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Three-dimensional cavity Doppler cooling and cavity sideband cooling by coherent scattering
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Laser cooling by coherent scattering inside an optical cavity, a method proposed for cooling the motion of
arbitrary particles that scatter light, is analyzed in terms of the modified emission spectrum. In contrast to
conventional Doppler cooling, this method invokes the two-photon Doppler effect along the direction of the
momentum transferred in the scattering process. Three-dimensional cooling can therefore be achieved with a
single optical cavity. Both in the free-particle reginmavity Doppler cooling and in the strong-confiment
regime (cavity sideband coolingthe minimum temperature is determined by the resonator linewidth and
independent of the atomic level structure. The cooling efficiency and volume are significantly enhanced in
resonators with transverse-mode degeneracy, such as the confocal resonator.
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[. INTRODUCTION resonatol{15,11] has the significant advantage that the fre-
quency difference between the emitted and the incident light
As first pointed out by Purcell more than 50 years ago, thas determined exclusively by the atom’s motion and does not
spontaneous emission of radiation by an atom is significantlglepend on the particle’s internal structure. Consequently, and
altered inside a resonatft]. This effect can be understood in contrast to other techniques, a closed two-level system is
either as being due to the frequency dependence of the elenet required. This should extend laser cooling to a much
tromagnetic mode density inside the resonator or as resultinigrger class of atoms or possibly even to molecules with a
from the interaction of the oscillating dipole with its image complicated level schenid 5].
charges. If the cavity is resonant with a transition between Laser cooling by coherent scattering inside a cavity is
two atomic levels, the ratio of the spontaneous emission ratbased on the conservation of energy and momentum in the
into the cavity mode to the free-space emission rate is givescattering process. In particular, the scattering of a photon
by 7.=3Q\34m2V, whereQ is the cavity quality factor\ with a higher frequency than that of the incident light is
the transition wavelength, and the mode volumé1]. The  accompanied by a corresponding photon recoil-induced re-
corresponding enhancement of spontaneous emission hesction of the atom’s motional energy. By tuning the cavity
been observed in the microwave domain using Rydberg atesonance to the blue of the incident monochromatic light
oms [2] and in the optical domain using ytterbium and field, scattering events that reduce the atom’s kinetic energy
barium atomg3]. If the cavity is tuned off-resonance, spon- are enhanced over those that increase it. Consequently, en-
taneous emission is suppres$éd as has been measured in ergy and entropy are transferred from the atom to the
a waveguide below cutoff5,6] and in an optical resonator scattered-light field, and the atom is cooled in the process.
[3]. For free particles this mechanism results in a dissipative
A change in the density of electromagnetic modes affect®oppler force that is similar to that found in conventional
not only the spontaneous emission of photons by an atoroppler cooling, but that arises from the Doppler effect
that has been prepared in an excited state, but also modifi@édong the two-photon wave vector that involves both the in-
the coherent scatterir[d] of incident radiation by an atom. cident and the scattered photgoavity Doppler cooling
This follows from the close relation between the emission of15,16]. For trapped atoms confined to a region smaller than
radiation by a free dipole oscillating at its natural frequencya wavelength of the cooling lighitamb-Dicke trap, tuning
(spontaneous emissiprand by a dipole oscillator that is of the cavity resonance above the frequency of the incident
driven by a weak external fielecoherent scatteringln a  light by an amount equal to the trap vibration frequency
guantum-mechanical description both processes are propatesults in a cooling mechanism that is similar to conventional
tional to the density of electromagnetic modes at the fresideband cooling17], as mentioned in Ref10]. While con-
quency of the radiated ligh8]. Therefore the cavity-induced ventional sideband cooling requires a closed two-level sys-
enhancement as characterized by the cavity-to-free-space rt@m and an atomic linewidth that is smaller than the trap
tio 7. applies not only to spontaneous emission, but also twibration frequency, cavity sideband cooling is free of these
coherent scattering provided that the cavity is resonant withiestrictions.
the emitted radiation. The open resonators used in the optical domain have a
There have been several proposals to use the modificationode volumeV that is much larger than®, such that the
of spontaneous emission in a resonator for cooling the moeavity-to-free-space ratig, is usually smaller than unity2],
tion of a two-level atom along the resonator 88s-12, and  and cavity cooling may appear inefficient under these condi-
observations in cavity QED experiments indicate that theions. However, as in conventional laser cooling, the ex-
atomic trajectories are influenced by such mechanismtracted energy per scattering evexitV for cavity Doppler
[13,14. Compared to the proposals based on spontaneousoling is on the order oA W= 2 (E,..W)*?, while for cav-
emission, cooling by coherent scattering inside an opticaity sideband cooling it is given baW=4E, . W/ w. Here
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Erec= (7k)?/2m is the recoil energyk=2x/\ the wave vec- | |
tor, W the kinetic energy of the atom, and/27 the trap

vibration frequency. Since the average heating per scattering

event is E,.. and much smaller thad W for atoms with | +kz

W>E, ..,fiw, cooling to low temperatures is already pos-

sible when the enhanced scattering rate into the cavity mode ""\‘\, Wg

is not negligibly small compared to the total free-space scat- Tk > || i

tering rate. X
An important difference between the optical and the mi- z

crowave domain is that for optical resonators the enhance- \Z -k>

ment is determined by the solid angle subtended by the cav- X

ity mode, rather than by the cavity volume, since for fixed g

mirror losses the quality fact@ is proportional to the cavity — 2r —

length L. For a Gaussian transverse mode of waigtthe

equivalent mode volume is given b= 7Lw3/2 [2], and the FIG. 1. Setup for 2D or 3D cavity Doppler cooling with a single

on-resonance scattering ratio for a linear cavity can be writ¢aVity and multiple incident beams. For 2D cooling a pair of coun-
ten asy.= 12E/(kWO)2, whereE = q—z denotes the intracav- terpropagating beams along thaxis and polarized alongis used.

ity power-enhancement factor, amﬁ< 1 is the fractional 3D cooling is achieved by adding a pair of beams propagating along

power loss per reflection for each of the cavity mirrors. The™Y @nd polarized along.

scattering ratios, is thus proportional to the solid angle
2/(kwp)? subtended by the mode and scales as the inversglue detuned relative to the incident photaki0), the at-
mode area. Mirrors with very low losses allow one to obtainom'’s kinetic energy is reduced in the scattering process.

n.~1 for mode waists as large ag~ 100\n. In this regime In conventional Doppler cooling18] the symmetry be-
efficient cooling to temperatures near the recoil limit shouldtween positive and negative Doppler effects is broken by
be possible. tuning the incident light to the red of a closed atomic transi-
tion. This leads to preferential absorption of photons from a
Il. COOLING IN FREE SPACE: CAVITY DOPPLER beam opposing the atomic velocity, and on average to a

COOLING negative Doppler effect for the incident lighk;-v)<O0,

) _ _ while the scattered photon has no preferred direction relative

A. Cooling with a single transverse mode to the atomic velocity, and hené&,-v)=0. Then according

Consider an atom of masgs with momentump=mv and 10 Eg. (2.2) the average frequency of the scattered photons
kinetic energyW=p?/2m that is illuminated by a plane elec- exceeds that of the incident light, resulting in a reduction of
tromagnetic wave of wave vectds, . We assume that the the atom’s kinetic energy. Conventional Doppler cooling
light is detuned by more than one natural linewidth from anyworks well for atoms with a closed optical transition but fails
atomic transition and that its intensity is insufficient to satu-for atoms or molecules with a multilevel internal structure
rate the transitions at the given detuning. Under these condi19]. The reason is that the condition of a small red detuning
tions the coherent scattering peak will dominate the spectrurfelative to the atomic transition cannot be met for more than
of the scattered light, while the contribution from the inco- One internal state at a time, except by using a large number
herent Mollow triplet will be negligible[7]. Then for an of different incident frequencies, which has been proposed in
atom fixed in space the scattered light would be monochroRef. [20].
matic at the frequency of the incident ligf], while for a In contrast, cavity Doppler coolin§l5,1¢ relies on a
free particle the recoil must be taken into account. Consermegativetwo-photon Doppler effect(ki—ks)-v). The en-
vation of momentum in the scattering process requires thdtanced scattering of high-energy photons is achieved in a
after emitting a photon of wave vectér, the atom have a resonator that is tuned to the blue of the incident-light field.
momentump’ =p+ 7%k, — ks and a kinetic energy This scheme makes use only of the frequency relation Eq.

(2.2) between the incident and the scattered light, which is
W' =W-17%A, (2.1)  determined uniquely by the atom’s motion, and does not de-
pend on the detuning relative to atomic transitions. There-
where fore, atoms with an arbitrary internal level structure can be
cooled at a rate that is proportional to the coherent scattering
h(ki—ke)? ,p rate[15].
2m 22 Since in cavity Doppler cooling the dissipative force acts
along the direction of the transferred momentfifk; — k),

Energy conservation implies that the frequency of theit is possible to achieve two-dimensional or three-
scattered photon isks=ck;+ A, which depends on the scat- dimensional cooling using a single optical cavity and mul-
tering direction and is determined by the two-photon Dop-tiple incident beams. We analyze cooling in two dimensions
pler effect along the transferred momentuifk;—kg). In  for the setup shown in Fig. 1. Two incident plane waves of
addition, scattering is accompanied by recoil heating as desqual intensity polarized along propagate along the:x
scribed by the last term in ER.2). If the scattered photon is directions, while the cavity is oriented alorgThe cooling

A= (ki—ke) V-
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force f due to coherent scattering can be calculated as the 3
rate of change of atomic momentum arising from the - ol
frequency-dependent scattering rate from directid, into L
direction =k, of the cavity mode: ‘S'f
-
F=T Wl (k= k)L (81 1) +Fi(Kyt k)L (8 2) <
N
+h(—ky—Kk)L(S_ ) +A(—ky+k,)L(S_)]. f_ﬁx
(2.3 <
HereT',, is the scattering rate from a single beam into a B S RS
single direction of the cavity mode in the absence of cavity KTk v/
(ko) vive

enhancement and_(6.+) is the frequency-dependent

mtensny—enhancement_factor of the cawty at the detuning FiG. 2. Cavity Doppler force along a diagonal directig
d.. of the scattered light. From Eq2.2) it follows that <, as a function of Doppler effectk(Tk,)-Vv/y, along that di-
d. + is related to the detuning of the incident light relative  rection. The detuning of the incident light relative to the cavity

to the cavity resonance by resonance is8,=—y,—2E.ec/n (solid line and &=-2v,
) _ —2E,e./% (dashed ling 5I'. is the on-resonance scattering rate
0+2= 0] = (EkyTky) v, 2.4 into a single direction of the cavity.

— 5 _ 2% K2 i i : . . N
where 8 = 6, — 2/k*/2m. Equation(2.3) neglects the possi- s the ratio of the power scattered into a single direction of
bility of interference between different scattering events isihe cavity to the power scattered into free sp&tae cavity-
correct in a ring resonator, where the scattered photons trav?d-free-space ratiop, introduced in Sec. I, is two times
in different directions, and remains true in a linear resonatofarger pecause it includes both cavity directions.

as long as the atom is free, such that different scattering Equation(2.6) shows that the dissipative force is symmet-

events result in distinguishable states of the atomic motionyjc iy the components along the incident beark, and
The scattering raté,, into a TEMy, mode without cavity  giong the cavity+k,, and that the forces. along the two

enhancement can be calculated from the decomposition fiagonalsk, —k, andk,+k, are independent. As expected,

the far-field dipole pattern into Gaussian transverse modegy e force is cooling if the recoil-shifted detuningj of the

For an atom centered on the waig>\ of the cavity mode  j,ijent beam relative to the cavity resonance is negative

. . . _ 2 2 .
this rate is given byl'y=(3k“wp)I'sc, wherel'sc is the  [15] The terms withs? . in the denominator correspond to
free-space scattering rate for a single incident beam. Th .

) . S e various possibilities for scattering from beank, into
frequency dependent cavity functitugd) is simply the clas- — girection +k,. The scattering rate is maximum when the
sical intensity enhancement inside a cavity as described b z

. . . - @Soppler effect (-k,*k,)-v along a diagonal direction
an Airy _funct|on[3] that in the vicinity of a resonance can be matchess! , such that the denominatoy?+ 6% is mini-
written in the Lorentzian form ==

mized. In this case fofs] |> v, the friction force takes on a
2E maximum valuef. ., given by f. . v= =Tl 7 (Ky
L()=————. (2.5 Fk,)-v|. This maximum force is simply interpreted as the
1+(0lye)? enhanced on-resonance scattering rate into the cavity, given
: . _ by’ , at which the two-photon recoil momentufir(k
Herey. is the cav[ty decay rate constant- for the f|_eld ampli- kaZ)S(i:;]Otransferred onto thepatom. The general d;m(r;enxdence
tude, § the detuning of the scattered light relative to theof the cooling forcef.. on the velocity component along the

. _ _2 .
cavity resonance, an_E—_q the c_Ias_S|caI ON-résonance giraction of momentum transfer is the same as in conven-
power enhancement inside the cavity if each of the Mirrorg;onal Doppler coolingFig. 2)

has a fractional power logg’. The finessd of the cavity is Cooling in three dimensions can be achieved by adding a
given by F=E. The force Eq(2.3) due to scattering into i of counterpropagating beams along haxis that are
the cavity can then be written in the form of a friction force: linearly polarized along, such that the dipole pattern of the
. 2 scattered light couples maximally to the cavity. Then the
46 Ye(ke—kz) v cooling force is just the sum of two two-dimensior@D)

f=%(ky—k)Tscm0

(Y2482 ) (y2+62)) cooling forces as given in Eq2.6). Another possible 3D
cooling setup consists of three incident beams arranged sym-
48] yA(kytky) v metrically in thexy plane and polarized within that plane.
+h (Kt K)semo (2.6 This arrangement is sufficient to span all space with vectors

2 2 2 '
(vet (ﬁ‘)(chr =) of the formk;*ks, and the cooling proceeds by means of

momentum transfer along these two-photon wave vectors.

Here R . N
To calculate the 3D cooling limit due to recoil heating in
6E the setup with four incident beams alongx and =y we
o= (2.7 separate the heating due to scattering into free space and into
k2W2 . . .
0 the cavity mode. As long as the cavity mode occupies only a
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small solid angle, the scattering into free space remains un- The above scattering treatment neglects QED effects that
affected by the cavity. Since for the dipole pattern the averarise when the resonator contains more than one photon, ei-
age free-space heating &E,.. along the direction of the ther due to a photon scattering rate for a single atom that
incident beam andE, .. (LE,..) along a direction perpen- €xceeds the resonator decay rate, or due to emission from

dicular to (parallel t9 the dipole, the average heating along Many atoms insi_de the resonator. In this case the complicated
direction @=x,y,z per free-space scattering event is givenevolutlon of the intracavity phot_on number is governed by a
by C,E,cc, wherecxzcyzé andC,=2. The momentum photon—number—dependent Rat_)l fr_equency. However_, as Iong
fluctuations due to scattering into the cavity, on the othe@S the system with randomly distributed atoms remains opti-
hand, according to Eq2.2) on average heat the atom by an cally thin the average_coolmg power is stllll dgtgrmlned by
amountD_E,.. per such scattering event, whebe, =D the scattering expression given abdué]. This is in close

~1 andD,=1. If the cavity linewidth 2, exceedsEreclﬁ): analogy with coherent scattering by a random sample of at-

as is necessary for cooling with monochromatic light, theOMs in free space, where the scattered power is proportional

detuning that minimizes the temperature will be given by]'E0 the nu;ntt;er of ?ttomz fr.loltsz'éhsﬁmd'ng tr:e colherent Imter—
5= .. The resulting Kinetic temperatufg, ;. along _ference of the scattere ielfis6]. Numerical analyses also

direction «, as calculated from the velocity at which the !ndlcate that efficient cooling of samples of two-level atoms

cooling rate equals the heating rate, is then is possible inside the resonafdn, 13,

B. Cooling using degenerate transverse modes

Cq
1+ ) : (2.9

1
kBTa,minzzﬁyc 70D

The magnitude of the cavity Doppler force according to
Eq. (2.6) is simply determined by the product of the free-
The scattering into free space ceases to limit the final temspace scattering rafé,. and the cavity-to-free-space scatter-
perature when the cavity-to-free-space ratjg exceeds ing ratio . Wheread . is a function of the atomic polariz-
unity, i.e., when the scattering rate into the resonator mode igbility and the incident intensity, but independent of the
larger than the scattering rate into free space. In this case thesonator properties, the ratip is completely specified by
minimum temperature is two times lower than the usuakhe resonator geometry and mirror quality.

Doppler limit# y. because cavity Doppler cooling makes use |n the above analysis it has been assumed that the trans-
of both the incident and the scattered photon, whereas igerse modes of the cavity are nondegenerate, and that the
conventional Doppler cooling the momentum of the scattereétom interacts only with a single longitudinal and transverse
photon does not contribute to the cooling force. Note that thenode. In general, the transverse mode TEMll contrib-
cooling limit does not depend on any atomic parameters angte to the cooling if the recoil shifted detuniy relative to

is completely determined by the cavity properties. A largejts resonance frequency is negative and comparable to the
cavity linewidth 2y, gives rise to a large velocity capture two-photon Doppler effect. Therefore resonator geometries
range v y./k, while a narrow linewidth allows one to where the splitting between transverse modes is much
achieve a low final temperature. At very large detuning fromsmaller than the free spectral range, such as the near-planar,
atomic transitions dipole force fluctuation heatifl] can  concentric or confocal resonati@2], offer the possibility to
exceed the recoil heating, but it can be suppressed by redugnlarge the capture range and the cooling volume of the cav-
ing the photon scattering raf@5]. ity Doppler force by coupling the scattered light to more than

If the intensity of the incident fields is uniform the posi- one modd3,12]. The spatial dependence of the force arising
tion dependence of the cooling force is simply given by thefrom emission into the transverse mode TEMs simply
spatial variation of the coupling between the atom and thjetermined by the mode-intensity profile.
cavity mode. By considering the reverse processttering The confocal resonator, where all transverse modes of the
of light from a field present in the cavity mode into the same parity are degenerate, appears particularly promising
direction of the incident plane wayewe conclude that the for enhanced cavity cooling. In this case a much larger solid
power coupling strength between atom and cavity is given byngle than that subtended by the TgMnode is available
the intensity profile of the cavity mode. Therefore E2.6)  for cooling, significantly increasing the cavity-to-free-space
remains valid for the position-dependent force if the cavity-;atio » above the value ofy,=6E/(kw)? for a single
to-free-space ratiop,=6E/k°w} is replaced by its position mode. To calculate; for a confocal resonator we note that
dependent value from a geometric optics point of view any ray emitted by the

atom that lies within the solid angle subtended by the cavity
w3 mirrors after two round trips will be incident on the atom

7n(p,2)=ng 5 exd —2p?Iw?(2)], (2.9 again and will interfere constructively with the light emitted

w(2) by the atom at a later time. Since the peak intensity of a
dipole pattern is 3/2 times larger than the spatially averaged
wherew?(z) =wg[ 1+ (z/zg)?], andzg=mwj/\ is the Ray- intensity, the fraction of the power emitted into a solid angle
leigh range of the cavity modg22]. The Gaussian spatial AQ <1 optimally oriented relative to the dipole pattern is
shape implies that the cooling volumen3zg/2 is relatively given by 3AQ/87 [3]. Therefore in an aberration-free con-
small when the mode waisl, is chosen sufficiently small to focal resonator the cavity-to-free-space ratig,; is given
achieverny=6E/(kwg)?=1. by
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Figure 3 compares the scattering ratio for a single HEM
mode (solid ling), an aberration-free confocal resonator
(dashed ling and an aberration-limited confocal resonator
(dotted ling. For typical parameters even a confocal resona-
tor limited by spherical aberration will offer improved per-
formance over a single mode. Futhermore, spherical aberra-
tion can be eliminated by using parabolic instead of spherical
mirrors, although parabolic mirrors with sufficient surface
quality are more difficult to manufacture. Alternatively, it
may be possible to trade in resonator finesse for larger nu-
merical aperture by using a combination of lenses and flat
mirrors.

Cooling with multiple transverse modes is also feasible in
near-degenerate resonators, such as the near-planar and the
concentric resonator. In order to compare different resonator
geometries we define a figure of mekt=(k?/37) pA that
apart from a normalization factor is just the product of the
scattering ratiop and the cross-sectional arAaavailable for
cooling. As# is proportional to the mode intensity and there-
fore inversely proportional to the mode aréd,is simply
given by the resonator enhancement fa&pmultiplied by
the number of resonant transverse modes. Consequently for
cooling with a single TEM, mode we findVi,=E, while for
an aberration-free confocal resonator we would have a value
of Mconi=E(kr?/2R)?, which is many orders of magnitude
ror radius of curvatureAQ=4=(r/R)? is the solid angle larger. A spherical-aberration limited confocal resonator with
subtended by one resonator mirror, and a fagt@ccounts  spherical mirrors has a figure of mekitg,= kR that is inde-
for the fact that only even modes contribute to the coolingpendent of the reflectivity of the mirrors, while for a concen-
The intensity-enhancement factlris related to the multi- tric resonator the figure of merit is smaller thdh, by a
mode resonator finesse b§.on=37E=m/20% [23,22. factor of order (/R)2. The confocal resonator displays the
Spherical mirrors with numerical aperture not far belowbest combination of cooling force and cooling area, while the
unity are available, and without aberrations a cavity-to-free<concentric resonator offers the largest cooling force, since it
space scattering ratig.,,1 could be easily attained with is not limited by spherical aberratids].
standard high-reflection mirrofgig. 3.

The confocal resonator with its large number of degener-
ate transverse modes also provides an enormous increase in
cooling volume compared to a single transverse mode. Since
the waist at the mirror location is only2 times larger than Since for cavity Doppler cooling the minimum tempera-
at the center of the resonator, and all transverse modes witlire is on the order of the resonator linewidth, the application
negligible diffraction losses are supported by the resonatotto tightly confined atoms appears very promising. In this
in the absence of aberration the cooling volume would be omase the trap vibration frequency can be chosen to exceed the
the order of the cylindrical cavity volumer2R. This could  cavity linewidth, which should enable one to prepare the
provide for a situation akin to conventional optical molassesatoms in the ground state of the trapping potentid].

[24], where atoms can be cooled and collected directly fromiWhile conventional sideband coolin@7] requires the vibra-
a room-temperature background gas. tion frequency to exceed the width of the atomic excited

For spherical cavity mirrors, however, both cooling force state, cavity sideband cooling is based on asymmetric scat-
and cooling volume will be limited by spherical aberration tering on the two sidebands and is independent of the parti-
[23,3], where differences in the optical path lengths alongcle’s level structure.
different rays constrain the solid angle available for construc- We consider an atom in a three-dimensional isotropic har-
tive interference. This solid angle can be estimated asnonic Lamb-Dicke trap, i.e., the trap vibration splittifigo
AQ¢,=47(rsa/R)?, wherer = (2AR®* wE)Y*is the radius  exceeds the recoil energ¥,..=(7k)%/2m of the cooling
of the mirror zone for which the resonant frequency is dis-light. Then the spectrum of the scattered light to first order in
placed by an amount equal to the resonator linewidih 2 E,../% » consists of three componen®5]. In addition to a
[23]. Spherical aberration results in a cavity-to-free-spacestrong emission at the frequency of the incident light, corre-
scattering ratio of sponding to elastic scattering events where the atom returns
to its original vibration level, there are two weaker sidebands
resulting from a change of the atom’s vibrational quantum
numbern by *=1. If the resonator is tuned to the blue anti-
Stokes sideband associated with the cooling transition

FIG. 3. Cavity-to-free-space scattering ratjoas a function of
the fractional mirror loss per reflection for a single TiMnode
(solid line), for a confocal resonator without aberratiédashed
line), and for a confocal resonator with spherical aberraiwtted
line). A resonator of 10 cm length with a mirror radius of curvature
of R=10 cm and a mirror diameter ofr212.7 mm is assumed.

(2.10

Moo= gr 2ER

2E 3AQ 3 r\2
=5El5| .

where 2 is the mirror diamete(Fig. 1), R denotes the mir-

[ll. COOLING IN A LAMB-DICKE TRAP: CAVITY
SIDEBAND COOLING

E 1/2
| -

Nsa= 3( ﬁ
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n—n—1, the resonator-induced asymmetry in the strength = 10¢ T .

of the two emission sidebands will result in cooling. How- ?q_; :

ever, although the transitione—n=1 correspond to a o

change in the atomic energy by%w, the suppression of §

these sidebands by the factor (E,../Aw) [25] leads to a S 1L

maximum cooling rate that is proportional to the recoil en- _5

ergy, rather than to the trap level spacing..(denotes the ‘é

larger of the two vibrational quantum numbers involved, i.e., o . 1

n.=n+1 for a heating transitiom. =n for a cooling tran- 2 odl gole=10"~_ |

sition.) s ; ¥ i
For 3D cooling we assume that the atom is illuminated by £ 0.1 1 10

two beams of equal intensity propagating alongnd along cavity-to-free-space ratio n
y, while the resonator is oriented along thexis. While in

cavity Doppler cooling scattering from different beams or FIG. 4. Mean vibration numben) for cavity sideband cooling
into different cavity directions results in distinguishable as a function of cavity-to-free-space scattering ragialong the
states of the atomic motion, for cavity sideband cooling in acavity axisz (solid ling) and along the incident beax(dashed ling
linear resonator both the photon direction and the finafor 2o/y.=1 and 2v/7y.=10. 2y, is the resonator linewidth and
atomic state are indistinguishable, and consequently differers/27 the trap vibration frequency.
scattering paths can interfere. In symmetric arrangements,
this can result in the cancellation of certain amplitudes, e.g.Small waist sizew, satisfyingwj<6E/k? will suffice for
if the trap center coincides with an antinodeode of the ~ cooling to the vibrational ground state.
mode used for cooling, the cooling on the first sideband  The cooling limit can be derived from the criterion of
—n—1 vanishes along (alongx andy). For simplicity we  Vanishing net cooling assuming a stationary distribution of
assume that the trap center is located halfway between nodé&sp level populationg, . SettinngnWa’n:O, we find for
and antinodes of the patterns formed by the two incidenthe mean vibration quantum number
beams and of the longitudinal resonator mode that is used for
cooling. y2 N 2

If the light is red detuned from the cavity resonance by (n)= 2o 72D 1+ Y1 (3.3
the trap frequency, then an atom in vibrational lewalf the (20) “ (20)

1D motion along axisa=x.y,z the average power trans-  fjgyre 4 showgn) as a function of scattering ratig for

ferred to the atom’s motion along that axis is two different values of the ratio @ y.. In the resolved-
. sideband limit 20/ y.>1 the ground-state populatigm, is
Wan=4Dl'wEred (N+1)L(6=~2fiw)—nL(5=0)] proportional to 7 % for »<1 and is limited top,=1

+2CEod <. (3.1) —(yc/2w)? for »>1. As in cavity Doppler cooling, the

atomic linewidth has no bearing on the final temperature.

Here & denotes the detuning of the scattered light from the Cavity sideband cooling appears promising for trapped

cavity resonancel,, is the scattering rate from a single ions whose level structure does not allow sidebghd or

beam into a single direction of the cavity mode in the ab-Raman sideban{l6] cooling. It may also be applicable to

sence of the cavity, anH,. is the free-space scattering rate dense samples of atoms trapped in far-detuned optical lat-

for a single incident beam. The cooling rate, as well as thdices, where cooling with near-detuned light leads to heating

recoil heating rate by scattering into the resonator, which ar@nd trap 10s$27,16].

characterized bnysz=% and D,=1, are two times

larger alongz since both incident beams contribute along this IV. CONCLUSION

direction. The last term witiCX=Cy=§ and C,= 2 takes

into account the heating due to scattering into free space.
Using the Lorentzian approximation E@2.5 for the

resonator intensity enhancemér(td), the power transferred

to an atom in leveh can be written as

The proposed techniques of cavity Doppler and cavity
sideband cooling are closely related to experiments demon-
strating suppression and enhancement of spontaneous emis-
sion[2-6,13,14. Spontaneous emission and scattering scale
in the same way with the number of electromagnetic modes

P 2 that are available to the emitted photon, and are equally af-
) (2w)“n—yg f - - . o
W, = —2E,oclsd 2D 9—————~—C,|. (3.2 ected by the variation of mode density with frequency inside
' (2w)2+ y§ a resonator. The difference is that(toherenk scattering the
photon energy is uniquely defined by the motion of the scat-

We see that in the resolved-sideband limit v, an atom  terer and the geometry of the scattering event, while in spon-
in trap leveln is cooled if 2yn>C_ /D, . Therefore cooling taneous emission or incoherent scattering the emitted light
to the vibrational ground state requires a cavity-to-free-spachas a complicated spectrui@.g., the Mollow triple{7]) that
scattering ratiop near unity. This criterion is easily met in a depends on the energies and widths of the excited states, as
3D Lamb-Dicke trap, where the atom is confined to a volumewell as on the intensity and detuning of the driving fig8d.
smaller thank 3. The coupling to a single-cavity mode of Consequently, for the cooling of atoms with a complicated
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level structure the mechanism of coherent scattering is preto apply this technique to vibrational molecular states by
erable to techniques that use incoherent scattering or spontaming the cavity to an anti-Stokes transition. A similar cool-
neous emission from an atom prepared in an excited eledng of phonon degrees of freedom in select solids may even
tronic statg9-12]. Cavity cooling by coherent scattering has be feasible if the free spectral range of the cavity can be
the potential to significantly broaden the range of species thahade larger than width of some spectral feature in the solid.
can be manipulated with laser cooling and trapping tech-
niques.

While cavity cooling should be directly applicable to the ACKNOWLEDGMENTS
center-of-mass motion of free or trapped atoms, ions or mol-
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