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We investigate the suitability of toroidal microcavities for strong-coupling cavity quantum electrodynamics
(QED). Numerical modeling of the optical modes demonstrate a significant reduction of the modal volume
with respect to the whispering gallery modes of dielectric spheres, while retaining the high-quality factors
representative of spherical cavities. The extra degree of freedom of toroid microcavities can be used to achieve
improved cavity QED characteristics. Numerical results for atom-cavity coupling strengthtical atom
numberNy, and critical photon numbaen, for cesium are calculated and shown to exceed values currently
possible using Fabry-Perot cavities. Modeling predicts coupling @t2s exceeding 700 MHz and critical
atom numbers approaching¥an optimized structures. Furthermore, preliminary experimental measurements
of toroidal cavities at a wavelength of 852 nm indicate that quality factors in exces$ ofiibe obtained in
a 50.um principal diameter cavity, which would result in strong-coupling values(@f(2),ng,Nog)
=(86 MHz,4.6x 1074,1.0x 10°3).
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I. INTRODUCTION record coupling efficiencies to an optical figér7] (the me-

The use of an optical microcavity can greatly enhance th&ium of choice for low-loss transport of classical and non-
interaction of an atom with the electromagnetic field suchclassical state$18]) is fundamentally important in CQED
that even a single atom or photon can significantly chang&nd bears promise for realizing quantum networks.
the dynamical evolution of the atom-cavity syste). Recently, a new type of whispering-gallery-mode optical
Achieving the regime of “strong couplind2,3] is critically ~ microcavity was demonstrated, which not only retains the
dependent on the characteristics of the optical cavity an#igh-quality factors of spherical cavities, but also has signifi-
generally requires the optical modes to be confined in a smafiant advantages in fabrication reproducibility, control, and
mode volume for extended periods of tirf@r equivalently =~ mode structure. These cavities consist of a toroidally shaped
high Q facton). silica cavity supported by a silicon pillar on a microelec-

Recent experimental realizations of strong coupling havdronic chip[19]. The toroidal cavity shape allows an extra
employed high-finesse Fabry-Pei®P) optical microcavi- level of geometric control over that provided by a spherical
ties[4—9]. Our experiments at Caltech include the realizationcavity and thus begs the question as to how these structures
of an “atom-cavity microscope” with a single atom bound in compare with silica microspheres and other microcavity de-
orbit by single photon$4] and the development of a laser signs for strong-coupling cavity QED. In this paper we nu-
that operates with “one and the same” atph®]. Fabry- merically investigate the suitability of toroidal microcavities
Perot cavities, while possessing ultrahigh-quality factors andior strong-coupling cavity QED experiments, and for pur-
finesse, are difficult to manufacture and control, requiringPoses of comparison, we focus on the interaction with atomic
sophisticated dielectric mirror coatings as well as accuratéesium [4,20]. We show that toroid microcavities can
feedback for resonant wavelength control. Due in part tachieve ultrahigh-quality factors exceedind® While simul-
these reasons, there has been increased interest in other d@neously obtaining very large coupling rates between the
crocavity systems which not only can address some or all o¢avity and a cesium atom. It is found that these cavities not
the limitations of Fabry-Perot cavities, but which in principle only surpass the projected limits of FP technol$g9], but
can have improved optical properties. also either exceed or compare favorably to other cavity de-

Based upon the pioneering work of Braginsky and col-signs such as photonic band-gap devif2,22. Last, we
leagues[11], whispering-gallery-mode cavities have also present preliminary experimental measurements of quality
been investigated for cavity QEBCQED) experiments for  factors for toroidal cavities at a wavelength of 852 nm, suit-
many yearg§12]. Experimental studies have demonstragd able for strong-coupling CQED with atomic cesium. These
factors approaching #in a silica microsphere whispering results show that currently attainab@ values are already
gallery cavity [13,14, with values exceeding $Oreadily — quite promising.
achievable over a broad range of cavity diameters and wave-
lengths. The combination of t_heir very low cavity Io_sse_s, Il. STRONG COUPLING IN AN ATOM-CAVITY SYSTEM
small mode volumes, and their relative ease of fabrication
makes them promising candidates for experiments in CQED The coupling rateg between an atomic system and an
[15,16. Furthermore, the ability to couple these cavities withelectromagnetic field is related to the single-photon Rabi fre-
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quency{Q=2g and can be expressed in terms of the atomic
and cavity parameters ]

9(r) = ¥, |E()/Emad \Val Vi, 1)

V,=3c\¥(47y)), (2

where y, is the transverse atomic dipole transition rate,

[E(r)/ Iima)J denotes the normalized electric field strength at
the atom’s locatiom, V, is a characteristic atomic interaction
volume (which depends on the atomic dipole transition rate,
the transition wavelength, and the speed of light), andV,,

is the cavity-electromagnetic-mode volume. Assuming the
atom interacts with the electromagnetic field for a tiffe 38.0kV X600
strong atom-field coupling occurs if the rate of coupling ex-

iacinati i i -1
ce_eds all d|_SS|pat|ve mechanlsr_nstg%(K,yl,T )'_ In . FIG. 1. Scanning electron micrograph of a toroidal microcavity.
this expressiomn d_enotes fche cavity field decay rate, given in The principal and minor diameters are denoted byand d,
terms of the cavity quality facto® by «=mc/(\Q). The respectively.

degree of strong coupling can also be related to a set of
normalized parametefd],

Ill. TOROIDAL MICRORESONATORS

Ny = ﬁ/(zQZ), (3) Toroidal microresonators are chip-based microcavities
that possess ultrahigh- (>10°) whispering-gallery type
) modes[19]. The realization of ultrahigl chip-based reso-
No = 2y, x/(g°), (4) nators allows improvements in fabrication and control, while
) . L additionally allowing integration with complementary opti-
wheren, is the critical photon number, which is the number .| * mechanical, or electrical components. In brief, these
of photons required to saturate an intracavity atom, M8 egonators are fabricated by standard lithographic and etch-
the critical atom number, which gives the number of atom§g techniques, followed by a laser-reflow process, as out-
required to have an appreciable effect on the cavity transmisineq in Ref.[19]. The combination of thermal isolation of
sion. Note thalNo, o) <1 provides a necessary but not suf- he injtial preform periphery and thermal heat sinking of the
ficient condition for strong coupling. _ preform interior through the strong heat conduction of the
Examining these parameters, we see that only the criticaljjicon support pillar results in a preferential melting of the
atom numbeN, > Vi,/Q is dependent on the cavity-loss rate preform along the disk periphery under g@ser irradiation.
(or equivalentlyQ facton. It is the possibility of realizing  syrface tension then induces a collapse of the silica disk
extremely low critical atom numbers with ultrahighmicro-  preform, resulting in a toroidally shaped boundary, with the
cavities that has fostere(_j the investigation of silica micro+jng) geometry controlled by a combination of irradiation
spheres for strong-coupling CQED experiments. However,y and exposure time. Importantly, as the optical mode re-
the geometry of a spherical dielectric dictates a definite relagjges in the extremely uniform and smodteflowed pe-
tionship between cavity-mode volunw, and the associated riphery of the structure, the quality factors of optical
quality factor Q and, hence, of the value of the coupling \hispering-gallery modes can achieve ultrah@hperfor-
parameterg oV, " while still maintaining ultrahigh-quality mance, exceeding $0Figure 1 shows a scanning electron
factors[23]. This is a result of the fact that to achieve large micrograph of the side view of a typical toroidal microcavity.
atom-cavity coupling rategcomparable to or exceeding Quality factors as high as ¥10° at a wavelength of

those of FP cavitigshe cavity diameter must be made small 1550 nm (corresponding to a photon lifetime 6£300 ng
[8-um-diameter sphere giveg (2m) ~740 MHz] inorderto  haye been measuréad.

both lower the modal volume and to increase the electric

field strength at thg atomic po;itiaﬁassumec_l to _be the cavity IV. MICROTOROID NUMERICAL MODELING

surface at the point of maximum electric field strength

However, at the optimum radius for atom-coupling strength, In order to investigate the properties of microtoroids for
the tunneling loss of the microcavity results in a low achiev-CQED, this paper will focus on thB, transition of cesium
ableQ factor (Q=4x 10%, thereby raising the critical atom which occurs at a wavelength of 852.359 fign /27
number. While the relatively large mode volumes of silica=2.6 MHz) [20], with scaling to other systems accom-
microsphere cavities preclude them from competing with ul-plished in the fashion of Ref23]. Fundamentally, the cou-
trasmall mode volume cavitiesuch as photonic band-gap pling between an atom and a cavity field can be specified by
cavitie9 on the basis of coupling strength alone, there is thdour parameters: the atomic transition moment, the cavity
possibility to access simultaneously both ultrahighand field strength at the atom’s location, the cavity mode volume
small mode volume, using toroidal microresonators. V. and the cavity quality facto®. Since the optical modes
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FIG. 2. Electric field magnitude for the whispering-gallery

) A ) FIG. 3. Electric field profiles for a toroidal cavity with a princi-
modes of a sphericaltop row) cavity of diameter 1&m and a

; . . L . pal diameterD=20 um and minor diameterd=20, 12, 6, 3, 1.5,
toroidal cavity(bottom row with principal diameter of 1m and 5,4 0 75,m. The calculations correspond to a TM-polarized mode
a minor diameter of Jum. The left(right) column shows the TE- oo 850 nm. The optical mode behaves as a whispering-gallery-
(TM-) polarized mode near 850 nm. The arrows indicate the locatype mode until the minor diameter is below approximately Atb,

tion of the maximum external electric figld sFrength, whgre We 8S7¢ \hich point the mode approaches that of a step-index optical
sume the atom is located. The dotted lines in the two-dimensionaly ., [28]

field distribution indicate the cross section where the electric field is
displayed.

_ S ) o ) ) proximate expressions for the optical behavior of these struc-
are confined to the interior dielectric in whispering-gallery-i,res for both the low transverse compressispherelike
type resonators, the atom can interact only with the evanesy,q high transverse compressiéstep-index, fiberlike re-
cent field of the cavity mode. In the following discussion, thegimes, we are mostly interested in the intermediate geometri-

?r:orr; IS fi‘sf]uvrcﬁdr totﬁe Iolcai(:,id ?iefg tr:re ;e?ﬁ niatcl)rrsurf?cecaa{l regimes, as these are both experimentally accessible and

the location where the electric Tield Srength 1S 1argest, a3etqin the most desirable properties of whispering-gallery-

illustrated in Fig. 2. For TM-polarized modédefined such . " . .

that the dominant electric field component is in the radialtype m‘croc"?“’.'“es- To agcomphsh t_h|s task, a  two-
dimensional finite-element eigenmode-eigenvalue solver was

direction this occurs at the outer cavity boundary in the d 1o ch terize th tical mod f th it h
equatorial plane, while for TE-polarized modésominant used to characterize the optical modes of the cavily over the
complete geometrical range, after explicitly accounting for

electric field component in the azimuthal-vertical direction - -
the location of the maximum external field strength is morefN€ rotational symmetry. The optical modes were calculated
complicated. As the toroidal geometry is compressed witin @ full-vectorial model, which provides the complete elec-
respect to a spheré.e., reducing the ratio of minor-to- tric field dependence. The accuracy of the numerical tech-
principal toroid diametgr the maximum field strength for a nique was carefully verified by comparison with results us-
TE-polarized mode changes from the equatorial outer cavitjng the analytical solution for a microsphere cavigy]. The
boundary to approaching the azimuthal aigee Fig. 2 results for the mode volumes, resonance wavelengths, and
While the precise localization of the atom at the cavity eva-field profiles were in good agreemeitactional error was
nescent field maximum has been analyzed in dg24i)26], less than 10 and 102 for the resonance wavelength and
such localization has not yet been achieved experimentallynodal volume, respectively Furthermore, the error in the
Nonetheless, this assumption allows a simple way to characadiation quality factor was less than 10% over a wide value
terize the relative merit of this cavity geometry with respectof radiationQ’s (10°—10'%), demonstrating that this method
to other cavity designs. Also, in what follows we will only can give the accuracy required to investigate the fundamental
consider the fundamental radial and azimuthal modes foradiation-loss limits in the cavity geometries of interest in
both polarizationsTE and TM), as they possess the smallestthis work. Due to the fact that for smaller cavity geometries
modal volumes and thus the highest coupling strengths.  the resonance wavelengths do not necessarily coincide with
The microtoroid geometry, which exhibits a dumbbell- the cesium transition of interest, the data in this work were
shaped cross section, can in most cases be considered a toregaluated by using values calculated at the closest resonance
as the presence of the supporting disk structure only affectwavelengths, both blueshifted and redshifted with respect to
the optical mode when the torus diameter becomes compahe desired resonance, to extrapolate values at the desired
rable to the radial extent of the optical mode. As shown inwavelength(the mode volumes were linearly extrapolated
Fig. 3, this point occurs when the toroid minor diaméta.,  and the radiation quality factors exponentially extrapolated
the cross-sectional diameter of the toriss below approxi- as a function of wavelength
mately 1.5um for a principal diameter of 1@&m. Further-
more, through improvements in fabrication the influence of
the toroid support can in principle be minimized. In contrast A. Mode volume
to FP and microsphere cavities, the optical modes of a toroid
do not possess analytic solutions. While one can derive ap- The optical-mode volume is determined by
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100 dimensional harmonic oscillator model. This approach re-
sults in a reduction of modal volume which scales as
90 (d/D)Y* with respect to that of a spherical cavity. This for-
mula holds for minor diameters greater than approximately
801 2 um for the principal diameters considered in this work.
For smaller diameters, the spatial confinement becomes
Fa 701 strong enough that the optical mode is additionally com-
5 60 pressed in the radial direction. This results in a faster reduc-
£ tion of modal volume, with the optical modes approaching
> 50t those of a step-index optical fibéthis occurs for a minor
diameter below approximately Am) [28]. The mode vol-
a0t ume reduces until the point where the optical mode becomes
delocalized due to the weak geometrical confinement, caus-
30} ing a finite minimum value. Determination of the exact point
of the minimum modal volume upon reduction of minor di-
20 . . ; ameter(for a fixed principal diametg¢rcan be uncertain, as
1 2 3 4 the choice of quantization volume now plays a critical role
Minor diameter fum) (as discussed aboyeFor this reason the results in Fig. 4

show the modal volume only for inner diameters down to

FIG. 4. Calculated mode volumes for a silica toroidal mi- 0.65 um. where mode volume determination was unambiau
croresonator versus minor diameter for principal diameters of 20, M 9

18, and 16um. The plot shows both TMsquaresand TE(circles . .
polarizations. As the minor diameter is reduced a slow reduction of C,aICUIat'On of the modal Vo,lume a}nd the maximum elec-
modal volume due to confinement in the azimuthal direction occurstfic field amplitude at the exterior cavity equatorial boundary
followed by a fast reduction for large confinement when the opticallS Straightforward, giving a simple way to calculate both the

mode is strongly compressed in both the radial and azimuthafoupling strength and the critical photon number. In order to
directions. obtain the cavity decay rate and the critical atom number

No, however, the cavityQ factor must be determined.

f ()| E(P) 2% B. Quality factor
V,, = Vo , (5) The radiation loss of the optical modes of a spherical
|Emad? cavity is easily found by consideration of the analytic char-
acteristic equatiof29]
where\/'Q r.epresent;s a quantizati(?n yolume of the electro- nl—m[nkij(nkR)]' _ [KRHV(KR)]’ ©
magnetic field andE| is the electric field strengtf26]. In nkRj(nkR) kRHV(KR)

these calculations, we have chosen the quantization volume
cross section to consist of a square region of approximatelyheren is the refractive index of the spherical cavithe
10 um width and height centered about the radial cavityexternal index is assumed to be upjti is the cavity radius,
boundary. This choice allows the mode volume to be deterd represents the polarization of the optical madiefor TM
mined to a good accuracy while minimizing computationaland 0 for TH, andj, (h(") represents the spherical Bessel
requirements. As a further confirmation of the validity of this (Hanke) function. The prime denotes differentiation with re-
approach, we note that the radiation loss is weak for thespect to the argument of the Bess¢lanke) function. This
range of geometries modeled in this work, resulting in only aequation accounts for radiation loss through the use of an
marginal difference in the numerically calculated mode vol-outgoing wave outside the cavity, as given by the complex
ume for different choices of quantization volume. Hankel function of the first kind. Solution of this equation
Figure 4 shows the calculated modal volume for the fun+esults in a complex wave numbler kgt ik, which deter-
damental mode of a toroidal cavity as a function of minormines both the resonance wavelen@ih=2m/kgy and the
diameter and for principal diameters ranging from radiation quality factof Q,,q=kge/ (2kim) 1.
16 to 20um. For clarity, only data for minor diameters be-  However, while the spherical solution can provide some
low 4 um are shown. Both TMsquares and TE (circles  insight into the scaling of the radiation quality factor for
polarizations are shown. The calculations show a reductioforoidal cavities where the minor diameter is lai@phere
of modal volume for both polarizations as the toroid minorlike), the radiation loss when the optical mode is strongly
diameter is decreased. This is expected when considering th@nfined (as represented by small minor diameteiss ex-
additional confinement provided by the toroid geometry bepected to decrease much more rapidly. Figure 5 shows nu-
yond the spherical geometry, as illustrated in the electric fieldnerical calculations of the radiative quality factor as the mi-
plots of Fig. 3. As the minor diameter is decreased, there isior diameter is decreased for various principal diameters of
initially a slow reduction of modal volume, which agrees 16, 18, and 2Qum. We observe an initially slow reduction of
very well with a simple model that accounts for transversethe radiative quality factor in the geometrical regime where
guiding (azimuthal directioh using an approximate one- the minor diameter exceeds the radial extent of the optical
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FIG. 5. Calculated radiation loss for a toroidal microcavity as a _!G- 6. Total quality factor for a toroidal microcavity versus
function of minor diameter, for principal diameters of 20, 18, and Minor diameter for principal diameters of 16, 18, and,2@. Both
16 um. Both TM (squares and TE (circles polarizations are TE (circles and TM (square polarizations are shown. The total
shown. The data show a slow reduction®@#s the minor diameter quality factor is composed of the radiative quality factor from Fig.
is reduced while the mode behaves primarily as a whispering® along with the silica-absorption-limite@pa=2.4x 10° at a
gallery-type mode. However, as the geometrical confinement inWavelength of 852 nm. The plots indicate that the total quality fac-
creases to such a point as the optical mode approaches that oftgy is limited by silica absorption when the principal diameter is

step-index fiber, there is a significant reduction of the quality factor/arger than 16um and the minor diameter is larger than approxi-
mately 1um. Furthermore, both polarizations have similar quality

mode (i.e., where the optical mode exhibits whispering- factors over the range of geometries studied.

gallery behavior. As the minor diameter is reduced to a level

comparable to or smaller than the radial extent of the optical

mode (step-index fiber like regime the drop-off of the ra- cation the presence of water and OH can be prevented, with

diative Q is much more dramatic, with a decrease of over arsurface scattering minimized, we will focus only on the con-

order of magnitude for a reduction of inner diameter of justtributions from intrinsic silica absorption and radiation loss.

50 nm. These two mechanisms put a fundamental limit on e
The total optical loss of a cavity has contributions ”Otpossible in these structures.

only from radiation loss, but also includes other dissipative Figure 6 shows the calculated total quality factor for vari-

mec_:hanisms, such as intrinsic material abso.rption, losses rgy,q principal toroid diameters in the range of 16428, as

sulting from both surface and bulk scattering, and Iossea function of the minor diameter. The total quality factor is

stemming from contaminates on the resonator surf&6é : _
; . ; calculated through the relation =1/ +1/
One of the dominant contaminates which adversely affects g Doter=1/Qragt 1/Qma

the cavityQ is OH and water adsorbed onto the cavity Sur_where only radiation loss and silica absorption are included.

face. While prior investigations of these loss mechanismgor principal diameters less than 18, there is a mono-

have resulted in approximate expressions for water absor onic decrease in quality factor as the minor diameter is de-

tion and surface scatterifig4,31, only very large resonators creased. This is a result of the whispering-gallery-loss in-

were studied, as opposed to the much smaller diameter caf/€2S€ due to the additional confinement. For larger principal

ties studied in this work. To obtain an improved estimate ofdiameters, the overall quality factor is clamped near the lim-
the effect of water on the small diameter cavities in thisiting value resulting from silica absorption for most minor

paper, a simple model was used which determines the fradliameters(with only a slight decrease as minor diameter is

tion of optical energy absorbed by a monolayer of waterreduced, until the minor diameter is small enough that the

located at the cavity surface. This method gives an estimatei@diative quality factor decreases below the quality factor
quality factor for a monolayer of water to be greater thandue to silica absorption. For the principal diameters studied
10'° for the case of a spherical resonator with a principalin this work, this point occurs as a minor diameter of around
diameter of 50um. While the water-limited quality factor 1 um.

will be slightly lower for the smaller principal diameter cavi-

ties in this work and also slightly lower due to the increased

overlap between the optical mode and the cavity surface in a C. Cavity QED parameters

toroidal geometry, these values are comparable to the quality

factor due solely to the intrinsic absorption of silica in the The determination of the coupling strength from the

800-nm wavelength band. As in principle with proper fabri- modal volume follows from Eq(1). Figure 7 shows the
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FIG. 7. Atom-cavity coupling parametgrvs minor diameter for
toroidal cavities having a principal diameter of 16, 18, andu20, a cavity with principal diameters of 16, 18, and 2én. Both TE

with g increasing for smaller principal diameters. Both [dircles (gjrcleg and TM (squarespolarizations are shown. The plots show
and TM (squarep polarizations are shown. The plots indicate that ot a5 hoth toroid principal diameter and minor diameter are re-

the coupling strength increases dramatically as the minor diametef,ceq; the critical photon number decreases. This follows directly
decreases below 1/&m, which is a result of the rapid reduction of from the behavior of the atom-cavity coupling paramegegs in-

mode volume and the increased electric field strength at the cavity;,iaq in Fig. 7. The calculations show that critical photon num-
surface. bers of 6x 10°® are possibléwith quality factors exceeding 1p

FIG. 8. Critical photon numberg vs minor toroid diameter for

atom-cavity coupling ratg/(2) for various toroid principal  critical atom number. Figure 9 shows the calculated critical
diameters as the toroid minor diameter is decreased. It can bgom number versus minor diameter for toroid principal di-
seen that there is a monotonic risegifor higher-aspect-ratio  gmeters of 16, 18, and 20m. The plot shows that for the
toroids (i.e., D/d), as a direct result of the compression of larger principal diameters of 18 and 20n there is a mini-

modal volume. The rate of increase @&s the minor diam-  y,ym in the critical atom number as the toroidal minor diam-
eter is reduced increases dramatically as the toroid geometry

transitions from a whispering-gallery-type mode to a
strongly confined step-index fiber-type mode. This is due not
only to the faster rate of reduction of mode volume in the
step-index fiber like regime as the minor diameter is de-
creased, but also due to the increase in electric field strengtl
at the cavity surfacgas g=|E|(V,) */?]. Note that the cou-
pling strengths shown do not correspond to the absolute 5
maximum for these structures, as this work has focused or o10 ¢
the simultaneous realization of high-quality factors and small
modal volume. Therefore, mode volumes were calculated
only down to where the radiation quality factor is equal to or
slightly exceeds 10 Also, as mentioned previously, by mak- 10
ing this restriction we prevent any uncertainty in the calcu-
lated mode volumeg&nd hencey) through the definition of
the modal quantization volume. Under these assumptions
the calculations indicate that coupling parameters exceedinc 10
700 MHz are possible.

Figure 8 shows the corresponding critical photon numbers
(No). .The rgsults reveal _that value.s as low as B0°° f"‘re FIG. 9. Critical atom numbel, vs minor diameter for a toroi-
possible, with the associated quality factors exceedinfg 10 4o microcavity with principal diameters of 16, 18, and 20n. For
As will be discussed in more detail in the next section, thissmall minor diameters the critical atom number decreases as the
value is not Only Comparable to the fundamental limit of FPprincipa| diameter increases. Both TEircles and TM (squares
technology, but also vastly exceeds that possible for fusefolarizations are shown. The plots indicate that there is a minimum
silica microspheres with a comparable quality factor. value of the critical atom number neax2.0™’ for a toroidal cavity

One of the primary reasons high-whispering-gallery-  with a principal diameter of 2@m and an inner diameter of Azm
mode cavities are promising for CQED is their very low (TM mode.

10

0.5 1 15 2 25 3 35 4
Minor diameter (um)
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eter is reduced. The minimum occurs near a minor diametecapability to obtain reproducible principal diameters is a sig-
of 1 um. This minimum arises from the clamping of the total nificant improvement over spherical cavities, the ability to
quality factor(to the quality factor resulting from silica ab- accurately control the minor diameter is particularly impor-
sorption for larger minor diameters when the principal di- tant to CQED. As noted previous[yL9], the final minor di-
ameter is greater than approximately A6 Thus, by reduc- ameter of the fabricated structures is a result of a combina-
ing the minor diameter for a fixed principal diameter, thetion of factors, which are the initial silica preform thickness,
quality factor is nearly unchanged while the couplingthe supporting p|llar size, and the laser |rrad|at|or_1 intensity
strength is monotonically increasing. The critical atom num-@nd duration. Minor diameters as small agu® at principal

ber decreases until the region where the minor diameter idi@meters as low as 12m have been realized experimen-

. . . . ta V.
such that the overalD is determined by whispering-gallery . . ,
loss. At this point the critical atom number increases aps, We have measured the quality factor of a series of fiber-

. : S per-coupled toroidal microcavities at a wavelength of
g{gﬁtr;ZlieLyhg:vzo?ﬁ;tlﬂlyé -[gr%iﬂlglt g)erot;eet?leipgmﬁ;plzlrger852 nm, using an exp_erlmental apparatus similar to previous
. ' - . .work [19,37]. The excitation laser was a New Focus \Vortex

principal diameters can offer some benefit, as the minor Q'Iaser with a tunability of 40 GHz with a center wavelength of
ameter can be compressed more strongly while maintainings, 359 nm. The laser output was double passed through an
high radiative quality fa_c_tors and, thereby, lowering the C”t"acousto-optic modulator for the purpose of performing a cav-
cal atom number. A critical atom number of approximatelyity ringdown measurement. The resulting beam was able to
2x 107" is possible using a toroid principal diameter of pe extinguished by a TTL electrical control signal, with a
20 um and a minor diameter of am. corresponding optical decay time of 15 ns. This beam was
then coupled into a single-mode 850 nm fiber and subse-
quently interacted with the toroidal resonators through the
tapered portion of the fiber. Due to the limited tuning range
of the excitation lasefwhich is less than the free-spectral

range between fundamental modes in the cavity principal

The presented numerical results indicate that toroidafliameters of interektoverlap of a fundamental resonance
cavities can theoretically obtain high values of atom-cavitywith the laser wavelength range was difficult. Obtaining an
coupling while simultaneously retaining an extremely low optical fundamental mode at 852.359 nm was achieved by
critical photon number and in particular an exceedinglythermally shifting the optical resonance through the use of a
small critical atom number. While in principle the critical Peltier heating element, which allowed tuning of the cavity
atom number can be more than 100 times smaller than arnfgsonance by up to approximately 50 GHz. Upon realization
currently demonstrated cavity, the necessity of realizing®f @ fundamental cavity resonance at the proper wavelength,
material-limited quality factors exceeding<2L0® is experi-  the intrinsic quality factor was inferred two waysig. 10:
mentally challenging. The current record for any cavity isthrough cavity ringdowrj19] and through the threshold for
9% 10° [14], in a large-diameter microsphere cavity, whereasstimulated Raman scattering2]. The results of both mea-
for toroidal cavities quality factors as high as<40® at a  surements were in agreement and resulted in a measured
resonance wavelength of 1550 nm have been reafi2df  quality factor as high ag=1.2X10% in a cavity with a
However, for cavity quality factors much larger tharfithe ~ Principal diameter of 5um and a minor diameter of Gm.
dominant dissipative mechanism in the atom-cavity system i§0r this cavity geometry, the whispering-gallery loss is neg-
the radiative decay rate of the atomic medium, which isligible (Q.q=10%%) compared to the intrinsic silica absorp-
2.61 MHz for theD, transition of cesium. For this reason tion loss, such that the overall theoretical quality factor can
more “modest” quality factors, in the range of current experi-be as high a€=~2x 10'°. We expect upon further mea-
mentally achievable valugg.g., a few hundred millionare ~ surements that this quality factor can be increased to levels
attractive. As these values are currently realizable for toroicomparable to measurements performed at a wavelength of
dal cavities at a wavelength of 1550 nm, we have investi1550 nm(4 x 10?).
gated experimentally the quality factors and fabrication lim-  While this cavity geometry is far from the optimal geom-
its for structures designed for strong coupling to the cesiungtry suggested in this paper, this structure was chosen in
transition at a wavelength of 852 nm. order to increase the likelihood of finding a fundamental

As toroidal cavities are fabricated using a combination ofresonance at 852 nm. Even for this relatively large structure,
lithography and a silica reflow process, the advantages ofavity QED parameters ofg/(2m),ng,No)=(86 MHz,4.6
lithographic control and parallelism are obtained and, in factx 10°4,1.0x 10°%) are calculated. Comparison of these val-
are a significant step forward over spherical cavities. As theies to current FP cavitidd,10,2Q indicates that even with-
shape of the initial silica preform dictates the maximum pos-out additional improvements in fabrication these results are
sible principal and minor diameter and is lithographically close in coupling strength and improved with respect to the
formed, precise control of the geometry dimensions is poseritical atom number. Additionally, if we restrict the geom-
sible. Reproducible principal diameters ranging frometry and overall quality factor to values which are currently
>100 to 1um have been fabricated. This lower value, realizable(i.e., a quality factor of 1®at a wavelength of
while currently dictated by the available laser power in our852 nm with a minor diameter of 3,am, which represents a
setup, is sufficient to obtain the range of principal diametergseasonably comfortable margin from the actual current lim-
optimally suited for CQED, as indicated above. While theits), the optimal principal diameter is 13m (this geometry

V. EXPERIMENTAL MEASUREMENT
OF MICROTOROIDS FOR STRONG-COUPLING
CAVITY QED AT 852 nm
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-10 T T atom-cavity coupling solely by changing the cavity diameter,
I )"P =852 nm 10 which is easily in the realm of current fabrication capability,
—o0} ’ but their ultra high-quality factors result in significant im-
P=53uW provement in the critical atom numbewith values ap-
. )"R =890 nm proaching 3< 10°® possible provided that silica absorption-
530 [ limited quality factors can be obtainedEven using quality
o factors in the range of a few hundred million, which is al-
540t , ] ready experimentally demonstrated, critical atom numbers
@ 0 10 20 30 40 50 around 10* are possible, which is comparable to the FP
E =22 ns limit. From the analysis of the previous section, we see that
o0 Q. =0.48 x 108 ] toroidal cavities can attain coupling strengths comparable to
L or exceeding the best values possible for either FP or micro-
-60 sphere cavities, while at the same time providing much lower
critical atom numbers. As discussed previously, this arises
~70 . . ; " from the extra level of geometrical control possible in a to-
840 860 880 900 920 940 roidally shaped cavity, which allows one to retain both the
Wavelength (nm) high-coupling strength representative of small-mode volume

cavities while preserving high-quality factors. Clearly this
FIG. 10. Experimental measurement of the intrinsic quality fac-fact, along with other advantages in control and reproducibil-
tor for a toroidal microresonator at a resonance wavelength ofty over spherical cavities, suggests that these structures are
852 nm. The main figure shows the generation of stimulated Ramagromising for CQED experiments.

scattering, illustrated by the secondary peak located at a wavelength | 5ot 4 comparison with photonic band-g@#BG) cavi-

0f 890 nm. The threshold pump power for stimulated Raman scatgo s 5150 provided in the table. Due to the realization of
tering (53 uW) can be used to infer the intrinsic quality factor of

1 . . : ) optical mode volumes near the fundamental limit in a dielec-
X 108 for this cavity. The inset shows the temporal cavity decay ' . ) . .
resulting from a series of ringdown measurements for a diﬁerenp’IC cavity [211’ Comb',ned with recent results demonstra'tlng
toroidal microcavity. The measured photon lifetimeraf22 ns cor- ~ 'easonably high-quality factors-45 000 [33], these cavi-
responds to a loaded quality factor@f =0.48x 108. After correct-  ties are strong candidates for chip-based strong-coupling
ing for fiber-taper loading and the presence of backscattering, a@QED [22]. While these structures can potentially achieve
intrinsic quality factor of 1. 10° is obtained. atom-cavity coupling strengthg= 17 GHz[22], far greater
than those possible in a silica dielectric cavity, their much
lower quality factors result in greater critical atom numbers

has a radiative quality factor of 1:810°). For these values than possible in toroidal microcavities. For example, the
the TM-polarized optical mode would have CQED param-work of Ref.[22] projectsNy=6.4X 10°5. We also note that
eters of(g/(27),ng,Ng)=(450 MHz, 1.7 10°°,4.5x 10°%), the correspondingly lower quality factors also result in mod-
which are far superior to current FP cavities. est ratios of coupling to dissipatigimax(y, , k) (a figure of
merit indicative of the number of Rabi oscillations which
occuh of ~4 [22], much lower than predicted for toroidal
structures(~165). Furthermore, we can consider an addi-
VI. COMPARISON OF MICROTOROIDS tional figure of merit: namely, the “rate of optical informa-
WITH OTHER RESONATORS FOR CAVITY QED tion per atom”[1], given by R=g?/ k. The table indicates

Table | presents a comparison of CQED parameters fothat toroidal cavities compare favorably with PBG cavities in

various cavity types including toroidal, FP, and photonicthis figure of merit as well.
crystal. To date, most experimental work has involved the
use of Fabry-Perot cavities, with current state-of-the-art fab-
rication technology allowing the attainment of coupling
strengths of 110 MHz, with corresponding critical atom
numbers of 6< 1072 [4]. Estimates on the theoretical perfor-
mance limits of FP cavities have also been investigh2éd Our work has demonstrated that toroidal resonators are
predicting coupling rates as large as 770 MHz, with a correpromising cavities for investigation of the coupling of an
sponding critical atom number of>210°*. While this level  atomic system to the electromagnetic field in the regime of
of performance may be theoretically possible, the currenstrong coupling. Not only are these structures arguably sim-
necessity of expensive and sophisticated high-reflection dipler to manufacture and control than other structures such as
electric mirror coatings does not bode well for easy improve-microspheres and FP cavities, but also allow integration on a
ments with respect to current technology. This is one of thesilicon chip, paving the way for the addition of atom traps
reasons silica microspheres are of such high interest. Calc(i34] and waveguides which can enhance the capability and
lation of the limits possible with silica microspherga3] possibly reduce the experimental complexity of CQED stud-
shows that not only is it possible to obtain high values ofies. Furthermore, we note that in addition to the enhanced

VII. CONCLUSION
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TABLE I. Summary of the relevant parameters for cavity QED for a variety of resonator systems. The table shows both the experimental
state of the arf23] and the projected limits for a Fabry-Perot cai0], plus current experimental results with silica microsphé¢es.
Furthermore, a theoretical comparison between silica microspf@3ggphotonic band-gap caviti¢22], and toroidal microresonatofthis
work) is also given. The results indicate that toroidal cavities can uniformly exceed the performance on these parameters for both FP cavities
and silica microspheres. Comparison with PBG cavities indicates that toroids possess much lower atom-cavity coupling asrangihist
of their much larger mode volumgsut still result in greatly improved critical atom numbers due to their very large quality factors.

Critical photon  Critical atom Coupling to Rate of
Coupling coefficient number number dissipation ratio  optical information
Resonator system g/(2m) (MHz) Ny No g/maxy, ,k) R= g%/ k (Mbits/seq
Fabry-Perot 110 2.8x10* 6.1x10°3 7.8 5.4x 10°
experimental state of the art
Fabry-Perot projected limits 770 5<710°° 1.9x 10 36 1.7x10P
Microsphere experimental 24 5.5x10°° 3.0x107? 7.2 1.1 10°
(D=120 um)
Microsphere theory
Maximumg (D=7.25 um) 750 6.1x10°° 7.3x1071 0.01 4.5< 10
Minimum Ny (D=18 um) 280 4.3<10°° 3.1x10°6 107 1.1x 10
Photonic band-gap cavity 17000 Ka0™® 6.4x107° 3.9 5.1 1P
Toroidal microcavity theory
Maximum g >700 6.0x10°® 2.0x10™* 40 1.6x10°
Minimum N, 430 2.0<10°° 2.0x107 165 1.6x 1C°

performance benefit of having a toroidal geometry, the capa- As a further note, the use of higher-index contrast dielec-
bility to retain a relatively large resonator diameter overtric material can allow additional improvements in the per-
other structures results in a smaller free-spectral ranggérmance of these structures. The use of silica as the dielec-
(FSR. This allows not only easier tuning of the cavity reso- tric of choice in both the spherical geometry and in the
nance location to correspond precisely to the atomic transitoroidal microcavities studied in this work was convenient,
tion wavelength, but also may allow integration of a supple-as these structures not only possess record high-quality fac-
mental far-off-resonance trap by exciting the cavity at aiors put are currently producible. However, as the radiative
m.uItipIe of the free-spectral range. The realizatipn ofa cavityqua”ty factor of a whispering-gallery-type cavity is strongly
with a smaller FSR may allow a closer maiching of a SeCygpendent on the refractive index difference between the
ondary resonance quatlon FO_ the pump Wavelength Wh,'cgtructure and external environment, much smaller modal vol-
corresp_onds to state-insensitive trapping of atomic CesiUNy o are possible for a given quality factor with the use of a
7], which can simplify the atom-cavity dynamics. The usehigher—index resonator material. In fact, this is one of the

of a silica dielectric whispering-gallery cavity also allows " . l .
operation over a broad range of wavelengths, with very—high:reasons PBG cavities fabricated from silicon or other high-

quality factors possible for nearly all resonances. This is ir{ndeT d|electr|gs car; ﬁbtalndultralsmall mOd.EI vglume.?. A
strong contrast to the mirror reflectivity limits of coated Fp S'MP'€ comparison o the mode volume possibie in a silicon

cavities. toroid shows that a mode volume on the order of only about
The ability to connect distant quantum nodes with highlO times larger than PBG cavities is possible, with much
efficiency, preferably over optical fiber, is very desirable forhigher-quality factors. While this work has focused on silica
quantum networks. Using FP cavities, optical fiber couplingMicrocavities, the reflow process is a relatively flexible
is possible; however, the overall coupling efficiency is mod-method, thus suggesting that it may be possible to also create
est (~70%). Fiber-taper-coupled microtoroids allow cou- high-index ultrahighQ quality factor cavities which come
pling efficiencies in excess of 99947], above both FP and closer to the large coupling strengths of PBG cavities while
PBG cavities(97%) [35]. This capability to obtain near- further improving the critical atom number.
complete input and output coupling efficiencies strongly sug- Last, the current experimental ability to obtain large cou-
gests the use of fiber-coupled silica whispering-gallery cavipling strengths with quality factors exceeding® 1€ promis-
ties, such as microtoroids, as building blocks to enable highing for the immediate use of these structures in strong-
performance quantum networks. coupling studies. We are currently pressing forward
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