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Two-dimensional sideband Raman cooling and Zeeman-state preparation in an optical lattice

A. V. Taichenachev, A. M. Tumaikin, and V. I. Yudin
Novosibirsk State University, Pirogova 2, Novosibirsk 630090, Russia

L. Hollberg
Time and Frequency Division, National Institute of Standards and Technology, 325 Broadway, MS 847-10, Boulder, Colorado 80303
(Received 19 January 2000; revised manuscript received 4 October 2000; published 7 February 2001

A method of sideband Raman cooling to the vibrational ground state ofnth® Zeeman sublevel in a
far-detuned two-dimensional optical lattice is proposed. In our scheme, the Raman coupling between vibra-
tional manifolds of the adjacent Zeeman sublevels is shifted to the red sideband due to the ac Stark effect
induced by a weak pump field. Thus cooling and optical pumpingite0 are achieved by purely optical
means with coplanar cw laser beams. The optical lattice and cooling parameters are estimated in the framework
of simple theoretical models. An application of the transverse sideband cooling method to frequency standards
is discussed. Coherent population trapping for the sideband Raman transitions between the degenerate vibra-
tional levels is predicted.
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[. INTRODUCTION space-based atomic clock. More precisely, the method can be
used to cool an atomic sample down to sul-temperatures
Laser-cooled atoms play a critical role in modern fre-in the transverse directions before launching the cold atoms
quency standards such as atomic fountdibls As is well  into the Ramsey interaction region. For the long Ramsey
known, Sisyphus-type cooling in optical molasses with po-periods that could be used in an atomic clock in space, re-
larization gradients results in atoms with temperatures correducing the transverse spread would substantially increase the
sponding to tens of the single-photon recoil energies number of atoms in the detection region. In this context,
=(Ak)?/2M (for example, T~30¢,/kg~3 uK in the case Hamannet al’s original scheme has some disadvantages.
of Cs[2]). Even lower temperatures can be achieved byThese atoms are accumulated in the streteched= substate
velocity-selective methodi3—-5]. These methods, however, of the F=4 ground-state hyperfine level of Cs; a perturbing
require more complicated technical implementatipfis magnetic field is used; and the system also requires that the
Recently, Hamanmet al. [6] demonstrated an elegant and pumping and repumping beams propagate orthogonal to the
efficient method of cooling atoms to the vibrational groundcooling plane(i.e. down the axis of the clogkwhich would
state of a far-off-resonance two-dimensional optical latticeperturb atoms drifting through the Ramsey region. Newly
Their method is a variant of Raman sideband coolifiy  proposed atomic-fountain clocks on Earth and clocks pro-
based on transitions between the vibrational manifolds oposed for space will use multiple balls of atoms in the Ram-
adjacent Zeeman substates. A static magnetic field is used s®y region, so there would be atoms in the Ramsey cavity
tune the Zeeman levels, so that Raman resonance occurs ondergoing state interrogation while other atoms are state
the red sideband and results in cooling. Two circularly po-prepared and detected. In this case the out-of-plane light
larized fields are then used to recycle the atoms for repetitivbeams and magnetic field would produce unacceptable fre-
Raman cooling. The cooling operates in the Lamb-Dicke requency shifts. Some of these problems are of a technical
gime with cw laser beams, and does not require phase-lockezharacter, and could be solved by different methods. For in-
lasers; a transverse temperature of about 950 nK wastance, atoms might be transferred frof=4,m=4) to
achieved. |F=4,m=0) without additional heating by the adiabatic
Stimulated by the concepts and results from R&f, we  passage techniqyd], and the Ramsey region might be ad-
propose a variant of transverse sideband cooling. The basequately isolated from the magnetic field. However, the
difference from the method of R€ff6] is that a linearly po- problem of the light beams down the clock axis is a more
larized pumping field, detuned from resonance, now plays &undamental problem. Our scheme avoids these problems
twofold role. It provides both optical pumping back to the without additional technical complications, while maintain-
m=0 magnetic sublevel, and it causes a uniform ac Starling most of the attractive features. In particular, in the
shift that replaces the external magnetic field-induced Zeepresent version, only cw lasers lying in the cooling plane are
man shift that was used in Reff6]. The main advantage used, there is no magnetic field, and atoms are prepared in
consists of the flexibility of optical methods of the atomic them=0 substate. Since the linear polarization of the pump-
state control. For example, in our scheme, changing the pang field coincidesmust coincidg¢with the orientation of the
larization from linear to circular and the direction of the clock’'s magnetic field C field) in the Ramsey region,
pumping beam, we can accumulate all atoms in the outerswitching between the Stark- and Zeeman-shifted substates
most Zeeman substate=F. will not produce any mixing.
One promising application of this technique is for two- In Sec. Il, we discuss the proposed lattice and cooling
dimensional cooling of atoms in an atomic fountain, or for aparameters in the framework of a simple theoretical model.
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(@) zA tilted through a small anglé with respect to the axis. The
resulting field can be written as

TRepump E(r,t)=Eo&(r)exp —iw t)+cC.C
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components of the polarization of thin beam, respectively.
All the beams have the same frequengy, far detuned to
the red of theD, resonance line.

As was shown in Ref.9], if the detuning is much greater
than the hyperfine splitting of the excited state, then the op-
tical potential for the ground state takes the form

F

pp— .2 i 5
;55 A up=—5u5|8<r>|2+'§usg<F>[s<r>*><5<r>]-F. @
2

Here g(F)=[F(F+1)+JJ+1)—1(I+1)J/[F(F+1)]
whereF, J, and| are the total, the electron and the nuclear
angular momenta of the ground state, respectively, R

the angular-momentum operator. The single-beam light shift
us=—AZ/A, defined as in Ref[9], is proportional to the
single-beam light intensity, and inversely proportional to
the detuningd = w_ —wg ¢; . For theD;, line of 13%s the

1
e F=3 constantA~1.5, GHz/(mW cni ?).

FIG. 1. (a) Field geometry. The basic optical lattice is formed by ~ TO zeroth order in tang) <1, the field[Eq. (1)] is lin-
three coplanar beams that are linearly polarized alongzthgis. ~ €arly polarized along, everywhere, and the vector term in
The small in-plane component of the polarizatidtie tilt angle is  EQ. (2) vanishes, resulting in the isotropic optical potential
indicated by ¢) induces the Raman coupling. The pumping and

@)

repumping beams also propagate in theplane and have as, ~(0)_ 4 |3 \/§kx—3ky
linear polarization(b) The field detunings for the case §¥Cs are Ut=-— 3Us5 T cog y/3kx) + co 5

the following: the lattice beams are far detuned to the red side of the

F=4—F, =5 transition of theD, line; the pumping field is V3kx+ 3ky

tuned to the blue side of tfé=4— F"=4 transition of theD, line; +co Y ()

and the repumping field is tuned in resonance withRre3—F’

=4 transition of theD line. In other words, contrary to the field configuration of Réf,

_ _ N ~ all the Zeeman sublevels have the same optical shift. For red
The optimal magnitudes of the Raman transition amp“tUdedetuningsA<O, the minima of potentia(3) form a lattice

the pumping field intensity, and the detuning are found.consisting of equilateral triangles with a sida/3 (one of
These analytical results are then confirmed by numerical cathem has the coordinates=y=0).

culations for a more realistic model of the—~F'=F tran- In the general case, the atomic motion in a periodic po-
sition. In addition, we find that coherence between degenekantial leads to an energy band structure. However, for po-
ate (or nearly degeneratdower vibrational levels can lead, tentials with a periodicity of the order of the light wave-
under certain conditions, to significant changes in the coohng;ength)\ and with a depth much larger than the recoil energy
efficiency and cooling time. The proposed cooling method; (6, in the case under consideratjpboth the tunneling
may also prove use;ful for atom optics by providing a high- robability and width are exponentially small for bands close
brightness well-collimated source of atoms, or for generaty 3 potential minimum. Hence, instead of a lattice with en-
purposes of quantum-state control in a nondissipative opticagy pands, we can consider vibrational levels arising from

lattice. independent potential wells. The spectrum of the lower lev-
els can be defined, with good accuracy, from the harmonic
Il. OPTICAL LATTICE expansion in the vicinity of the well's bottom,
The field configuration used for the optical lattice consists U@~y —6+3k3(X2+Y?)],

of three linearly polarized beams having equal amplitudes
and propagating in they plane with angles of 2/3 between where X and Y are the displacements from the minimum.
them (Fig. 1). The polarization vectors of these beams areThis expansion corresponds to a two-dimensional isotropic
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harmonic oscillator with the frequendyw,=+/12uce,. Due (a)
to the isotropy, theath energy level im+1 times degener- -1 0 +1
ate. If the energy separation between adjacent vibrationale e « —

levels is much greater than the recoil energy, the character-
istic size of lower vibrational states Is= VA/Mw,<\. In

this case we have strong localization, and the Lamb-Dicke
regime holds.

Ill. SIDEBAND RAMAN COOLING

Raman transitions between vibrational levels of adjacent
magnetic substates are induced by the small in-plane compo-
nent of the field Eq. (1)]. To first order in tang), the vector
part of Eq.(3) gives the correction

00=3ug(Fitan p)M(r)-F, (@)
where M has the components M,
=2/3[cos(ky/2)sin(/3kx/2)+ sin(y3kx)], and M,

=6 sin(Zy/2)cos(/3kx/2). Since this term conserves the
symmetry of the main potentidEq. (3)], each well in the
lattice obeys the same conditions for the Raman transitions.
For the lower vibrational levels we use a first-order approxi-
mation with respect to the displacemedtsand Y from the
minimum

(b)

U®~3ugg(F)tan( )k(XFy+YF))

= 3ug(F)tan( $)K[(X—iY)F . +(X+iY)F_],
(5)

where F.. are the standard raising and lowering angular- FIG. 2. (8 Scheme of the sideband Raman cooling. Raman

(1) 5 _ transitions are shown by tilted arrows, connecting=0,n) to [m
momentum operators. The operatdf') has off-diagonal el —+1n'=n—1) states. The fransitions induced by the pumping

ements both for the vibrational and magnetic quantum numg o - : )
. . .. . . field (solid lines and spontaneous transitiof@ashed linesprovide
bers, inducing transitions with the selection rules=*+1 ( 9 P sp

. O ; relaxation back to them=0,n=0) state. The Zeeman sublevels are
andAm— +1 (for a quantlzatl_o_n axis along,). In order of shown shifted by the optial Stark effect of the pump laser figdyl.
magnitude, the Raman transition rate between the lower Visimple doubleA system model. Statds), |3), and|5) are within

brational levels isJg=ugtan(¢)kl. As shown in Refs|9,6],  the oddA system and are connected by the radiative transitions,

sideband cooling and coherent quantum-state control requifgnich are shown by solid lines. Similarly, the radiative transitions

this rate to be much greater than the spontaneous scatterigthin the even setf2), |4), |6) are shown by dashed lines. Tran-

rate of lattice photonsy,=6I"us/A, wherel is the natural sitions between the\ systems|2)«—|5) and|1)«|6) are both

width. In our latticeUg/ ys~0.2tan@)A/T (g, /ug) . caused by the Raman couplin@he dots indicate the off-resonant
Two other important requirements for efficient Ramantransitions|1)«|6)).

sideband cooling are a spatially independent energy shift of

the magnetic sublevels and optical pumping. To achievqamzo’n+1> and |[m==1n) will have the same energy,

hﬁhich leads to an efficient transition between them due to
the Raman coupling. The cooling picture is completed by the
optical pumping, which provides relaxation from
Im==*1n) to [/m=0,n) [see Fig. 2a)]. The vibrational
quantum numben is conserved in this process due to the
fact that atoms are in the Lamb-Dicke regime. It is important
to note that, contrary to Ref6], in our case several levels

pump beam, linearly polarized along thexis, propagating
in the cooling plane, and detuned by sevdidb the blue of
the F—F"=F transition of theD, line [10] (Fig. 1). In this
case then=0 sublevel is dark and unshifted, while the oth-
ers undergo the light shifts

A0
I2/4+A%

2

m

where ), is the Rabi coupling for th¢F,m=+1)—|F"
=F,m"=+1) transitions, andA, is the detuning of the
pump field. With a proper choice &2, andA,, the states

are cooled simultaneously due to the isotropy of the potential
U©@ [Eq. (3)]. If w,>Ug the statdm=0,n=0) is approxi-

mately dark, and the majority of the atoms are eventually
pumped into this target state. Thus the described cooling
method can be viewed as a version of dark-state cooling.
Aspects of this cooling scheme that distinguish it from that
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09 lation of the states coupled with light is small, and equal to
m a) (Ur/w,)?, the probability for off-resonance Raman transi-
08 tions|1)—|6) multiplied by a factor 4; andiii ) the popula-

tion of state|2) contains two terms—,=1/2(Ug/w,)?

+ 1/16(yp/wv)2. The second term is determined by the ratio
of the width imposed by lighty,=TQ3/A3, to the vibra-
tional frequencyw, . As a result, the target state population
>4 is close to unity:

0.6 -

m~1-a(Ugl/w,)?=b(I'1A,)2 (7)

0.2 -

10°
o The coefficients ara=3/2 andb=1/16 in the case of the

doubleA system model.
We now turn to an estimate of the cooling dynamics.
optical shift (in T units) Instead of looking for a temporal solution of the Bloch equa-

tions (d/dt) p= Lp for the atomic density matrix andZ for
the corresponding Liouvillian superoperator, we find the sta-
/”r m, tistically averaged transition timer= [{(p(t)—p(e))dt
08 D) [11]. This matrix obeys the equation&7=p()—p(0),
. wherep () is the steady-state solution ap¢0) is the initial
05 distribution (we set,=m,=ms=mg=1/4, and the other
elements equal to zero &a=0). The cooling rate can be

associated with the inverse transition time for {ti¢ state
Yeool= 71_1. As a function of the optical frequency shift, the

i I i 1 M 1 M I M 1
0.00 0.01 0.02 0.03 0.04 0.08

0.4 =

10y, /T ! . - . .
T cooling rate is a Lorentzian curve with a width
27 ~\/1/4)/2p+ YUR2 [see Fig. 8a)]. Exactly on resonance, and
1 in the limits of Egs.(6) Ay=03/w,, and y.. takes the
0l0010 ’ 0I15 ’ 0I20 ’ 0I25 ’ 0;0 form
Q/r 'ypU§
. . Ycool =& 5 R (8
FIG. 3. (a) The target state populatiom; and the cooling rate Yo+ BUR

are plotted vs the optical shift in the case of the doubleystem ) o
model for parameterd ,=5I", ,=0.01", and Ug=0.00T". (b) Calculations within the framework of the doubde-system

The target state populatiom; and the cooling rate are plotted vs give =8 and8=28. This dependence of the cooling rate
the Rabi frequency for exact resonance. The parametersoare on vy, andUg can be understood qualitatively if we consider
=0.0I' andUg=0.00T". the cooling as an optical pumping into the dark state.
Obviously, because other parameters do not appear in
of Ref. [6] are that: the cooling will be more efficient be- conditions(6), the cooling rate is determined entirely by the
cause more levels are involved, the final pumping is to a darkptical pumping ratey,, and the Raman transitions retk .
statem=0, and only laser fields in a plane perpendicular tolf Ug>1y,, an atom passes from stg®@) to state|5) very
the quantization axis are used. quickly, and the cooling rate is proportional to the rate of the
To insure that there are no additional constraints and tslower process of repumping from sta{& to |1). In the
estimate the cooling parameters, we consider a simple thedgaverse limitUg<vy,, the slowest process is the transition
retical model based on the doublesystem[see Fig. 2b)]. |2)—|5). The corresponding rate, however, is not equal to
This simplified case allows an analytical treatment of theUg, but is suppressed by the factorz/y,. That can be
problem. We find a steady-state solution to the generalizedxplained as the inhibition of quantum transitions due to con-
optical Bloch equations involving the light-induced and tinuous measurements on the final stdg (quantum Zeno
spontaneous transitions and the Raman coupling. We are peffect [12]). The cooling ratey.,, as a function of(},

marily interested in the limits (on resonanages shown in Fig. 8); v.,, achieves a maxi-
mum yIX=Uga/(2\/B) at the optimal Rabi coupling
A>T, 0,>U;, 6  QfP'=(B) Yw,\T/Ug.

The above-described laws for the target-state population
because in this case the light shift exceeds the field broadeand for the cooling dynamics are confirmed by numerical
ing and we can shift the stat¢8) and|5) into degeneracy calculations for a more realistic model of the—F'=F
with negligible perturbation of stafd). Under these condi- cycling transition with a limited number of vibrational levels
tions, the solution gives the following result$) the popu-  of the two-dimensional(2D) oscillator taken into account.
lation of the target statgl) is maximal at exact resonance More precisely, we consider systems of equations for the
QE/Apsz [see Fig. 8a)]; (ii) on resonance, the total popu- steady-state density matrp(>) and for the transition time
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TABLE I. The fitting parameters for different transitio’s  be applied to thé& =4—F" =4 transition of theD, line. The
—F"=F. repumping field should be tuned to resonance onRke3
—F'=4 transition of theD, line, and have an intensity

F a b @ P ~10 mWi/cnt in order to saturate the transitions from all
1 3.0 0.13 6.0 27 Zeeman sublevels. The optimal pumping field detuning
2 26 0.13 46 27 ~0.A w,/Ug~2I" and intensityZ,~8 mwi/cnt give the
3 2.5 0.13 4.1 27 cooling rate y.qo~0.dUg~272.2 kHz, and a time ofr
4 2.4 0.13 3.8 27 ~ Yo =10"* s. For these conditions our analysis predicts

that approximately 95% of the population will accumulate in
Othe target staté- =4,m=0,n=0), with lower levels having
pvibrational numbers up ta*~0.hw,/e,~3.

matrix 7, taking into account for all possible coherences an
populations. Including all terms gives a large system o
algebraic equations, which can be solved for a fixed set of

parameters by numerical methods. We use the (Idwer-

upped decomposition method. The numerical results are fit- V. COHERENCE BETWEEN VIBRATIONAL LEVELS
ted by formulag7) and(8) very well. The fitting coefficients
a, b, a, and B depend on the angular momentdand on
the initial distribution among the vibrational levels. The re-
sults, corresponding to the three lowest vibrational level
(with initially equal populations are presented in Table I.

In the case of a symmetric field configuration for 2D and
3D lattices, a degeneracy of the vibrational energy-level
structure occurs. For a 2D latti¢tor example, the field con-
%iguration of Ref[6] and our configurationin the harmonic

In principle, two factors limit the number of vibrational approximation, th_enth V|brat!onal level conta|ns|+1_sub—
levels which participate efficiently in the cooling: both the '€vels{Im.n,+n,=n)}. We find that the coherence induced
anharmonicity and the violation of the Lamb-Dicke regime Petween the degenerate or near-degenerate vibrational levels
become appreciable for higher vibrational levels. The seconf@n Play an important role, and significantly change the ef-

factor is the more stringent limitation, and gives* ficiency of the resonance Raman coupling. For instance, con-
~0.1hw,/e, as an estimate for the maximal vibrational sider a field configuration that differs from the scheme pre-
" v

number. sented in Fig. (a) by the direction and polarization of the
It should be noted that a stray magnetic field can limit thePUmping beam. Let this circularly polarized beam propagate
cooling efficiency by breaking the level degeneracy. To bedlong thezaxis, as shown in Fig.(d). In this case atoms are
negligible, the Zeeman shift due to any stray magnetic fielPtically pumped to the outermost Zeeman substate
should be less than the Raman transition rdtg, or the M= F) [see Fig. 4b)]. If we consider two degenerate
width imposed by the pumping fielgt,, which are of the vibrational levels, for examplém=F,n,=1,n,=0) and
same order of magnitude for optimal cooling. |[m=F,n,=0n,=1), coupled by Raman transitions with the
To provide the cyclic interaction of the atoms with the Unique statém=F —1,n,=n,=0) [Fig. 5a)], we find that
pump field, repumping from the other hyperfine level is r]ec_there_emsts a superposition of the states of the degenerate
essary. For this we propose using another light beam tuned ifjerational level,
resonance with & —F’'=F+1 transition of theD, line.
This beam is linearly polarized alorgg and runs in thexy )
plane. For example, if the pumping field operates onfihe  |¥nc)=Im=F.n,=0n,=1)+i|m=F,n,=1n,=0),
=4—F"=4 of theD, line of Cs, the repumping field is
applied to theF=3—F’=4 transition of theD, line. To . )
minimize effects of optical pumping on the other hyperfinethat is not coupled withm=F —1,n,=n, =0) by the opera-
level, the intensity of the repumping field should be chosertor U [Eq. (5)]: UM)|Wc)=0. Hence part of the popula-
close to the saturation intensity. It is noteworthy that in ourtion will be trapped in this superposition state, in analogy
lattice the potentials for both hyperfine levels have the samwaith well-known coherent population trapping in the
spatial dependence, and consequently the requirement on teehemd 13]. The result of such trapping is that the cooling
repump intensity is not as stringent as in Réfl. efficiency is reduced, i.e., the part of atoms accumulated in
For purposes of illustration we can give numerical estimathe target statgm=F, n,=n,=0) will be significantly less
tions for 3%Cs "~275 MHz ande,/fhi~272 kHz). If  than unity. In the case of coupling between higher levels
we take the lattice beam detunidg=—2710 GHz(from  |m=F, n,+ny=n) and|m=F—1,n,+n,=n—1), there al-
the F=4—F’=5 transition of theD, line) and an intensity ways exists a coherent superposition of the sublelmls
7=500 mWi/cn?, then the single-beam Stark shifiy, =F,n,+ ny=n), for which the operator of the Raman tran-
~75¢,~27h150 kHz. The lattice has a depthu&= 450, sitions is equal to zero, as it is for the light-inducgdchains
~27/h900 kHz, and thus supports approximately 15 bound14]. However, for higher vibrational levels the anharmonic-
levels with an energy separatidiw,=30s,~27%60 kHz. ity has to be taken into account, and the degeneracy is par-
With the tilt angle tang)~0.1, the Raman transition rate is tially broken. If the vibrational energy levels are only nearly
Ugr~0.1%w,, providing the figure of meritg/y,~12>1.  degenerate, due to either the anharmonicity or the optical
The stray magnetic field must be controlled to the level of dattice asymmetry, dark superpositions are not completely
few mG or less. In the case of Cs the pumping field shouldstable due to the small energy splitting, and atoms eventually
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AZ
@ Pump (a)
U
Y 4

(b)

FIG. 4. (a) Field configration for then=F Zeeman state prepa-
ration. It differs from the scheme shown in Figallby the polar-

ization and direction of the pumping bea¢h) Light-induced, spon- o B Dt -
taneous, and Raman transitions between the vibrational levels of nx=0, ny=0
Zeeman substates for this case. The small circles on the vibrational

levels indicate the degree of degeneracy. mY

FIG. 5. Scheme of Raman coupling between the lower vibra-
tional levels of adjacent Zeeman substates taking into account the
pass fromim=F, n,+ny=n) to[m=F—1,n,+n,=n—1). degeneracya) in the case of then=F state preparation, an#) in
But the corresponding transfer time will be greater than thne case of then=0 state preparation. The relative amplitudes of
normalUg*, leading to an increase of cooling time. the Raman transitionsolid lineg are indicated.

In the scheme presented in Figa)l, this unwanted coher-
ence effect is avoided by the simultaneous Raman coupling
of the two state$m=0,n,+n,= 1) of the degenerate vibra- The state§W{J) and|¥{})) are orthogonal, so no super-
tional level, with the two other statgsn=+1,n,=n,=0)  position can be made which nullifies the Raman coupling
with different_ amplitudes, as shown in Fig(Fi_i It can be operator U [Eq. (5)]. We also note that the coherence
seen from this figure that the dark superposition for the trangithin the vibrational structure might be very useful for other

sition with Am=—1 is purposes, for instance in quantum state preparation.

(X+iY)E_|¥{2)=0, V. CONCLUSION

(O (e B B L B B Concluding, we have proposed a scheme for 2D Raman

[WNS)=Im=0,n=0ny=1)+i|m=0,n=1n,=0). sideband cooling to the zero-point energy in a far-off-
resonance optical lattice and a simultaneous pumping of at-

For the transition withAm=+1, the uncoupled state is oms to them=0 dark state. The main distinguishing features
given by of our proposal is that the method uses a pumping field to
Stark shift the Raman coupling to the red sideband, and thus

(X—iY)I3+|\If§\,+8>=O, accumulates cold atoms in te=0 Zeeman sublevel. An

elementary theoretical consideration allowed us to calculate

) ) the dependence for the cooling efficiency and for the cooling
W) =Im=0n,=0n,=1)—i[m=0n,=1n,=0). dynamics. Our estimates for a cold Cs show that for easily
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