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Magneto-optical trap operating on a magnetically induced level-mixing effect
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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 on48g,@ =1)—32P,(F'=0) 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 the=2 state usingD, 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.
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[. INTRODUCTION finement forces are presented in Fig&)Jland Xb), respec-
tively, for an idealJ=0—J'=1 two-level atom. Both the
Magneto-optical trap@MOT'’s) allow for efficient cooling  slowing force(due to the Doppler effegiand the confining
and trapping of neutral atoms. They have been in worldwiddorce (due in this case only to the Zeeman shift of the mag-
use since the 19804], giving spectacular results, by prod- netic sublevels result from the interaction of red-detuned
ucts and applicationf2]. But we want to stress that even and circularly polarized light radiation with a given optical
extensively checked systengsee, e.g.[1,3-5), as for ex- atomic transition.
ample the sodium magneto-optical traps, may deserve further However, in the presence of a closely spaced multilevel
investigation as a consequence of interesting and unexscheme(as in the hyperfine structure of tiy, state of the
plained features. Li, Na, and K alkali metals the situation may significantly
The MOT efficiency is determined by the cooling rate andchange. The effective slowing force may be produced in this
by the strength of the atomic confinement in the trap regioncase by the interaction of light with one or more atomic
Usually three pairs of red detuned and equally intense couriransitions, whereas the confining force may originate from
terpropagating laser beams are used to slow down the atongne of these same transitions, or even from another one. If
Thanks to the Doppler effect, moving atoms absorb mordhis is the case, it may happen that the two forces do not
photons from the counterpropagating beam than from tha&vork properly and the trapping condition is not achieved.
copropagating one. Because of that, a slowing force—due to A detailed analysis of the level structure involved in both
the recoil effect—arises. Actually, this is the basic mechathe cooling and confining forces is then needed in order to
nism of the so-called “optical molasse§3]. In optical mo-  evaluate the trapping efficiency. In particular, the role of the
lasses atoms are slowed in the whole volume enlightened b§eeman pumping has to be carefully reconsidered. In fact, in
the laser beams but they are not confined or collected in the usual theoretical interpretation, Zeeman pumping pre-
given region. vents trapping with transitions having the total angular mo-
Using the spatially inhomogeneous magnetic field solvegnentum smaller in the excited level than in the ground level.
this latter problem. The magnetic field shifts the Zeeman

sublevels that depend on the magnetic quantum nurkber a) b)
and in the configuration of two counterpropagating beams, ug'H
with ¢=+1 ando=—1 polarization, a position-dependent =Uoew T T T

net force arises. Since a magnetic field gradient exists along
all the three beam axes, the position-dependent net force is
toward the center, provided that the sign of the magnetic field  @+kv o—kv o) ®
gradient is suitably set, with respect to the polarization of the
beams. In this sense the Zeeman effect produces the confine-
ment force required to make the trap stable.

The qualitative pictures of the arising slowing and con- - =0 -

FIG. 1. Resonance conditions responsible for the slowing force
due to the Doppler effedl) and of the confining force due to the

*Permanent address: Institute for Automation and ElectrometryZzeeman level shiftb) in a J=0—J=1 transition.kv and ug'H

Novosibirsk 630090, Russia. are the Doppler shift and the Zeeman shift, respectively.
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The traditional MOT scheme works in fact for ardy of the unexpectec=1—F’=0 trap. In the following, the
—Je=Jg+1 transition: atoms scattering mainly from the presence of a second laser frequefi®pumping radiation
o=+1 laser beam will be optically pumped toward theis considered and its contribution to the force is analyzed.
Mgy=+Jq4 substate, which forms a closed system with theFinally, the effects of the hyperfine structure of the sodium
M= +J. substate. On the contrary, a worse trapping condi€xcited states is considered and a peculiar multi line cooling
tion or even no trapping at all should be obtained fal;a process is discussed.

—Je=Jg—1 transition and in particular for the?S,(F

=1)— 32P3,2(F’:O) sodium transitior{in this case, due to A. The confining force in the case of the “traditional” scheme:
the hyperfine structurés is the actual total angular momen- Fzeeman

tum to be considergdIn fact, as will be thoroughly dis- | ot ys first reiterate how the confinement force arises in
cussed in the following, in the steady-state condition thgne traditional schemgL]. For simplicity we consider a two-
Zeeman sublevel populations of the ground state get Va'“.efbvel atom with al=0—J’ =1 optical transition interacting
making the number of absorbed photons from the respectivgis, o counterpropagating waves having equal intensities
sublevel equal to the number of atoms decaying from the\ny opposite circular polarization, respectivdlsee Fig.
exc_lte_d state to Fhat_spemflc sublevel. As a consequence Ny \we restrict our analysis to the weak light intensity
radiation force will arise unless an asymmetry in the decay tQ q0 5o that the excited state=1 can be assumed to be
the ground-state Zeeman sublevels exists. much less populated than the ground sfated. The number

On the_ contrary, vze shov,v_and disc_gss in t_he following & photons absorbed per unit time by a slowed atom from the
trap working on thé==1—F'=0 transition. This same trap two waves having opposite circular polarization is
was observed a few years ago by Shaal. [6]. They

related the observation to tHe=1—F'=1 transition be- rag2
cause they observed it even on the blue wing of fhel R,= 5 - > D
—F’'=0 line profile. In this paper we give a completely (L2 +(Q—opg'HiR)

ifferent interpretation and w monstrate that n nfine- . ,
?neiteforceeis %r%d%csd dbyethdée: E—S>F’:el ?ran(s)it(i:((a)n CWhere the indexr (with the valuesr= = 1) refers to the two

while a confinement force can be obtained even on the quQOIa”Za.‘t'qn cor_nponentﬂ is the frequency detunlr_lg of la- .
side of theF =1—F' =0 transition. The origin of this force Ser radiation with respect to the center of the optical transi-

o . i . ._tion; I' is the rate of the spontaneous decay of the excited
Iﬁse:g a peculiar level-mixing effect induced by the m‘fj\gnencstate;G=Ed/h is the Rabi frequency, i.e., the cycling rate

between the two levelsy is the Bohr magnetorng’ is the
ndefactor of the excited state; arid is the amplitude of
Ihe magnetic field. As the absorbed photons are isotropically

them in the zero-field trap center. Such an analysis is no‘?m'tt.ed by spontaneous emission, thg recoil due .to the ab-
uncommon in literature, but we use it to show in an easiepOrPtion produces an averagéR, slowing force acting on

way the peculiarity of a multiple-line contribution to the the atoms along the direction of propagation of the wave. If

damping force. At the same time, the distinction between thé\he magnetic field is nonzero, the unbalanced for(;e acting on
two forces allows us to introduce the theoretical schemélowed atoms due to counterpropagating waves is

where the confining force produced by the level-mixing ef-
fect is fully explained.

In our theoretical description of the MOT dynamics, we
analyze independently the damping force, that is necessary
slow down the atoms, and the spring force which confine

Fzeemar= AK(R 1 —R_7)

1
(T'12)2+ (Q— ug'HIk)?

— 2
Il. THEORY -

The theory of the mechanism that produces the confine-
ment force for theF=1—F’'=0 optical transition in the _ 1
sodiumD,, line is presented here. This theory can be ex- (T'12)%2+(Q+ ug'HI%)?
tended to other atomic species with a similar level scheme.
The calculation reported in this section extracts the mosin the three-dimensional case, such a force is present in any
relevant features of the involved phenomena, allowing for goint along all the directions with the exception of the trap
direct physical understanding. They are performed on theenter, where both andF..manare equal to zero.
basis of the perturbation theory, even if such an approxima- Let us consider for simplicity one arbitrary beam direction
tion is not strictly necessary. Indeed, a numerical approachnd let us refer to it as theaxis. This is not a real restriction
can be also profitably used, and actually a more precise, nie a one-dimensionglLD) model and the formalism can be
merical computation is considered in the following where theeasily extended to the three-dimensio(2D) case.
experimental results are discussed and compared to the the- The z component of the quadrupole magnetic field pro-
oretical predictions. duced by a pair of anti-Helmholtz coils for small valueszof

We first discuss the main features of the force arising ini.e., close to the trap center can be represented in the form
the traditional scheme, which is induced by the Zeeman shifd (z) =H’z, whereH' =dH,/dz|,_, is the gradient of the
of the level. The force induced by the mixing effect is thenmagnetic field in the trap center. Therefore, as soon as the
described, and it is shown that it accounts for the observatioatom moves away from the trap center, it is affected by a

. 2
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FIG. 2. The acceleration induced on Na atomsH®cmanas F=1
expressed in Eq3) is plotted by the solid curve. The dashed curve D, D,
allows a direct comparison with the acceleration induéggl,q as 589.592nm  588.995nm

calculated using Eq15). Both forces are evaluated f@&=1 MHz

FIG. 3. The 3 and 3P level structure of sodium with a sketch
andH=1 Gauss.

of the laser-induced transitions used in the experiment. RL is the
repumping laser; TL is the trapping laser. The energy separation

nonzero magnetic field and it undergoes the fa@ewhich  peyyeen the levels is expressed in frequency units.

for small z is approximated by

ground statd7,8]. Therefore, in the steady-state regime, at-

4kGTQ oms should absorb equal numbers of photons fromothe

oz gmeireHZ 3 +1 ande=—1 polarized tively. A .
[(T/2)2+ Q]2 +1 ando polarized waves, respectively. As a conse

quence, the total force coming from each couple of counter-
For red detuning ¢ <0) and positive magnetic field gradi- Propagating waves would vanish, independently of their de-
ent (H'>0) this force works as a confining force. It is im- tunings and intensities. Actually, as described [BJ, a
portant to note some relevant features of this force as a fundeculiar cooling effect may originate in systems, due to
tion of the detuningF..manvanishes at exact resonance; it atom diffusion in the impulse space, which brings atoms in a
changes its sign depending on the detuning sign; it achievedark state where they are stored at very low temperature.
its maximum absolute value &|=T/(2,3); it decreases Neverthe!ess sgch a mechanism is not related.to a regular
asQ 2 at large detunings. These features are sketched in tH€rce, which actively slows down the atoms, and it cannot be
plot represented in Fig. 2, where the solid line is the plot ofconsidered a driving system for the MOT.

Fzeemai™

the acceleration of Na atoms subjected to the fdB)eas a In spite of these strict theoretical considerations, traps op-
function of the detuning; the meaning of the dashed plot i€rating with sodium in th&=1—F"=0 have been experi-
explained in the Sec. IIB. mentally observed both by us and by Shaal. [6]. Here
we show that different phenomena need to be taken into
B. The confining force working in the case of theF =1—F accqunt, for a correct interpretation of these observati_ons.
=0 transition: F pixing First of all, the two-level model considered above is not

valid in the case of sodium as well as of some other alkali

Let us now consider how the confining force arises usingmetals because the hyperfine levels of the excited &tgte
radiation in resonance with theé=1—F’=0 transition of  are closely spaced with each other and even moderate mag-
theD; line in Na. The structure of the hyperfine levels of the netic fields can induce considerable mixing among them. We
ground Sy, and excitedPy;;, Pgp, states for sodium is  show that this mixing destroys the symmetry of spontaneous
sketched in Fig. 3, reporting the most relevant parameters. Hecay from the excited state to the Zeeman sublevels of the
is important to point out that, if we neglect the presence ofground state, allowing for the inset of an unbalance in the
other hyperfine levels and we consider a two-level atom onlyapsorption ofer=+1 ando=—1 photons. Moreover, it is
involving the F=1—F’=0 transition, we do not get any very important to remark that this unbalance is only related
confining force. In fact, due to optical pumping into the  to the sign of the magnetic field, so that no red detuning is
=0 Zeeman sublevel of the ground state, this system woul@leeded for producing the confining force by means of this
no longer interact with the two circularly polarized waves. mechanism.
Actually, such a 1D analysis is not suitable for a good de- We want also to stress that this force may only act on
scription of the MOT, as the other orthogonal laser beamgonfining atoms whose velocity has been already slowed
prevent such an optical pumping to the=0 sublevel. Nev-  down. In fact, such a force cannot be used for the slowing
ertheless, even if such an optical pumping to Fel, M process, because it does not depend on the atom velocity.
=0 is prevented, th& =1—F'=0 transition would not be This statement points out an important difference from the
a driving system, because the excited state has equal proBeeman force. In fact it comes out from the scheme in Fig. 1
abilities to decay into th1=—1 andM = +1 levels of the that the Zeeman force confines the slowed atoms, but it also
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F=1 — for nondiagonal matrix elements of the interaction potential,
where|F,M) are eigenfunctions of the total angular momen-
tum. On the basis of the perturbation theory the stationary
states result

F=
Vio
r., |F’=1,M’:O)H=|F’:1,M’=O>+E|F’=O,M’=0),
h ®)
AN O M =0y E =0 M =0y YOl s e
LN |[F'=0,M'=0)y=|F'=0,M _0>_E|F =1,M'=0),
A
=1 “a 'y where the indexH denotes that these are the new stationary

M=- M=0 M=+1 states for the nonzero magnetic field.

FIG. 4. Sketch of the double three-levklsystem considered in Using these new wave functions we de_:nve the matnx
the model. The two straight arrows represent the laser excitation‘?Ier,nemS of the dipole moment for the transitions connecting
the broken arrows give the decay by spontaneous emission; tHeXCited states to ground statq$(F’_,M’|dU|F,M>, where
circle represents the mixing between the tMo=0 levels of the  d. IS @ circular component of the dipole vector. As a conse-
excited states. ThE =, are the decay rates, whose differences arequence of Eq(6), thed, matrix elements are
represented in terms of the thickness of the broken arrows.

provides a damping effect slowing down their velocity. H(F’=0,M"=0[d,|F=1, M)

The nature of thé&'=0 decay symmetry breaking has an =(F'=0,M’'=0|d,|F=1, M)
analogy with an alignment-orientation conversion phenom-
enon. This latter was already known and studied for alkali- Vio,_, , _
metal atoms(see, e.g.[9] and [10]). The origin of these _E“: =1,M"=0ld,[F=1, M),
phenomena lays on a joint action of the magnetic field and of 7
the hyperfine interaction.

Let us consider a three-level at_om modelg. 4) havmg WF'=1,M'=0|d,|F=1, M)
one ground staté&=1 and two slightly separated excited
levelsF'=0 andF’'=1 (we neglect for simplicity theF’ =(F'=1,M'=0|d |F=1, M)
=2 andF’=3 levels. In the system of coordinates with the Vv
z axis directed along the magnetic field, the operator of the + _°1<|:r:0 M’=0|d,|F=1,M)
electron interaction with the magnetic field is AE ’ 7 T

V=ug'Hl,, 4
where, according to the selection rules, the matrix elements
R are nonzero only iM=—o¢.
where J, is the operator of the component of the total It is important to remark here that, due to the properties of
electron angular momentum. Let us consider the case dhe Clebsh-Gordan coefficients, th&'=0, M’'=0|d,|F
weak magnetic field, so that the potential is much smaller=1, M= —¢) matrix elements are symmetric and t{fe’
than the zero-field energy splittingE between the='=0 =1, M’'=0|d,/F=1,M=—o) ones are antisymmetric with
andF’ =1 states and the ordinary perturbation theory can beespect to thes— — o replacement. Therefore, the matrix
applied. Otherwise, the secular equation should be solved, &ements(7), due toF’'=1+F’'=0 level mixing, become
in the Paschen-Back approach. Moreover, we will neglect thesymmetric for nonzero magnetic field. Since the spontane-
terms ofH? order and, in particular, the energy shift of the ous decay of the excited stafe,M’'=0 into ground state
M’=0 levels. F.,M is
Due to the selection rules, the nondiagonal matrix element

of the interaction potential is nonzero only fbt'=0 sub-
levels ofF'=0 andF' =1 states. In other words, the mixing T'y=I(F',M'=0—F,M)=|(F',M’'=0[d_y|F,M)J?,
is possible only between tHd’ =0 sublevels. We introduce (8
the following notation:

. this asymmetry induces an asymmetry in the spontaneous
Vio=(F'=1,M'=0|V|F'=0,M'=0), Vgu=V7i, decay of the excited states. The direct calculafiti] for the
(5)  case of the N&;,,— P, transition gives
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Landefactor for the ground state. If we consider the case of

d
(F'=0,M'=0[d_y|F=1M)=(-1)} M—, low radiation intensity and any atom displacement from the
2\3 trap center so that
VJ5d T2
F'=1,M'=0/d_y|F=1M)=—(-1)1"M—m, (— +0%>G? 14
{ jd_w| )=m -y on V|5 (14)
9
© and take into account only the terms that are linear with
5 respect taH, from Egs.(10), (12), and(13) we obtain
V102V01:7M9'H’
B 5ug’'H TI'G2
whered is the reduced matrix element of the dipole moment Fmixing= ~ 3 AE (T/2)2+0?’ (15)

for the transitionS;,— P5,. Using Eqs.(7)—(9) the sponta-

neous decay rate of the staf€=0,M’=0 into statesF  while in the other limit, opposite to Eq14), we would get
=1M results in for the confining force

r 5ug’'H |2 / 2
F'u=5% 1+ 29 (10 [=H—— k?M(,u,gH)
3 4 AE mixing 3 AE G2

(16)

Now we can evaluate the confining force as it arises for_ L i 3
the F=1—F'=0 transition. For simplicity, instead of the This latter quantity is proportlonal_ te> and hence such a
quantum system shown in Fig. 4, we consider a three-lavel force can work only in a small region very close to the trap
system, by ignoring the Zeeman subleliel=1, M =0) of center. In this paper we consider conditions when f¢E
the ground state. This is allowed, because the optical pumgL2] can be applied. _ . .
ing in that level is prevented by the orthogonal laser beams, The accelgratlon induced on sodl_um atoms by this force is
which actually exist in the MOT even if they do not contrib- represente_d in the dashed plot of Fig. 2. The_ plot, as well as
ute directly to establish the force in tlzedirection. the analysis of Eq(15), clearly shows the differences be--
For such aA system one can obtain the equation for tween the mixing force and the Z_eem_an fo_rce, expresse_zd in
motion (see Appendix Eq. (3). Fiixing does not change its sign with the detuning
sign; it achieves its maximum value at zero detuning and
d p d d decreases a) 2 for large detunings. It is interesting to
P m EF""(F—l_FH)ﬁk%POO: 0. (1D make a comparison between E¢3) and (15) calculated at
the detunings corresponding to the maxima of the two forces.
Herep is the atom density angy, is the density of atoms in  The two detunings argQ|=T/(23) for F,eemanand | Q]|
the excited state. The last term in EQ1l) describes the =0 for Fmixing, respectively. The result shows that the typi-
dynamics of an atom due to radiation force, which is clearlycal relative intensities oF ;oemanand Fmixing fOrces are re-
vanishing forl’_,;=T"_ 4, as first stated ifi7]. Such a radia- |ated according to
tion force is proportional to the population of atoms in the

excited state. If we indicate by=py,/p the fraction of at- _ Al
oms in the excited state, the force value results Fmixing™ EFZeeman
F=hk(I'-1—T.y)s. (12) A sodium atom in theP,, state has'=10 MHz and

This equation clearly shows that such a confining force origiAE/% =16 MHz, so that the two forces have the same order

nates from the asymmetry in the spontaneous decay of tHf magnitude. The two forces have the same sign for red
excited staté=’ =0, which in turn is due to the mixing in- detuning €2<0), while the Zeeman force changes it sign for

duced by the magnetic field. blue detuning.

To obtain the explicit expression for the valuesofie can It turns out from Eq(7) that the asymmetry of spontane-
use the results of12] and[13]. Applying these results for 0us decay of thé1’=0, F’'=1 excited level is opposite the
our case we find one of theM'=0, F'=0 state. Therefore, the force coming

from theF=1—F'=1 transition has the opposite sign with
S respect to the force coming from the=1—F'=0 transi-
5 tion. It follows that if the polarization of the counter-
_ G propagating waves and the sign of the magnetic field gradi-
T2 G* I',—T',, G2 ent are set in such a way to make tlfe=1—F'=0
= +02+G%+ wﬁ+—2+ T( wy— —) transition responsible for a confining force, then the 1
@y “H —F'"=1 transition produces a repelling force.

X0, (13) Therefore, with such a choice of polarization and mag-
netic field gradient, the total force produced by the two tran-

where G and () are Rabi frequency and detuning, respec-sitions confines the atoms for detuning near resonance with a
tively, wy=ugH is the Larmor frequency, and is the F=1—F’=0 transition, it vanishes at some intermediate
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FIG. 5. The spontaneous decay rates of Bie=0 state to the
Zeeman sublevelM=—1 (I'_;), M=0 (T'p), andM=1 (T',,) FIG. 6. Spontaneous decay rates of Bfe=1, M’ =0 state to
of the F=1 state. theM=-1 (T'_;), M=0 (I'g), andM =1 (", ;) Zeeman sublev-

els of theF=1 state(solid lineg and of theF=2 state(dashed

frequency, and eventually it repels atoms when the frequend§nes) as a function of the magnetic field intensity.
is set closer to the resonance with B 1—F'=1 transi- o ) . .
tion. This is a typical value in our experiment, whek =10

In reality, the picture is even more complicated because ofauss/cm, and the trap size is of the order of
the otherF’ = 2,3 levels of the hyperfine manifold of ti, 2_—3 mm. The repumping Iq;er is assumgd to bein resonance
state of Na. For instance, thie=1—F'=2 transition gives ~With theF=2—F"'=2 transition of theD, line (see Fig. 3
a confining force with the same signs as he 1F'=0  The negative values of the acceleration correspond to con-
transition. Anyway, due to the larger energy separation of thdining forces, and positive values correspond to repelling

F’'=2, 3 states, they produce only slight corrections on thdorces. Figure 7 shows that two of the forces coming from
final value ofF pixing- theF=1—F'=0, transitions are confining forces, while the

force coming from thé==1—F'=1 transition is repelling.
The largest acceleration is mainly due to the 1—F'’

=0 transition and it is in th&€)<—100 MHz detuning re-
This analysis must be completed by taking into accoungjon (we have set th&€)=0 detuning to correspond to the

the level structure of the ground state and the decay rate @&hergy separation between the two st&tesl andF'=3).

the atoms from thé='=1, 2, 3 excited levels to thE=2  There is another region that corresponds to #80 MHz

level of the ground state. An additional frequency—the re-< ()< —60 MHz detuning, where a confining force exists;

pumping frequency—is in fact needed to prevent the opticahyt the trap for that detuning range is not efficient because

pumping of theF =2 ground-state level, and the contribu- the resulting capture velocity is not large enough.

tions to the force ariSing from this latter radiation may be Itis important to stress that, as a|ready Stateﬂ]_iﬁ, the

relevant. Such an analysis of the trapping dynamics has atepumping laser may play an important role in determining

ready been experimentally performed and theoretically studthe force, and in some cases also its detuning is a crucial
ied using a numerical model for a 3D sodium MQIH®]. The

model is indeed applicable also to the other alkali-metal at-

C. Role of the repumping frequency in the trap dynamics

i ) ; . o 2x10°
oms. It takes into consideration all the possible transitions ]
between stateS,,, Py, andP3, as well as the level mix-  ~ 4,404
ing due to magnetic field. s ]

This numerical model has been applied also to the analy-< 0
sis of theF=1—F'=0 trap. In Fig. 5 the decay rates of the §
F’'=0 level into theM =0,+1, F=1 states as a function of § -1x10°-
the magnetic field magnitude are shown, while in Fig. 6 theg 1
decay rates are plotted of tffd =1, M’ =0 state to the- < -2x10°
=1 andF=2 states. A direct comparison of Figs. 5 and 6 1
shows the opposite sign of th¢ field effect on the sponta- -3x10°1

neous decay rates & =0, M=0 andF’'=1, M=0 to the
F=1, M==*1 ground states.

The acceleration produced by the confining forces, calcu-
lated for the different transitions, and the net acceleration are FiG. 7. Total confining acceleratioiashed lingand accelera-
reported in Fig. 7 as a function of the frequency detuning ofions due to the forces coming from the different transitions. The
the laser. The laser is on resonance with[Eheline and the  values are calculated for 1 Gausdield. The zero detuning is set at
accelerations are calculated for a 1 Gauss magnetic fieldne frequency corresponding tife= 1<~ F’' =3 energy separation.

T L} L}
-150 -100 -50 0
Detuning of the Trapping Laser (MHz)
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has already lost the main part of its kinetic energy, and the
0.0 | . X
_ Doppler effect is hence decreased, do the forces coming from
o the F=1—F'=0, 1 transitions begin to play an important
£ .4.0x10° -
g =X role.
§ \ This peculiar multiple-line cooling force reproduces,
g ~8.0:10" 1 thanks to the hyperfine atomic structure, a broadband cooling
Tg mechanism which is in some sense quite similar to the one
< -1.2x107 proposed and tested in Ref45,16. In that case a multiple-
frequency laser radiation was used whereas a single transi-
-1.6x10" - ' tion of the atomic or ionic system was involved.
-0.6 -0I.4 -0I.2 0:0 0:2 0:4 0:6

Position (cm) IIl. EXPERIMENTAL RESULTS AND COMPARISON

WITH NUMERICAL SIMULATION
FIG. 8. Total acceleration slowing down the atomic velocity

(dashed ling and partial contributions coming from the different ~ Our MOT operates in a spherical glass cadiameter
transitions as a function of the position in the trap. The atom enter@bout 15 cm with six optical windows placed along right-
the trap atz=0.5 cm and it is stopped at=+0.5 cm. A field angle directions; four extra windows are also available for
gradient equal t¢4’ =10 Gauss/cm is considered. diagnostics. The cell is connected to an ion pump and to a
sodium reservoir that can be heated up to produce a suitable
eyapor density. The residual background pressure limits the
trap lifetime to about=2 s.

A pair of coils in the anti-Helmoltz configuration gives
the requested quadrupole magnetic field with a field gradient
of the order of 10 Gauss/cm. Compensating coils are used to

parameter. In our experiment, by tuning the repumping las
to the D, transition, we have obtained trapping conditions
with the repump frequency tuned both Fe=2— 2P;,, F’

=1 and toF=2— 2P,;,, F'=2 transitions. As the Lande
factors of the two hyperfine levels of tH®,,, have opposite eliminate the spurious magnetic fields.

SIgN @r-1=~1/6, gpr—=+1/6), the repumping laser "y, injenendent Af-pumped ring dye lasers generate

I?r?nm'll?ﬁggnohor tgf (f—:-(:irr(];?arﬁ 3':;mgllve(%r(:]%rr:f;?rlgge:rtgzﬁt é[he trapping and the repumping frequencies. The availability
9- 1 eXp ) y L of two independent laser sources instead of a single laser
confining force is actually given by the mixing force.

coupled to an electro-optical modulatéas used by other
groups[1]) gives us the possibility of tuning the two fre-
quencies to two different fine-structure levels. This is a rel-
As we have already pointed out in the Introduction, it isevant feature that allowed us to clearly discriminate the con-
possible that differences exist between the origin of the slowtribution to the force coming from the two frequencies,
ing and of the confining forces. In particular, when the atomand—as stated above—to demonstrate that onlyDthe F
is characterized by close-spaced levels in the hyperfine strue=s 1—F’' =0 through the level-mixing effect is actually re-
tures, the slowing force can be determined by one or morsponsible for the trap stability.
atomic transitions. It is also possible that these transitions, The two laser beams are about 1.2 cm in diameter at the
even if playing a relevant role in the slowing process, do notrap level; they are overlapped and split in three parts along
contribute at all to the confining force. As we have shown,three orthogonal axes. Three mirrors reflect back the laser
this latter can be even related to a different mechanism, anbleams in each arm of the trap. Suitahl&l plates provide
in particular to the breaking of spontaneous-emission symthe propero polarization to the six beams crossing in the
metry induced by level mixing. trap center. Th&=1—F'=0 trap is produced keeping the
A detailed description of the roles played by slowing andlaser beams with the same circular polarization as for “stan-
confining forces involved in the dynamics of trap loading candard” F=2—F'=3 traps, and this is in agreement with the
be obtained by calculating the forces along atomic trajectotheoretical prediction.
ries. It is possible to point out how several force components, Both lasers are actively stabilized to thermostatted optical
originating from different mechanisms and different atomiccavities, allowing for a frequency stability of a few MHz
transitions, work during a capture process. over several minutes. Two sodium reference cells are used to
In Fig. 8 we show the acceleration of a single atom enterset and monitor the laser frequencies with the saturation
ing the trap region az=—0.5 cm and being stopped at spectroscopy technique. Namely, the saturation spectroscopy
=0.5 cm. The laser detuning 3= —110 MHz, which cor-  signals are acquired simultaneously with the trap fluores-
responds to the maximum confining force produced in thecence during the frequency scan, so that accurate frequency
F=1—F’=0 mixing scheme. This figure demonstrates thatcalibration of the scanned laser is available.
during almost the whole path of the atom in the trap region, The number of trapped atoms can be estimated by mea-
the main role in slowing down its velocity is played by the suring the induced fluorescence. charge-coupled device
force originating from theF =1— ?P,,, F'=2 transition. (CCD) cameras allow us to monitor the cloud shape and size,
With respect to this transition the laser is quite red-detunedso that the atomic density can be estimated, as well.
so that it gives relevant contribution as long as the atom has The trapping lasefTL) is on resonance with th@, line.
a large velocity. Only at the end of this path, when the atomits frequency is scanned across the 1—F'=0, 1, 2 tran-

D. The cooling force: a multiple line contribution
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o]
i
Fluorescence (arb. Units)

Non Linear Spectroscopy and
Trap Fluorescence Signals (arb. Units)

o -

FIG. 9. Experimental signals showing the nonlinear spectros- FIG. 10. Calculated f f . f .
copy of the trapping lasecurve a); the fluorescence intensity of - 10. Calculated trap fluorescence as a function of trapping

the trap as a function of the trapping laser frequency scannind;"’lse,r detunlr_lg._The repumping ’Iaser Is in r?s°”a”°‘?_“'"#‘2
across the 8,5, F=1— 2Py, F'=0,1,2 lines when the repump- —F’=2 (solid line) andF=2—F’=1 (dotted ling transitions of

ing frequency is tuned t® line, namely t02S,,, F=1— 2P, ,, the D, line. A direct comparison with Fig. 9 is possible.

F’'=1 (curveb) and?S,,, F=1—2P,;,, F'=2 (curvec). . o ) )
finement where Zeeman shifting of magnetic sublevels is

sitions. The repumping las€RL) is kept on resonance with exploited, in our model the mechanism producing the con-

either theF=2—F'=2 or theF=2—F’=1 transitions of finement is the result of the spontaneous decay asymmetry of

the D4 line. The fluorescence intensity of the trap is mea-excited states induced by magnetic field level mixing. The

sured as a function of the trapping laser detuning and a typiexperimental evidence of this trapping scheme is realized

cal result is shown in Fig. 9 where the saturation spectroswith the F=1—F’=0 transition of theD, line of sodium.

copy signal is also reported, allowing for an absoluteThe detailed description of such a trap demanded a clear

calibration of the laser frequency. This figure clearly demon-separation between the damping force and the confining

strates the existence of the trap for the trapping laser freforce, because they originate from different transitions. As a

quency corresponding to tfe=1—F’=0 transition. This further peculiarity, the damping force is determined by a

trap can be observed when the repumping laser frequency multiple line interaction, involving three hyperfine states of

on resonance either with thee= 2— F’ =2 transition or with  the excited level. This is somehow a complementary scheme

theF=2—F’=1 one of theD,line. This definitely demon- to the broad band laser cooling, where multiple line laser

strates that the trap confinement is not due to the repumpin@diation is used to cool down atoms or ions tuning the fre-

radiation. In fact, the Landéactors of theF’'=1 andF’ guency to one given transition, in a way already tested and

=2 levels of theP,,, state have opposite signs, namely proposed also by our group.

O/ —2>0, gg/-1<0 [17]. Therefore, should the trap con-

finement_be attained thanks to the repumping Iase_r, the trap ACKNOWLEDGMENTS

would exist only for one of the repumping frequencies while

it would be unstable for the other one. The fact instead that We would like to acknowledge the technical help of M.
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differ from each other approximately by about a factor 3. Thesita di Siena, Istituto Nazionale di Fisica della Materia. We
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scribed in Ref.[14] are shown in Fig. 10. The frequency

position of the trapping region is in perfect agreement with APPENDIX

the experimental results, while a slight difference appears in

the spectral width of the trap, which is narrower in the ex- We start from the quantum equation for a Wigner function

perimental results than in the calculation. Moreover, a quane(p,z), depending on particle impulgeand coordinatez

titative agreement is observed in the relative intensities of the

two traps obtained by setting the repumping frequency on the ap - [

F=2-2P,,, F=1 or on theF=2— 2P, F=2. —r HTp+ 2" Hp—pH)=0, (A1)

IV. CONCLUSION whereH is the Hamiltonian of the system under consider-

In this paper we presented a trapping mechanism in saation, [ is the relaxation operator, ang is the Poisson
dium MOT. Differing from the traditional schemes of con- brackets operator, which acts as
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. J d J d J p
WAB= —A—B— —A—B. Pt =

9z ap op’ oz P+1+1~ L +1p00

For aA system with an excited stai®) and two ground — (hki2) (31 9p) B
states —1) and|+ 1), the Hamiltonian has the form € [Vo+1p+10=Ve1000+1]=0.

p? (A4)
H= ﬁ+H0|0><O|+H,l|—1><—1|+H+1|+1><+1|+V,

_ ~ Herel',; andI" _; are rates of spontaneous decay of excited
whereHg, H_4, andH ., are the energies of corresponding state|0) into the ground statds+ 1) and|— 1), respectively,
states and/ is the potential of the external perturbation. so that the global decay rate I3=I"_;+1T",;. Summing

Let us consider the interaction of a particle with two Egs.(A2), (A3), and(A4) we obtain an equation for the total

counterpropagating waves density of atom®=pgot+p_1-1+tpi1:1
E= E+eikz+ E_e*ikz,

where the waveE , induces transition between stafes1) 7 Bi + (e (hki2)(d13p) _ g(hki2)(dl3p))
. " at pt a9z
and|0) and the waveE _ induces transition from the+ 1) m oz
state to thg0) state. In this case only the potential matrix
d >_ * ase oy P X[Vo-1p-10=V-10P0-1
elementsv_,5=V;_; andV 0=V, are nonzero and
—Vo+1P+10T Vi10P0+1]=0. (AS)

ik ik
Vi~e™,  Vojg~e ™

For the matrix elementsyg, p_1_1, andp. .1, describing From Egs.(A3) and (A4) in the steady-state condition it
the populations of levelf), |- 1), and|+ 1), respectively, ~follows
from Eq.(Al) we obtain equations

J p d Vo-1p-10=V_10p0-1=ifie” PWACIPIT_ pqq, (A6)

n 1 o= (k) (3lap)
tPoo m gz2P00 [poo ﬁe

X[Vo-1p—10=V_1000-1]+ i_e(hk/2)(a/ap) Voi1p+10~ V100041 =17eMAIPT L poy (A7)
T - - h

Using these expressions and keeping only terms of first order

X[V -V =0, A2 ) )
[Vor1p+10~ Viiopoal (A2) in k, from Eq. (A5) can be obtained
d p d i
_ Y awk)@rap)
GtP-1- 1t mazP11 —T'_1p00 he 5 0 s 5
e L (T, ~T . )hik—pe=0.  (AB)
X[Vo-1p-10=V-10P0-1]=0, (A3) 7P maz” ( +1) op P
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