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High finesse optical cavities are an essential tool in modern precision laser interferometry. The incident laser
field is often controlled and stabilized with an active feedback system such that the field resonates in the
cavity. The Pound-Drever-Hall reflection locking technique is a convenient way to derive a suitable error
signal. However, it only gives a strong signal within the cavity linewidth. This poses a problem for locking a
ultra-narrow linewidth cavity. We present a novel technique for acquiring lock by utilizing an additional weak
control signal, but with a much larger capture range. We numerically show that this technique can be applied
to the laser frequency stabilization system used in the Laser Interferometric Gravitational-wave Observatory
(LIGO) which has a linewidth of 0.8 Hz. This new technique will allow us to robustly and repeatedly lock the
LIGO laser frequency to the common mode of the interferometer.
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High finesse optical cavities have been an indispens-
able tool for precision interferometry to conduct rela-
tivistic experiments such as gravitational wave detection
[1–3] and optical clocks [4]. The use of a high finesse cav-
ity as a frequency reference offers excellent frequency
stability which can be limited by fundamental noises
such as quantum and thermal noises. The best sensi-
tivity to changes in the laser frequency is achieved when
the cavity is on resonance. On resonance, the phase shift
of the laser field is dramatically enhanced. This leads to
strong error signal for controlling the frequency of the
laser field. On the other hand, a high finesse leads to a
narrow linewidth, and thus a small regime in which a lin-
ear error signal can be obtained. This is the case for the
most common sensing scheme; the Pound-Drever-Hall
(PDH) reflection locking technique [5].

The PDH technique poses a particular challenge for
locking the laser frequency when the linewidth of the
optical cavity is extremely narrow and the control band-
width is limited. If the active control is not fast enough
to react to a passage of resonances, the probability to
succeed in lock acquisition becomes lower. In other
words, if the time to sweep through a resonance is sig-
nificantly shorter than the cavity build-up time, the re-
sulting PDH signal will be small. Also, if the time on
resonance is short, the controller simply doesn’t have the
time to react. The servo bandwitdh of a laser frequency
controller will typically be limited to a fraction of the
free-spectral-range of the cavity [6, 7]. In addition, a
narrow linewidth can easily make the Doppler-induced
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nonlinear response [8, 9] dominant and thus hinder the
linear controller.

Gravitational wave observatories deploy kilometer
scale interferometers with extremely narrow linewidth.
The cavity free-spectral-range is in the range of kilo
Hertz, and the cavity linewidth can be as small as 1
Hz. This is very narrow (for example, [10] recently re-
ported an extremely narrow linewidth of 52 Hz). The
interferometer mirrors are suspended from thin wires to
isolate them from the environment. This in turn leads
to a free swinging motion which can easily be a couple
of resonances per seconds. Even if the laser frequency
can be pre-stabilized using shorter cavities, the mirror
motion poses an intrinsic limit on the relative stability.
Indeed, the locking process of the frequency stabiliza-
tion system as well as the rest of the control degrees-of-
freedom in the gravitational wave interferometers have
been a significant subject [11–14]. In this letter, we
present a new technique for locking the laser frequency
with the aid of an additional weak control signal which
has a much larger capture range than that of the PDH
signal. This allows us to lock the frequency using the
PDH signal seamlessly and robustly. We numerically
show that this technique can be applied to Advanced
LIGO [1] which has a compound optical cavity with a
ultra-narrow linewidth of 0.8 Hz in Full-Width-at-Half-
Maximum.

We add a weaker error signal with a much larger range
to the PDH signal. The compound signal can then be
written as:

Stotal = Sweak + nweak + F [SPDH + nPDH] , (1)

where S and n represent signals and noises respectively.
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Fig. 1. An example of applicable setup (i.e. a simplified
Advanced LIGO’s frequency stabilization system). A weak
sensor is provided by the arm length stabilization which uti-
lizes frequency-doubled lasers.

F is a linear filter for removing the cavity pole to make
the transfer function of both signals identical except for
the gains. A setup for this technique is illustrated in
figure 1. The combined signal is dominated by Sweak

when the cavity is off resonant as the PDH signal is not
within the linear range. The relative gain of two sensors
has to be adjusted in advance such that the PDH sig-
nal has a greater gain in the vicinity of the resonance.
When the cavity enters the linewidth, SPDH gradually
and automatically dominates over Sweak on a time scale
of the cavity storage time. It ensures a smooth hand-
over from the weak to PDH sensors without an artificial
trigger or amplification. Besides these fundamental mer-
its, this technique also allows us to skip control steps at
off resonance points [14] which complicate the servo de-
sign due to a detuning peak. It is still possible that the
Doppler peaks of the PDH signal confuse the error sig-
nal. But, these Doppler transients are relatively short.
Hence, they do not dominate over the weak error signal
which will always push the system towards resonance.
At worst, the system will randomly dither around the
resonance point until enough power has built up in the
cavity for the true PDH signal to take over.

The optical gain of the PDH signal is proportional to
the amplitude of the intracavity field because the PDH
signal is derived from a beatnote of the prompt reflected
sideband, which is mostly insensitive to the cavity round
trip phase, against the leakage carrier field which is sensi-
tive to the round trip phase. The resultant demodulated
signal [9] can be written as,

SPDH(t) = A× Im
[
E(t− 2T )

]
, (2)

where A is the incident field, E is the intracavity field
leaving the front mirror toward the rear mirror, and T
is the one-way trip time: L/c with L being the cavity
length. When the cavity passes through a resonance,
the phase of the intacavity field E rotates across zero
radian in the complex plane and therefore one can obtain

Fig. 2. Computed Pound-Drever-Hall signals as a func-
tion of the laser frequency with various constant scan speed.
The linewidth is chosen to be 0.8 Hz. The cavity length is
3994.5 m and laser wavelength is 1064 nm.

a suitable error signal. The signal gain for the phase is
proportional to the absolute amplitude of the intracavity
field |E|.

When the cavity passes through a resonance at a high
speed, it does not allow the intracavity field to fully build
up [8]. This means that the weak sensor plays the main
role of the linear control until the fringe becomes slow
enough for the PDH signal to take over the control. Fig-
ure 2 shows expected PDH signals at various constant
fringe speed as a function of the laser frequency. The
slope of the signal becomes more gentle as the speed
gets higher. The oscillatory behavior after the passage
of a resonance is due to the Doppler effect.

Once the laser is in the vicinity of a resonance, the
system can be approximated as a linear system. How-
ever, the signal gain dynamically evolves because the
intracavity field builds up exponentially,

|E(t)| = |E0|(1− e−t/τ ), (3)

where E0 and τ represent the nominal amplitude and
cavity storage time respectively. This leads to a self
amplification of the PDH readout gain and hence a self
amplification of the control gain on a time scale of τ . At
the end of the self amplification, sensor noise in the weak
sensor nweak is suppressed by a gain difference between
the two sensors: | (∂SPDH/∂ν) / (∂Sweak/∂ν) |. There-
fore, the technique should allow for smooth, automated,
robust lock acquisition.

To demonstrate the technique, we performed a
numerical-, time-domain-, plane-wave simulation for the
frequency stabilization system of Advanced LIGO using
the E2E simulation kit [15, 16]. In the interferometer,
two long Fabry-Pérot cavities are characterized as two
canonical modes: differential and common modes of the
two cavities for the optical length control. To achieve a
high intracavity power, the reflected light of the common
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Fig. 3. The simulated signals of Advanced LIGO’s frequency
control in time series. Upper plot: the intracavity power of
one of the long Fabry-Pérot cavities and reflected power (i.e.
power coming back to the laser source), lower plot: the laser
frequency, applied offset in the weak sensor and uncalibrated
PDH signal.

mode is power-recycled by an additional mirror. The
power-recycled cavities exhibit an effective linewidth of
0.8 Hz, which stores approximately 10 kW of intracavity
field in each cavity with an incident laser of 1 W. The
wavelength of the laser is 1064 nm. A weak signal is pro-
vided by the arm length stabilization [17, 18] which has
a wide linear range of more than the free-spectral-range
of 37 kHz. This technique utilizes additional frequency-
doubled lasers in order to sense the common and differ-
ential modes independently of the rest of the interfero-
metric degrees-of-freedom. This reduces frequency noise
of the laser to several Hz in RMS. The length of the
cavities are both 3994.5 m, providing a storage time of
τ = 0.34 sec.

The laser frequency is set off-resonant by 40 Hz by
introducing an offset in the weak signal as planned in
[17]. While this offset was originally introduced for lock
acquisition of the rest of the interferometric degrees-of-
freedom, it also allows us to reduce chance of introduc-
ing the Doppler effect in the Fabry-Pérot cavities as the
laser frequency is far away from the resonance. The fre-
quency control servo has a control bandwidth of 200 Hz
which is carefully adjusted to achieve a low bandwidth

while maintaining sufficient suppression below 100 Hz.
It provides with frequency stability of 8 Hz in RMS inte-
grated from 10 kHz to 10 mHz, limited by sensor noise.
The gain for the PDH signal is adjusted such that it
reaches a control bandwidth of 4 kHz when the intra-
cavity field fully builds up. We assume the rest of the
interferometric degrees-of-freedom to stay on the oper-
ating point and therefore deal with the common mode as
a single ultra-narrow linewidth cavity as depicted in fig-
ure 1. Note that the differential mode of the two Fabry-
Pérot cavities is also locked on the operating point by
the arm length stabilization. Since the differential mode
does not experience the power-recycling, the linewidth
is much wider than that of the common mode and can
be as wide as order of 100 Hz due to the signal-recycling
[1]. Therefore the differential mode is already confined
within its linewidth by the arm length stabilization. We
also assume the radiation pressure effect to be negligible.

Figure 3 shows the simulated time series of the fre-
quency control. The artificial offset was linearly reduced
toward zero to give an opportunity for the cavity to ap-
proach the resonance point. At t = 1 sec or the offset
is at 20 Hz, the PDH signal was added to the weak
signal. After the addition of the PDH signal, the fre-
quency tended to approach the resonance point for ap-
proximately 0.3 sec, but the frequency was too far for
the PDH signal to be within the linear range. There-
fore the weak sensor still played a main role in the fre-
quency control. The PDH signal then became dominant
at t = 1.3 sec as it entered the linear range at a suf-
ficiently slow speed. This was associated with gradual
increase in the intracavity power. At the same time, the
laser frequency is gradually suppressed between t = 1.3
and 2.0 sec due to the self amplification. The frequency
stability at the end is improved by a factor of 20 because
of the gain difference between the two sensors. We re-
peated the simulation multiple times and confirmed that
it repeatably locked the laser frequency to the cavity.

In summary, we presented a simple-, robust-, repeat-
able technique to lock the frequency of a laser to a ultra-
narrow optical cavity. By combining the Pound-Drever-
Hall signal with another sensor which has a much larger
linear range, one can achieve a self amplified locking
system. Once sufficient amount of intracavity power
is achieved, the optical gain of the Pound-Drever-Hall
signal becomes greater and therefore suppresses noises
of the weak sensor on a time scale of the cavity stor-
age time. This ensures a smooth transition between the
sensors and suppression of frequency fluctuation. We
numerically assessed the feasibility of this technique in
Advanced LIGO’s frequency stabilization system and
showed that it allows us to lock the frequency to the
common mode of two long Fabry-Péort cavities.
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