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Laser cooling of Rydberg atoms in bichromatic standing waves
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(Received 13 November 1995

We present a calculation of cooling of Rydberg atoms in bichromatic standing light waves. The atoms in our
model are assumed to have a cascade three-level transition scheme, with the second excited level being the
Rydberg state. The cooling fields, which also excite the atoms to the Rydberg state, consist of two standing
waves whose frequencies are tuned near the two transition frequencies of the cascade atomic system. It is
shown that the mechanisms of Sisyphus cooling and velocity-selective coherent population trapping can co-
exist in such a configuration, and under certain conditions the majority of the laser-cooled atoms are in the
Rydberg state.

PACS numbels): 32.80.Pj, 42.65-k

Laser cooling of atoms has been an active field of rewe will be concerned with the cases whiesy,— w,o have

search in the last few years. Among most of the existing lasethe same order of magnitude asg or wsg.

cooling schemes, the goal has been to prepare a sample of VSCPT cooling of atoms with the same cascade three-
cold atoms in their ground electronic states. In certain situalevel structure in bichromatic traveling waves has been con-
tions, it may be desirable to have a laser-cooled sample ¢fidered recently in Ref5], where it was shown that in order
atoms in a selected excited electronic state. In this RapiéP obtain a velocity-selective dark state, the two laser fields
Communication we explore the possibility of preparing coldMust propagate in the same direction. In this case the cooling
Rydberg atoms with a combination of Sisyphus coolid gffects_are severely restricted by the presence of an un|d|_rec—
and velocity-selective coherent population trapfM§CPT) tional light pressure force due to the copropagating traveling

[2], two cooling mechanisms that have been studied extenYaVes and the atomic population captured in the dark state
sively in the past Is quite small[5]. The advantages of the present standing-

There exist many reasons for preparing laser-cooled at! ave configuration over the traveling-wave scheme are two-

oms in a highly excited electronic state. Rydberg atom phys-OId: First, the repilacement of t.he. copropagating _travglmg
) o . ; ! waves with standing waves eliminates the unidirectional
ics has been an active field of research in atomic physics f

. q[ght pressure force, and cooling can occur over a much
several decades]. The preparation of cold Rydberg atoms longer time scale; second, in addition to VSCPT cooling,

should be of interest to subject fields such as Rydberg atom,q e 5150 exists Sisyphus cooling in the standing-wave case,
collisions, cavity quantum electrodynamics, precision SpeCang the combination of both mechanisms makes this con-
troscopy of Rydberg states, and nonlinear dynamics anflgyration more efficient and useful for cooling of Rydberg
chaos. Moreover, laser-cooled Rydberg atoms are unique oRtoms. The coexistence of VSCPT and Sisyphus cooling in
jects in that although the motion of their outer electrons isthis cascade scheme is similar to the case of a three-level
well localized, their center-of-mags.m) motion is quantum A transition previously investigatd®, 7).
mechanical with a coherence length on the order of an opti- The total Hamiltonian of the system, including the c.m.
cal wavelength. One expects that new experiments can h@otion of the atoms, can be written in a frame rotating at the
performed with cold Rydberg atoms, which may reveal inter{aser frequencies as
esting physics and lead to potential applications in the future.

The atoms in our model are assumed to have a nondegen- H=Hqy+V, (1)
erate cascade three-level structure as shown in Fig. 1, with
the ground statgg), the first excited statée), and the
Rydberg statér ). This level scheme may correspond to, for >
example, the Na 3S,,— 3 2P;,—452Dg, transition. The
Bohr frequencies of the two cascade transitions are denoted
asw,g and w,g. The spontaneous decay rates of the excited Wo Yo
and the Rydberg states are givenjyandy,, respectively.
We assume thag,> vy,, which is the case for most Rydberg

systems. The cooling fields are a pair of standing waves, with le>
their frequencies, andw, tuned neaiw,oandw,g, respec-
tively. In the case wherey and w, are nearly identical, a Wy Y4
rectified dipole force may occur for such a systgth Here
\ 4 |g>
*Permanent address: Dipartimento di Fisica, Univerdit®isa,
I-56126 Pisa, Italy. FIG. 1. The cascade level scheme and the incident fields.
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where the atomic HamiltoniaH g is given by

Ho=1 (19)(a+ e)(el +[r)(r])

—hA|e)(e]—A(A+A)|r){r] 2
and the interaction Hamiltoniad is written as
0 Q,
V=t —= cogk;z)|e)(qg| +—-cogkoz+ ¢)|r)(e[+H.c.|,
©)

where ¢ is a relative phase difference between the two
standing waves. The field detunings and Rabi frequencies in

Egs.(2) and(3) are defined as

Aj=w1— w19, Ar=wy— vy,

_degFs

dreEZ
ho '

f

o=

Q4 (4)

The noncoupled statéNC), defined asV|NC)=0, is
given by

1
INC)= m[ﬁzcoikzzﬂL #)g)— Qlcof(klz)|r>](- |
5

For stable VSCPT coolingNC) must also be a dark state

which is not coupled to any other atomic states by the atomic

c.m. motion. This requirement can be satisfiefNC) is an
eigenstate of the total Hamiltoniah given in Eq.(2), which
leads to the following requirement on the field detunikg
andAj:

(6)

Al—wkl= _Az_ (OKZEA,

where wki=ﬁki2/2M (i=1,2). In what follows we assume

that this requirement on the detunings and A, is always
satisfied. We next assume a weak-field limit defined by

@)

which is the optimal limit for Sisyphus cooling that, as

01,Q,<yy,|A],

LASER COOLING OF RYDBERG ATOMS IN BICHROMATIC ...

R1225

hAQ32

UO (71/2)2+A2' (10)

In deriving the effective Hamiltoniahl . we have neglected
terms proportional toy, /vy, or “’ki/|A| (i=1,2) which are
small. The density matrix equation for the atomic ground
state and the Rydberg state are given by

o1 1
p=iz[Hempl= 5[Ap+pA]
Ky S S
+71f Ni(p')e P “B'pBeP “dp’

kytko - -
Fra 1 Nape P grplr)(gle
~(kytky)
11
where the operator8 andB are given by

¥1(24/2)cos( k1Z)|
= (')/1/2)2+A2 Ig><g|

’}/1(02/2)20052( k22+ ¢)|
(71/2)2+A2 |I’><|’|

N v101Q,/4 cogk,z)cogk,z+ @)
(y1/2)°+ A%

X(1g)rl+1r){al) +yalr)rl,
B=[iQ,/2 cogk;2)|g)(g|
+iQ,/2 cogkoz+ ) |r){g|1/(y/2+iA),

(12

and the function®N;(p’) andN,(p’) denote the spontane-
ous emission kernels associated with the decay frento
|g) directly and from|r) to |g) indirectly via |e), respec-
tively.

One can diagonalize the optical potentid{z), and the
resulting eigenvalued)y(z) andU,(z), are usually called
the adiabatic potentials. They are given by

Uy(2)=0,

shown below, can exist in this standing-wave configuration.

In this weak-field limit one can adiabatically eliminate the

intermediate excited state) since its population is negli-
gible. The resulting effective Hamiltoniat. for the atomic
ground and Rydberg states can be written as

2

Her= o (10)(0+ () =8+ A )|+ U (D), ©®

where the light-induced potentiél(z) is given by[9]

Q, 2
O co(Kyz+ ¢)|r){r|
1

U(z)=U,| cog(k,2)|g){g| +

Q
+Q—jcos(klz>cos(k2z+¢><|r><g|+|g><r|>}, ©

with the potential depttJ, given by

QZ
Uy(2)=U,| co(k,z)+ Q—ﬁco§(k2z+ #|. 13
1

In the absence of the atomic c.m. motion, the eigenstate as-
sociated withUy(2) is the noncoupled stat&lC), while that
associated withJ(z) is given by

[Q1cogk,2)|g)+Q,c09ky2)[r)].
(14

1
C)= ——
©) VOI+ 03

Similar to the three-levelA configuration[6,7], Sisyphus
cooling of the atoms is provided through the transitions from
the adiabatic potentidl ;(z) to Uy(z) and fromUy(z) back
to U4(2), which are induced by optical pumping and nona-
diabatic coupling, respectively. The potenti#](z) must be
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positive, orA>0, such that the atoms can lose their kinetic F ' ' '
energy when they climb up the potentlal(z) before being 0.30F  Us/E=200 (d)_f
optically pumped into the potenti&ly(z). In what follows F o 0,/0=05 ]
we assume thap=0 without loss of generality. 0.25F  7,/T'=0.001 ri=o
The light-induced potentiall(z) given in Eq.(9) is, in _0.20F - EE20
general, nonperiodic in space for an arbitrary ratio of % : ]
k,/k,. To facilitate an analysis of the cooling process based 0.15 i E
on the Bloch state description of the atomic s{dtg,g], we 0.10F 3
choose laser wave vectors such that the rhjitk; is a ra- 0.05 E E
tional number 1.5, which is close to the actual value of B ]
wool w1 for the above sodium cascade transitfdd]. As a 0.00%
result,U(z) becomes periodic in space with a period deter- —20 20
mined by the difference wave vectk=k,—k; (i.e.,
k,=2k,k,=3k). The Bloch states are denoted psq), . ' ' ' )
wheren is the energy band index argle[ —0.5,0.5) is 0.30F  Us/E=200 3
the Bloch index. The Bloch states can be expanded in terms E 0./0,=0.5 ]
of the free-particle statdsnzik+7%q) and the atomic internal 0.25F y/r=0001 ri=0
statese) (e=g,r) as ~ 0.20F T Tios00 -
£ F _ Ti=e
N 2 0.15F Rydberg atoms ‘
nay= 2 X Cogme)lmik+hia)le), (15 0.10f ]
e=g,r m=—N . ]
whereN is a cutoff value for the momentum expansion. For 0.05 - S - ]
the results presented below we have cholen30, which 0’0020 ' 0 o 0 20

proves to be sufficient, and the Bloch index
e[ —0.5%,0.5) is discretized on an interval of k1
Under a secular limit defined by

p/hk

FIG. 2. The c.m. momentum distribution @) all the atoms and
(b) the atoms in the Rydberg stdte), after various cooling times
t. The potential depthJ,=20CE, , the ratio(},/Q,;=0.5, and the
lﬁydberg state decay rate,=0.001"".

A>yy, (16)

the energy separations between the Bloch states belonging

different energy bands are much greater than the relaxatiogiomic momentum distribution width is reduced to a few
rates of these states, and one can therefore neglect the COhSﬁoton recoil momenta. The effect of VSCPT then leads to
ences between these different Bloch stdfidsThe density-  the appearance of subrecoil peaks in the distribution at
matrix equation, Eq(11), then becomes a set of rate equa-p=+#k, and p==7%k,, which is a manifestation of the
tions for the populations of various Bloch states,q.  accumulation of atoms in the noncoupled StHY€). The
Starting from an arbitrary initial distribution of the atomic peaks at+ 7k, correspond to atoms in the Rydberg state, as
population among various Bloch states, the density matrixpown in Fig. 2b). For this particular choice of parameters,
rgaches a quaIS|eqU|I|br|um'that corresponds to the results @hore than 65% of the atomic population is found to be in the
Sllsylohus2 cooling aftzer.a time scale of ordel™l/ where  Rydberg state at equilibrium. Notice that this result is inde-
I'"=y,Q1/4(y1/4+A%) is the optical pumping rate of the pendent of the initial condition for the atomic density matrix,
system. The atoms then undergo a much slower process gfovided that the initial atomic momentum distribution is
VSCPT cooling. In the case of a decaying Rydberg state, i.esufficiently narrow to be within the velocity capture range of
y.#0, the noncoupled statélC) also decays through spon- Sisyphus cooling. One may thus regard the current standing-

taneous emission at a rate given by wave configuration as both an excitation and a cooling
scheme for the Rydberg atoms.
1 (17) The steady-state population in the noncoupled state

I'nc=7—"—=17>.
NCT1H(0,/0,)% 72 INC) is expected to be sensitive to the ratio between the

) ) Rydberg-state decay ratg, and the optical pumping rate

As a result, the density matrix can reach a steady state on@ since it is the balance between the feedingNE) at a
time scale given by T/yc. ~_ rate of orde’’ and the leaking at a rafé,c that determines

The time evolution of the c.m. momentum dlstr_|but|on the equilibrium population of[NC) and the effects of
function for all the atomsp(p), and that for atoms in the \/SCPT. The result of Sisyphus cooling, on the other hand,
Rydberg statep(p), are presented in Figs(& and (b),  should remain insensitive to the ratig,/I"" as long as
respegtl\zlely, for a potential depth)o=200E,, where , <T' The above analysis has been confirmed by further
Ec=7°k/2M=E, /4. For realistic atomic systems such as ca|culations. For example, if one chooses a greater Rydberg-
the Na 3°S,,—32P,,—-45%Dg, transition, the ratio state decay ratg, /I’ =0.005, the magnitudes of the subre-
¥»17y1 is on the order of 10*. For typical laser intensities coil peaks ap= *+#k; in the equilibrium momentum distri-
and detunings for Sisyphus cooling, the ragid/T"’ is on the  butions decrease by nearly 50% as compared to the result in
order of 0.001. As one can see from Fig. 2, after an initialFig. 2, while the wing of the distribution, which corresponds
period of Sisyphus cooling on the order bft=10, the to the result of Sisyphus cooling, as well as the total popu-
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lation in the Rydberg state, is not significantly affected by the
increase ofy,.

The optimal value for the choice of the ratio between the
two Rabi frequencies(),/{},, can be determined based on
two conflicting factors. First, since the percentage of the
Rydberg atoms in the population of the noncoupled state
INC) is given by 1/(1+Q3/Q?) [see Eq(5)], it seems that
one should choose a small value®%/(), in order to have
most of the cooled atoms in the Rydberg state. On the other
hand, as analyzed above, the process of Sisyphus cooling
depends on the transition of atoms frdth(z) to Uy(2)
through optical pumping involving spontaneous emissions of 0.4 0.6 0.8 1.0
the Rydberg state. The rate of this transition depends on Q./9,
the weight of the Rydberg state in the motional states
associated with U4(z), which is proportional to
(Q,/0,)%(1+Q3/Q%), as can be seen from Ed14).
Therefore, if the ratio,/Q, is too small, the effect of
Sisyphus cooling will be greatly reduced due to the lack of
optical pumping processes that are responsible for the dissi-
pation of the atomic kinetic energy. In the asymptotic case
when(),/Q,—0, the cascade system reduces to a two-level
system, and Sisyphus cooling is lost. We illustrate these con-
siderations in Fig. 3, where we plot the average kinetic en-
ergy E, and the total populatiof?, of the Rydberg atoms
versus(), /), respectively. As can be seen from Fig. 3,
bothE, andP, decrease witlf), /() ,, in agreement with our
previous analysis. Therefore, the maximization of the
Rydberg—statg populatlc_)n with the decreasd)@f/(_ll W'" FIG. 3. (a) The average kinetic enerdy; of the Rydberg atoms
be accompanied by an increase of the average kinetic eNerg¥d (b) the total population of the Rydberg stde, as a function

E;, and vice versa. _ N of the Rabi frequency ratioQ,/Q,. The potential depth
Our analysis has not included some additional features ofj,— 200, , and the decay ratg,=0.00T".

the real Rydberg systems, which may modify the fraction of
cold atoms prepared in the Rydberg state. The Rydberg state _ s
may have a branching ratio toward lower states other than !N conclusion, we have presented in this paper a model of
the first excited level considered in our analysis. However, al@Ser cooling of Rydberg atoms in bichromatic standing-
long as these intermediate states decay much faster than tW@ve fields. At equilibrium, the majority of the atoms can be
Rydberg state, the effects of their existence mainly affect th@repared in the Rydberg state with a narrow ¢.m. momentum
feeding of the noncoup|ed state and should remain Smamistribution width resulting from the combination of VSCPT
Furthermore, the lifetimes of Rydberg states are generallgooling and Sisyphus cooling. Although this present calcula-
sensitive to the blackbody radiation, which can induce trantion is performed in a one-dimensional configuration, our
sitions to neighboring states or to the continu{®. The  model can be generalized to higher-dimensional cases by ap-
finite amount of blackbody radiation will pose some limita- plying a pair of standing light waves in each spatial dimen-
tion on the efficiency of the VSCPT cooling of Rydberg at- sion. Research along this direction is currently under way.
oms, and experiments based on this scheme should be per-

formed in a cryogenic environment to reduce the effects of We thank E. Korsunsky for helpful di_SCUSSionS' JG. i
blackbody radiation. supported by the E. U. Condon Fellowship at JILA.
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