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Laser cooling of trapped atoms to the ground state: A dark state in position space

G. Morigi, J. I. Cirac, K. Ellinger, and P. Zoller
Institut fir Theoretische Physik, Universtténnsbruck, A-6020 Innsbruck, Austria
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We propose a scheme that allows us to laser cool trapped atoms to the ground state of a one-dimensional
confining potential. The scheme is based on the creation of a dark state by designing the laser profile, so that
the hottest atoms are coherently pumped to another internal level, and then repumped back. The scheme works
beyond the Lamb-Dicke limit. We present results of a full quantum treatment for a one-dimensional model.
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PACS numbefs): 32.80.Pj, 42.50.Vk

I. INTRODUCTION In the present paper we will discuss a cooling scheme
which is based on the creation ofdark state in position
The ultimate goal of laser cooling neutral atoms stored irspacewith the help of an appropriate spatial profile of the
a trapping potential is the cooling to the vibrational groundcooling laser, so that this stattypically the ground state of
state. This is of interest in the context of observing effectghe trap is not excited or only weakly excited by the laser
related to quantum-statistical properties of atdtis and is  [12]. This condition can be realized, for example, using the
the object of present experimental investigatipass]. The  laser in a doughnut modé3], with the axis aligned with one
hope is that these efforts might ultimately open a secon®f the trap axes. In particular, this cooling mechanism works
route to Bose-Einstein condensation of dilute gdges|. for Lamb-Dicke parameterg=1, and outside of the strong
Laser cooling to the ground state of a trap has beegonfinement regiméi.e., when the sidebands are not spec-
achieved experimentally for single-trapped ions, using sidetroscopically resolved We will show that the cooling
band cooling technique$] in the Lamb-Dicke limit[7,8]. scheme is quite efficient, allowing us to cool a significant
Sideband cooling is based on the selective laser excitation dfaction of atoms to the ground state of a trapping potential.
the low-frequency sideband in a harmonic trap, leading tofhe model we will consider is one dimensional, but the
optical pumping into the vibrational ground state. The re-Scheme is readily extended to two- and three-dimensional
quirements are that the motional sidebands are spectroscofituations.
cally resolved(which is achieved in the strong confinement The paper is organized as follows. In Sec. Il A, we de-
limit), and that the spatial dimension of the ground stgtis ~ Scribe the cooling scheme qualitatively. In Sec. I B we de-
much smaller than the wavelength of the cooling las¢in ~ Velop the master equation describing the system dynamics,
order to avoid the heating produced by spontaneous emignd in Sec. Il C we discuss the existence of a stationary
sion). This latter condition is represented by the relationsolution. In Sec. lll we present the numerical results, ob-
n<1, wheren is the Lamb-Dicke parameter=2ma,/\. In  tained by taking a laser intensity profile corresponding to a
one of our recent publicatiorf®], we discussed extensions doughnut mode witli) atoms trapped by an harmonic oscil-
of sideband cooling beyond the Lamb-Dicke regime. Ovedator, and(ii) atoms trapped by another confining potential.
the last few years, other laser cooling techniques have bedh this last case, the efficiency of the cooling mechanism is
developed, which achieve ground-state cooling in the trapimproved.
ping potential, and which were originally developed for free
atoms[2,3]. In particular, for free atoms they have allowed Il. MODEL
one to achieve temperatures below the recoil liEtEg,
corresponding to an atomic de Broglie wavelength larger
than the wavelength of the light. This has been obtained ~ We consider laser cooling in a three-levelsystem, as
experimentally, by optical pumping into a velocity-selective illustrated in Fig. 1. We denote Hg) and|e) atomic ground
dark state[10], or by cooling with a sequence of shaped (or metastable states which are connected to the excited
Raman pulses, where the frequency spectrum of the light istate|r) by dipole transitions. The atoms are confined in a
tailored so that atoms with near zero velocity are no longepne-dimensional harmonic potential with oscillation fre-
excited[11]. These subrecoil cooling techniques, as well agjuencyv. The quantized trap levels will be denoted |ioy.
sideband cooling, are all versions of “dark state cooling.” The laser-cooling scheme consists of the repetition of a
The fundamental idea is the decoupling of a quantum stateequence of three pulses. Infiest step atoms in|g) are
from radiation, and the accumulation of atoms in this state byransferred to the state) by an off-resonant Raman pulse
spontaneous emission. The dark state condition can be criFig. 1@]. The purpose of this pulse is to excite atoms
ated with various mechanisms; in sideband cooling, the tragvhich are not in the ground state of the trapping potential.
ground state is dark because it is off-resonant from any otheFhis is achieved by assuming a spatial distribution of the
state, since the laser is tuned to the red motional sidebanthser, which has essentially zero intensity in the region where
The free-particle subrecoil cooling schemes, instead, usthe ground-state wave functidig,0) takes on appreciable
dark states in momentum space. values. On the other hand, the spatial distribution of atoms in

A. Laser-cooling scheme
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) tions are not strictly necessary, but they make the analytical
derivation of the master equation simpler. We eliminate the
© excited statdr) in perturbation theory, and reduce the dy-
namics to an effective two-level systdg), |e). Working in
e the frame rotating at the laser frequency, we write

p(ty)=e Mt (tg)elM(tlo), ()

FIG. 1. Internal configuration of the atom, and scheme of th
sequence of pulses. Internal configuratitgy, |e) stable or meta-
stable statedr) excited state, withg)—|r), |e)—|r) dipole tran-
sitions. Scheme of the sequen¢a) coherent Raman pulse, which H=H.+H (4)
corresponds to a doughnut mode @) —|r); (b) cooling to the 0 b
recoil on the levele), obtained couplinde) to a fourth internal \yith
level; (c) optical pumping intdg), obtained tuning a laser on reso-

SwhereH is the Hamiltonian describing the evolution during
the pulse,

nance onle)—|r). We assume that the branching ratio between H.=%vata (5)
[ry—|g) and|r)—|e) is very large, so that the decay alohg 0

—|e) can be safely neglected. and

excited trap states overlaps with the laser light, so that these £O(X) i i

atoms will be transferred to the std). The second step H= > (oTe®*+ ge=ikx), (6)

consists of laser cooling atoms in staé®, thermalizing the
atomic center of the mass distribution to a few recoil ener- - ~t ) o
giesEg [Fig. 1(b)]. This is achieved by coupling) to other Herea anda' are creation and anmhllatlorl operators for the
internal atomic levels employing one of the standard laserharmonic oscillatory is the trap frequencyg'=|e)(g| and
cooling schemede.g., polarization gradient cooling14].  o=|g)(e| are the dipole raising and lowering operators, re-
This is used to provide a mechanism for confinement of at'spectively,Q(i) is the Rabi frequency, arkithe wave vec-
oms in a finite range of trapping levels. Irttdrd step atoms 1 of the two-photon transition along theooling x axis.
are optically pumped intdg) using a laser tuned on reso- pepqting byAt=t;—t, the time duration of this first pulse,

hance to the transitiofe)—|r) followed by spontaneous e il assume thavAt<1, so that we can safely neglect
transition to|g) [Fig. 1(c)]. We assume that the branching H, in Eq. (3):

ratio between the decay chann¢i$—|g) and|r)—|e) is

large, so that we can safely neglect the latter decay channel. p(ty)~e Hidtp(t)ethat, (7)
Atoms decaying fromr) to the ground statég) will be

distributed over a range of trap levels of the order of a recoil Second stepLaser cooling of atoms in stafe) via an
energy, including the ground statg,0). Repetition of this auxiliar level[see Fig. 1b)] destroys the coherences between
cooling cycle will accumulate atoms in the spatial dark statge) and|g), while atoms left in|g) evolve according to Eq.

|g,0). (5). We do not specify the cooling mechanism, assuming
only that at the end of the pulse the atomgéh are ther-
B. Master equation malized, and described by the density matrix
Here we give the master equation describing the evolution
of the system during the sequence of pulses. p&ke the > e "Nn\(n|
) , - . . =

dgnsny maitrix describing the system of atoms interacting le)(e|®p=e)(e|® ’ @)

with the laser field. The master equation can be written in the S -

form [15] - €
ip(t)sz(t) (1) where N is related to the average number of vibrational
dt ’ gquanta after this laser-cooling process. Using the properties

. f o' ando in Eq. (6), we h
wherelL is a linear superoperator whose form depends on thg o' ande in Eq. (6), we have

particular cooling step. The formal solution is — a—iHoTee Q(XAL/2

p(t)=e-"1)p(t,). The scheme consists of three steps, and pty)=e 19)(glcod Q(x)At/2]p(to)

the density matrix at the end of a sequence of pulses will be XCOS{Q(;()AW“g><g|eiH0Tsep+ leyp™el, (9)
p(tg)=etalsm Dbt elilti ™ol o), 2 where Tg=t,—1; is the duration of this step, anglis the

. . . . robability of occupation ofe), i.e.,
wherel,; is the linear superoperator corresponding toithe P v P fe)

pulse of the sequence, apdt,) is the density matrix at the ¢=tracd|e)(e|p(ty)}
beginning of the sequence of pulses. We now derive the
explicit form of the evolution operators. = 1—trace{|g><g|cos{Q(%)At/Z]p(to)

First step: We assume that the evolution is coherent, and R
that the lasers are in Raman resonance. These two assump- X cog Q(x)At/2]}. (10
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Third step: the thermalized atoms ije) are optically with ¢ arbitrary phase. Let us denote Bythe region where
pumped into|g). The linear superoperator describing the (x|f) is different from zero. It can be easily shown that Eq.
master equation is (14) implies that in the region R the relation
|cog Q(x)At/2]|=1 must be fulfilled. Physically, this means
that if we want to have a dark staté) its wave function
must be completely distributed in the spatial regipmwhere
1 there is no laser excitatiofthat is, where the atoms perform
+FJ du N(u)aelke(tux g —ikp(1+wxgT complete Rabi oscillationsOn the other hand, we want to
-1 have only one dark state, and therefore other states must
(11) have a finite excitation probability. This means that they
must be nonzero outsid®. Therefore, for achieving cooling
with T' the optical pumping rate\(u) the angular distribu- to the grognd state, one should design the intgnsity profile of
tion of the emitted photons, arkj, the wave vector of the the laser in such a way that, only in the region where the
pumping laser that propagates alorgk,=2m/\=7/a,. ground state is .Iocallzed, the laser acqompllshes_no excita-
Assuming v~ 1>t;—t,, we can neglect the free evolution tion. This condition can be only approximately fulfilled in a
during this pulse. Furthermore, foj—t,>T ! all the atoms harmonic trap, where the ratio among the spatial dimensions
in |e> are pumped |dg> during the pu|se_ Takmg that into of the grOUnd state and the first excited state l@l/ln this

; P S
Lsp=—i[Ho,p]= 5 (pa'o+oiop)

account, we find case, we expect to not be able to cool all the atoms into the
ground state. Cooling into the ground state will be possible
p(ty)=e " MoTsed g)(g|cog Q(X)At/2]p(tg)cog Q(X) in the case of atoms trapped by a confining potential, which

. better localizes the ground state with respect to the first ex-
iHoTee ik (1+U)% cited state.
o et é’JlldU N(u)e's ) g> The qualitative argument given above does not depend on
_ . the separation timd@ g, in the second pulse. In reality, the
X p™(g|e k(1 twx, (12)  selection of this time can play an important role, especially
in the case of a harmonic potential. To see that, let us con-
We can now project ontg), and definepy=(g|p|g). De-  sider the particular caseT .= 2|, with | an integer. Then,
noting by F=f1,du N(u)e*e(tTWXptheikp(1+uX the ma-  according to Eq(13), the positionsx in the regionR in
trix describing the feeding contribution, we finally have which |co§Q(x)At/2]| # 1 will be emptied, whereas the at-
oms will be accumulated in the regions where

><At/2]|g><g

pg(t3)=e“H0Tsep cos{Q(%)At/Z]pg(to) [cog Q(x)At/2]|=1. In fact, from Eq.(14), we see that the
- T state |f) is a stable solution if the conditions
X cog Q(x)At/2]e™ 0 sert [F. (13 codQ®AU2]|fy=exp(ey)|f) and if expCiHoTsep|f)

L . _ =exp(¢,)|f) are fulfilled, with¢p; + = ¢p. For vTge=2l 7
This gives a mapping between the density operator at thg,is means that each wave packet completely distributed in-
beginning and end _of a given sequence of three pulses. Frofye g 4t to is solution (i.e., a dark state since inTe it
the above expressions, we can deduce that for large trapg,jergoes a full oscillation and therefore recovers the origi-
(i.e., for large values of the Lamb-Dicke param@tée cool- 5y torm, In that case, laser cooling will not be possible since
Ing W'” slow down and become less efﬂqent. Th? reason folare will exist many wavepackets that will remain dark. In
this is twofold: On the one hand, the kick provided by thethe casevToo= (21 + 1), one can consider two subspaces
optical pumping process will distribute the atoms among 981={|O> 12) r4> ...y andS,={|1),|3),|5), ...}, in which
wider range of states. On the other hand, since we have ag;o oy glution during the second pulse is periodic. That is, if
sumed that the thermal distributigif' has a mean energy of e can form a wave packet as a linear combination of the

the order of the reCO|I,2the mean occupation number will bestates ofS, or of S, which is spatially distributed iR att,,
larger (n)~Er/fiv=17"). this wave packet will be a dark state. Hence laser cooling
. will not be possible either. The argument can now be re-
C. Stationary state peated for times fulfillingyTe=n7/m, and subspaces can
Ideally, we would like to use the cooling mechanism to Pe constructed so that wavepackets belonging to them will be
cool all the atoms to the ground stater any other pure dark states, and ther.efore laser cooling yviII not be possible.
state. Therefore, we have to analyze the shape(x{ik) = We can overcome this problem very easily by choosamy
which gives rise to the optimal cooling. In this subsection wedom separation timesgJ,, so that the only wave packet that
qualitatively analyze the conditions for the spatial profile ofis & dark state is precisely the ground state.
the lasen()(x) to provide an efficient cooling.

We then look for stationary solutions to the mappi{ag) IIl. RESULTS OF CALCULATIONS
which corresponds to pure states. A necessary condition for ) ] ]
that is¢=0. Then, we substituté= 0 in Eq.(13) and impose In the following, we show results obtained assuming a

the stationary regime, i.e.p4(ts)=pq(to)= with doughnut mode as the spatial distribution of the Raman
y g » 1-€pgll3) = Pgllo) = Pg, WII pg | Th f hi hoi is that i id fl

=| f )( f|. We obtain that these conditions are satisfied if thePulS€. The reason for this choice is that it provides a flat

following equation allows for a solution profile in a finite region which, as we have shown above, is

_ _ required to obtain a suitable cooling. In particular, we dis-

(x|e'MoTsed f)e'?=cog O (x)At/2](x|f), (14)  cuss the parameter regime of the laser for which the cooling
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FIG. 3. (a) Population as a function of the vibrational number
after 2500(curve with X) sequences of pulses, as a functior@f 5 anq Raman laser corresponding to a doughnut mode with
the dimensionless widthy, for 2n=4; and (b) the exponents 5,_4 ,—4 and mak)(x)At/2]=0.6x. Inlay: spatial distribution
3, and 2.2. In all .ca§es.m[’ﬂ(x)At/2]=0..6w. VTsep is random, (dashed ling plotted for comparison(b) Ground state of the trap
taken from a flat distribution that varies in the interj@l1, 1.1. population as a function of the number of pulses, under the same
efficiency is optimal. Finally, we explore the role ®f.,in  distribution after the recoil cooling are described p{, with
the cooling dynamics. We first analyze the case of a harN=25. v T,is random, taken from a flat distribution that varies in
best suited for laser cooling using the present scheme.
As the spatial distribution for the Raman pulse laser, wey|so checked that by fixing the separation tinfes,, the
on The efficiency of the cooling scheme in populating the
_ } ground state depends on the difference between the reexcita-
ex > (15
) . . . . first few excited states. To the extent that one can design a
nentn is an integer number, which denotes the order of theiciency will improve correspondingly. A confining potential
doughnut mode and thus determines the flatness aroungtisfying the above requirement could be experimentally re-
cooling efficiency on the parameters and «, for atoms tional optical potential. In the following we will assume a
whose center of mass is trapped by a harmonic potential witiotential
thermore, the projection along the cooling axi§ (of the
two-photon wave vector appearing in E®) is k=2#/\, 1+gx?
the doughnut mode photons propagate in a direction orthogQyheree andg characterize the shape of the potential near the
nal to thex axis. center. An example of what potenti&l6) looks like is
Pg=(9.01p¢|g.,0) after 1500(curve withO) and 2500(curve  the first 12 eigenstates fog=200042 and e=19x 1C°
with x) sequences of pulses as a function of the wigénd  (curve withO), compared with the corresponding widths of
results using Eq.(13), with a Lamb-Dicke parameter with x). For this choice of the parameterandg, the eigen-
n=2mag/N=5, and with a thermalized distributiop™ in  yectors of the potential tend to the number states of the har-
optimal width « for a given exponentin the present case, state has a spatial widthy/5, and it is thus well localized
2n=4) is evident. The optimak depends om, since it must  with respect to the other eigenstates. The laser-cooling
a function of 2, where the values of the width have beenas may be seen from Fig 5: here the population of the ground
optimized. We see that far=4, around 80% of the atoms state in the trapping potenti®l(x) is plotted as a function of
lation Pg=(n|pg|n) as a function of the vibrational number «=8 and ;=2 [cf. Eq.(15)]. The Lamb-Dicke parameter
n after 2500 sequences of pulses for4 anda=4, and for the eigenstates=1 and for the internal excited std&),
the inset of this figure the final spatial distribution is shownsponding to an effective Lamb-Dicke parametér 7/5=1.
(solid line), while the spatial distribution cpQ(x)At/2] is  We can see that during the cooling almost all atoms are
final density matrix is not a pure state but a mixture, diagonaFig. 5 shows, for reference, the evolution of the population
in the number states basis. According to the discussion inf the ground state of a pure harmonic-oscillator potential

FIG. 2. Plots of the efficiency after 150@urve with©) and  giate after 2500 sequences of pulses, for a harmonic oscillator with
2n=2,4,6,8 with optimized widths, respectively, where- 30, 4.2, of the sample after 2500 pulsdsolid line and coEQ(x)At/2]
condition as above. The initial distribution and the excited-state
monic trapping potential and then another potential which ighe interval[0.1, 1.1].
take the following class of functions: cooling efficiency decreases significatively.
tion rate of the vibrational ground state and the ones of the
the harmonic-oscillator ground-state width, and the expo- |gcalized in space than the other eigenstates, the cooling ef-
x=0. In the following, we explore the dependence of thegjized, for example, by adding to an harmonic trap an addi-
frequencyr. We take the Rabi frequend(x)ef(x). Fur-
where\ is the wavelength of the transitign)—|e), since
In Figs. 2a) and 2b), we show the population shown in Fig. 4a). Figure 4b) shows the spatial widths of
of the exponent @, respectively. We have obtained thesethe harmonic-oscillator eigenstates with the samg@urve
Eq. (8) with N=7°=25. From Fig. 2a) the existence of an monic oscillator fom= 1. In the present example, the ground
fulfill the requirements of Eq(14). In Fig. Ab) we plotPgas  scheme works very efficiently in populating the ground state,
are cooled to the ground state. Figut@3hows the popu- the number of pulsegsolid line) for a doughnut mode with
Fig. 3(b) showng as a function of the number of pulses. In is =5, while the ground state has a spatial width corre-
plotted as a dashed line for comparison. In all the cases, theccumulated in the ground state\6fx). The dashed line in
Sec. I, we have chosen random separation times. We haweith »=1. In this second case, we have used a doughnut
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FIG. 5. Ground-state occupation probability vs the number of
pulses. Solid line: ground state of atoms trappedMgx), with
=5 andy’ =1, p" with N=25, and a Raman laser corresponding
to a doughnut mode withr2=2 and «=8. Dashed line: ground
state of a harmonic oscillator witly=1, p‘h, with N=4, and a
Raman laser corresponding to a doughnut mode witk-2 and
a=10. In both cases MER(X)At/2]=0.67. vTepis random, taken

mode with =2 and «=10. Note that the sample with ;1 4 fiat distribution that varies in the intenvidl.1, 1.1.

n=1 is colder at the beginning, since its initial distribution

is thermalized with(n) ~4. bTeal in order to achieve laser cooling to the ground state. The

The result obtained here is rather general, and can model presented here is one dimensional, but it can be easil
summarized as follows: through the creation of a more local- P : . ' y
xtended to two dimensions. In that case, one could use the

ized ground state, obtained by a suitable perturbation of haﬁlane orthogonal to the douahnut mode axis. obtaining Simi-
monic potential of a giver, the present cooling mechanism P 9 9 ' 9

allows us to cool all the atoms to the ground state, even folar results as n the one-dimensional case. The reason f_or that
Is that the heating processg@hie to photon scattering during

the Raman pulse intensity distribution in a low order dough- : . ) . >
repumping we have considered in the one-dimensional case
nut mode. i 2 . . ;
will be similar to the two-dimensional one. Experimentally,
the one- and two-dimensional schemes correspond to the em-

IV. CONCLUSIONS ployment of a single doughnut mode, whose axis coincides

In this paper we have studied laser cooling of trappedVith the one- and two-dimensional trap axes, respectively,
atoms to a single quantum state, based on creating a daf'd whose dark region is shaped into the size of the one- and
state in position space by reexciting the atoms with a coolingWo-dimensional trap ground state respectively. The exten-
laser which has no spatial overlap with the trap ground stateSion to three dimensions could be achieved by crossing two
In contrast to velocity selective coherent population trappingloughnut modes, which propagate in directions that are or-
[10], our scheme has been designed for trapped atoms, af@ogonal one to the other, and whose axes cross at the center
therefore it is not limited by the flat-bottom trap condition Of & three-dimensional trap. In this way a three-dimensional
[16]. In contrast to Raman and sideband cooling, the sidedark region would be created, that could be shaped into the
bands do not need to be resolved. The scheme can be appligge of the trap ground state. The scheme may be useful for
in the limit of weak confinementI{>») and outside the @achieving Bose-Einstein condensation with laser cooling,
Lamb-Dicke regime. and more in general in preparing with laser cooling a mac-

Assuming a doughnut mode as a model of the spatiaf0Scopic occupation of a state of motion.
profile of the laser, our numerical calculations have shown
that more than 80%_ of the_ atoms can be cooled to the grou_nd ACKNOWLEDGMENTS
state of a harmonic-oscillator potential. Furthermore, this
number can be increased significantly for trapping potentials G.M. is grateful to J. Eschner for many stimulating dis-
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