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Interferometric gravitational-wave detectors, such as the Laser Interferometer Gravitational Wave Observa-
tory (LIGO) detectors currently under construction, are based on kilometer-scale Michelson interferometers,

with sensitivity that is enhanced by addition of multiple coupled optical resonators.
optic motions to bring the system to the resonant operating point is a significant challenge.

Reducing the relative
We present a new

approach to lock acquisition, used to lock a LIGO interferometer, whereby the sensor transformation matrix is

dynamically calculated to sequentially bring the cavities into resonance.

OCIS codes: 120.3180, 140.4780, 120.2230.

Interferometric gravitational-wave detectors use vari-
ants of the Michelson interferometer to convert gravi-
tational-wave strain into optical phase difference in an
efficient manner.! Resonant optical cavities are typi-
cally used in the arms to build up the interaction time
of the light beams with the gravitational wave, increas-
ing the phase difference by a factor proportional to the
cavity finesse; the Laser Interferometer Gravitational
Wave Observatory (LIGO) interferometers, e.g., con-
tain a 2- or 4-km-long cavity in each arm of the Michel-
son interferometer. A partially transmitting mirror
at the input couples these arm cavities to form a third
resonant cavity, the power-recycling cavity, that builds
up the power that is incident on the beam splitter.
To achieve full sensitivity requires that resonance of
each cavity and destructive interference at the anti-
symmetric port of the interferometer be maintained
within a tolerance of 1071°-10713 m, against a continu-
ous background of ground motion driving the optic
supports. To reduce these disturbances, all detectors
implement an isolation system from which the mirrors
are suspended as pendulums; in the LIGO this system
provides high isolation for frequencies above ~40 Hz
but minimal isolation below a few hertz.

The LIGO control system has two distinct func-
tions: to maintain the interferometer at the operating
point by use of linear time-invariant feedback from a
phase-modulation—demodulation system that provides
linear error signals for small deviations (of order
1 nm) from the operating point>® and to acquire lock
by initially stabilizing the relative optical positions
to establish the resonance conditions and bring them
within the linear regions of the error signals. Previ-
ous prototype interferometers (lengths up to tens of
meters) approached lock acquisition in various ways,
some as rudimentary as the wait for it to lock ap-
proach, in which random ground motion coincidentally
positions the mirrors near resonance; more deliberate
methods include a relative velocity-damping technique
used for a single-arm cavity. Here we present a
new approach to lock acquisition of a power-recycled,
Fabry—Perot Michelson interferometer used to lock
the LIGO Hanford Observatory’s 2-km interferometer.
Through a time-domain simulation of the interferome-
ter, an algorithm has been developed that sequentially
brings into lock the various degrees of freedom (DOF)
by use of measurable optical signals to estimate the
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time-evolving sensing matrix and application of feed-
back forces to reduce the mirrors’ relative velocities.?
The acquisition strategy uses the sensors designed
for linear control of the resonant interferometer’s
four longitudinal DOF (Fig. 1; Refs. 2 and 3). Rf
phase-modulation (PM) sidebands are imposed on
the input light, and the outputs of photodetectors at
three ports are demodulated in both phases at the rf
frequency to yield four linearly independent signals.
These signals naturally separate into common and
differential mode motions: common and differential
arm lengths, L, and L_, respectively; recycling-cavity
length /.; and Michelson length /. The nominal
lengths are chosen so that at the operating point the
first-order PM sidebands (i) resonant in the recycling
cavity, (ii) are nearly antiresonant in the arm cavities,
and (iii) transmit efficiently to the antisymmetric port
(due to a 30-cm difference between [; and [5).
Initially the suspended optics are damped within
their local reference frame; ground motion and the
equivalent effect of input-light frequency fluctuations
cause the four (real or apparent) lengths to fluctuate
by 0.1-1 um rms over time scales of 0.5-10 s. The
probability of all four DOF being simultaneously
within the ~1-nm linear region of the resonance
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Fig. 1. Power-recycled interferometer with the detection
ports shown. In practice, the REC comes from the antire-
flection-coated surface of the beam splitter, and REF is
separated from the input beam with a Faraday isolator.
Signals at modulation frequency f,, are measured at the
REF, REC, and AS by use of in- and quadrature-phase de-
modulation to generate length error signals (e.g., Ies and
Q:er); the signal at 2f,, is measured at the REC.
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points is thus extremely small, and a sequential
locking approach must be taken, whereby DOF are
captured in sequence (see Fig. 3). First, the recycling
cavity and Michelson lengths are brought to the point
where the former is resonant for the rf sidebands and
the latter is at a carrier dark fringe. In this state,
called state 2 since two DOF are locked, the carrier
is antiresonant in the recycling cavity, as it does not
yet experience the 7 phase shift in reflecting from
resonant, overcoupled arm cavities. Next, one of the
arm cavities is captured at a carrier resonance; in
this state 3, lengths /; and /- are unchanged, so the
carrier interferes destructively on the symmetric side
of the beam splitter, and there is still no significant
buildup of the carrier in the recycling cavity. Finally,
a carrier resonance of the other arm cavity is captured
and full power buildup is achieved in state 4.

Recovering error signals for each DOF during the
acquisition sequence is more of a challenge. The op-
tical gain matrix, G, relating the DOF D to the out-
put signals (O = GD), changes throughout acquisition.
Our approach capitalizes on the fact that in the LIGO
control system the interferometer signals and the con-
trol signals are connected with a real-time digital con-
trol system capable of significant computation. The
basic idea is to estimate the dominant elements of G,
continually update the estimation by use of measured
power levels in the interferometer, and use the esti-
mate to dynamically construct a sensor transformation
matrix M to form the length error signals from the sen-
sor signals: D = MO.

The elements of G are estimated with a general-
ization of the demodulation signals given in Ref. 3.
They follow the general form G;; = g;; >. ALoAres Vsigs
relating the ith DOF to the jth detection port. Each
signal is the product of a local oscillator field Ao, a
resonant field A,.s from which signal sidebands are
generated, and a factor vy, representing the optical
gain of the signal sidebands; the summation sign
reflects the fact that more than one local oscillator or
resonant field may contribute to a signal. The scaling
factors g contain the fixed optoelectronic gain of the
sensing hardware (e.g., the reflectivities of the
beam-sampling optics and the photodetector gain).
The essential elements of G, given in Table 1, allow us
to construct robust error signals for all DOF through-
out the acquisition path, with one exception described
below. We note that, by scaling the demodulation
signals by the field amplitudes, we can account for the
effects of alignment fluctuations on the power buildup
in the interferometer.

In state 2, both DOF use the carrier for the local
oscillator field; we use the reflection port demodula-
tion signals since there is very little carrier in the
recycling cavity, and the 2 X 2 matrix M is diago-
nal: Mg, =G;'g.,.and My, =G; ', . Thel_
signal continues to be derived from Q,.r until state 4.
In state 3, the arm-cavity signal appears strongly at
the antisymmetric port but is also present in I,.¢, along
with /;. We thus invert the 2 X 2 matrix (Ms) re-
lating {I,cf, Qas} to {{+, L+}. Entering state 4, another
demodulation signal, I,.., must be added to sense the
last DOF. Three of the four DOF are strongly mixed
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at this point: Until both arms are close to resonance,
L. are mixed at all detection ports, and [+ now also
appears in the I signal. We thus invert the 3 X 3
matrix (M3) relating {I ef, Irec, Qas} to {{+, L+, L_}.

The resulting matrix M produces robust error sig-
nals for the four DOF, with one significant caveat: At
some point as the power builds up in the arms,
the I... and I..s signals become degenerate, mak-
ing [, and L. inseparable. This happens when
ASrec/ASref = ACrec/(ACref - ASQref)> a pOint that is
almost inevitably crossed: The carrier recycling gain
(cAcrec) increases from less than unity in state 3 to
some value greater than the sideband recycling gain
when full power buildup is reached in state 4; at the
same time the carrier reflectivity (<Acrer) decreases
from near unity to some small value, typically less
than the sideband reflectivity.

When the determinant of the 3 X 3 optical gain
matrix becomes small, it is not possible to derive
independent control signals for /. and L,. Since L.
fluctuates more than [, and the system is less tolerant
to L, deviation from resonance, we control L, and
leave /. uncontrolled while the determinant is below
some threshold. In this interval, control signals for
L. and L_ are derived from I, and Q.5 by inversion
of the 2 X 2 matrix (My). As carrier buildup increases
and the determinant again exceeds its threshold, the
calculation returns to the 3 X 3 matrix (M3). A flow
diagram indicating the algorithm for constructing
error signals is shown in Fig. 2.

Given expressions for the optical gain elements and
a strategy for forming robust error signals, it remains
to connect the parameters in the optical gain expres-
sions to measurable quantities. There are seven field
amplitudes and three signal gains to infer. They are
all estimated with three direct power measurements
and one additional demodulated rf signal. The power
measurements are those of the light transmitted by
each arm cavity and the reflected light. The REC sig-
nal, which produces I;e. and Qec, is also demodulated
at twice the modulation frequency; this 2f,, demodu-
lation signal is proportional to the recycling-cav-
ity sideband power and is used to estimate Agrec.

Table 1. Elements of the Optical Gain Matrix, G*
Demodulation Output
DOF Iref Qref Irec Qrec Qas
(ACref AC refASrec
l— +AS2ref) X Yprm
X AS recYprm
(ACYEI" AC recASrec
I —Asoref) X Yprm
X AS rec Y prm
L ASrefAC— ASrecAC— ASasAC+

L+ ASrefAC+ ASrecAC+ ASasAC—

“In terms of the field amplitudes of the carrier (A¢) and first-
and second-order rf sidebands (As and Asgs, respectively) at dif-
ferent points in the interferometer. Ac¢ = y1A; * y24,, where
(A1, A,) are the carrier field amplitudes in the arm cavities. vy
are optical gain factors for the signal sidebands generated in
the arms (y1,7y:) and in the power-recycled Michelson interfer-
ometer (Yprm)-
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Fig. 2. At each clock sample, five tests (typical values
indicated) determine which DOF are controlled from which
sensor signals (M; are defined in the text). Starting from
the uncontrolled interferometer, the approach of state
2 is indicated when the 2f,, signal crosses ~30% of its
maximum; the signal’s sign distinguishes the desired rf
sideband resonance from a carrier resonance. State 3 is
approached when either arm nears a carrier resonance,
indicated when its transmission P; crosses a fraction of
the state 3 level. State 4 is entered when both P; cross
a threshold, triggering calculation of M3 and activating
the L_ control signal. When the normalized determinant
of M; falls below a threshold, the (L.,l;) error signal
separation becomes poor, and the /. signal is turned off
until the determinant again exceeds threshold. Finally,
the [_ signal is switched from Q.. to @..c when both P;
exceed ~10X the state 3 level, since Q... becomes more
robust—the reflected signal scales with the reflected
carrier field, which becomes small and possibly goes
through zero.
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Fig. 3. Top, acquisition states of the interferometer.
The rf sidebands (blue) resonate in the power-recycling
cavity only, whereas the carrier (red) resonates every-
where. Middle, power levels during acquisition (logio
vertical scale), normalized to the input sideband power
(blue curve) and to the resonant arm power if there were
no recycling mirror (green and red curves); shaded bars
indicate the corresponding states. Bottom, L, and [.
control signal and the normalized determinant of Mj;
during the state 3 — 4 transition (central 0.1 s of upper
plot); the determinant goes through zero, and the [,
control signal is tuned off for ~15 ms.

Measurements are made in states 2 and 3 to calibrate

the signals and to determine the scaling factors g.
Feedback control forces derived from these error sig-

nals are applied to the suspended optics. The L and

L_ signals are sent to both end test masses, driven
in phase or in antiphase, respectively; /.. is sent to the
recycling mirror and /_ to the beam splitter and the re-
cycling mirror. Digital filtering applied to each error
signal forms stable feedback loops. As power builds
up in state 4, the pole in the optical response to L
moves from that of the single-arm cavity to the cou-
pled-cavity pole frequency (a few hertz)®; the L, loop
remains conditionally stable during this process, pick-
ing up additional low-frequency gain.

A typical lock-acquisition event is shown in Fig. 3.
The channel sampling and calculation rate is 16,384/s.
The digital filtering consists of a real zero at 10 Hz
applied to all four error signals to compensate for
the pendulum response and an additional real zero
at ~100 Hz applied to the Ly and L_ signals to
compensate the arm-cavity pole; unity gain frequen-
cies are ~150 Hz for the L loops and ~30 Hz for
the [ loops. The maximum peak force that can be
applied to each mirror is 8 mN, with a bandwidth
of ~1 kHz.

On average the system acquires a lock within
1-2 min. This is so in the presence of average rela-
tive velocities of 0.2—0.5 um/s for / and 0.5-1 um/s
for L. If an arm cavity passes through a rf sideband
resonance in state 2 or 3, the (I;,/_) error signals
become contaminated, and the lock is typically broken,
but state 2 is quickly recovered.

In summary, we have implemented an acquisition
sequence to lock a LIGO interferometer, achieving a
power-recycling gain of up to 25. The dynamically
calculated sensor transformation matrix does not rely
on a gain hierarchy for proper signal separation and
deals successfully with the optical gain changes, most
notably the singularity inherent in the system. The
expected recycling gain of 30—50 should be achieved
when the full angular alignment system is activated.
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