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Two-photon Doppler cooling of alkaline-earth-metal and ytterbium atoms
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The possibility of laser cooling of alkaline-earth-metal atoms and ytterbium atoms using a two-photon
transition is analyzed. We consider'§,-'S, transition with excitation in near resonance with the; level.
This greatly increases the two-photon transition rate, allowing an effective transfer of momentum. The experi-
mental implementation of this technique is discussed and we show that for calcium, for example, two-photon
cooling can be used to achieve a Doppler limit of 12R. The efficiency of this cooling scheme and the main
loss mechanisms are analyzed.
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[. INTRODUCTION taining cold calcium atoms was recently demonstrated by
optically pumping a fraction of atoms captured in a MOT
Laser cooling of neutral atoms and ions has played a funinto the metastabléP, state, and application of a second
damental role in many fields such as metrology, atom andtage of laser cooling on th&P,-3D transition to produce
quantum optics, and Bose-Einstein condensation. For ghetastable calcium at microkelvin temperatui@g
strong and closed single-photon atomic transitigmewidth In this paper, we present a scheme for laser cooling of
Av of a few megaheriz a high scattering rate can quickly gjkaline-earth-metal and ytterbium atoms using a two-photon
reduce the atomic temperatui@ velocity) down to a “Dop- 1515 transition. Although laser cooling involving two
pler” limit given by the spontaneous emission rate, typically photons takes place, for example, in Raman codlBigand
in the millikelvin range. The multilevel atomic structure is guenching cooling, so far no two-photon Doppler cooling
essential in other cooling techniques, such as polarizatiofgzs peen demonstrated. We show that two-photon cooling
gradient[1,2], which allow the achievement of microkelvin ¢an pe quite efficient and might be used as a second cooling
temperatures. Although these techniques have been widegfage after precooling with the conventional method. The
applied in metal-alkaline elements, they are not applicable t@xperimental setup should be much simpler than in quench-
the alkaline-earth-metal and ytterbium atoms because of thejrg cooling, requiring only one additional laser with line-
simpler level structure with nondegenerate ground states angligth of the order of a megahertz. In addition, a significant
no hyperfine structure. Thus, until recently, the smaller teMiemperature reduction, with respect to the one-photon Dop-
peratures achieved with these elements were in the mibler jimit, can be achieved. In Sec. II, we describe the feasi-
likelvin range, given by the Doppler limit of the resonant pjity of two-photon cooling and present the calculations of
15,-1P; cooling transition. Microkelvin temperatures, close the transition rates for the one-photdi,-'P; and two-
to the recoil limit, have been achieved for strontium by DOp'photon 15,-15, cooling transitions. In Sec. Ill, we present an
pler cooling using the narrowetSy-°P; intercombination  analysis of the temperature limit that can be achieved by this
transition (y/2m=7.6 kHz) [3] and also for ytterbium cooling scheme. Sec. IV discuss the main loss mechanisms,

(y12m=182 kHz) [4], an alkaline-earth-metal-like atom. considering*°Ca as an example. Finally, the conclusions are
Cooling using the intercombination transition has also beeymmarized in Sec. V.

demonstrated for calcium, where the relatively long lifetime
of the 3P, level (r=0.38 ms, y/27r=408 Hz) had to be
reduced _by coupling it to an(_)ther Ie\_{6|,6] in ord(_ar to makg Il TWO-PHOTON TRANSITION RATES
the cooling process effective. This “quenching” cooling
scheme has also been used several years ago to cool mercuryLet us consider the interaction of an atom with two co-
ions to the zero-point energy of a trifl. With the exception  propagating laser beams, with wave numbars 27/\ ; and
of ytterbium, cooling on the intercombination transition wask,=2s/\, and frequencies; andw,. Figure 1a) shows a
used as a second stage after initial precooling to millikelvindiagram of the relevant level structure of alkaline-earth-
temperatures with the strontS,-1P; dipole transition. Al-  metal and ytterbium atoms. The ground state is represented
though this narrow line cooling can reach temperatures nedsy |g)=(ns?)!'S, and the excited states arer)
the recoil limit, only a small fraction of the atoms cooled by =(nsnpP; and|e)=[ns(n+1)s]'S,. From levelle), the
the strong'Sy-!P, line can be transferred to the microkelvin atoms quickly decay to the ground state by spontaneous
regime. For calcium, for example, only about 15% of theemission via the intermediate stdte with relaxation rates
atoms captured in a MOT were transferred to lower temperay, andy,. Table | presents some relevant parameters for the
tures by quenching coolind,6]. Another possibility for ob-  most abundant isotopes of Mg, Ca, Sr, and Yb.
We see that for all these atoms, the first laser is in the blue
or ultraviolet region, while the other laser is at the near in-
*Electronic address: flavio@ifi.unicamp.br frared region. The resonant saturation intensity for the blue
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ns (n+1)s 'So &> TABLE I. Parameters of interest for one- and two-photon cool-

@ S Z___ - - ing in some alkaline-earth-metal and Yb atoms.
A 2 YZ Parameter Mg “ca 8y b
% <
S 3oom > e Py [r> A; (nm) 285.2 4228 4607 39838
: y,/27 (MHz) 80.95 34.63 4.48 28.01
s (MW/cn?) 456.0 59.9 6.0 57.7
N L X, (nm) 1182.8  1034.4 1130  1077.3
: y,I27 (MHz) 4.14 4.77 2.96 4.81
I s (MW/cn?) 0.3 0.6 0.3 0.5
ns® 'Sy &> v, (cmis) 7.14 3.31 1.39 0.79
(b) T, (1K) 14.92 5.30 2.04 1.31
62 (1) 61 (-) v o1 (1) 62 (-)
) — (_O ..........

N\ andX\,, respectivelysee Fig. 1b)]. Althougho(+) and
o,(—) photons can be absorbed from opposite directions,
this possibility will not be considered here. Polarization se-
lection rules for two-photon transitions are discussed in Refs.
[10,13. For alkaline-earth metals and ytterbium, Et). can

be written as

transitionSy-1P; is 11, while | .5 is the one for the infrared
transition *P;-1S,. The recoil velocity, after two-photon ab-
sorption, is given byv,=#(k;+k,)/M, where M is the
atomic mass. The recoil temperature is ther=Muv?/kg,
where kg is the Boltzmann constant. Both are obviously
higher than in the case of the single-phot®y-1P; cooling
transition.

Two-photon transition rates are dependent on the light
beam intensities and detunings from real levels and usuall | i involving th | levéP. W din thi
are much smaller than single-photon dipole allowed transi- nly one term, involving the real Ievelr,. e use ”21 2'3
tion ones. Nevertheless, they can be quite strong for spectr(?—quatlon the  saturation  parameterss; =2|(| /7’1
scopic purposes, allowing the implementation of powerful=!1(®1)/l1s and S=2|Q,|%/ y>=15(w;)/1 55, where Q;
Doppler-free techniquegl0], widely used over the past 30 =— u;Ej(w;)/A (j=1,2) are the Rabi frequencies associ-
yrs. However, in order to reduce the atomic velocity, theyated with the applied fieldg;(w;) and the dipole operators
must be high enough to allow an effective and fast transfer of.; . We have introduced in this last equation the possibility
momentum from the light fields to the atom. The generalof saturation of the one- and two-photon transitions.
expression for the two-photon transition rate between levels The transition raté’, for the strong one-photohSy-1P,
|g) and|e) is given by Refs[11,12: dipole transition is given by14]

FIG. 1. (a) Energy-level diagram for two-photon cooling in
alkaline-earth-metal and Yb atom&) Configuration for a one-
dimensional two-photon optical molasses.

_ 45,S,v,
9 [1+4S,+ (24, 17?1+ S8+ (28,1 2)?]

2

here the sum over intermediary levdls is reduced to

Tye=| S <e|H2|r)<r|H1|g)‘2 Y2

T hA —i(fiy,/2) \ [AZ+(y,/2)%] @

Si(y1/2)
[ye= 5o
[1+S+(2A,/y1)°]

()

where the matrix elements of the interaction Hamiltonian
between the atomic levels ate|H,|r) and(r|H4|g). The

detunings, including the Doppler shifts, afg=wg —w;
+kiw and Ay=weq— 01— wy+ (ky+ky)v, with the Bohr
frequencies between the atomic levéls and |m) repre-
sented byw,,,. The laser detuning relative to levil) is

Figures 2a) and Zb) show the transition ratds, /27 and
I'y/2m, as a function of the one-photon detunfrztgl, nor-
malized byy,, for a two-photon detuningA,|=vy,/2, and
saturation parameterS;=0.1 andS,=3. The calculations

defined asdw;,=w;—wgy, . The first term of the expression were made for magnesiutdasheg, calcium (solid), stron-
involves a sum on the intermediary levels, which are tium (dash-dot and ytterbium(doted curveé The chosen
coupled tog) by allowed single-photon transitions. The sec- saturation parameters made the one- and two-photon transi-
ond factor gives the spectral line profile of the two-photontion rates of the same magnitude. FiCa, for example,
transition of a single atom, which has a two-photon detuninghey correspond tqsee Table )l |,(w;)~6 mW/cn? and
dw,= w1+ wy,— weq. In order to preserve angular momen- |,(w,)~2 mW/cn?. In fact, over 100 mW of laser radiation
tum in aAJ=0 transition 1S)-'S;, we are also assuming at 422.8 nm can be generated by frequency doubling near
o,(—) ando,(+) polarizations for the two laser beams at infrared diode laserEl5] or a Ti:sapphire lasdrl6]. Radia-
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higher thanS;. However, as we will see in the following
section, increasing the second laser intensity results in an
increase of the equilibrium temperature due to the heating
caused by spontaneous emission.

1 /2n (MHz)

Ill. DOPPLER-COOLING LIMIT

The temperature limit in laser cooling is determined by a

) b . .
= ®) balance between damping forces and heating due to sponta-
E neous emission. For a two-level system, considering a one-
e photon process this Doppler limitkgTp =7 y4/2, while the
AN recoil limit is given by kBTrzhzkilM. In general, Tp
~ . g .
L‘Eb >T,, for one-photon cooling transitions of alkali metals.
10'

. A. Two-photon process
Detuning |A | /v, P _ p_ _
The Doppler temperature limit can be estimated by the
. balance between heating and cooling, givikglp=D/a
FIG. 2. Transition rates for two-photd) and one-photorh) 141 \whereD is the diffusion constant and is the damping
cooling processes in some alkaline-earth-metal and ytterbium afz,efficient. Let us consider one atom interacting with two
oms, as a fur_lctlc_)n of_the normalized detun1|ztg|/yl. The two- copropagatingo,(+) and o,(~) laser beamgsee Fig.
photon detuning i\,= — y,/2, and the saturation parameters are . o .
S,~0.1 andS,=3, 1(b)]. The d|re.ct excitation fronig) to |e) by the 'S|multa-
! neous absorption of two photons; + w,, occurs with a rate

tion at 1034 nm can be generated with a Ti:sapphire laser dree: 9ven by Eq.(2). From the upper levele), the atom

with a Yb:YAG (yttrium aluminum garnetlaser. With this spontaneously .decays to.the intermedjajdevel with a rate
last option, powers over 500 mW are readily achieved. Every2 @nd, from this level, with a ratg, to the ground state. On

at low power levels, the two-photon transition rate can still@n average, the time taken by one atom to absorb simulta-
be significant. We can see in Figia2 that for |A,|< y,, the neously two photons and go back to the ground state by

two-photon transition rate is about 1 MHz, therefore a little SPONtaneous cascade decay is given by
smaller than the rates of the conventional cooling transitions
of metal-alkaline atoms. If we assume, for example, red de- At=T_ 1+ vy, 1+ 9.t (4)
tuning of the incident lasers),=— y,/2 and A,= — y,/2, o
the two-photon transition rate will bE,¢/27=1.2 MHz for
calcium. For these parameters, the single-photon transitioli the atom is moving in the opposite direction of the laser
rate isI',/2m =826 kHz. beamdleft side of Fig. 1b)], then a mean radiation forée,

The two-photon transition rate can be much higher tharcan be written as the ratio between the momentum change
the one-photon rate if the saturation paramé&eiis much  Ap=7(k;+ky) and the time intervalt

40 (K +K2)$1S,v2
(1+S;+ 4X§)(1+ S5+ 4X§) +4S,S,(1+ yolyq)

F

. 8(1+S;S,+4%5) (X1 Kqv/ y1) +8(1+ S, +4x3) [ Xo(Ky + ko) v/ 5] -
X - ]
(14 S, +4x3)(1+S,S,+ 4x2) + 4S8, S,(1+ 5/ v1)

wherex; = dw;/y; (i=1,2) are the detunings normalized by dimensional(1D) two-photon optical molasses. In this con-
the natural linewidths of the transitions, and we have disrefiguration, the radiation pressure reduces to

garded terms of the order okg)?/y?. Adding one pair of

o,.(+) and o,(—) laser beams counterpropagating to the F=F_ +F_=—ayv, (6)
first oneqright side of Fig. 1b)], an additional forcé& _ will

act on the atom, and we have a configuration of a onewhere the damping coefficient, is given by
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- — 647 (k1 +k2)S1S, 72
2 (1428, + 4x2) (1+4S,S,+ 4x2) + 4S,Sy(1+ 51 1) }2
X{(X1Ky /Y1) [ 1448, +4x5]+ [Xa(Ky + ko) y2][ 1428, +4X2T}, %
|
which leads to a kinetic-energy losing ratelB/dt) oo (kf+k§)
=Fp=— 2 i ici i iti kKgTmin=" . (12
Fuv=—a,v?. The damping coefficient is positive for red B Tmin= Y1 (e S Tt (ke ko) (72772 (12

detunings and implies in a damping force for all velocities, if
dwy,8w,<0, similar to the case of “one-photon optical mo- ysing the parameters of Table I, we obtain the following
lasses.” For low intensities and far from saturation of thetemperatures: T,,,=131uK, 123 uK, 57 uK, and

L. min—
transitions §;<1, §,S,<1), we have 124 uK, respectively, for magnesium, calcium, strontium,

and ytterbium. These minimum values of temperature are
e —64h (k1 +k2)S1Sp 72 | XaKi /1 N Xa(K1+Ka)/ v2 very close for these elements because the linewidths of the
2 (1+4x3)(1+4x3) | 1+4x3 1+ 4x2 ' second transitionyy,, are very similar(see Table )l This
(8) does not happen for the one-photon Doppler limit. The pre-
dicted ratio between the one- and two-photon Doppler tem-
The momentum diffusion constant in a two-photon molas-peratures will be thenfiy,/(2kgT iy =14.8 (Mg), 6.8
ses,D,, can be estimated through a straightforward gener{Ca), 1.9 (Sr), and 5.4(Yb) (Table Il). Equations(11) and
alization of the analysis of the random-walk process in one{12) are valid only for low laser intensitiesS{(<1, S;S,
photon molasses made by Lett al. [17]. Although the <1). If we take into account higher intensities, as a result
damping force reduces the average velocity of the atoms tthere is an increase in temperatures, as in the case of one-
zero, the fluctuations of this force produce heating due to thehoton optical molassd47].
spontaneous emission, which leads to a spread in the mean-

square momentum, B. Combined one- and two-photon cooling processes
H 1 1 1
d(pz)/dt=2ﬁ2(k§+kg)Fge=2D2. (9) S|r_1_ce the one-p_hotoﬁso- P, and two-photon SO So
transitions occur simultaneously, we should consider both
In analogy to Ref[17], the resultant momentum diffusion cooling processes jointly. Depending on the detunings and
constant in a two-photon molasses is intensities of the incident laser beams, one process can domi-
nate the other. The case of one-photon optical molasses was
4122+ k2)(25))(2S,) v, discussed in several references, and results in the following

2= (100  coefficients[14,17:

(1+2S,+4x3)(1+4S5,S,+4x3)

. . —8h kislxl
where the saturation of the one- and two-photon transitions = ——————, (13
by the two pairs of counterpropagating beams was taken into (1+28;+4x7)
account, and we have disregarded the Doppler shifts
<y1/k1, v2/(kitkp). D= 12KiS1 1 (14)
The rate of increase of kinetic energy in this two-photon 1 (1+281+4xf) '

molasses is given bydE/dt),ea=d(p?/2M)/dt=D,/M.
When the equilibrium is reached, the heating and coolingaking into account the saturation of the first transition in-

rates are equal, that isd E/dt) coo+ (dE/dt)pea=0. There-  \qlying the blue laser at frequenay,. The effective damp-
fore, using Eqs(8) and (10), the Doppler temperature is g and diffusion coefficients that jointly take into account

estimated as the one- and two-photon cooling processes are

2., 1,2 -1

T _hyy (KIHKD) [ Kalxal (K +Kp)[%o| v2/ 2 @efi= a1t ay, (15

BID= 5 :

2 2(ky+k 2 2
(kitke) 1+4x; 1+4x; 11 TABLE Il. Predicted parameters for the two-photon Doppler
(1D) cooling.

We recognize the first term on E¢ll) as the one-photon ‘
Doppler limit T;=7%y,/2kg, which is 1.94 mK, 831uK, Element Tmin (#) T2/ Tmin
108 uK, and 672uK, respectively, for magnesium, cal- Mg 131 14.8
cium, strontium, and ytterbium atoms. The detunings that 40cg 123 6.8
minimize the two-photon Doppler temperature axrg 88gy 57 1.9
=—1/2 (bw1=— y1/2, Swy=— y,/2), giving the minimum 174y 124 5.4

value
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1
% 800 > S
= 700
O]
3 oeoofi
S E 1030 nm
g 500" 3.00x 107 s
g i
g 400 )
_ -1
_q:). 300 2440 (6?0)s
(=% r " !
8 200F el i e ==
Q 100 R ML -] 5.5p.n; ........... a 31D2
s 1 i N L . ! . %D FAR
0 1 2 3 4 5
S2 .
300(90) s
FIG. 3. Doppler temperatures for calcium atomfig(uK), as a * ""-._‘ ,
function of saturation paramet&, for some fixed values 08; 423 nm ; - 4P
(0.3, 0.2, 0.1, and 0.01) and detuning®o,=—y,/2, Sw, 2.18x10%s
= —v,/2. The minimum value of Doppler temperature achieved is 457 nm
123 uK (dash dot-dotted curye 40(10) 5!
) 657 nm
2000(200) 5™
Deff:D1+ D2, (16)
and the Doppler equilibrium temperature is obtained by
ksTp=Deti/aess- Figure 3 presents this temperature for
calcium atoms, as a function of the infrared saturation pa- | g s

rameterS,, for several values of the first laser saturation 45

parameter$;=0.3, 0.2, 0.1, and 0.01). The laser detunings  F|G. 4. Energy levels of the calcium atom, showing the main
were assumed to be at the optimum valdes= — y,/2 and  |oss channels that limit the efficiency of the one- and two-photon
ow;=—vy,/2. Some features in Fig. 3 call our attention. Thecooling processes. The decay rate frofD3 to 4°P, is yp=89

limit of low intensities of the infrared laseS(<1) results in ~ x10* s~ [23].

a temperature expected on the basis of the two-level atom

theory: % y,/2kg=831 uK for calcium. However, for low the cooling process, again using calcium as an example. One
intensities of the blue laseS{<1) and with the increase in of these channels is the spontaneous decay from the
the S, parameter, the Doppler temperature is quite reduced4s4p)'P, to the (34p)'D, level, at a rate ypp
tending to the minimum value of 128K (dash dot-dotted =2180 s* [18]. For magnesium, théD, state is above the
curve; see also Table)lIThis minimum value of temperature P, level, so this loss channel is not present. Another is the
is close to the Doppler limit that would be associated onlydirect spontaneous decay from thesb4)'S, level to the
with the second transition, that %y,/2kg=115 uK forcal- 3P, level, at 553 nm, which occurs at a rate of
cium atoms. As already mentioned, this new Doppler limit is2440(600) s? [5]. A third loss channel is due to photoion-
6.8 times smaller than the one-photon Doppler limit of theization of the excited state 65s)'S,, which can be con-
blue transition. This happens due to the increase in the dammected to the (86p)*P; level above the ionization limit by

ing coefficient for the combined cooling processes. For the photon at 423 nm. The photoionization rate for this process
other elements of Table Il, this reduction factor varies con-is given by I'i; = gion(w1) X1 (w1)/(Aw,) [19], where
siderably, depending on the values of the linewidths oj,,(w4) is the photoionization cross section at the blue laser

and y,. frequency. Although this cross section has not been reported
in the literature, we do not expect an expressive photoioniza-

IV. EFFICIENCY OF THE COOLING PROCESS AND ]E'O” ;‘f"‘te for Ca'c'“mhbegauseh.th's prpceishca.” be considered
MAIN LOSS MECHANISMS ar off resonance. The branching ratio of the ionization pro-

cess, with respect to the spontaneous decay, to the interme-
In this section, we discuss the main loss mechanisms thatiate level|r), and from this to the ground state should be
can limit the efficiency of the Doppler cooling scheme dis-very low becauséd’;,,<vy; 7y, for small values of intensity
cussed here. It is important to know the population fractionof the blue laser. This is not the case of magnesium, where
in the excited statelg) and|e), which can be lost by spon- photoionization is an important loss channel.
taneous emission into metastable levels that do not partici- The atomic populations of the excited stafésg. 1(a)]
pate in the cooling process, or through photoionization incan be calculated using the density-matrix formalism applied
duced by the incident laser beams. to a three-level atom interacting with two laser bed2@].
Figure 4 shows some possible loss channels that can limithe optical Bloch equation€DBE'’s) for the density-matrix
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rameters are&S,=1 (doted, 3 (dashegl and 10(solid line).

We can observe in Fig. 5 that the increase in the infrared
laser intensity results in an increase in the excited-state popu-
lations due to optical pumping. However, in the steady-state
regime t—x), the percentage of excited atoms is low
(<10%), corresponding to a high fraction of atoms in the
ground state.

An important parameter that characterizes the dynamics
of the cooling process is the cooling timg,,. This time
—S5,=10 for the two-photon cooling can be calculated by the relation-
sooo8,= ship between the kinetic energy and its loss rate:

p,, (%)

W O~ N W R W
T

p, (%)

O 1 L 1 1 E M
0 100 200 300 400 500 Te00l = (qEIdD) aee Zeters’ (18
coo e

Time (nsec)
From Eq.(15), the last expression implies a decrease in the
FIG. 5. Population distributions of the excited staté® cooling time, in comparison to one-photon coolingy,
—pees (B) —p,, for calcium atoms in the two-photon cooling =(M/2a;)1(1+ apla;)<M/2a;. For calcium, we have
process for5;=0.1 and$,=1, 3, and 10. Teool~2 1S, for Sw;=—7v/2, $,=0.1, andS,=3. Since
. o ) ) this time is much shorter than the storage time, dictated by
elements with the termg;; (i,j=g,re) varying slowly in  giical pumping into the metastablED, state[8], two-
the rotating-wave approximation are given by photon cooling should be a fast and efficient process.
Another important parameter is the capture velocity,
which is of the order ofy; /k;=14.7 m/s for the one-photon
cooling process in calcium atonp$4]. In general, the aver-
age force given in Eq.(6) reduces toF=-—ayw/[1l

apeez _ i &( . )
ot Y2Pee 2 Per™ Pre)s

Iprr N IR U +.fﬁ B +(v/vg)?], and the capture velocity for the two-photon
gt~ Pt Yapee 1 5 (Prg™ Pgr) 15 (per— pre), cooling is a littte smaller, of the order ob.=(y;
+ v,)/(2k,+2k,) for detunings|dw;| = y;/2. For calcium,
Ipgq 0y v.=6 m/s is much larger than the mean velocity of the at-
7—71Prr+'7(9rg_l’gr)’ oms, already cooled in the first cooling process,s
=\hvy,/(2M)=41.6 cm/s. This fact ;,s<v.) implies
IPer _ 0, that the initial number of atoms that were captured in the first
b —[(y1+y)2=i(dwy— dw1) | per—i S Peg cooling stage should be transferred completely to the second
one, resulting in a significant number of colder atoms. In
0, other words, the transfer efficiency from the firgine-
- |7(pee_prr)r photon to the secondtwo-photon stage should be basically
100%.
IPeg . 0y O,
P —[¥2/2=18w;]peg—i - Perti 5 prg, V. CONCLUSIONS AND PROSPECTS
We proposed a possibility to reach microkelvin tempera-
Iprg , 04 -, tures in laser cooling of alkaline-earth-metal and ytterbium
ot = " nf2=ibwi]pg =i (pr = pgg) Hi 5 peg atoms, using a two-photohSy-'S, transition. After discuss-

(17)  ing the implementation of this technique and the calculation
of the transition rates, we analyzed the experimental cases of
where atomic coherences obey the relatjm’p= pji- We  atomic interaction with a pair of copropagating laser beams
have assumed in these equations that the linewidths of thand two-photon optical molasses. We considered excitation
incident laser beams are smaller than the half natural widthwith laser beams at frequencies, and w,, in near reso-
of the atomic transitions, that i&y v;< y,/2, Av,<y,/2. A nance with the'P, state, to enhance the two-photon scatter-
linewidth of about a megahertz would satisfy this condition,ing rate. Doppler limits of 13K (Mg), 123 uK (Ca),
and is typical of, for example, a commercially available 57 K (Sr), and 124K (Yb) have been found at optimum
Ti:sapphire laser. detunings and laser powers. Since the optimum detuning for
The coupled OBE’s in Eq917) are numerically solved the blueS,-1P; transition isy,/2, two-photon cooling can
by integrating over time via a Runge-Kutta fourth-order be simply applied as a second stage, just by adding the sec-
method with the initial conditionsp;;(t=0)=djy. The ond near-infrared laser. This will bring all atoms to substan-
populationspe. and p,, for calcium atoms can be seen in tially lower temperaturegfor example, from 831 to 123K
Figs. 5a) and gb), respectively, where the blue laser satura-for calcium. With such 100% efficiency, any loss of atoms
tion parameter isS;=0.1, while the infrared saturation pa- in this second cooling stage should not be expected. It is
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important to point out that two-photon cooling is consider-important step towards the achievement of all-optical Bose-
ably simpler than “quenching” cooling, requiring only one Einstein condensatg&2] for alkaline-earth-metal and ytter-
extra laser, with a linewidth of about a megahertz. The two-hium atoms.

photon cooling scheme should be applicable to a 3D optical

molasses or a magneto-optical trap, in this case taking ad-

vantage of the magnetic intermediate stiy. This will be ACKNOWLEDGMENTS

investigated in a future work. We also expect to make the

experimental implementation of this technique with the ad- This work was supported by the Brazilian government
dition of the 1034-nm laser in our 3D calcium optical mo- agencies FAPESRncluding its Optics and Photonics Cen-
lasses and MOT[21]. Finally, the lower temperatures ter), CAPES, CNPq, and FAEP-UNICAMP. F.C.C. benefited
achieved by two-photon cooling can be also very useful foifrom fruitful discussions with C. W. Oates, J. C. Bergquist,
efficient loading of an optical dipole trap, which might be anW. M. Itano, N. Beverini, and A. Hemmerich.
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