,2 C. Marinelli,1 E. Mariotti,1 and L. Moi1
1INFM-UdR di Siena and Dipartimento di Fisica, Universita` di Siena, Via Banchi di Sotto 55, 53100 Siena, Italy

2Dipartimento di Fisica, Universita` di Ferrara and INFN–Sezione di Ferrara, Via Paradiso 12, 44100 Ferrara, Italy
~Received 15 November 2000; published 6 July 2001!

In this work we point out a theoretical picture accounting for some unpredicted trapping conditions that have
been observed—but not satisfactorily explained—in the past and have been recently confirmed by our experi-
ments. We have realized a sodium magneto-optical trap working on the 32S1/2(F51)→3 2P3/2(F850) tran-
sition that, according to the usually accepted model, should not work. Our results, with respect to the previous
unexplained observations, support more stringent conclusions because our experimental setup gives us the
possibility to repump atoms from theF52 state usingD1 transitions. This definitely excludes that the re-
pumping frequency may play a role in the trap dynamics. A peculiar perturbation approach allows us to
demonstrate that the confinement force originates, in this case, from a magnetically induced level-mixing
effect. Moreover, we describe separately the nature of damping and confining forces and we recognize that in
this case they are due to different transitions. Trap simulations based on a dynamical three-dimensional model
are presented, which quantitatively reproduce our experimental results.

DOI: 10.1103/PhysRevA.64.023412 PACS number~s!: 32.80.Pj, 42.50.Vk, 32.60.1i
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I. INTRODUCTION

Magneto-optical traps~MOT’s! allow for efficient cooling
and trapping of neutral atoms. They have been in worldw
use since the 1980s@1#, giving spectacular results, by prod
ucts and applications@2#. But we want to stress that eve
extensively checked systems~see, e.g.,@1,3–5#!, as for ex-
ample the sodium magneto-optical traps, may deserve fur
investigation as a consequence of interesting and un
plained features.

The MOT efficiency is determined by the cooling rate a
by the strength of the atomic confinement in the trap regi
Usually three pairs of red detuned and equally intense co
terpropagating laser beams are used to slow down the at
Thanks to the Doppler effect, moving atoms absorb m
photons from the counterpropagating beam than from
copropagating one. Because of that, a slowing force—du
the recoil effect—arises. Actually, this is the basic mec
nism of the so-called ‘‘optical molasses’’@5#. In optical mo-
lasses atoms are slowed in the whole volume enlightene
the laser beams but they are not confined or collected
given region.

Using the spatially inhomogeneous magnetic field sol
this latter problem. The magnetic field shifts the Zeem
sublevels that depend on the magnetic quantum numbeM
and in the configuration of two counterpropagating bea
with s511 ands521 polarization, a position-depende
net force arises. Since a magnetic field gradient exists a
all the three beam axes, the position-dependent net forc
toward the center, provided that the sign of the magnetic fi
gradient is suitably set, with respect to the polarization of
beams. In this sense the Zeeman effect produces the con
ment force required to make the trap stable.

The qualitative pictures of the arising slowing and co
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Novosibirsk 630090, Russia.
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finement forces are presented in Figs. 1~a! and 1~b!, respec-
tively, for an idealJ50→J851 two-level atom. Both the
slowing force~due to the Doppler effect! and the confining
force ~due in this case only to the Zeeman shift of the ma
netic sublevels! result from the interaction of red-detune
and circularly polarized light radiation with a given optic
atomic transition.

However, in the presence of a closely spaced multile
scheme~as in the hyperfine structure of theP3/2 state of the
Li, Na, and K alkali metals!, the situation may significantly
change. The effective slowing force may be produced in t
case by the interaction of light with one or more atom
transitions, whereas the confining force may originate fr
one of these same transitions, or even from another on
this is the case, it may happen that the two forces do
work properly and the trapping condition is not achieved

A detailed analysis of the level structure involved in bo
the cooling and confining forces is then needed in orde
evaluate the trapping efficiency. In particular, the role of t
Zeeman pumping has to be carefully reconsidered. In fac
the usual theoretical interpretation, Zeeman pumping p
vents trapping with transitions having the total angular m
mentum smaller in the excited level than in the ground lev

y,

FIG. 1. Resonance conditions responsible for the slowing fo
due to the Doppler effect~a! and of the confining force due to th
Zeeman level shift~b! in a J50→J51 transition.kv and mg8H
are the Doppler shift and the Zeeman shift, respectively.
©2001 The American Physical Society12-1
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K. NASYROV et al. PHYSICAL REVIEW A 64 023412
The traditional MOT scheme works in fact for anyJg
→Je5Jg11 transition: atoms scattering mainly from th
s511 laser beam will be optically pumped toward th
Mg51Jg substate, which forms a closed system with t
Me51Je substate. On the contrary, a worse trapping con
tion or even no trapping at all should be obtained for aJg
→Je5Jg21 transition and in particular for the 32S1/2(F
51)→32P3/2(F850) sodium transition~in this case, due to
the hyperfine structure,F is the actual total angular momen
tum to be considered!. In fact, as will be thoroughly dis-
cussed in the following, in the steady-state condition
Zeeman sublevel populations of the ground state get val
making the number of absorbed photons from the respec
sublevel equal to the number of atoms decaying from
excited state to that specific sublevel. As a consequenc
radiation force will arise unless an asymmetry in the deca
the ground-state Zeeman sublevels exists.

On the contrary, we show and discuss in the following
trap working on theF51→F850 transition. This same trap
was observed a few years ago by Shanget al. @6#. They
related the observation to theF51→F851 transition be-
cause they observed it even on the blue wing of theF51
→F850 line profile. In this paper we give a complete
different interpretation and we demonstrate that no confi
ment force is produced by theF51→F851 transition,
while a confinement force can be obtained even on the b
side of theF51→F850 transition. The origin of this force
is in a peculiar level-mixing effect induced by the magne
field.

In our theoretical description of the MOT dynamics, w
analyze independently the damping force, that is necessa
slow down the atoms, and the spring force which confin
them in the zero-field trap center. Such an analysis is
uncommon in literature, but we use it to show in an eas
way the peculiarity of a multiple-line contribution to th
damping force. At the same time, the distinction between
two forces allows us to introduce the theoretical sche
where the confining force produced by the level-mixing
fect is fully explained.

II. THEORY

The theory of the mechanism that produces the confi
ment force for theF51→F850 optical transition in the
sodium D2 line is presented here. This theory can be e
tended to other atomic species with a similar level sche
The calculation reported in this section extracts the m
relevant features of the involved phenomena, allowing fo
direct physical understanding. They are performed on
basis of the perturbation theory, even if such an approxim
tion is not strictly necessary. Indeed, a numerical appro
can be also profitably used, and actually a more precise,
merical computation is considered in the following where
experimental results are discussed and compared to the
oretical predictions.

We first discuss the main features of the force arising
the traditional scheme, which is induced by the Zeeman s
of the level. The force induced by the mixing effect is th
described, and it is shown that it accounts for the observa
02341
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of the unexpectedF51→F850 trap. In the following, the
presence of a second laser frequency~repumping radiation!
is considered and its contribution to the force is analyz
Finally, the effects of the hyperfine structure of the sodiu
excited states is considered and a peculiar multi line coo
process is discussed.

A. The confining force in the case of the ‘‘traditional’’ scheme:
F Zeeman

Let us first reiterate how the confinement force arises
the traditional scheme@1#. For simplicity we consider a two-
level atom with aJ50→J851 optical transition interacting
with two counterpropagating waves having equal intensi
and opposite circular polarization, respectively@see Fig.
1~b!#. We restrict our analysis to the weak light intensi
case, so that the excited stateJ851 can be assumed to b
much less populated than the ground stateJ50. The number
of photons absorbed per unit time by a slowed atom from
two waves having opposite circular polarization is

Rs5
GG2

~G/2!21~V2smg8H/\!2
, ~1!

where the indexs ~with the valuess561) refers to the two
polarization components;V is the frequency detuning of la
ser radiation with respect to the center of the optical tran
tion; G is the rate of the spontaneous decay of the exc
state;G5Ed/\ is the Rabi frequency, i.e., the cycling ra
between the two levels;m is the Bohr magneton;g8 is the
Landéfactor of the excited state; andH is the amplitude of
the magnetic field. As the absorbed photons are isotropic
emitted by spontaneous emission, the recoil due to the
sorption produces an average\kRs slowing force acting on
the atoms along the direction of propagation of the wave
the magnetic field is nonzero, the unbalanced force acting
slowed atoms due to counterpropagating waves is

FZeeman5\k~R112R21!

5\kGG2F 1

~G/2!21~V2mg8H/\!2

2
1

~G/2!21~V1mg8H/\!2G . ~2!

In the three-dimensional case, such a force is present in
point along all the directions with the exception of the tr
center, where bothH andFZeemanare equal to zero.

Let us consider for simplicity one arbitrary beam directi
and let us refer to it as thez axis. This is not a real restriction
to a one-dimensional~1D! model and the formalism can b
easily extended to the three-dimensional~3D! case.

The z component of the quadrupole magnetic field pr
duced by a pair of anti-Helmholtz coils for small values ofz,
i.e., close to the trap center can be represented in the f
Hz(z)5H8z, whereH85]Hz /]zuz50 is the gradient of the
magnetic field in the trap center. Therefore, as soon as
atom moves away from the trap center, it is affected b
2-2
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MAGNETO-OPTICAL TRAP OPERATING ON A . . . PHYSICAL REVIEW A64 023412
nonzero magnetic field and it undergoes the force~2!, which
for small z is approximated by

FZeeman5
4kG2GV

@~G/2!21V2#2
mg8H8z. ~3!

For red detuning (V,0) and positive magnetic field grad
ent (H8.0) this force works as a confining force. It is im
portant to note some relevant features of this force as a fu
tion of the detuning:FZeemanvanishes at exact resonance;
changes its sign depending on the detuning sign; it achie
its maximum absolute value atuVu5G/(2A3); it decreases
asV23 at large detunings. These features are sketched in
plot represented in Fig. 2, where the solid line is the plot
the acceleration of Na atoms subjected to the force~3! as a
function of the detuning; the meaning of the dashed plo
explained in the Sec. II B.

B. The confining force working in the case of theFÄ1\F 8
Ä0 transition: F mixing

Let us now consider how the confining force arises us
radiation in resonance with theF51→F850 transition of
theD2 line in Na. The structure of the hyperfine levels of t
ground S1/2 and excitedP1/2, P3/2 states for sodium is
sketched in Fig. 3, reporting the most relevant parameter
is important to point out that, if we neglect the presence
other hyperfine levels and we consider a two-level atom o
involving the F51→F850 transition, we do not get an
confining force. In fact, due to optical pumping into theM
50 Zeeman sublevel of the ground state, this system wo
no longer interact with the two circularly polarized wave
Actually, such a 1D analysis is not suitable for a good d
scription of the MOT, as the other orthogonal laser bea
prevent such an optical pumping to theM50 sublevel. Nev-
ertheless, even if such an optical pumping to theF51, M
50 is prevented, theF51→F850 transition would not be
a driving system, because the excited state has equal p
abilities to decay into theM521 andM511 levels of the

FIG. 2. The acceleration induced on Na atoms byFZeeman as
expressed in Eq.~3! is plotted by the solid curve. The dashed cur
allows a direct comparison with the acceleration inducedFmixing as
calculated using Eq.~15!. Both forces are evaluated forG51 MHz
andH51 Gauss.
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ground state@7,8#. Therefore, in the steady-state regime,
oms should absorb equal numbers of photons from thes5
11 ands521 polarized waves, respectively. As a cons
quence, the total force coming from each couple of coun
propagating waves would vanish, independently of their
tunings and intensities. Actually, as described in@8#, a
peculiar cooling effect may originate inL systems, due to
atom diffusion in the impulse space, which brings atoms i
dark state, where they are stored at very low temperatu
Nevertheless such a mechanism is not related to a reg
force, which actively slows down the atoms, and it cannot
considered a driving system for the MOT.

In spite of these strict theoretical considerations, traps
erating with sodium in theF51→F850 have been experi
mentally observed both by us and by Shanget al. @6#. Here
we show that different phenomena need to be taken
account, for a correct interpretation of these observation

First of all, the two-level model considered above is n
valid in the case of sodium as well as of some other alk
metals because the hyperfine levels of the excited stateP3/2
are closely spaced with each other and even moderate m
netic fields can induce considerable mixing among them.
show that this mixing destroys the symmetry of spontane
decay from the excited state to the Zeeman sublevels of
ground state, allowing for the inset of an unbalance in
absorption ofs511 ands521 photons. Moreover, it is
very important to remark that this unbalance is only rela
to the sign of the magnetic field, so that no red detuning
needed for producing the confining force by means of t
mechanism.

We want also to stress that this force may only act
confining atoms whose velocity has been already slow
down. In fact, such a force cannot be used for the slow
process, because it does not depend on the atom velo
This statement points out an important difference from
Zeeman force. In fact it comes out from the scheme in Fig
that the Zeeman force confines the slowed atoms, but it

FIG. 3. The 3S and 3P level structure of sodium with a sketc
of the laser-induced transitions used in the experiment. RL is
repumping laser; TL is the trapping laser. The energy separa
between the levels is expressed in frequency units.
2-3
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K. NASYROV et al. PHYSICAL REVIEW A 64 023412
provides a damping effect slowing down their velocity.
The nature of theF850 decay symmetry breaking has a

analogy with an alignment-orientation conversion pheno
enon. This latter was already known and studied for alk
metal atoms~see, e.g.,@9# and @10#!. The origin of these
phenomena lays on a joint action of the magnetic field and
the hyperfine interaction.

Let us consider a three-level atom model~Fig. 4! having
one ground stateF51 and two slightly separated excite
levels F850 andF851 ~we neglect for simplicity theF8
52 andF853 levels!. In the system of coordinates with th
z axis directed along the magnetic field, the operator of
electron interaction with the magnetic field is

V̂5mg8HĴz , ~4!

where Ĵz is the operator of thez component of the tota
electron angular momentum. Let us consider the case
weak magnetic field, so that the potential is much sma
than the zero-field energy splittingDE between theF850
andF851 states and the ordinary perturbation theory can
applied. Otherwise, the secular equation should be solved
in the Paschen-Back approach. Moreover, we will neglect
terms ofH2 order and, in particular, the energy shift of th
M 850 levels.

Due to the selection rules, the nondiagonal matrix elem
of the interaction potential is nonzero only forM 850 sub-
levels ofF850 andF851 states. In other words, the mixin
is possible only between theM 850 sublevels. We introduce
the following notation:

V105^F851, M 850uV̂uF850, M 850&, V015V10*
~5!

FIG. 4. Sketch of the double three-levelL system considered in
the model. The two straight arrows represent the laser excita
the broken arrows give the decay by spontaneous emission
circle represents the mixing between the twoM50 levels of the
excited states. TheG61 are the decay rates, whose differences
represented in terms of the thickness of the broken arrows.
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for nondiagonal matrix elements of the interaction potent
whereuF,M & are eigenfunctions of the total angular mome
tum. On the basis of the perturbation theory the station
states result

uF851, M 850&H5uF851, M 850&1
V10

DE
uF850, M 850&,

~6!

uF850, M 850&H5uF850, M 850&2
V01

DE
uF851, M 850&,

where the indexH denotes that these are the new station
states for the nonzero magnetic field.

Using these new wave functions we derive the mat
elements of the dipole moment for the transitions connec
excited states to ground states:H^F8,M 8udsuF,M &, where
ds is a circular component of the dipole vector. As a con
quence of Eq.~6!, theds matrix elements are

H^F850, M 850udsuF51, M &

5^F850, M 850udsuF51, M &

2
V10

DE
^F851, M 850udsuF51, M &,

~7!

H^F851, M 850udsuF51, M &

5^F851, M 850udsuF51, M &

1
V01

DE
^F850, M 850udsuF51, M &,

where, according to the selection rules, the matrix eleme
are nonzero only ifM52s.

It is important to remark here that, due to the properties
the Clebsh-Gordan coefficients, the^F850, M 850udsuF
51, M52s& matrix elements are symmetric and the^F8
51, M 850udsuF51, M52s& ones are antisymmetric with
respect to thes→2s replacement. Therefore, the matr
elements~7!, due toF851↔F850 level mixing, become
asymmetric for nonzero magnetic field. Since the sponta
ous decay of the excited stateF8,M 850 into ground state
F,M is

GM5G~F8,M 850→F,M !} z H^F8,M 850ud2MuF,M & z2,
~8!

this asymmetry induces an asymmetry in the spontane
decay of the excited states. The direct calculation@11# for the
case of the NaS1/2→P3/2 transition gives

n;
he

e
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MAGNETO-OPTICAL TRAP OPERATING ON A . . . PHYSICAL REVIEW A64 023412
^F850, M 850ud2MuF51,M &5~21!12M
d

2A3
,

^F851, M 850ud2MuF51,M &52~21!12M
A5d

4A3
M ,

~9!

V105V015
A5

2
mg8H,

whered is the reduced matrix element of the dipole mome
for the transitionS1/2→P3/2. Using Eqs.~7!–~9! the sponta-
neous decay rate of the stateF850, M 850 into statesF
51,M results in

GM5
G

3 S 11
5

4

mg8H

DE
M D 2

. ~10!

Now we can evaluate the confining force as it arises
the F51→F850 transition. For simplicity, instead of th
quantum system shown in Fig. 4, we consider a three-leveL
system, by ignoring the Zeeman subleveluF51, M50& of
the ground state. This is allowed, because the optical pu
ing in that level is prevented by the orthogonal laser bea
which actually exist in the MOT even if they do not contri
ute directly to establish the force in thez direction.

For such aL system one can obtain the equation f
motion ~see Appendix!

]

]t
r1

p

m

]

]z
r1~G212G11!\k

]

]p
r0050. ~11!

Herer is the atom density andr00 is the density of atoms in
the excited state. The last term in Eq.~11! describes the
dynamics of an atom due to radiation force, which is clea
vanishing forG215G11, as first stated in@7#. Such a radia-
tion force is proportional to the population of atoms in t
excited state. If we indicate bys5r00/r the fraction of at-
oms in the excited state, the force value results

F5\k~G212G11!s. ~12!

This equation clearly shows that such a confining force or
nates from the asymmetry in the spontaneous decay of
excited stateF850, which in turn is due to the mixing in
duced by the magnetic field.

To obtain the explicit expression for the value ofs we can
use the results of@12# and @13#. Applying these results for
our case we find

s

5
G2

S G

2 D 2

1V21G21vH
2 1

G4

vH
2

1
G212G11

G S 2vH2
G2

vH
D

3V , ~13!

where G and V are Rabi frequency and detuning, respe
tively, vH5mgH is the Larmor frequency, andg is the
02341
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Landéfactor for the ground state. If we consider the case
low radiation intensity and any atom displacement from
trap center so that

vHAS G

2 D 2

1V2@G2 ~14!

and take into account only the terms that are linear w
respect toH, from Eqs.~10!, ~12!, and~13! we obtain

Fmixing52\k
5

3

mg8H

DE

GG2

~G/2!21V2
, ~15!

while in the other limit, opposite to Eq.~14!, we would get
for the confining force

Fmixing52\k
5

3

mg8H

DE

~mgH!2

G2
. ~16!

This latter quantity is proportional toz3 and hence such a
force can work only in a small region very close to the tr
center. In this paper we consider conditions when force@Eq.
~15!# can be applied.

The acceleration induced on sodium atoms by this forc
represented in the dashed plot of Fig. 2. The plot, as wel
the analysis of Eq.~15!, clearly shows the differences be
tween the mixing force and the Zeeman force, expresse
Eq. ~3!. Fmixing does not change its sign with the detunin
sign; it achieves its maximum value at zero detuning a
decreases asV22 for large detunings. It is interesting t
make a comparison between Eqs.~3! and ~15! calculated at
the detunings corresponding to the maxima of the two forc
The two detunings areuVu5G/(2A3) for Fzeemanand uVu
50 for Fmixing , respectively. The result shows that the typ
cal relative intensities ofFZeemanandFmixing forces are re-
lated according to

Fmixing'
\G

DE
FZeeman.

A sodium atom in theP3/2 state hasG510 MHz and
DE/\516 MHz, so that the two forces have the same or
of magnitude. The two forces have the same sign for
detuning (V,0), while the Zeeman force changes it sign f
blue detuning.

It turns out from Eq.~7! that the asymmetry of spontane
ous decay of theM 850, F851 excited level is opposite the
one of theM 850, F850 state. Therefore, the force comin
from theF51→F851 transition has the opposite sign wit
respect to the force coming from theF51→F850 transi-
tion. It follows that if the polarization of the counter
propagating waves and the sign of the magnetic field gra
ent are set in such a way to make theF51→F850
transition responsible for a confining force, then theF51
→F851 transition produces a repelling force.

Therefore, with such a choice of polarization and ma
netic field gradient, the total force produced by the two tra
sitions confines the atoms for detuning near resonance w
F51→F850 transition, it vanishes at some intermedia
2-5
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K. NASYROV et al. PHYSICAL REVIEW A 64 023412
frequency, and eventually it repels atoms when the freque
is set closer to the resonance with anF51→F851 transi-
tion.

In reality, the picture is even more complicated becaus
the otherF852,3 levels of the hyperfine manifold of theP3/2
state of Na. For instance, theF51→F852 transition gives
a confining force with the same signs as theF51→F850
transition. Anyway, due to the larger energy separation of
F852, 3 states, they produce only slight corrections on
final value ofFmixing .

C. Role of the repumping frequency in the trap dynamics

This analysis must be completed by taking into acco
the level structure of the ground state and the decay rat
the atoms from theF851, 2, 3 excited levels to theF52
level of the ground state. An additional frequency—the
pumping frequency—is in fact needed to prevent the opt
pumping of theF52 ground-state level, and the contrib
tions to the force arising from this latter radiation may
relevant. Such an analysis of the trapping dynamics has
ready been experimentally performed and theoretically s
ied using a numerical model for a 3D sodium MOT@14#. The
model is indeed applicable also to the other alkali-metal
oms. It takes into consideration all the possible transitio
between statesS1/2, P1/2, andP3/2 as well as the level mix-
ing due to magnetic field.

This numerical model has been applied also to the an
sis of theF51→F850 trap. In Fig. 5 the decay rates of th
F850 level into theM50,61, F51 states as a function o
the magnetic field magnitude are shown, while in Fig. 6
decay rates are plotted of theF851, M 850 state to theF
51 andF52 states. A direct comparison of Figs. 5 and
shows the opposite sign of theH field effect on the sponta
neous decay rates ofF850, M50 andF851, M50 to the
F51, M561 ground states.

The acceleration produced by the confining forces, ca
lated for the different transitions, and the net acceleration
reported in Fig. 7 as a function of the frequency detuning
the laser. The laser is on resonance with theD2 line and the
accelerations are calculated for a 1 Gauss magnetic fi

FIG. 5. The spontaneous decay rates of theF850 state to the
Zeeman sublevelsM521 (G21), M50 (G0), and M51 (G11)
of the F51 state.
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This is a typical value in our experiment, whereH8>10
Gauss/cm, and the trap size is of the order
2 – 3 mm. The repumping laser is assumed to be in resona
with theF52→F852 transition of theD1 line ~see Fig. 3!.
The negative values of the acceleration correspond to c
fining forces, and positive values correspond to repell
forces. Figure 7 shows that two of the forces coming fro
theF51→F850, transitions are confining forces, while th
force coming from theF51→F851 transition is repelling.

The largest acceleration is mainly due to theF51→F8
50 transition and it is in theV,2100 MHz detuning re-
gion ~we have set theV50 detuning to correspond to th
energy separation between the two statesF51 andF853).
There is another region that corresponds to the280 MHz
,V,260 MHz detuning, where a confining force exist
but the trap for that detuning range is not efficient beca
the resulting capture velocity is not large enough.

It is important to stress that, as already stated in@14#, the
repumping laser may play an important role in determin
the force, and in some cases also its detuning is a cru

FIG. 6. Spontaneous decay rates of theF851, M 850 state to
theM521 (G21), M50 (G0), andM51 (G11) Zeeman sublev-
els of theF51 state~solid lines! and of theF52 state~dashed
lines! as a function of the magnetic field intensity.

FIG. 7. Total confining acceleration~dashed line! and accelera-
tions due to the forces coming from the different transitions. T
values are calculated for 1 GaussH field. The zero detuning is set a
the frequency corresponding theF51↔F853 energy separation.
2-6
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parameter. In our experiment, by tuning the repumping la
to the D1 transition, we have obtained trapping conditio
with the repump frequency tuned both toF52→ 2P1/2, F8
51 and toF52→ 2P1/2, F852 transitions. As the Lande´
factors of the two hyperfine levels of the2P1/2 have opposite
sign (gF851521/6, gF852511/6), the repumping lase
contribution to the force is alternatively confining or repe
ling. Thus our experiment definitely demonstrates that
confining force is actually given by the mixing force.

D. The cooling force: a multiple line contribution

As we have already pointed out in the Introduction, it
possible that differences exist between the origin of the sl
ing and of the confining forces. In particular, when the at
is characterized by close-spaced levels in the hyperfine s
tures, the slowing force can be determined by one or m
atomic transitions. It is also possible that these transitio
even if playing a relevant role in the slowing process, do
contribute at all to the confining force. As we have show
this latter can be even related to a different mechanism,
in particular to the breaking of spontaneous-emission s
metry induced by level mixing.

A detailed description of the roles played by slowing a
confining forces involved in the dynamics of trap loading c
be obtained by calculating the forces along atomic trajec
ries. It is possible to point out how several force compone
originating from different mechanisms and different atom
transitions, work during a capture process.

In Fig. 8 we show the acceleration of a single atom en
ing the trap region atz520.5 cm and being stopped atz
50.5 cm. The laser detuning isV52110 MHz, which cor-
responds to the maximum confining force produced in
F51→F850 mixing scheme. This figure demonstrates th
during almost the whole path of the atom in the trap regi
the main role in slowing down its velocity is played by th
force originating from theF51→ 2P3/2, F852 transition.
With respect to this transition the laser is quite red-detun
so that it gives relevant contribution as long as the atom
a large velocity. Only at the end of this path, when the at

FIG. 8. Total acceleration slowing down the atomic veloc
~dashed line! and partial contributions coming from the differe
transitions as a function of the position in the trap. The atom en
the trap atz50.5 cm and it is stopped atz>10.5 cm. A field
gradient equal toH8510 Gauss/cm is considered.
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has already lost the main part of its kinetic energy, and
Doppler effect is hence decreased, do the forces coming f
the F51→F850, 1 transitions begin to play an importan
role.

This peculiar multiple-line cooling force reproduce
thanks to the hyperfine atomic structure, a broadband coo
mechanism which is in some sense quite similar to the
proposed and tested in Refs.@15,16#. In that case a multiple-
frequency laser radiation was used whereas a single tra
tion of the atomic or ionic system was involved.

III. EXPERIMENTAL RESULTS AND COMPARISON
WITH NUMERICAL SIMULATION

Our MOT operates in a spherical glass cell~diameter
about 15 cm! with six optical windows placed along right
angle directions; four extra windows are also available
diagnostics. The cell is connected to an ion pump and t
sodium reservoir that can be heated up to produce a suit
vapor density. The residual background pressure limits
trap lifetime to aboutt>2 s.

A pair of coils in the anti-Helmoltz configuration give
the requested quadrupole magnetic field with a field grad
of the order of 10 Gauss/cm. Compensating coils are use
eliminate the spurious magnetic fields.

Two independent Ar1-pumped ring dye lasers genera
the trapping and the repumping frequencies. The availab
of two independent laser sources instead of a single la
coupled to an electro-optical modulator~as used by other
groups @1#! gives us the possibility of tuning the two fre
quencies to two different fine-structure levels. This is a r
evant feature that allowed us to clearly discriminate the c
tribution to the force coming from the two frequencie
and—as stated above—to demonstrate that only theD2 , F
51→F850 through the level-mixing effect is actually re
sponsible for the trap stability.

The two laser beams are about 1.2 cm in diameter at
trap level; they are overlapped and split in three parts al
three orthogonal axes. Three mirrors reflect back the la
beams in each arm of the trap. Suitablel/4 plates provide
the propers polarization to the six beams crossing in th
trap center. TheF51→F850 trap is produced keeping th
laser beams with the same circular polarization as for ‘‘st
dard’’ F52→F853 traps, and this is in agreement with th
theoretical prediction.

Both lasers are actively stabilized to thermostatted opt
cavities, allowing for a frequency stability of a few MH
over several minutes. Two sodium reference cells are use
set and monitor the laser frequencies with the satura
spectroscopy technique. Namely, the saturation spectros
signals are acquired simultaneously with the trap fluor
cence during the frequency scan, so that accurate frequ
calibration of the scanned laser is available.

The number of trapped atoms can be estimated by m
suring the induced fluorescence. charge-coupled de
~CCD! cameras allow us to monitor the cloud shape and s
so that the atomic density can be estimated, as well.

The trapping laser~TL! is on resonance with theD2 line.
Its frequency is scanned across theF51→F850, 1, 2 tran-

rs
2-7
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sitions. The repumping laser~RL! is kept on resonance with
either theF52→F852 or theF52→F851 transitions of
the D1 line. The fluorescence intensity of the trap is me
sured as a function of the trapping laser detuning and a t
cal result is shown in Fig. 9 where the saturation spectr
copy signal is also reported, allowing for an absolu
calibration of the laser frequency. This figure clearly demo
strates the existence of the trap for the trapping laser
quency corresponding to theF51→F850 transition. This
trap can be observed when the repumping laser frequen
on resonance either with theF52→F852 transition or with
the F52→F851 one of theD1line. This definitely demon-
strates that the trap confinement is not due to the repum
radiation. In fact, the Lande´ factors of theF851 and F8
52 levels of theP1/2 state have opposite signs, name
gF852.0, gF851,0 @17#. Therefore, should the trap con
finement be attained thanks to the repumping laser, the
would exist only for one of the repumping frequencies wh
it would be unstable for the other one. The fact instead t
the trap exists for both repumping frequencies proves that
confining force is effectively due to theD2 line and it comes
from theF51→F850 transition.

The trap intensities for the two repumping frequenc
differ from each other approximately by about a factor 3. T
results of the numerical simulation by the trap model d
scribed in Ref.@14# are shown in Fig. 10. The frequenc
position of the trapping region is in perfect agreement w
the experimental results, while a slight difference appear
the spectral width of the trap, which is narrower in the e
perimental results than in the calculation. Moreover, a qu
titative agreement is observed in the relative intensities of
two traps obtained by setting the repumping frequency on
F52→ 2P1/2, F51 or on theF52→ 2P1/2, F52.

IV. CONCLUSION

In this paper we presented a trapping mechanism in
dium MOT. Differing from the traditional schemes of con

FIG. 9. Experimental signals showing the nonlinear spectr
copy of the trapping laser~curve a); the fluorescence intensity o
the trap as a function of the trapping laser frequency scann
across the 2S1/2, F51→ 2P3/2, F850,1,2 lines when the repump
ing frequency is tuned toD1 line, namely to2S1/2, F51→ 2P1/2,
F851 ~curveb) and 2S1/2, F51→ 2P1/2, F852 ~curvec).
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finement where Zeeman shifting of magnetic sublevels
exploited, in our model the mechanism producing the c
finement is the result of the spontaneous decay asymmet
excited states induced by magnetic field level mixing. T
experimental evidence of this trapping scheme is reali
with the F51→F850 transition of theD2 line of sodium.
The detailed description of such a trap demanded a c
separation between the damping force and the confin
force, because they originate from different transitions. A
further peculiarity, the damping force is determined by
multiple line interaction, involving three hyperfine states
the excited level. This is somehow a complementary sche
to the broad band laser cooling, where multiple line la
radiation is used to cool down atoms or ions tuning the f
quency to one given transition, in a way already tested
proposed also by our group.
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APPENDIX

We start from the quantum equation for a Wigner functi
r(p,z), depending on particle impulsep and coordinatez:

]r

]t
1Ĝr1

i

\
ei\ŵ/2~Hr2rH !50, ~A1!

whereH is the Hamiltonian of the system under conside

ation, Ĝ is the relaxation operator, andŵ is the Poisson
brackets operator, which acts as

-

g

FIG. 10. Calculated trap fluorescence as a function of trapp
laser detuning. The repumping laser is in resonance withF52
→F852 ~solid line! andF52→F851 ~dotted line! transitions of
the D1 line. A direct comparison with Fig. 9 is possible.
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ŵAB5
]

]z
A

]

]p
B2

]

]p
A

]

]z
B.

For a L system with an excited stateu0& and two ground
statesu21& and u11&, the Hamiltonian has the form

H5
p2

2m
1H0u0&^0u1H21u21&^21u1H11u11&^11u1V,

whereH0 , H21, andH11 are the energies of correspondin
states andV is the potential of the external perturbation.

Let us consider the interaction of a particle with tw
counterpropagating waves

E5E1eikz1E2e2 ikz,

where the waveE1 induces transition between statesu21&
and u0& and the waveE2 induces transition from theu11&
state to theu0& state. In this case only the potential matr
elementsV2105V021* andV1105V011* are nonzero and

V110;eikz, V210;e2 ikz.

For the matrix elementsr00, r2121 , andr1111, describing
the populations of levelsu0&, u21&, andu11&, respectively,
from Eq. ~A1! we obtain equations

]

]t
r001

p

m

]

]z
r001Gr001

i

\
e2(\k/2)(]/]p)

3@V021r2102V210r021#1
i

\
e(\k/2)(]/]p)

3@V011r1102V110r011#50, ~A2!

]

]t
r21211

p

m

]

]z
r21212G21r002

i

\
e(\k/2)(]/]p)

3@V021r2102V210r021#50, ~A3!
rd

or
et

-

n,

C

02341
]

]t
r11111

p

m

]

]z
r11112G11r00

2
i

\
e2(\k/2)(]/]p)@V011r1102V110r011#50.

~A4!

HereG11 andG21 are rates of spontaneous decay of exci
stateu0& into the ground statesu11& andu21&, respectively,
so that the global decay rate isG5G211G11. Summing
Eqs.~A2!, ~A3!, and~A4! we obtain an equation for the tota
density of atomsr5r001r21211r1111

]

]t
r1

p

m

]

]z
r1

i

\
~e2~\k/2!~]/]p!2e~\k/2!~]/]p!!

3@V021r2102V210r021

2V011r1101V110r011#50. ~A5!

From Eqs.~A3! and ~A4! in the steady-state condition
follows

V021r2102V210r0215 i\e2(\k/2)(]/]p)G21r00, ~A6!

V011r1102V110r0115 i\e(\k/2)(]/]p)G11r00. ~A7!

Using these expressions and keeping only terms of first o
in k, from Eq. ~A5! can be obtained

]

]t
r1

p

m

]

]z
r1~G212G11!\k

]

]p
r0050. ~A8!
a
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