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A Narrow-Linewidth On-Chip Toroid Raman Laser
Tao Lu, Lan Yang, Tal Carmon, and Bumki Min

Abstract— In this paper, we report a narrow-linewidth on-chip
toroid Raman laser. Under free-running condition, we have ob-
tained the minimum fundamental linewidth of 3 Hz and the max-
imum unidirectional output power of 223 µW. Lasing under the
same condition in continuous-wave mode over 90 min is achieved
at an average power level of 21 µW and a standard deviation of
0.17 µW. We further derived the frequency noise spectrum and
identified an enhancement of frequency noise due to Kerr non-
linearity. In addition, we have observed the shifting of relaxation
oscillation frequency as a consequence of weak mode splitting.

Index Terms— Laer noise, optical resonators, phase noise,
Raman lasers.

I. INTRODUCTION

NARROW-LINEWIDTH on-chip lasers are critical com-
ponents in lab-on-a-chip devices to reduce the chro-

matic dispersion in high-resolution measurements. They are
also indispensable in coherent optical communication, where
highly coherent sources are necessary for phase modulation
formats. Currently, ultranarrow-linewidth laser sources [1],
[2] are available, but none of them can be integrated on
a silica-on-silicon chip through monolithic integration. On
the other hand, no ultranarrow-linewidth on-chip lasers [3],
[4] have been reported due to the combined difficulties of
fabricating an on-chip ultrahigh-quality-factor (Q) resonant
cavity and measuring a linewidth at several hertz (Hz) in the
presence of frequency drift during a single measurement. In
2003, a toroid-shaped silica microcavity on a silicon wafer
with Q as high as 500 million was fabricated [5]. Since
then, a narrow-linewidth Erbium-doped toroid laser has been
demonstrated [6]. Although it has been shown that the poten-
tial laser linewidth can reach several Hz both theoretically
and experimentally, the coexistence of splitting modes [7],
[8] in one single toroid makes it difficult to implement a
more reliable heterodyne measurement procedure using two
independently pumped lasers. Recently, we investigated the
frequency noise structure of on-chip toroid-based Raman lasers
in [9]–[12]. We were able to obtain a single-mode Raman
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toroid laser by fabricating a “fat” toroid on a thermal silica
wafer. The optical power density at the splitting frequency
was below −155 dBc/Hz, in contrast to the Erbium lasers
where an equal power of the split lasing modes can be
reached. In this paper, we report the fundamental linewidth of
a Raman laser as low as 3 Hz with a maximum unidirectional
output power of 223 μW. The fundamental linewidth is the
lowest among all on-chip laser sources to date, to the best of
our knowledge. We further investigated the “technical noise”
of the laser, and observed a frequency noise enhancement
from the pump intensity fluctuation due to Kerr nonlin-
earity and self-phase modulation, both experimentally and
analytically.

II. FREQUENCY NOISE SPECTRUM OF A MICROTOROID

RAMAN LASER

The semiclassical Langevin equation of a microtoroid
Raman laser can be modeled as [9], [10], [13], [14]

d As

dt
= −γ

2
As + gc

2
Ip As − j�ω(Ip)As + �s

d Ip

dt
= −γp Ip − ωp

ωs
gc Is Ip + B. (1)

The intracavity electric fields of Raman (Es) and
pump (E p) are expressed as E{s,p}(�r , t) = A{s,p}e− jω{s,p}

Ê{n,m}(�r , ω{n,m}). Here, Ê{n,m}(�r , ω{n,m}) is the corresponding
normalized electric field of Raman and pump whispering
gallery modes at their corresponding resonance frequencies
ω{n,m}, at a spatial location �r . A{s,p}(t) = A{s,p},0[1 +
ρ{s,p}(t)]e jφ{s,p}(t) denote the slow varying electric field
envelopes of the Raman (subscript s) and pump (subscript
p) modes, and ρ{s,p} and φ{s,p} are the amplitude and phase
fluctuations. The whispering gallery modes are normalized
such that A{s,p} A∗{s,p} = I{s,p} is normalized to the intensity
I{s,p}. Moreover, �ω(Ip) = ωs −ωn is the frequency detuning
of the Stokes wave as a function of Ip due to cross-phase
modulation of the pump laser to the Raman laser, gc is
the cavity-enhanced Raman gain coefficient [9], [10], and
I{s,p} ≈ I{s,p},0(1 + 2ρ{s,p}) is the corresponding intensity
whose relative intensity noise (RIN) is twice its amplitude
fluctuation ρ{s,p}. Similarly, B(t) = 2κ Real{E p(t)∗s(t)} is the
coupled external pump source s(t) into cavity with coupling
coefficient κ . Note that the coupled intensity fluctuation ρB

is due to both the intensity and phase noises of the external
source, B ≈ B0[1+2ρB(Iin ,�ωin)], and �s = �r,s +i�i,s is
the Langevin force term of the laser. From (1), and applying
standard linearization procedure [15], we obtain

dρs

dt
= ωs

Qs
ρp + �r,s

As,0
(2a)
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dφs

dt
= − α

ωs

Qs
ρp + �i,s

Es
(2b)

dρp

dt
= −

(
γp + ωp

Qs

Is,0

Ip,0

)
ρp − ωp

Qs

Is,0

Ip,0
ρs + B0

Ip,0
ρB (2c)

where ωs and Qs are the angular frequency and the quality
factor of Stokes wave, respectively, and α = 2(∂�ω/∂ Ip)/gc

characterizes the phase fluctuation coupled from intracavity
pump intensity fluctuation due to the Kerr nonlinearity. By
taking the Fourier transform of ρs , ρp and dφs/dt , we have

ρ̃p(
) =
j


(
B0

2Ip,0
ρ̃B + �̃p

2Ip,0

)
− ωp

Qs

Is,0
Ip,0

�̃r,s
Es,0


2
R − 
2 + j
/τR

(3a)

ρ̃s(
) = ωs

Qs

ρ̃p

j

+ �̃r,s

j
Es,0
(3b)

where the relaxation oscillation frequency 
R =(
Is,0ωpωs/Ip,0 Q2

s

)1/2
, and τR = 1/[γp+(ωp/Qs)(Is,0/Ip,0)].

Consequently, the intracavity laser Ws and pump Wp RINs
are expressed as

Wp(
) = 4ρ̃pρ̃
∗
p =


2
(

B0
2Ip,0

ρ̃B + �̃p
2Ip,0

)2

+
(

ωp
Qs

Is,0
Ip,0

)2
ωST

(

2

R − 
2
)2 + 
2

τ 2
R

(4a)

Ws(
) =
(

ωs

Qs

)2 Wρp


2 + ωST


2 . (4b)

The frequency noise spectrum S�ν has the form

S�ν(
) = α2 ω2
s

Q2
s

Wρp + 2π�νST (5)

where �νST is the quantum-noise-limited Schawlow–Townes
[16] linewidth, defined as the quantum fluctuation of the
laser phase due to spontaneous emissions. The fundamental
linewidth �νST in a laser can be obtained as [17]–[19]

�νST = 2πμhν3

P QT QL
= 2π(1 + KQ)KQhν3

P Q2
0

. (6)

It is inversely proportional to the laser power P and to the
square of laser cold cavity quality factor Q0. Here, QT is the
total quality factor, QC is the coupling related Q, and Q0 is
the intrinsic quality factor, KQ = Q0/QL . As the fundamental
linewidth of a laser is inversely proportional to the square
of the quality factor Q of the resonant cavity, an ultrahigh-
Q-cavity-based laser will reduce the fundamental linewidth
significantly. In our laser system, the cold cavity Q of the
Raman toroid pump mode under test is well above 108, and
the Raman lasing mode Q is on the order of 107. A total
output lasing power as high as 223 μW in one direction is
recorded.

A. Influence of Backscattering and Kerr Nonlinear Effects

When light propagates inside an ultrahigh-Q cavity in
one direction, minute backscattering can easily overcome the

round-trip loss to establish a resonant field in the backward
direction [7]

d As+
dt

= gc

2 (Ip+ + Ip−)As+(t) − γ
2 As+(t) + jβs As−(t)

+ j�ω(Is+, Is−, Ip+, Ip−)As+ + �s+
d As−

dt
= gc

2 (Ip+ + Ip−)As+(t) − γ
2 As−(t) + jβs As+(t)

+ j�ω(Is+, Is−, Ip+, Ip−)As− + �s− (7)

where As+ and As− are the amplitudes of the forward (+) and
backward (−) propagating mode of the Stokes components,
Ip+ and Ip− are the pump intensity in the forward and
backward directions, �ω is the frequency detuning due to
the cross-phase modulation of the pump field and the self-
phase modulation from the Stokes field, and βs = |βs |e− j� =
ωs/2(< En |δεr |En >/< En |εr |En >). Equation (7) can be
decoupled according to the linear transformation

(
Acos

Asin

)
= 1√

2

(
e j �

2 e− j �
2

e j �
2 −e− j �

2

) (
As+
As−

)
(8)

to form two spatially orthogonal modes Acos and Asin , where
the subscript cos and sin represent cosine and sine Stokes
modes. These two modes have a frequency split of |βs | and
therefore referred to as split frequency. Similarly, the forward
and backward pumps form cosine and sine modes. As the laser
is pumped by a single-frequency tunable laser source, here, for
simplicity, we assume the cosine mode of the pump is excited
inside the cavity and Ip,cos ≡ Ip . Hence

d Ip(t)

dt
= −ωp

ωs
gc [Icos(t) + Isin(t)] Ip(t) − γp Ip + B. (9)

Linearizing the above dynamic equations through similar
procedures mentioned previously, we obtain

Wp(
) =
ω2

p

Q2
c
2πνST

(
h2

c + h2
s

) + 
2 |B0|2
|Ip0|2 WB(
)

(

2

R − 
2
)2 + 
2

τ 2
R

Wcos(
) = Wsin(
) = 1

4
2

ω2
s

Q2
s

Wp(
) + 1


2 2π�νST .

(10)

Therefore, the RIN spectrum of the forward propagating
wave W (
) ≡ W+(
) is given by

W (
) = π2δ2(0) + I 2
c0 + I 2

s0

4 (Ic0 + Is0)
2 Wcos(
)

+ 4π2 Ic0 Is0

(Ic0 + Is0)
2

[
δ2(
 − |βs |) + δ2(
 + |βs |)

]

+ 2π2 Ic0 Is0

(Ic0 + Is0)
2 [Wcos(
 + |βs |) + Wcos(
 − |βs |)] .

(11)

Compared to the relaxation oscillation, the new relaxation
oscillation frequency 
+

R is upconverted by the split frequency
|βs |, creating side bands both above and below |βs | by an
amount of 
R defined in the previous section.
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Finally, we obtain the modified frequency noise spectrum
of the Raman laser as

S�ν(
) = α2

4

ω2
s

Q2
s

Wp(
) + 9α2

16

ω2
s

Q2
s

I 2
s,0

I 2
p,0

W (
) + 2π�νST .

(12)

B. Quantum Mechanical Modification

As the semiclassical model derived above fails to predict
the quantum noise floor of both the intracavity pump and laser
intracavity intensity noise, a more accurate treatment should
be considered using a quantum mechanical model [20]. Phys-
ically, the existence of such quantum noise will be coupled to
the fundamental frequency noises through Kerr nonlinearity.
As such coupling is instantaneous, the fundamental linewidth
should be modified according to

�νST = 2πμhν3

P QT QL
= (1 + α2)

2π(1 + KQ)KQhν3

P Q2
0

. (13)

C. Pump Frequency Jitter-Induced Fluctuation

In the case of a passive cavity, when a pump laser at
optical frequency f0 establishes a resonance intracavity in-
tensity I0, the following cavity resonance condition has to
be satisfied, (n0 + n2)I0 Lef f = m(c/ f0), where n0 is the
refractive index of the cavity material, n2 is the Kerr coefficient
and, c is the speed of light. In the presence of frequency
jitter δ f , we have the intracavity pump intensity fluctuation
δ I = (n0 + n2 I0/n2)(δ f / f0). Assuming that the external
pump power Pin is critically coupled to the cavity, the RIN is
given by

RIN = πn2
0 L Ae f f

n2λQ0 Pin

δ f

f0
. (14)

A typical value of Q0 = 2 × 107 and Pin = 1 mW yields
2% RIN. At frequencies below 100 kHz, thermal effects may
further enhance the fluctuation, whereas at frequencies above
100 kHz, this Kerr-induced fluctuation will be dominant and
the corresponding noise bandwidth is only limited by the
frequency jitter bandwidth.

In cavity Raman lasers, the frequency jitter causes fluctua-
tion in the intracavity pump power, which will be transferred
to the frequency jitter of the Stokes components through cross-
phase modulation. The Raman frequency jitter will further
introduce additional intensity fluctuation due to the same (14)
and enhance the frequency noise through self-phase modula-
tion. A detailed modeling of this mechanism is out of the scope
of this paper and will be discussed in a forthcoming paper.

III. ULTRANARROW-LINEWIDTH MEASUREMENT USING

THE COHERENT DISCRIMINATOR METHOD

Conventionally, when the linewidth is large compared to
the frequency drift, the linewidth can be measured by het-
erodyning to a reference laser of at least similar linewidth,
yielding a Lorentzian-shaped power spectrum of the beat
note. The spectrum can then be acquired by an RF spec-
trum analyzer [21]. The full-width at half-maximum of the
Lorentzian peak is the total linewidth of both lasers. To

accurately measure the linewidth, the resolution bandwidth or
the inverse of the acquisition time of the spectrum analyzer
has to be set at least smaller than the linewidth. Therefore,
to measure a laser linewidth below kilohertz, the acquisition
time of the spectrum analysis needs to be set to longer than
milliseconds. The frequency drift in the acquisition window
is usually small and will not broaden the spectrum notice-
ably. As the linewidth decreases, the acquisition time of the
spectrum analyzer will increase accordingly, resulting in an
increase in the amount of frequency drift in the acquisi-
tion window. When the frequency drift is larger than the
linewidth, the spectrum of the beat note will be dominated
by the Gaussian-shaped frequency drift spectrum and the
linewidth cannot be resolved. Therefore, the conventional het-
erodyne technique is not applicable for ultranarrow-linewidth
measurements.

In our experiment, we apply coherent discriminator methods
[21], which employ an optical frequency discriminator, to
overcome the frequency drift due to the long acquisition time
in conventional methods. We set up a homodyne technique
using optical delay lines as the frequency discriminator.

A. Optical Discriminator Method

The experimental setup of the optical discriminator method
is shown in Fig. 1(a). A toroid is pumped at a wavelength
around 1450 nm using a new focus-tunable laser to generate
a Raman lasing mode at around 1550 nm. Ten percent of the
lasing power is monitored through a 10/90 optical coupler,
while the remaining 90% is then split equally through a 50/50
coupler and passes through an optical frequency discriminator
formed by an optical delay line and an optional acousto-
optical modulator (Brimose) to differentiate the phase noise
from the intensity noise at the cost of additional signal
attenuation. (We did not use it here due to relatively low
power of our signal. Adoption of such device is highly rec-
ommended for ultranarrow-linewidth measurement for higher
resolution.) The two branches are then recombined through
another 50/50 coupler. The output signal is detected through a
balanced detector (Thorlabs PDB120C), and its power density
spectrum is captured by a Tectronix 3408A real-time spec-
trum analyzer. Meanwhile, a real-time oscilloscope (Agilent
54854A) is used to trigger the analyzer at the quadrature
point.

The operating principle of the optical discriminator is as
follows. Assume that the electric field of the Raman laser
has the form Ein(t) = E0[1 + ρ(t)]e j [ωt+φ(t)] in front of the
optical frequency discriminator and the two optical couplers
have power splitting ratios α1 and α2 which are close to 0.5.
At the output of the discriminator, after passing through the
optical delay line with differential delay τD , it can be shown
that the photocurrents I1 and I2 normalized to their peak to
peak value Ipp are given by

I1

Ipp
= α1α2 [1 + ρ(t − τD)]2 + (1 − α1)(1 − α2)

[1 + ρ(t)]2 − 2
√

α1α2(1 − α1)(1 − α2)

cos [ωτD + �φ(t, τD)]
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BPD: Balanced Photo detector
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AO: Acousto-optic modulator
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Discriminator Output (CW)
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Spectrum
Analyzer

PD

10%
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Fig. 1. (a) Schematic of the experimental setup. The pump laser is coupled to a silica toroid through a tapered fiber. The Raman laser is coupled out from the
toroid to the same taper in both forward and backward directions. The forward-propagating Raman laser is split into two branches with a 90/10 directional
coupler, the power at the 10% arm is monitored as a reference to the signal power, and the 90% arm is coupled to the optical frequency discriminator to
convert the frequency fluctuation of the laser into amplitude variation. The optical signal is then converted to an electrical signal via a balanced detector
and the corresponding laser frequency noise spectrum is derived from the power spectral density (PSD) recorded by an electrical spectrum analyzer. The
backward-propagating Raman laser is also monitored by an optical circulator. The optical frequency discriminator illustrated in the dashed block is formed
by a 50/50 coupler, with one of its arm connected to an optical delay line, the signals are then recombined through another 50/50 coupler. Optionally, an
accustooptic modulator can be inserted into one of the arm to further suppress the residual intensity noise from the frequency noise spectrum. (b) Inset I:
Oscilloscope traces of 1% pump (purple line) and 10% Raman (yellow line) output powers in the forward direction, pink and green lines show the pump and
Raman output powers in the backward directions, the blue dash line represents the scan of tunable laser wavelength. The oscilloscope trace of the discriminator
output is displayed in inset II when the pump frequency is in the scan mode and in inset III when it is in the continuous-wave (CW) mode.

I2

Ipp
= α1(1 − α2) [1 + ρ(t − τD)]2 + (1 − α1)α2 [1 + ρ(t)]2

+ 2
√

α1α2(1 − α1)(1 − α2) cos [ωτD + �φ(t, τD)].
(15)

The last term on the right hand side of (15) contains
the phase noise information, while the first two terms are
dominated by intensity noises. In our experiment, we use a
balanced detector that subtracts the photocurrent of the two
arms to significantly reduce the intensity noise. Therefore,
after the balanced detector, the output voltage Vout normalized
to peak-to-peak voltage Vpp has the form (assuming that at
quadrature point ωτD = (2k + 1/2)π where k is an integer)

Vout

Vpp
≈ [δ2 + 2δ2ρ(t − τD)] − [δ2 + 2δ2ρ(t)]

− 2

√(
1

4
− δ2

1

)(
1

4
− δ2

2

)
�φ(t, τD) (16)

where δ{1,2} = 0.5 − α{1,2} << 0.5 and can be neglected.
Hence

Vout

Vpp
≈ �φ(t, τD)

2
. (17)

The corresponding PSD Sout is the Fourier transform of the
autocorrelation of Vout(t), which can be written as [21]

Sout ( f ) = V 2
pp

4Z L
τ 2

D
sin2 π f τD

(π f τD)2 4π2S�ν( f ) (18)

where Z L = 50 Ohm is the input impedance of the spectrum
analyzer and S�ν = FT {< φ′(t + τ )φ′(t) >t } is the phase
noise spectrum. For the spectral range where the fundamental
linewidth dominates, we have S�ν( f ) = (�νST /π).

IV. EXPERIMENT RESULTS AND DATA ANALYSIS

To measure the linewidth variation with respect to laser
power, we first set up the experiment as discussed in the
previous section. The toroid Raman laser was made by first
fabricating a silica microdisk from a 2-μm thermal silica
thin film on a silicon wafer using conventional photolithogra-
phy/etching technology. The microdisk is then reshaped by a
CO2 laser into a toroid shape with surface roughness reduced
to atomic scale. The fabricated toroid typically has an outer
diameter of 50–100 μm depending on the etching conditions.
It typically displays a Q above 100 million. In our application,
however, we selected toroids of Q in the range of 50 million
to suppress the split mode formed by Rayleigh scattering. To
find the resonance wavelength of the pump, we coarse-tune
the wavelength of the tunable laser while linearly scanning the
wavelength in the range of 0.1 nm as shown in Fig. 1(a) using
a waveform generator. The Raman laser signal is then detected
by a balanced detector. The corresponding waveform on the
oscilloscope is shown in inset II of Fig. 1(b). As shown, the
signal detected by the balanced detector varies bidirectionally
as a function of the optical frequency. Further, in inset I of
Fig. 1(b) we illustrate the signals of the forward output pump
power after a 20-dB optical attenuator (purple line) and Raman
power tapered out by a 10% coupler (yellow line). We further
record the pump (pink line) and laser (green line) power in the
backward direction using a circulator. As indicated in the plot,
the forward and backward Raman lasers have equal power.
In addition, a pump threshold of 450 μW is observed while a
minimum threshold of 68 μW is obtained on a different toroid
laser. To study the frequency noise spectrum, we turn off the
waveform generator and tune the pump laser in resonance to
the toroid manually. When Raman lasing occurs, the balanced
signal shown in inset III of Fig. 1(b) fluctuates around zero
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Fig. 2. (a) Power spectrum (upper plot) and extracted frequency noise spectrum derived from (18) (lower plot) in the frequency range 0–40 MHz.
(b) Technical frequency noise observed below 8 MHz. (c) Quantum frequency noise measured at 56–64 MHz. The inset plots in (b) and (c) are the
corresponding spectra measured from the analyzer.

due to the frequency drift. To measure the frequency noise
at the quadrature point, we trigger the spectrum analyzer to
start measurement when the balanced signal detected on the
oscilloscope hits zero. Alternatively, if the output waveform
varies rapidly during the acquisition period due to large
frequency drifts and small free-spectral range, we carry out
the acquisition in the regular spectral analysis mode under
free-run condition. Consequently, a factor of 2 correction
should be added to the spectrum due to averaging [22]. The
upper plot of Fig. 2(a) displays the PSD of the frequency
noise of a toroid Raman laser. To obtain a lower technical
noise, here we used an NP Photonics fiber laser operating at
1538 nm and measured the Raman lasing at 1630 nm. We set
the resolution bandwidth to 20 kHz and divide the frequency
span into 0–40 MHz. The optical delay τD = 0.59 μs is
estimated by taking the inverse of the free-spectral range
fF S R = 1.694 MHz observed on the PSD curve. We further
extracted the frequency noise S�ν( f ) according to (18). As
shown in the lower plot of Fig. 2(a), technical noises of
80 Hz dominate at frequencies below cavity bandwidth while
quantum limit frequency noise dominates at frequencies above
the cavity bandwidth. Fig. 2(b) and (c) display the lowest
technical noises of 14 Hz and fundamental linewidth of 3 Hz

measured on two other different toroids. The fundamental
linewidth of 3 Hz is the lowest obtainable among on-chip
lasers according to our knowledge. To verify the coupling
of pump and laser intensity noise to the Raman frequency
noise spectrum, we measured the RINs of the pump (red line)
and the laser (blue line), which are shown in Fig. 3(a). We
then constructed the expected frequency noises (blue line)
according to (12) and compared them with the measured
frequency noise (red line) in Fig. 3(b). Here, to facilitate the
verification, we chose a toroid that exhibited strong relaxation
oscillation peaks and pumped it by a new focus-tunable laser
which introduced a larger intensity noise. The comparison
shows excellent agreement.

Fig. 4(a) displays the fundamental linewidth versus inverse
laser output power for three different toroids. The linear
relationship derived from the plot shows good agreement with
the Schawlow–Townes formula in (13). In Fig. 4(b), we further
investigate the weak peak in the laser intensity noise spectrum
shown in Fig. 3(a). We identify the peak as originating from
the relaxation oscillation, as a linear relation between the
oscillation frequency and square root of the laser power is
observed. However, we find that the relaxation oscillation
frequency is shifted 13.8 MHz higher than predicted in the
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Fig. 3. (a) RINs of the pump and Raman laser and (b) comparison of the measured laser frequency noise and the noise spectrum constructed from pump
and Raman RIN.
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Fig. 4. (a) Fundamental linewidth versus inverse power. (b) Square of relaxation oscillation frequency as a function of laser optical power. (c) Allan variance
of laser power (inset is the optical power as a function of time).

semiclassical model and split into two branches. We also find
a small peak at the center frequency, which corresponds to the
splitting mode existing in the ultrahigh-Q cavity. This verifies
the relaxation oscillation conversion from he split frequency
|βs | as predicted in (11). To test the stability of our Raman
laser under the free-run condition, we allowed the toroid to
lase in the CW mode for 90 min. As plotted in the inset of

Fig. 4(c), an average power of 21 μW is obtained with a
standard deviation of 0.17 μW. The Allan variance plot is
further shown in the main plot.

V. CONCLUSION

In conclusion, we have demonstrated an on-chip Raman
laser with fundamental linewidth as narrow as 3 Hz. We
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have found that a coherent discriminator method is suitable
to measure ultranarrow-linewidth laser sources where the
frequency drift is usually orders of magnitude larger than the
laser linewidth itself. Our theoretical analysis also predicts
that linewidth of sub-hertz level is possible due both to the
ultrahigh Q and to high power of the Raman laser. An
order of magnitude enhancement of the measured fundamen-
tal linewidth versus the theoretical prediction has also been
observed, indicating the existence of excess spontaneous noise.
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