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Passively Mode-Locked Raman Laser
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We report on the observation of a mode-locked laser generated with a crystalline whispering gallery
mode resonator pumped with a continuous wave laser. Optical pumping of the resonator generates an
optical frequency comb with phase locked components at the Raman offset of the resonator host material.
Phase locking of the modes is confirmed via measurement of the radio-frequency beat note produced by
the comb on a fast photodiode. Neither the conventional Kerr comb nor hyperparametric oscillation is
observed when the comb is present. We present a theoretical explanation of the effect.
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Ultralow threshold stimulated Raman scattering (SRS)
and four-wave mixing (FWM) [1] are among numerous
nonlinear phenomena observed in whispering gallery mode
(WGM) resonators. FWM results in hyperparametric os-
cillations and generation of optical frequency (Kerr) combs
possessing excellent uniformity of spectral lines [2—13]. In
this Letter we report on the discovery of a novel phase
locked optical frequency comb generated at the Raman
frequency offset of the WGM resonator host material
(Raman comb). We argue that the comb is different from
the Kerr comb, as well as from multimode SRS previously
observed in WGM resonators, and is the spectral signature
of a novel passively mode-locked laser. We theoretically
show that these Raman combs are produced in a novel
regime of mode locking that requires the presence of both
the Raman gain and the FWM process.

SRS was studied since the early days of WGM resona-
tors, first in liquid droplets [14,15] and then in high-Q
fused silica microresonators [1]. It was shown that the
resonant Raman process starts with low pump powers, at
the microwatt level, and that the efficiency of frequency
conversion in the Raman laser is very high [16,17]. The
possibility of generation of numerous higher order Stokes
lines was also demonstrated [17,18].

The resonant FWM has nearly the same efficiency as
SRS, so that hyperparametric oscillation and Raman lasing
compete in WGM resonators [15,19]. SRS tends to have
lower threshold in larger resonators. This is because, in
contrast to FWM, the lasing process does not require phase
matching, and Stokes light is generated in an arbitrary mode
having a higher quality factor and better overlap with the
pumping mode. Stokes lines may involve several WGMs.
Light generated in each mode represents an independent
laser, so there is no phase dependence among the modes. If
SRS starts at a lower pump power, the harmonics of the
Stokes component fold down to the frequency of the pump,
forming optical sidebands resembling those produced by
hyperparametric oscillation. Since the Stokes signal and
the pump are mutually independent, down-converted side-
bands and the pump have low mutual coherence. In this
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way, the SRS process diminishes the quality of the optical
Kerr comb produced with low enough pump power [20].
Higher pump power can result in the overlap of Kerr and
Raman combs, and in the generation of a joint mode-locked
comb [2]. In some regimes, though, SRS results in an
appreciable nonlinear loss for the pump radiation, and
drains the pump so fast that no Kerr comb is formed at
any pump power [17].

We have discovered that Stokes SRS harmonics gener-
ated in a CaF, WGM resonator can be phase locked, and
actually be mutually coherent. In other words, the harmon-
ics form a coherent Raman comb. The phase locking occurs
for specific values of dispersion, nonlinearity, and the width
of the Raman gain. In such a regime, no high order Stokes
modes [17,18] are generated, and no hyperparametric
oscillation is observed. To confirm that mode locking does
occur, we have measured the spectral purity and instanta-
neous linewidth of the rf signal generated by the beat of
the Raman comb on a fast photodiode. We have directly
observed the collapsing of the linewidth of the rf signal
when the mode locking regime was achieved. The low
phase noise of the rf signal is indicative of the high efficacy
of mode locking in the Raman comb.

We explain these observations using the notion of pas-
sive mode locking developed several decades ago [21-23].
Mode locking occurs by the proper interplay between
dispersion and nonlinearity in materials that possess optical
(Raman, in our case) gain. The mode locking phenomenon
reported here is different from the effect studied in lumped
systems, since gain, nonlinearity, and dispersion are truly
distributed in our case. The physics behind the observed
phenomenon is also different from the physics of Kerr
combs, as the phase of the generated light is independent
of the phase of the pumping light in this mode-locked
Raman laser. Moreover, the detuning of the pump fre-
quency from the corresponding WGM eigenfrequency
ensures that the phase matching condition necessary for
hyperparametric oscillation occurs [19], while the Raman
modes are, to a first approximation, generated at frequen-
cies independent from the pump laser frequency.
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FIG. 1 (color online). Schematic of the experimental setup. .70 L | AR 1| .
Light from the pump laser enters the whispering gallery mode 1600 1605 1610 1615 1620

resonator (WGMR) through the input prism. The light exiting
the input prism is collimated and sent to an optical spectrum
analyzer. The output light from the output prism is sent to a fast
photodiode (PD).

Our observations pave the road for the development of a
new class of mode-locked lasers based on continuous wave
pumped WGM resonators. The fundamental advantage of
these lasers draws from the extremely high Q factors of
modes of the active optical resonator that ensure high
quality mode locking with small input power, and the
high stability of lasing is independent of the quality of
the laser used for pumping. A practical advantage of mode-
locked Raman lasers is their small size and low power
consumption.

To realize a WGM mode-locked Raman laser one needs
a pumping laser, a WGM resonator made out of a trans-
parent material possessing cubic nonlinearity, an evanes-
cent field coupling element, and supportive optics. We used
a distributed-feedback (DFB) laser, a CaF, resonator, and
two glass prism couplers (Fig. 1). The pump laser produced
6 mW of power at 1532 nm, and we were able to couple
about 2 mW into the WGM resonator. The resonator had
1.9 mm diameter and 0.1 mm thickness. The rim of the
resonator was shaped to maximize optical coupling [24].
The unloaded Q factor of the resonator was larger than 10°,
and loading with the prisms reduced the Q to 5 X 10%. We
were able to monitor and change the degree of loading of
the WGM by changing the distance between the coupling
prisms and the resonator surface. The laser was self-
injection locked to a selected WGM. Injection locking
reduced the 2 MHz linewidth of the free running DFB laser
to less than 200 Hz [24], which allowed us to pump the
high-Q WGM efficiently.

With an optimal value of the optical power and optimal
tuning of the pumping laser we achieved generation of the
Raman frequency comb shown in Fig. 2. The shape of the
envelope of this comb is similar to the shape of the Raman
comb observed in silica microspheres [1]. There were no
satellite sidebands generated around the carrier frequency
of the pumping mode, as was the case with the silica
resonator. By varying the pumping frequency with respect
to the corresponding WGM it was possible to generate
minor FWM-mediated sidebands; however, these sidebands
had at least 30 dB lower power as compared with the power
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FIG. 2 (color online). Optical frequency comb formed at the
first Stokes line of the CaF, WGM resonator. Neither the second
Stokes line (expected at 1699 nm) nor the FWM sidebands
around the carrier are observed. The comb has approximately
10 nm spectral width.

of the pump. Hence, it is safe to say that no hyperparametric
oscillation took place. In addition, we did not observe the
second order Stokes line, expected at 1699 nm. These facts
indicate that the first order SRS process is very efficient. To
confirm this, we estimated that the power of the Stokes light
emitted in the forward direction through the entry prism was
approximately —16 dBm (we only collected approximately
10% light escaping the input prism so the number is good
for comparison only), so the total power emitted in the
Raman modes through the input prism (both directions) is
—13 dBm. To compare, the pump power exiting the reso-
nator through the input prism was —18 dBm. Hence, the
efficiency of the Raman laser exceeds 50%.

We studied the rf signal generated by the Raman comb
with a fast photodiode and found that the signal frequency
was 35 GHz and its instantaneous linewidth was less than
100 Hz. We measured the phase noise of the signal and
found that it is quite low (Fig. 3). These observations
confirm that the modes in the Raman comb are mutu-
ally coherent, and that this Raman laser operates in the
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FIG. 3 (color online). Single sideband phase noise of the

rf signal generated by the Raman comb (Fig. 2) on a fast
photodiode.
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mode-locked regime. This is the basic result of the reported
experimental research.

To explain the formation of the phase locked Raman
comb we use the theory developed for passive mode-
locked lasers [21-23], and start from the master equation
describing propagation of an optical pulse in a nonlinear,
dispersive, and amplifying medium

0A i i \9%A
T _
“aoT 2('822 Q}) o7
, 1
= iys|APPA + E(gzlApl2 — as)A, (1)

where A(T, 1) is the slowly varying envelope of the electric
field, T = z/V,, T, = 2ma/V, is the round-trip time in
the resonator, V, is the group velocity, ys = 27ay, is the
third-order nonlinearity summed up over the length of the
optical path, y, = n,wy/c A, w is the optical frequency,
gs = 2ma/A)G and as = T,I" are the integrated loop
gain and attenuation, G is the bulk Raman gain of the
material (in cm/W), A is the cross-sectional area of
the mode, I is the full width at half maximum (FWHM) of
the optical resonance (in rad/s), B,s is the integral second
order dispersion, and A ,(7) is the pump light amplitude.
To characterize the gain of the Raman laser we write the
equation for the pump [25]
0A 1 E
Taa—;‘FE(ng—a‘i‘ az)Ap =4 a.P, 2)
where «a_y is the attenuation caused by the coupling only, P
is the value of the external pump power, and E is the pulse
energy (for the case of the fundamental mode locking),

E= f 1o/ |A(T, 1)|2dt. (3)

-T,/2

We assume that (i) the bulk Raman gain G has a
Lorentzian spectral shape (the parabolic filtering effect)
with FWHM A, so the effective spectral width of the gain
is defined as O, = A, /2|A, Igl/2 (ii) the optical loop is
operating in the mode-locked regime and that the optical
field is not changed significantly during the round-trip time
of the optical pulse (7,), (iii) both the optical gain and the
nonlinearity are fast compared with the duration of the
optical pulse, and (iv) the pulse shape is given by

AT, 1) = [L]l/z[e@—(i)z]lwem(”f)’ )
7T 27
where ¢ is the temporal shift (timing), €} is the frequency
shift, ¢ is the chirp, and 7 is the pulse duration.
We derive the steady state equations for the five parame-
ters describing the optical pulses (4) using the standard
technique [26-28]. We define slow amplitudes as

E(T) = f_w |A(T, 1)|2d1, (5)
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The time independent propagation equations for the para-
meters can be found by direct differentiation of Egs. (5)—(9)

o0 0A dA™
dE 2[ [A —+A ]dt, (10)
dT —o0 oT

— [ (t— §)[A*—+A%]dt (11)

ﬁz_ld_EQ_L “[i(A*%>
ar  Edr  2E J-.lor\" T

Y a
ar\" o1
dq 1 dE i [ a [ . 0A
g+ = — A
ar EJar? T E jfoo(t f)[aT<A ar)
9 [ 9A*
- —(A )]dt, (13)
ar\" o1

dr LdE , 1 L 9A
= = + — 2
Tar~ " 2E4r” E[_oo( 5)[

IA*
+A ]dt. (14)
oT

For the sake of simplicity we assume that £ = 0, () = 0,
and a set of three equations remains

1+ q2
gslA, P —as — =5 =0, (15)
2T Qf
E
B 2
q f n 279‘12 —0. (17)

The energy of the pulse can be found from
Egs. (2) and (15). We assume that the last term in
Eq. (15) is small and derive

o
1A, 1> = g—j (18)

T
E= (2 gs P az)—”. (19)
as, 8>
According to Eq. (19) the threshold pump power is
given by
a
Py =—= R (20)
48y acs

We also find from Eqgs. (16) and (17)
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The calculations show that the model has a viable physical
solution which means that the Raman laser generates opti-
cal pulses, and explains, in principle, the experimental
observation.

Let us estimate the parameters of pulses generated in our
laser. To do this we first should evaluate the numerical
values of parameters used in Eq. (1). Calculating the
resultant dispersion of the resonator using Sellmeiers
dispersion equation [29] for bulk material, together with
the expression for geometrical dispersion of the basic
sequence of WGMs [30] we found that combs tend to
appear at small normal group velocity dispersion 3, =
3 ps?/km, so that B,y = 1.8 X 107?° 2. The Kerr non-
linearity coefficient is given by n, =3 X 107 cm?/W
and A ~107° cm?, so that y, = 1.3 X107 cm™ ' W™!
and ys = 7.5 X 107 W~!. The bulk Raman gain is G =
1.5 107" cm/W, so that gz =9 X 107 W~!. The
spectral width of the Raman gain is A, =27 X 4.5 X
10" s7!, ay =7.2X 107, Assuming that gs|A,|* =
as, we find Q; = 1.7 X 10" s~'. Finally, we assume that
ay,s = as/2 and P =2 mW. Taking these values into
account, we find ¢ = 1.6, E=40nJ, and 7= 0.1 ps.
The threshold power is Py = 0.3 mW. Therefore, theo-
retically, the laser generates subpicosecond pulses. An
additional study is required to prove the stability of this
solution and to observe any pulses.

To conclude, we have experimentally demonstrated and
theoretically explained a mode-locked Raman comb in a
CaF, WGM resonator. The comb manifests itself when the
frequency of the Stokes Raman line approaches, but does
not overlap with, the zero-group velocity frequency region
of the WGM spectrum. Upon demodulation on a fast pho-
todiode, the comb generates a spectrally pure rf signal at a
frequency corresponding to the repetition rate of the optical
comb. This comb is different from the Kerr comb and from
passively mode-locked lasers, and clearly represents an-
other physical phenomenon uniquely observable in
high-OQ WGM resonators.

The authors acknowledge Danny Eliyahu’s help with the
phase noise measurement of the rf signal.
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