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Ultrahigh optical Q factors of crystalline resonators in the linear regime
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Experimental demonstration of record optical quality factor of (6.3+0.8) X 10' corresponding to cavity
ring-down time of 7==36 us is made possible by avoiding nonlinear effects in a crystalline whispering gallery
mode resonator. We discuss various loss mechanisms in CaF, cavities and ways of achieving higher quality
factors. Possible applications in quantum optics and photonics are discussed.
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I. INTRODUCTION

Whispering gallery mode (WGM) resonators have been
receiving increasing attention as novel structures with unique
features suitable for various applications in linear, nonlinear,
and quantum optics [1-3]. In particular, a combination of a
small mode volume and a high optical quality factor (Q) is a
unique feature of these resonators that makes it possible to
achieve high concentration of the optical field and relatively
long photon confinement times. These dielectric cavities
have no mirrors—Iight is trapped by total internal reflection
at a dielectric boundary. The optical quality factor is one of
the most important characteristics of the WGM resonator. It
is directly related to the cavity ringdown time 7=Q/w. In a
cavity with radius a and refractive index n, the resonant in-
crease of the effective intracavity intensity /. over the input
light intensity I at a free space wavelength N\ is proportional
to the Q factor: I./I,=QN/(m*na). Long storage times or
long effective optical path lengths are important for efficient
nonlinear interactions and for cavity quantum electrodynam-
ics (CQED) experiments. Recently, it has been shown that
extreme material purity and higher nonlinearities of crystal-
line resonators may provide improved photon confinement
times [4], enhanced second harmonic generation [5], and low
threshold hyperparametric oscillations [6] in WGMR.

The interest in ultra-high quality factors in support of new
applications of WGM resonators requires new strategies for
the fabrication and characterization of the resonators. The Q
factor, for example, is commonly measured using either cav-
ity ringdown or linewidth calibration techniques. The pres-
ence of strong nonlinear processes, though, makes it difficult
to properly determine the Q with these traditional techniques.
The nonlinear processes include thermal and Kerr nonlineari-
ties, stimulated Raman scattering and thermo-optical insta-
bility, all of which can influence an accurate determination of
the intrinsic Q.

The purpose of the present work is to study the ultimate
limit of the Q of the crystalline resonators, and describe tech-
niques for measuring ultra-high values. The outline of the
paper is as follows. The crystalline WGM resonator fabrica-
tion technique is briefly discussed followed by the results of
Q factor measurements at three wavelengths, including a
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new record value for the quality factor of a WGM resonator.
We also demonstrate the difference in cavity resonance
curves obtained at different pump power levels. In the next
section we analyze loss mechanisms that limit the Q factor of
crystalline cavities and give estimates for CaF, resonators. In
the section on the nonlinear processes, we discuss the influ-
ence they have on the shape of a resonant curve. The thresh-
olds for Raman lasing, thermo-optical oscillations, thermal
and Kerr bistabilities are also discussed. We show that it is
only possible to measure ultra high Q in the linear regime by
lowering the optical power. In the final section we discuss
the role of impurities and means for achieving higher optical
Q factors in crystalline cavities, together with some potential
applications.

II. MEASUREMENT OF OPTICAL Q FACTOR OF
CRYSTALLINE WGM RESONATORS

A. Fabrication of the cavities

Crystalline WGM resonators were fabricated with a novel
technique developed in our laboratory. A small cylinder is
first cut out of a crystalline blank. The axis of the cylinder
coincides with the blank axis, which is along [111] crystal-
line orientation. This cylinder is mounted onto an air bearing
spindle of a home-made diamond turning apparatus. Dia-
mond cutting of a desired profile is performed with a precise
computer controlled lathe. This step produces resonators
with optical Q factors of about 107. The next step involves
hand polishing with a sequence of diamond abrasives of de-
creasing grit sizes. A thorough cleaning procedure is per-
formed after each polishing step. An example of a resonator
is shown in Fig. 1. This fabrication technique is applicable to
many optical crystals due to the versatility of the diamond
grinding process. Resonators may be fabricated with any di-
ameter down to a few tens of microns [7]. Moreover, many
resonators may be fabricated on the same rod with small
separations. The resulting resonator chains may be utilized in
filtering and other applications and are similar to coupled
pendulums in mechanics [8]. A chain of three CaF, cavities
presented on Fig. 2 was fabricated in our lab. The resonators
are separated by 70 um and show resonant coupling.

B. Measurement of a Q factor

‘We have measured the optical Q factor of CaF, resonators
at laser wavelengths of 1064 and 1550 nm using direct ob-
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FIG. 1. (Color online) CaF, cavity with a record Q factor of
(6.3+0.8) X 10'°, 5.5 mm in diameter. White brackets show the area
of WGM localization.

servation of cavity resonances. Measurements were also per-
formed at 780 nm using a “self-homodyne method” (Fig. 3).
Noise from our 780 nm grating stabilized diode laser made it
impossible to resolve the resonance curve directly. In a “self-
homodyne” method, Q factor is derived from the decay time
of the interference pattern formed by two beams. The first is
the laser beam with its optical frequency linearly dependent
on time and the second beam is the cavity emission. As the
laser frequency is scanned, at some point it excites a cavity
mode and stores some energy in it. This energy will then be
emitted into the coupling element as a single frequency ex-
ponentially decaying optical beam. Interference of this beam
with the laser beam results in exponentially decaying oscil-
lations, from which a decay time may be extracted and the Q
factor computed according to Q=wT/2 (Fig. 3).

In order to achieve the flexibility to use various wave-
lengths of light, we utilized a conventional prism coupler to
excite the modes of the cavity. The critical coupling effi-
ciency was above 30 percent at all wavelengths. All measure-
ments were performed in a strongly undercoupled regime
where only a small fraction of light enters the cavity, leaving
the measured Q factor close to the intrinsic value.

The 1064 nm Lightwave Nd:YAG and 1550 nm Coheras
Adjustik lasers have narrow line of a few kilohertz, which
made it possible to use direct observations of cavity reso-
nances. Laser frequency was modulated with an internal pi-

FIG. 2. Evanescent-field coupled CaF, WGM resonators. The
rod diameter is 5 mm and the electron microscope is focused to the
side of the rod to make the shape of the resonators visible. The
resonator on the left supports only one mode per free spectral range

[9].
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FIG. 3. (Color online) Example of “self-homodyne” measure-
ment of ringdown time at 780 nm at low power. The inset shows the
exponentially decaying oscillations resulting from the interference
of the laser beam and the cavity emission.

ezo actuator. Signal generators were used to feed the sum of
two signals to the laser head. The first is a sawtooth-shaped
voltage for scanning the frequency back and forth over the
cavity resonance. The second is a weak sinusoidal signal at
100 kHz for sideband modulation of the laser carrier. Side-
band modulation provides calibration peaks shifted by
100 kHz both ways around the cavity resonance frequency.
These peaks were recorded simultaneously with the cavity
resonance curve and used for frequency calibration. A direct
high frequency modulation of the laser carrier through an
internal piezo element results in a weak amplitude modula-
tion. This amplitude modulation was rejected by the detector
with a large response time. Example of the Q factor mea-
sured with this method is shown on Fig. 4. The best value
measured at 1550 nm was Q=1.1X10'°. The quality factor
was also measured for a 1.5 mm CaF, cavity at 1064 nm and
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FIG. 4. (Color online) CaF, cavity resonance showing record
optical Q factor and a Lorentzian fit. Measured at a coupled pump

power of 100 nW in a strongly undercoupled regime. Out of reso-
nance photodetector level is —0.5 mV.
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FIG. 5. (Color online) Cavity
resonances recorded at pump
power P=60 nW and P=1 uW.
Red traces show Lorentzian fit. It
can be seen that the resonance
curves are not Lorentzian for
higher values of the input power.
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found to be 4 X 10'°. In a fluoride microresonator 100 um in
diameter values as high as Q=4X10% were found to be
achievable for a UV-grade material at 1064 nm. The free
spectral range of our cavities comprises many WGM’s and
the process of measurement included a search for the modes
with the highest values of Q.

C. Q factor and pump power

In order to observe the influence of the input optical
power that was used to excite the WGM'’s on the effective Q
factor, we performed a series of measurements for a selected
cavity mode. Measurements were performed for coupled
pump power levels ranging from a few nanowatt to a micro-
watt. For each power level the laser was swept over the
cavity resonance twice, first as its frequency was decreasing
and second as it was increasing. This produced two resonant
curves for each pump power level. Quality factors were ob-

1x10*

tained by fitting the cavity response curves to a Lorentzian
for both laser frequency scan directions. We fit the depen-
dence of the quality factor on power to exponentials for
illustration—to delineate the data points. These exponentials
converge to a single value of Q for low optical power, as
expected. It should be noted that the intrinsic Q factor of a
cavity generally should not depend on the optical excitation
power. The observed divergence is generated by the method
used to derive the Q factors. Figure 5 serves to clarify this
statement. It represents four measurements of the same
WGM at coupled pump powers of 60 nanowatt and
1 microwatt. These measurements correspond to points
A,B,C,D in the Fig. 6. For the upper trace the pump power is
well below the threshold of nonlinearities and the resonant
curve is Lorentzian. For the lower trace the higher pump
power causes the curves to deviate from the Lorentzian
shape and become nonsymmetric. The asymmetry arises
from thermal nonlinearity, which in our case causes the cav-
ity eigenfrequency to decrease as the laser beam begins to

FIG. 6. (Color online) The quality factor mea-
4 sured by fitting the cavity response curve to a
Lorentzian for several pump power levels. Mea-
surements at points A,B,C,D were used to build
- the Fig. 5.
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heat up the cavity material. As will be discussed in the fol-
lowing sections, measurements A and B correspond to a
power level that is below the Raman lasing threshold, and
thresholds of other nonlinear effects. For these measurements
one may observe the linear oscillator response independent
of the direction of the frequency scan and thus be able to
obtain a reliable estimate for the cavity’s intrinsic Q factor.
Occasional deviations from a Lorentzian were still observed
due to the acoustic noise perturbations and the high pass
filter in the AC-coupled input of the oscilloscope.

III. LOSSES IN CRYSTALLINE CAVITIES

Given the Beer-Lambert law for light absorption I(x)
=1pe™ ™, which holds when the nonlinear optical processes
are not present, the maximum value of the optical Q factor of
a dielectric WGM resonator is given by

0 21mn (1)
max — )\a *
Here « is a total optical loss coefficient in nepers per meter,
which is a measure of the cumulative attenuation caused by
different mechanisms:

A= Aggt Ay + Aeoupling T Rrad. (2)

The contributions from several loss mechanisms are added:
surface scattering, material losses, influence of the coupler,
and the radiative loss. Surface scattering is induced by the
imperfections of the surface. Material losses are caused by
the fundamental absorption in the material, atomic impurities
and three types of bulk scattering: Raman, Brillouin, and
Rayleigh. Radiative loss is only significant in small mi-
croresonators. The coupler losses can be made small by per-
forming measurements in a strongly undercoupled regime.

A. Surface scattering

Surface roughness may be induced by frozen capillary
waves, as in the case of the fused silica resonators, or by
imperfections of polishing, in the case of crystalline resona-
tors. In addition, some amount of micro- and nano-particles
is almost always present on the surface of a resonator. For
estimating the surface-limited Q factor, one approach uses
parameters of surface roughness o and correlation length B
[10],

_ KTE,TM 3A3a
- (KTE,TM+ 1) 81’1772320'2 '

Oss 3)
Here Krg=2.8, K1y=9.6 are scattering suppression coeffi-
cients for TE and TM whispering gallery modes in fused
silica. Since the refractive index of fused silica n=1.45 is
close to that of CaF,, n=1.43 we shall use fused silica sup-
pression coefficients for our estimates. The formula was ob-
tained as an approximation which takes the correlation
length to be much smaller than the wavelength of light
(0B*<\?). We may use this equation to analyze the atomic
force microscope (AFM) images of CaF, resonators taken in
the WGM localization area (Fig. 7). Since noise due to the
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AFM and that of the surface roughness are independent, the
variance of the image data is a sum of the surface and noise
variances a'izmage= “urface T a'znoise. Given the AFM empty im-
age (noise) standard deviation of 07,;.=0.07 nm we calcu-
late surface roughness o for the left and right image to be
0.186 nm and 0.151 nm, correspondingly. Calculations were
made with a standard expression for the unbiased variance.
These values are significantly smaller than those typical of
fused silica resonators [11], and demonstrates the capability
of our fabrication technique. It is possible to achieve even
better results if advanced polishing techniques are used. In
order to use the analysis, the correlation length B should also
be computed. The correlation length is defined as the decay
length of the exponential autocorrelation function. We are
interested in the correlation length along the direction of
light propagation, which in our case is coincident with the
direction of polishing traces. Computer algorithms of the im-
age rotation generally alter the correlation function. In addi-
tion, the autocorrelation function depends on the direction of
computation for our type of the surface. In order to overcome
these problems, a two-dimensional correlation function may
be computed with the use of a Wiener-Khinchin theorem and
fast Fourier transform algorithms. Computed autocorrela-
tions can be seen in Fig. 7 below the surface scans and are
represented as levels in white. The black color corresponds
to the zero level. Since polishing leaves some traces as can
be seen on Fig. 7, the two-dimensional autocorrelation func-
tions decay slowly in the direction of polishing, masking
short range surface structures in this direction. We may use
the correlation length measured in the direction orthogonal to
polishing traces to obtain the characteristic radius of the sur-
face features. Such an approach is justified as the shape of
the scatterer is irrelevant [12]. For both images this gives
B=40 nm. These computed parameters give Q,=4.3 X 10!!
and Q,=6.6 X 10'! for surface limited Q factors.

A number of inclusions with diameters of 30—50 nm pro-
trude from the surface by only about 1-2 nm, and can be
seen in Fig. 7. These inclusions could possibly be the “shad-
ows” of the diamond nanoparticles used in the polishing pro-
cess that were buried in the surface layer. The assumption
that there are particles inside the surface is reasonable as it is
known that a thin 0.1 um surface layer may flow when the
surface is being polished, thus trapping the polishing par-
ticles [13]. Particle scattering limited Q when K 50 nm dia-
mond spheres are embedded into the surface is given by

27TnVlm1 Ko
= (0%

= =—2" 4
P K)\O-sp ' P Vlml ( )
Here o, is a classical cross-section of a spherical scatterer
[14]:
8m €—¢€ \’
A o
3 €+ 2¢€,

ag, is a corresponding loss decrement and V,,,; is a WGM
volume, which may be estimated as [15]
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200 nn

3
Vim = 34773/2(%) 1"oN2(1—m) +1. (6)

mn

Here / and m are the mode indices, [=2man/\. This gives
0=7 X 10"2/K which means that even with 100 such embed-
ded particles a scattering limited Q of 7Xx10' can be
achieved. Unfortunately, available images cover only a mi-
nor portion of the surface area, so it is difficult to determine
the actual concentration of nanoparticles on the surface of
our resonators.

Another possible explanation for the observed particle-
like structures in Fig. 7 might be the chemical reactions be-
tween the CaF, surface layer and the constituents of air. Air
induced roughness of cleaved CaF, surface was found to be
characterized by randomly distributed nanometer-sized fea-
tures. These features are believed to be induced by oxygen,
and remain stable after formation [16].

B. Material absorption and scattering

An ideal crystal with no impurities and defects has its
window of transparency defined by the tail of multiphonon
absorption on the long wavelength side and by the tail of
absorption caused by electronic transitions on short wave-
length side, also known as the Urbach tail. Raman, Rayleigh,
and Brillouin scattering mechanisms are also present in ideal
crystals. It was experimentally found, and theoretically veri-
fied, that the behavior of multiphonon and Urbach tails can
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FIG. 7. AFM surface scans of
two regions of WGM localization
and images of corresponding
two-dimensional autocorrelation
functions. Squares are 1X1
micrometer.

be quite generally described by an exponential law. As will
be discussed later, of all scattering processes, only Raman
scattering plays a significant role in crystalline cavities.
Thus, bulk losses in CaF, may be approximated by the fol-
lowing phenomenological expression [13,17]:

Y -4
Pat = auve)\wn\ + a/rm(f + aire_)\i'j)\- (7)

Here «,,, o, \,, and \;. are the constants obtained by
fitting the experimental data for UV and IR absorption coef-
ficients. Coefficient «,,, accounts for scattering suppression
in the case of whispering gallery modes armzK("TlE)TM)a,,
where «, is mostly Rayleigh scattering losses measured at \,.

Experimental data on the UV absorption for determining
the parameters of the Urbach tail in CaF, are rather scarce.
Another complication is the dependence of the parameters on
temperature. Impurities may have a strong effect on the UV
absorption spectra of CaF, [18]. The UV absorption coeffi-
cient is also known to be fluence-dependent [19]. From Fig.
8 it can be seen that as technology has advanced, CaF,
blanks of higher purity have appeared. We assume that ab-
sorption for wavelengths longer than the UV cut-off is deter-
mined by impurities. The absorption coefficient for the cut-
off wavelengths follows an exponential law. We have found
that the data by Laufer er al. [20] may be used to estimate the
parameters of the Urbach tail as they represent measurements
in the UV-cut off region. Parameters of the multiphonon ab-
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FIG. 8. (Color online) Absorption in CaF, and Urbach tail. Data
from 1965 [20] corresponding to the three shortest wavelength
points were also used to estimate the Urbach tail parameters. The
1933 data is from [21]. Saint Gobain and Corning data were ob-
tained from the websites of those manufacturers. The scattering data
was derived from [22]. Measurements by Goerling [19] are the first
to separate the coefficients of bulk and surface absorption. Lines
connect the data from the same source.

sorption wing were estimated from IR absorption data for
Corning CaF,.

In a thorough study it was found [22] that in the best
samples of CaF, Raman scattering accounts for less than ten
percent of the total scattering and thus can be neglected.
Stimulated Raman scattering, however, cannot be neglected
in our cavities, as will be shown below. Elastic component of
Rayleigh scattering in CaF, was found to be equal to the
bulk Brillouin scattering in a crystal. In a WGM cavity, the
acoustic phonon spectrum is modified and Brillouin scatter-
ing is further inhibited. In comparison to high-purity fused
silica (HPFS), for the best CaF, specimens the intrinsic Ray-
leigh scattering loss is 0.0035, Brillouin loss is 0.005, and
extrinsic defect-induced Rayleigh is 0.0015. The total scat-
tering measured in CaF, samples at 90 degree is a(90°)=6
X 107 Np/m at 193 nm. This gives a total integrated loss
coefficient of a,=8ma(90°)/3=5X 10" Np/m.

C. Maximum Q factor and its limitations

With the parameters from the two previous sections, we
have determined the maximum bulk loss limited Q factor of
a CaF, WGMR (Fig. 9). Experimental dependence of the
refractive index on the wavelength was taken into account.
Curve “a” shows what Q factor is possible for an ideal-
surface resonator. Electronic absorption is responsible for a
sharp decline of the transparency and Q factor for A
<200 nm. In the visible and near the IR region, the Q factor
is mostly determined by Rayleigh scattering. The decline of
Q beyond 3 wm is explained by multiphonon absorption pro-
cesses. Curve “b” shows that surface scattering would be the
main limitation on the Q factor of our cavities if there were
no impurities.
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FIG. 9. Maximum intrinsic Q factor of CaF, resonator at room
temperature. (a) Q factor limited by Rayleigh scattering, mul-
tiphonon absorption and electronic absorption in an ideal crystal
along with values modified by the geometry of a WGMR for TE
and TM modes; (b) surface roughness limited Q factors; (c) experi-
mental data.

The TM modes are closer to the surface, so more scattered
light goes back into the modes as compared to the TE modes,
giving the higher Q. For the real cavity the TM modes suffer
from additional surface scattering and the difference in Q
factors is not so pronounced anymore.

IV. DISCUSSION

A. Nonlinear processes in crystalline WGM resonators and
optical Q factor

When measuring the optical Q factor, it is important to
ensure that nonlinear processes are not present. One way to
make sure this is the case is to directly observe the resonant
response of a cavity, which for a linear oscillator is known to
be described by a Lorentzian lineshape. Deviations from the
ideal linear oscillator behavior could serve as a qualitative
measure of nonlinearity. In our experiments we found that
when the optical power approaches the bistability or the
stimulated Raman scattering threshold, the resonator’s re-
sponse is no longer Lorentzian. The Raman lasing threshold
is inversely proportional to the square of the Q factor [3], so
when ultrahigh Q factors are expected, reducing the optical
power used for measurements to low enough levels is a chal-
lenge. Thermo-optical oscillatory instability and thermal
nonlinearity [23,24] were also observed in the nonlinear re-
gime. Linear resonant curves were only observed in a
5.5 mm cavity at coupled pump power levels of less than
100 nW.

As an example, we measured the cavity response at a
pump power of 3 uW. This power was found to be slightly
higher than the Raman lasing threshold in our 5.5 mm cavity
and is more than an order of magnitude lower than the small-
est reported threshold value so far—for an integrated fused
silica device [3]. The cavity response at this pump power is
strongly non-Lorentzian, with thermo-optical oscillations
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also present. Interestingly, the onset of the thermo-optical
instability was found to be approximately coincident with the
Raman lasing thresholds in large (5 mm) and small
(0.1 mm) cavities. Further investigations might show that
Raman lasing may be involved in the generation of the os-
cillations in thermo-optical instability.

Kerr and thermal nonlinearities may explain the departure
of the cavity response from the Lorentzian shape, as seen in
the Figs. 5 and 6. We may derive the bistability threshold, or
the power needed to shift the eigenfrequency of a WGM by
its width at half maximum Af=c/(\Q), using a semiclassical
approach. Nonlinear index of refraction An is given by (see
[25])

2

E
1220 _ o+ An. 8)

n=ng+nyE*)=ny+

The shift of the cavity’s eigenfrequency f is related to a
change in the refractive index,

A
Af=- —Of )

It follows that the change in refractive index that would shift
the cavity resonance by its width is

L

ne’
For the energy density created by the K photons stored in a
cavity we have

An (10)

Egeong _ Khw

, (11)
2 Vet

hence, the nonlinear refractive index is

n,E> Kh
An = 2270 _ 1’12—(02 (12)
2 Vegeong

Combining the expression for the nonlinear part of the re-
fractive index and the required An, we obtain K, the number
of photons in the cavity sufficient for bistability,

_ Verrgoty (13)
Onho
The intensity buildup factor,
1 O\
—= =a, 14
1 '772611’10 “ (14)

implies that if we send K/« photons per second to the cavity,
the resulting intensity inside the cavity will be equivalent to
K photons per second passing each cross section of the
WGM. Since each photon completes Vppon=c/(27an;)
round trips around the cavity each second, we need to send

Q}M — @ — E (15)
o 40 47
photons per second as an external excitation to have K pho-
tons present in the cavity. This flux of photons gives us the
bistability threshold power,
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0 Verrgonty _ @VerrBomp
40 Omphew — 4Q%n,

If one uses the relation for third order susceptibility given in
[25], which is valid for a linearly polarized laser beam in
isotropic materials and for the beam linearly polarized along
[100] axis of a cubic crystal,

Whise = fi (16)

1y = 1277)(531)11 ’ (17)
no
and a relation between the systems of units [26]
(m2)aks =5 X 1078(n) e (18)
the CGS units formula for bistability threshold is
Vegrong (19)

Weiss= T 3 -
bist 1927TX(3)Q2

In comparison with the equation (3) in [15], this formula is
different by a factor of 1/6 but it gives the values of bista-
bility threshold cited in that paper.

The value of the nonlinear refractive index of CaF, is
n,=4.78 X 1072 m?/V? [25-27]. Thus the bistability thresh-
old for 1.5 mm cavity (V;;;=2.93 X 10713 m3, 0=4 X 10'9) is
Wii=44 nW. For a 5 mm cavity with Q=6X10'" the
threshold is about 0.2 uW. This shows that a very low input
power could shift the eigen-frequency of a crystalline cavity.
The fact that the resonant curves presented on Fig. 5 for a
pump power of 60 nW are Lorentzian even though the power
is 1/3 of the bistability threshold implies that the excited
mode was probably not a fundamental WGM, but rather a
mode with a large effective volume, [—m>1. For such a
mode the bistability threshold is larger than 200 nW and
scales with the modal volume, proportional to 2(/—m)+1
[see Eq. (6)].

The third order susceptibility associated with the thermal
nonlinearity and a specific response time depending on mode
configuration may be estimated for TE,,;,TM,,; modes as
follows (formula in CGS units from [15]):

272/3
(B = Moaerr N1 pe, (20)
" 80mNKT B

Here « is a bulk attenuation coefficient, k-Boltzmann con-
stant, B-thermal conductivity, and c,-heat capacity. We have
observed that the difference in Q factors for TE and TM
modes was much smaller than what might be expected if the
Q were limited by scattering. In this case, Q factors would
have been proportional to the scattering suppression coeffi-
cients Qrg/ Oy~ Ktg/ Kty The demonstrated Q factor of
(6.27+0.78) X 10'° gives a new upper limit on the absorption
coefficient in CaF, at 1064 nm of a=1.4X10~* Np/m, de-
rived from Eq. (1). Thus, the given value of « reflects losses
in the bulk crystal and the optical Q factor in our cavities is
limited by the internal absorption. Using parameters for
CaFy: B=12 W/mK, p=3180 kgm™, ¢,=853 J/(kgK), a
=2500 um and A=1.064 um we estimate room temperature
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values 7p=10 us and X(T3)27.3 X 1072cm?/erg=8.1
X 1072! m2/V?. The concentration of CaF, was computed as
N=2.45X10%® m™3. We see that the thermal nonlinearity is
dominating in our cavity, which agrees with the experimental
observation.

B. Impurities and possibilities for higher Q factors

Measurements of the Q factor at 1550 nm yielded Q
=1.1X10', which is smaller than the previously reported
value of Q=1.7x10'" in [4]. This may be explained by the
difference in specific fluorite blanks and by the fact that the
resonance curve in that work is nonlinear. While theoretical
estimates show that the Q factor should increase with the
wavelength in the region of experimental measurements
(780—-1550 nm), we found the opposite to take place, indi-
cating an increase of bulk losses for longer wavelengths (Fig.
9). The development of pure fluorite blanks is mostly driven
by the industrial demand for high quality crystals suitable for
lithographic lenses transparent in the UV region. Thus one
may expect such fluorite blanks to have a reduced amount of
impurities absorbing at shorter wavelengths, explaining the
lower Q at longer wavelength. For the best fluorite blank
from Corning, the total absorption is about an order of mag-
nitude larger than the bulk light scattering [22]. Taking into
account the argument from the previous section regarding
surface scattering, it follows that the absorption and scatter-
ing by impurities is the main loss mechanism in our crystal-
line WGM cavities.

The crystals used for fabrication of WGMR in this work
are the purest available excimer-grade CaF, blanks. Never-
theless, these crystals contain significant amounts of atomic
impurities such as rare earths and other elements. For a typi-
cal excimer grade CaF, there may be more than 20 impuri-
ties with more than 10 ppb concentration, and the total
amount of impurities exceeds 10 ppm, a significant fraction
of which is represented by strontium, magnesium, iron, and
zinc in the case of our crystals. Strontium was found to im-
prove the radiation resistance of CaF, [28]. Ultrahigh Q fac-
tors are only possible to achieve at low circulating optical
power, where even a minor amount of impurity ions can
influence the response of the crystalline medium through
resonant Mie-type atomic fluorescence. Unfortunately, infor-
mation on the absorption spectra of certain ions in CaF, lat-
tice is not readily available. The optical properties of impu-
rities are characterized by sharp lines, which correspond to
optical transitions. The width of these lines increases with
temperature. Thus, one possibility of avoiding the influence
of impurities in WGM cavities is to operate them at lower
temperatures outside of the spectral regions corresponding to
optical transitions of the impurities. According to the analy-
sis presented in Fig. 9, one may expect the Q factor to ap-
proach the surface scattering limit of Q=10'? at A\=1 um if
the impurities are “frozen out.” If a better surface is fabri-
cated, the material limited Q factor for the available fluorite
crystals should approach Q=10 at A\=1 um and Q=10" at
A=3 wpm if the impurities are not taken into account. The
latter would give an average photon confinement time in
excess of one second.
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C. Possible applications and conclusion

As the intrinsic optical Q factor of a WGM cavity in-
creases, the power buildup coefficient grows, which in turn
lowers the threshold for nonlinear processes. We have shown
that by reducing the optical power circulating in an ultrahigh
Q crystalline cavity, it is possible to achieve a linear mode
and reliably measure the ultrahigh optical Q factors. We have
demonstrated values as high as (6.27+0.78) X 10'° which
gives a new upper limit on the absorption coefficient in CaF,
at 1064 nm of a=1.4X 10™* Np/m. The measured Q factors
are the highest values reported for any optical resonator with
these dimensions, making crystalline cavities extremely at-
tractive tools in optics. Possible applications of crystalline
cavities include compact integrated Raman lasers, cavity
QED experiments with crystalline microresonators and quan-
tum nondemolition measurements.

We have shown that Raman lasing was observed in our
5.5 mm cavity at coupled pump power of as low as 3 uW.
As the threshold of Raman lasing is inversely proportional to
the square of the Q factor, crystalline cavities represent new
possibilities for the realization of tunable fiber compatible
Raman lasers operating with high efficiency. Another inter-
esting application of high Q crystalline cavities is based on
optical parametric oscillations [6]. It might be possible to
fabricate an all optical fiber coupled solid state frequency
standard based on these devices.

Estimates for a 100 wm LiNbO; cavity show that a single
photon would shift the cavity resonance by as much as 6 Hz.
Such a shift can be detected with optical techniques. This
then opens up new possibilities for quantum nondemolition
(QND) measurements of the number of photons in a cavity.
Nevertheless, thermal effects may cause much larger shifts at
room temperature [29].

As was discussed in Sec. III A, a number of polishing
particles remain attached to the surface of the cavity and if
the particles are small enough, the high Q factor is preserved.
Observation of these particles suggests the possibility for
imprinting quantum dot containing diamond or other nano-
particles into the surface while preserving the Q factor on a
very high level, even for the small WGM cavities suitable for
cavity QED experiments. In similar experiments with silica
microspheres, the application of nanoparticles through depo-
sition usually leads to a significant degradation of the Q fac-
tor of the cavity.

The extreme Q factors of crystalline cavities open new
opportunities in optical filtering and spectroscopy. A single
mode cavity made with lithium niobate could operate as a
tunable fiber coupled etalon, more compact and with a higher
finesse than a Fabry-Perot cavity. For these applications,
resonators with large mode volumes must be selected to re-
duce the undesirable effects of nonlinearlties.

In conclusion, we have demonstrated measurements of a
record high optical Q factor of a fluorite WGMR, fabricated
with a diamond grinding technique. We analyzed possible
loss mechanisms in crystals and the influence of nonlinear
processes. We showed that in order to measure the higher Q
factors in linear regime, lower pump power levels must be
used to avoid nonlinear processes.
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