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1. Introduction

According to Einstein’s theory of general relativity,
gravitational waves exist as oscillations in the space-
time metric, radiated by accelerating aspherical mass
distributions. An interferometric gravitational wave
detector attempts to measure these oscillations capi-
talizing on the apparent change in light travel time in-
duced by the gravitational wave: two light beams are
directed to probe separate space-time paths and then
are interfered; travel time differences between the two
paths produce optical phase differences which are de-
tectable as light intensity changes[1]. A Michelson in-
terferometer with orthogonal arms is used because its
geometry is well-matched to the space-time distortion
of the effect—during any half-cycle of the oscillation,
the quadrupolar gravitational-wave field increases the
travel time in one arm and decreases it in the other
arm[2]. A Sagnac interferometer can also be used[3];
in this case the two counter-propagating beams travel
the same path, but at different times (one path is the
time-reversed of the other), and a net travel time dif-
ference is produced by gravitational-wave periods of
order the interferometer round trip time.

Regardless of the specific configuration of an in-
terferometer, it must be extremely sensitive to the
optical phase difference between its paths to achieve
a meaningful gravitational wave sensitivity. Since the

(dimensionless) gravitational wave produces the equiv-

alent of a strain in space, the instrument sensitivity
is described in terms of a strain sensitivity. The large-
scale interferometer projects currently under construc-
tion by LIGO[4], VIRGO[5], GEO[6] and TAMA([7]
all have target sensitivities in the range of 1072! in
strain (change in length per unit length). Numerous
variants of the basic Michelson and Sagnac interfer-
ometer configurations have been designed to convert
this gravitational-wave strain into optical phase dif-
ference in an efficient manner. The interferometers
in LIGO, for example, contain a 4-km-long resonant
Fabry-Perot cavity in each arm of a Michelson; these
storage cavities increase the interaction of the light
beams with the gravitational-wave strain, building
up the optical phase shift by a factor proportional
to the cavity finesse. For this geometry, the optical
phase difference d¢ produced by a gravitational-wave
of amplitude i and frequency f, incident on the in-
terferometer with optimal orientation, is
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where f is the gravitational-wave frequency, v; is the
laser frequency, and 7 is the energy decay time of the
cavities; the last is related to the cavity finesse F' by
7s = Fl/cm, where [ is the cavity length. The storage
time is chosen to optimize the strain sensitivity in
the context of various unavoidable noise sources in
the instrument. The LIGO cavities are illuminated

by 1064 nm-wavelength light, and they have a storage
time of 7, = 0.9 msec, giving a DC response of A(0) =
6.4 x 10'? radians (per unit strain).

We can now estimate the optical phase sensi-
tivity required to give a 1072! strain sensitivity. A
gravitational-wave of frequency 150 Hz (where LI-
GOs sensitivity is best) and amplitude 1072 would
produce an optical phase difference of ~ 3 x 107
rad (again, assuming optimal orientation). The signal
that this produces must be detectable in the presence
of random noise also present at the output; shot-
noise in the photodetection, for example, is one of
the major contributors to the noise at 150 Hz. As-
suming that the gravitational wave is a burst that
might last for one to several cycles, the bandwidth
of the signal is of order Bw = 150 Hz. The spec-
tral density of the random noise, when expressed as
an equivalent ‘phase noise’, then must be less than
3 x107%/y/BW =~ 3 x 10~ %rad/v/Hz by some factor
which depends on the required signal-to-noise ratio
for detection. The actual target phase sensitivity of
a LIGO interferometer as a function of frequency is
shown in 1; for frequencies f > 150 Hz, the interfer-
ometers are designed to be quantum noise limited-as
determined by the Poisson statistics of photon detec-
tion (‘shot’ noise).

We present in this paper the results of a labora-
tory scale Michelson interferometer designed to oper-
ate at or near the LIGO phase sensitivity. The main
motivation for this work was to identify and control
the technical sensing noise sources that compete with
the quantum noise; we generally identify as ‘sensing’
noise sources those which do not directly affect the
positions of the interferometer mirrors (as opposed
to ‘displacement’ noise sources, such as seismic noise,
which in some way produce accelerations of the mir-
rors; the distinction is not always so clean, however).
To put the required level of phase sensitivity into con-
text, we show in Figure 1 the results of this work
along with three other interferometric optical phase
measurements. In particular this paper is an exten-
sion of the work presented in reference [11] using a
very similar interferometer design; compared to this
previous work, we have improved the phase sensitiv-
ity over the full 100 Hz-10 kHz band of interest by
factors of 2.5-100, with a factor of 2.5 improvement
in the quantum-limited level. It should be noted that
a complementary experiment has been performed to
investigate the displacement sensitivity required for
LIGO, and is described in reference[12].

2. Instrument Description

Figure 2 shows a simplified schematic, and Table I
gives significant parameters of the system. The opti-
cal configuration includes a simple one-bounce Michel-
son interferometer. The Fabry-Perot arm cavities men-
tioned above are not included in this system; since
the primary function of such storage cavities is to



increase the displacement sensitivity of an interfer-
ometer, they are not required for the phase sensitiv-
ity goals of this experiment, and we forego them to
reduce the complexity of the system. The other as-
pects of the optical configuration are very similar to
the LIGO design. To reduce sensitivity to fluctua-
tions of the input laser power, the average Michel-
son arm length difference is controlled so that the
intensity at the anti-symmetric or signal output is a
minimum; at this point, the interferometer is said to
be operating on a ‘dark fringe’, and almost all the
input light is reflected back towards the laser. This
allows the use of a ‘power recycling’ technique[13][14],
in which a partially transmitting mirror is placed be-
tween the laser and the 50/50 beam splitter, forming
an optical cavity between this power-recycling mir-
ror and the symmetric port of the Michelson. When
the position of the recycling mirror is properly con-
trolled, the cavity is resonant with the incident light,
the power incident on the beamsplitter builds up, and
(for the proper choice of recycling mirror transmis-
sion) almost no power is reflected back towards the
laser. The increase in effective laser power—by a factor
G rec known as the power-recycling gain—improves the
shot noise-limited sensitivity of the interferometer by
a factor of \/Grec. The remaining significant feature
of the interferometer configuration is the fact that it is
intentionally operated with unequal arm lengths[15].
This is done as part of the signal or phase sensing
system, described in detail below.

The interferometer is illuminated with a single-
frequency diode-pumped Nd:YAG laser, emitting 700
mW at 1064 nm (Lightwave Electronics model 126-
1064-700). Superb frequency stability is required to
reach the desired level of phase sensitivity, and a two-
stage frequency stabilization scheme has been im-
plemented to achieve this. The first prestabilization
stage uses a fixed-spacer reference cavity to define the
laser frequency; a feedback control system makes the
laser frequency track a cavity resonance. The second
stage wraps this system in another feedback system
for further suppression of residual fluctuations, this
time using the suspended interferometer as a low-
noise reference.

For the laser prestabilization[16], 20 mW is split
off from the main beam and sent to the reference cav-
ity, consisting of a cylindrical fused silica spacer with
mirrors optically contacted to each end; the FWHM
linewidth of the cavity is 75 kHz. Isolation from vi-
brations is provided by a three layer steel plate and
elastomer stack, and by mounting the cavity on top
of this stack with two short wire loops, one near each
end; the cavity and isolation system are contained in
a 1078 torr vacuum vessel.

The Pound-Drever-Hall reflection locking tech-
nique[17] is used to generate the error signal for lock-
ing the laser to the cavity. The error signal-propor-
tional to the difference between the laser frequency

and the cavity resonance—is amplified, filtered, and
fed back to three actuators to control the frequency
of the main and sample beams. Two of the actua-
tors are part of the laser: a thermal actuator which
heats or cools the laser crystal to change the crys-
tal dimensions, and a piezo-electric transducer (PZT)
bonded to the laser crystal, which squeezes the crystal
to change the lasing frequency. The third actuator is
an externally mounted phase modulating Pockels cell.
The thermal actuator has a slow response, but the
largest range with a tuning coefficient of 4 GHz/Volt;
it is used to bring the laser into resonance with the
cavity and is adjusted when needed to null offsets
in the PZT feedback path. The PZT has a flat fre-
quency response to 100kHz and does the bulk of the
frequency correction. The Pockels cell path becomes
effective above 50kHz, and provides the fast response
necessary to achieve a loop bandwidth of 1MHz.

Before coupling into the reference cavity, the
sample beam makes a double-pass through an acousto-
optic modulator (AOM), which serves as an actuator
for the second stage of frequency stabilization. The
AOM is driven with a voltage-controlled oscillator
(VCO), operating at a center frequency of 80 MHz
with a linear tuning range of £5MHz. The center of
the AOM is positioned at the center of curvature of
the mirror that retro-reflects the beam for the sec-
ond pass; this minimizes the beam direction change
as the AOM drive frequency is varied. The sample
beam is thus shifted by 150-170 MHz with respect to
the main laser beam according to the VCO control
input. This shift is also useful to spectrally isolate
the prestabilization beam from the main beam.

The main laser beam passes through an electro-
optic phase modulator, driven sinusoidally at f,, with
a relatively small amplitude, such that only the car-
rier light, at frequency v;, and the first order modu-
lation sidebands, at v; & f,,, have significant ampli-
tude. These radio-frequency (rf) sidebands are used
in a heterodyne detection system to sense the rela-
tive optic positions and angles, using variants of the
Pound-Drever-Hall technique.

The interferometer optics are mounted on two
seismically isolated platforms, one for the beamsplit-
ter and arm mirrors, and one for the recycling mirror;
the optics, the two platforms and the 6 m path be-
tween them are enclosed in high-vacuum. The three
mirrors and beamsplitter are fused silica and have
multilayer dielectric coatings to achieve a desired re-
flectivity. Each optic is suspended as a pendulum by
a single loop of steel wire, and its position with re-
spect to its suspension support structure is sensed
with a small LED-based optical sensor. The position
and orientation of each optic can be controlled via
electromagnetic motors: five magnets are bonded to
the optic (four on the back face and one on the side)
and five coils are mounted on the support structure,
concentric with the magnet axes and axially posi-



tioned such that the magnet experiences the largest
magnetic field gradient. The sensor signals are used
to actively damp four rigid-body modes—an axial and
a transverse mode at 1 Hz, and two angular modes
at 0.45 Hz-using the coils to provide the damping
forces. The mounting platforms are seismically iso-
lated in two stages: a commercial low-frequency ac-
tive isolation system[18] (mounted outside the vac-
uum system on the floor) provides good isolation in
the 2-20 Hz decade; a passive four-layer mass-spring
stack[19] adds increasing isolation above 20 Hz, achiev-
ing a ground vibration transmission of 10~% at 100 Hz.

We also found that some level of environmental
isolation of the input and output optics (i.e., all com-
ponents outside the vacuum system) was crucial to
reduce the effects of scattered light. The phenomenon
here involves light that is scattered or otherwise back-
reflected by elements in the optical chain, travels a
different path than the main laser beam, and then
recombines with the main beam. If this scattering
path is modulated (seismically or acoustically), the
relative phase between the main and scattered fields
will be modulated, producing a spurious amplitude
modulation in the signal[20]. For relative path mo-
tions greater than a wavelength, the relative phase
changes by multiple 7, and frequency upconverted
components appear at the output up to frequencies
of 2v/X (Hz), where v is the relative velocity of scat-
tering path. When the relative motions are smaller
than a wavelength, the coupling is approximately lin-
ear. In our experience, scattering in the input op-
tics (all components between the laser and the recy-
cling mirror) generally showed up through frequency
upconversion, whereas scattering in the output op-
tics generally produced linearly coupled noise. To re-
duce these effects on the input side, the laser table is
mounted on another set of commercial active isola-
tors so that relative motion between the laser source
and the recycling mirror is less than a wavelength
in the 1-10 Hz band. On the output side, the detec-
tion table is mounted on pneumatic passive isolators,
and is surrounded by an acoustic isolation enclosure.
The amount of backscattered light was reduced by us-
ing low micro-roughness mirrors in the output chain;
the remaining scattered light was dominaated by that
from the photodiode surface [21].

3. Sensing and controls

To describe the operating point of the interferom-
eter we define two macroscopic lengths, [, and Al,
and two microscopic lengths, dl, and dl;;; the macro-
scopic lengths are assumed to exactly fulfill the reso-
nance conditions, whereas the microscopic lengths de-
note small variations (of order several microns) about
them. The recycling cavity length I, = (I1 + l2)/2
is defined as the average of the optical paths from
the recycling mirror to the two arm mirrors, and the
Michelson asymmetry Al = [; — ls is the difference

in these optical paths. At the point dlp; = 0 and
0l = 0, the carrier light interferes destructively at
the beamsplitter, sending a minimum of light to the
antisymmetric port (the dark fringe condition), and
is also resonant in the recycling cavity; thus at this
point the carrier power buildup in the interferome-
ter is maximized. The conditions for the RF modu-
lation sidebands are determined by the macroscopic
lengths. The modulation frequency f,, is governed
by [,; it is chosen to be equal to the recycling cav-
ity free-spectral-range, in this case f,, = ¢/2/l, =
25.556MHz. At the carrier dark fringe, the asymme-
try Al results in the modulation sidebands having
some finite transmission through the Michelson (from
the beamsplitter to the antisymmetric port):

ty = £sin(2r fAl/c). (2)
For maximum transfer of input sideband power to
the antisymmetric port, ¢5s is chosen (via Al) to be
approximately equal to the transmission of the recy-
cling mirror, tgas. With Al = 16cm (Jty| = 0.0856),
ideally 99% of the input sideband power would be
transmitted to the antisymmetric port, but losses in
the recycling cavity and mode mismatch reduce this
about 70%.

The microscopic lengths naturally fluctuate by
of order 1 micron due to seismically driven motion,
whereas the operating point defined above must be
held within a small fraction of a wavelength of zero
(modulo A\/2). Feedback control is thus used to stabi-
lize the system. The two degrees-of-freedom, 6/, and
0lpr, are sensed at the symmetric and antisymmetric
ports, respectively. At each port, the light is directed
to a photodetector, tuned to have maximum response
at f,, by resonating the diode capacitance with an in-
ductor. Each photodetector output is demodulated at
fm with a double-balanced diode mixer, to produce a
zero-crossing error signal for each degree-of-freedom.

Before writing the equations for the error sig-
nals, we define some useful quantities. With (r,.,¢,)
being the field reflectivity and transmission coeffi-
cients of the recycling mirror, and r, being the av-
erage reflectivity of the arm mirrors (including also
any loss at the beam splitter), we write the amplitude
recycling gains, g., (carrier) and gs (rf sidebands),
the amplitude reflectivity coefficients in reflection, r,
and 7y, and the amplitude transmission coefficients
to the antisymmetric port, t.,. and tg, as
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where ryy = /1 —t3,.



For small deviations about the operating point,
the signals at the two output ports are

S nti .
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where Sy = 8Jy(I")J1(I") Pin, proportional to the in-
put power P,,. The reflected port signal is sensitive
to the cavity length and the laser frequency, 6(kl,) =
kol + 2ml,.dv; /e, with a response that rolls off above
the cavity pole, wpole, Whose angular frequency is
given by

c 1—rpr
e 6
T rrra
The recycling cavity pole frequency is approximately
Wpole ~ 2m - 25kHz.

The feedback for S, the ‘differential mode’
loop, sends correction signals differentially to the ac-
tuators on the two Michelson end mirrors. The loop
has a bandwidth of 700 Hz, and reduces differential
length fluctuations from 35 nm rms (uncontrolled mo-
tion) to ~ 0.1 pm in operation. Maintaining such
tight control to the dark fringe is important not only
for maximum power build-up, but also to limit the
coupling of laser amplitude noise to the output sig-
nal (discussed in more detail later).

The feedback for Syeq, or the ‘common mode’
loop, is more complicated, as it contains the second
layer of frequency stabilization (see Fig. 3. Frequency
fluctuations of the input light are equivalent to length
fluctuations of the reycling cavity; however, they also
couple to the output signal through the asymmetry
Al, which makes a frequency dependent phase dif-
ference d¢ between the two fields recombining at the
beamsplitter:

Wpole =

5¢ = 2Al0k = ArAldv/c = 6.7 x 10~ rad/Hz. (6)

Given our goal phase sensitivity of 10~1%rad/ VHz,
frequency noise must be kept below 5mHz/ VHz for
it to have an insignificant impact. Since the frequency
prestabilization achieves 0.1Hz/v/Hz at 300 Hz, ad-
ditional suppression is required from the interferom-
eter itself.

Above 50 Hz, the interferometer mirrors are well
isolated from ground vibrations, making an extremely
stable frequency reference. At lower frequencies, how-
ever, the fractional length fluctuations arising from
ground motion (of order 107%) exceed the fractional
frequency stability of the prestabilized laser beam (of
order 10712 — 10713). Therefore the control system
is designed to correct both the laser frequency (at
high frequencies) and the recycling cavity length (at
low frequencies), using two feedback paths. Feedback

to the laser is applied to the VCO mentioned above,
which drives the AOM to change the laser frequency;
feedback to the recycling cavity is applied to the ac-
tuators on the recycling mirror. The crossover fre-
quency between these two paths is chosen carefully:
the fractional frequency shift available with the VCO
is 1078, much smaller than the low frequency fluctua-
tions of the cavity length, putting an upper constraint
on the crossover frequency; on the other hand the
need to suppress input frequency fluctuations sup-
plies an upper limit. With Gr and Gp, being the open
loop gain of the laser frequency and recycling cav-
ity length paths, respectively (both being functions
of frequency), input laser frequency fluctuations are
suppressed by the loop by a factor

1+Gr+G
+1 +F ;— L (7)
L
Thus the suppression is limited by the gain in the
length path. To make G sufficiently small above
100 Hz, we operate with the crossover (where |G1| =
|Gr|) at 18 Hz, and also include a 100 Hz cut-off,
fourth-order low-pass filter in the length path to rap-
idly reduce Gy, at higher frequencies. The bandwidth
of the common mode control is about 50 kHz, with
a maximum frequency fluctuation suppression of 103
from 300-400 Hz.

We also maintain active, interferometric align-
ment control of the six angular degrees-of-freedom of
the interferometer: tip and tilt of the recycling mir-
ror and the two arm mirrors (the beamsplitter ori-
entation is equivalent to a combination of the two
arm mirror angles). The sensing is performed with
three quadrant photodetectors, each sampling a small
fraction of the beam from the symmetric (two de-
tectors) and antisymmetric (one detector) ports. Mis-
alignments produce relative phase gradients between
the carrier and rf sideband fields, leading to spatially
asymmetric rf amplitude modulation on the light;
this amplitude modulation is detected by differenc-
ing the outputs of opposing segments of the quad-
rant detectors[22][23]. These sensor outputs are used
in feedback loops to control the orientations of the
three interferometer mirrors (i.e., all but the beam-
splitter), with control bandwidths of approximately
10 Hz. Uncontrolled alignment fluctuations of order
tens of uradians—which otherwise would reduce the
average recycling gain to ~ % its maximum value—are
thus suppressed to residual angle errors of 4uradians,
approximately 2% of the beam divergence angle.

4. Phase sensitivity

Measurements of the sensing noise were using a dy-
namic signal analyzer to compute the power spectrum
of the error signal (see Fig. 4). Since the measurement
band of interest, 100 Hz to 10 kHz, overlaps the ac-
tive band of the control loop, the power spectrum is



multiplied by (1+ Gaisr), where Gqig is the open loop
gain of the differential mode controls. We also cor-
rect for the frequency response of a high-pass filter
used to reduce the dynamic range of the signal prior
to digitizing. The spectrum is calibrated in terms of
equivalent phase difference by applying a known sinu-
soidal force at 2 kHz to one of the Michelson mirrors,
which in turn has been calibrated to mirror displace-
ment using the wavelength-defined fringes of the sim-
ple Michelson (recycling mirror misaligned).

Figure 5 shows the measured phase sensitivity
spectrum, along with the major broadband noise con-
tributors. Above 600 Hz, the broadband sensitivity is
quantum noise limited; i.e., it is determined by the
Poisson statistics of photon detection (‘shot’ noise),
at a level of (1.28 & .04) x 10~'%rad/v/Hz. To our
knowledge, this is the best broadband optical phase
sensitivity ever demonstrated.

As developed in reference [24], the sensitivity
limit due to shot noise in the photodetection for our
readout method is:

~ Qth
56(f) \/ B
where h is Planck’s constant, P, is the carrier power
incident on the beam splitter, L. is the fraction of
P that is lost at the antisymmetric port due to im-
perfect interference (the dark fringe not being per-
fectly dark), n is the photodetector quantum effi-
ciency (0.8540.03), and R, is the ratio of the power in
the carrier to that in the sidebands at the antisym-
metric output. The first factor in this expression is
the idealized phase sensitivity limit for an interferom-
eter with power P,s at the beam splitter. The second
factor gives the increase in noise due to imperfect in-
terference. The third factor, Fys, accounts for the fact
that the power at the photodetector is not stationary,
but rather has a significant component which varies
at 2f,, due to the two rf modulation sidebands[28].
The nonstationary factor Fjs gives the increase in
noise due to the modulation-demodulation scheme,
compared to stationary shot noise with the same av-
erage photocurrent; it can be expressed in terms of
Ryt Fos = /(3/2+ Ra)(1 + Ra).

We thus can compare our measured noise floor
with the shot noise prediction of equation 8. The
power at the beam splitter is found by summing the
powers in the two beams transmitted through the
arm mirrors and correcting for their transmissions,
giving P,s = 67 + 3W. The ratio R, is found by
comparing the DC and 2f,, power levels in a beam
sampled from the anti-symmetric port, giving R, =
Poc/(V2Psy, ) — 1 = 1.35 & 0.05; the nonstationary
factor is thus F,,s = 1.10. The contrast loss L.. is found
by operating the interferometer with a much reduced
rf modulation index, such that the sideband power
at the output is negligible, and measuring the anti-

: \/(1 + R.)(1+ tLQ—C) “Fs  (8)

symmetric port power; this results in L, = 2.6+0.2 X
10~%, making the second factor in equation 8 equal to
1.56. The predicted shot noise sensitivity then comes
to d¢ = (1.36 + 0.05) x 10~'%vad/+/Hz, consistent
within errors of the measured sensitivity.

We independently verify that the noise floor is
dominated by shot noise by separately illuminating
the photodetector with a blackbody thermal spec-
trum, producing the same average photocurrent as in
operation. The resulting voltage noise at the readout
point is multiplied by the nonstationary factor Fj.
The resulting spectrum is within 20% of the noise
floor of Fig. 5.

It is also interesting to examine the power bud-
get that gives a beam splitter power of 67 W for a
carrier input power of P = 0.22 W. This quantities
are related by

AT,

Py =P M———
bs in (TT+L)2

9)
where M is the matching efficiency of the input beam
to the fundamental cavity mode, T}, = t2, and L is
the round trip loss in the recycling cavity (less T;.).
By measuring the resonant reflectivities 7., and rgp,
we determined that M = 0.84 and L = 2 x 1073, the
latter being dominated by the anti-reflection surface
of the beam splitter.

In addition to shot noise, there are three broad-
band noise sources which have non-negligible impact
on the sensitivity: beam direction fluctuations, laser
frequency noise, and electronics noise.

The Michelson phase difference depends on the
input beam direction when the arm mirrors are mis-
aligned (such that either arm mirror does not exactly
retro-reflect the beam), because in this case the two
arm beams travel different path lengths before recom-
bining at the beam splitter[25][26].

Figure 6 indicates the geometry starting from
the beam incident on the beam splitter. The differ-
ence in the two paths which start at and return to
the beam splitter is:

0= 2(@1 — 92)(2/ "‘Z@BS) — Al@Bs(@1 + @2)
+21(0% — ©32) + Al(0? + 02 + 03y), (10)

where [ = (I +15)/2. The impact of misalignments is
reduced by three effects: the path change is a second
order coupling to small lengths (y) or angles (6,); the
Michelson optics are well isolated, greatly reducing
in-band fluctuations of ©; and O,; fluctuations of
the input beam (yin, ©in) are spatially filtered by the
recycling cavity. The filtering factor is approximately
the power recycling gain, since the TEMig 01 modes
are far off resonance in the recycling cavity. The beam
direction at the beam splitter is related to the input
beam directions as:

Ops =

0.9701,/Grec = 2.7 x 1073 -0y, (11)



0-97(yin + (Zr - Z)@in)/6¥1rec
2.7 %1073 gy + 1.4 x 1072 - Oyy,.

Measurements indicated that the largest effects re-
sulted from the first two terms in equation 10, which
involve the input beam direction and motion of the
end mirrors. To calibrate the sensitivity, we modu-
late the angles of the input beam and one of the end
mirrors with separate frequencies, and measure the
output signal at the sum and difference frequencies.
The spectra of the ambient angular motion of the
arm mirrors (as measured by the wavefront sensor at
the antisymmetric port) and input beam (measured
with a quadrant photodetector on the input table) are
then convolved and scaled by the measured coupling
constant to estimate the contribution to the output
signal. Figure 5 shows the result of this procedure;
the beam jitter-mirror misalignment contribution is
within a factor of 2-3 of the phase sensitivity spec-
trum in the 110-190 Hz band.

The residual frequency noise contribution is es-
timated by measuring the error signal of the common
mode loop (point e in Figure 3). The error signal is
converted to frequency units (point r in Figure 3)
using the 2 kHz calibration peak, and correcting for
the gain G, in the recycling mirror path. Equation 6
then makes the conversion to equivalent phase noise.
While this in-loop measurement is only a lower limit
to the frequency noise, it is a good estimate at low
frequencies where this noise source is non-negligible.

The largest electronics noise contributors were
from the amplifiers that drove the suspended mirror
coil actuators in the local damping loops and in the
Michelson (differential) feedback control. At worst,
electronics noise comes to within a factor of nearly
2 of the measured phase sensitivity, in a small band
around 130 Hz.

Two other potential broadband noise sources are
laser amplitude noise and thermal noise in the mir-
rors. Laser noise can couple to the output through
the bilinear mechanism implied by equation 4: if the
Michelson is not exactly at a dark fringe (i.e., §; # 0),
either because of an offset or a lack of loop gain, then
the output signal Sp,,t; becomes proportional to the
input power. We determined the deviation from dark
fringe by applying a known amplitude modulation to
the input light and measuring the coupling to the
output signal; this gave d¢,ms ~ 4uradians. Measure-
ments of the beams transmitted by the arm mirrors
showed the relative power fluctuations in the recy-
cling cavity to be (6(P)/P) = 3 — 4 x 107%/v/Hz
above 150 Hz. The predicted impact on the phase
sensitivity spectrum is thus d¢ = (§(P)/P)0drms =
1—2x 10~ /rad/v/Hz, significantly below the phase
sensitivity. Laser amplitude noise also causes fluctu-
ations of the mirror positions through radiation pres-
sure; if the power incident on the beam splitter is not
split evenly between the two arms this technical ra-

diation pressure will cause differential phase noise. In
this case, even though the beam splitter is not terribly
well-balanced (R/T = 51/49%), technical radiation
pressure is estimated to be at an insignificant level
of ~ 107! /rad/v/Hz (quantum radiation pressure is
lower yet).

Thermally driven fluctuations of the surfaces of
the Michelson mirrors and beam splitter must also
be considered, an effect governed by the fluctuation-
dissipation theorem. Since the beam is much smaller
than the mirror diameter, it can be well estimated
by the approach of reference [29]. If the internal loss
¢ of the mirrors is assumed to independent of fre-
quency, the surface fluctuations scale as (¢/f)'/2.
For fused silica, ¢ is generally found to be less than
107%[30][31][32]; this would produce a phase noise,
summing the effect for all three optics, of approxi-
mately 10~ "rad/v/Hz at f = 100Hz, significantly be-
low the measured phase sensitivity. Even though the
quality factors of some of the mirror modes—having
modal frequencies f > 28kHz—were found to be much
less than 10%, we expect the below-resonance thermal
motion is negligible in this measurement.

In addition to these broadband noise sources,
there are a variety of periodic or quasi-periodic pro-
cesses which produce narrow features in the spec-
trum. The sources of most of these spectral peaks
are identified in Figure 7. Several of the peaks were
caused by acoustically excited mechanical vibration
of components on the input table, producing either
beam direction fluctuations or modulation of a scat-
tered light path.

Also evident is thermally driven motion of me-
chanical modes associated with the suspended Mich-
elson mirrors. The group of peaks around 4 kHz arises
from mechanical flexure modes of the actuator mag-
net assemblies bonded to the mirrors. The peaks at
550 Hz and 1100 Hz correspond to the fundamental
and first harmonic modes of the wires used to suspend
the mirrors, showing up in the spectrum through the
recoil imparted to the optic. For each of these reso-
nances, the amplitude of the spectral peak is consis-
tent with the prediction of a simple model of a reso-
nance driven by thermal energy (Brownian motion):

1 [kgT
Lmirror =~ —~ V)
fo\l w

where fy is the resonance frequency. The reduced
mass p for the case of the wire resonances is p =
%M (fn/fp)?, with f, the frequency of the nth mode,
fp the frequency of the pendulum mode, and M the
mirror mass; for the magnet assemblies, y = M?/m,
with m the magnet assembly mass (700 mg). The
thermal noise above and below the peaks can be esti-
mated using the fluctuation-dissipation theorem, fol-
lowing the approach of reference [27]; we assume the
resonances are structurally damped, with a loss of

(12)



10~* and 10~2 for the wire and magnet assembly res-
onances, respectively (the loss numbers derive from
the peak widths seen in a high resolution spectrum).
Neither type of mode creates significant off-resonance
thermal noise.

5. Power limitations

With the available laser power, the interferometer
could operate up to a circulating power level of 120
W, but the best sensitivity was achieved at about 70
W of power in the recycling cavity. At higher power,
the system suffered from increasing optical distortion
caused by absorption in the optics, an issue which
has long been a concern for gravitational wave inter-
ferometers given the high powers required for good
sensitivity[33]. Energy absorbed in the optics, either
through bulk substrate or surface absorption, heats
the material and can produce both thermoelastic sur-
face distortions and ‘thermal lens’ distortions via the
temperature dependence of the index of refraction
(important for transmissive elements). In fused silica,
thermal lensing is the dominant effect, implying that
in this experiment the beam splitter is the critical
element. Absorption in the beam splitter primarily
affects the contrast of the Michelson, since the ther-
mal lensing acts on only one of the arms. We investi-
gated this effect by measuring the Michelson contrast
loss L. as a function of the power on the beamsplit-
ter (Fig. 8, varying the input power and reducing the
modulation depth such that there was insignificant rf
sideband power at the anti-symmetric port.

At very low power, thermal distortions are in-
significant and the loss is dominated by the effect
of the asymmetry Al, which leads to a mismatch of
gaussian parameters of the two beams recombining on
the beam splitter (the mismatch is primarily in their
wavefront curvatures)[34]. As the power increases, the
beam splitter heats up and begins to act as a lens for
the beam traversing the substrate. The initial lens-
ing actually improves the matching of the two beams
and lowers the contrast loss—the positive dn/dT of
fused silica compensates for the longer physical path
length of the arm containing the beam splitter sub-
strate (the compensation is not perfect—the thermal
lens deviates from cylindrical symmetry because the
beam travels at an angle through the substrate). As
the power is further increased, the lensing overwhelms
the asymmetry and the contrast loss increases.

With increasing contrast loss, at some point the
shot noise increases more quickly than the signal sen-
sitivity Santi, and the signal-to-shot-noise ratio de-
creases. The best noise performance was obtained
with an input carrier power of 210 mW, for which
P, = 67TW. We note that in LIGO, the beam split-
ter substrate is a lower-loss grade of fused silica; the
fractional bulk absorption is expected to be approxi-
mately 5x smaller than estimated here, so that LIGO
can operate with 200 W on the beam splitter.

6. Conclusion

The results of this prototype are close to the required
LIGO phase sensitivity. The sensitivity is quantum
noise limited above 600 Hz; the optical power which
determines this sensitivity was limited not by avail-
able laser power, but by thermal loading in the beam
splitter. The most dramatic difference between this
work and the previous version of this experiment[11]
is the large sensitivity improvement below 1.5kHz.
This is primarily the result of better frequency stabi-
lization and more effective control of scattered light.

The sources of much of the broadband excess
noise below 500 Hz has been identified. The quadra-
ture sum of the known noise sources is within 50%
of the measured noise everywhere above 150 Hz. The
quadrature difference between the measured and the
known noise terms has approximately a 1/ 13/2 spec-
trum, though the source(s) of this noise have not been
identified.
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Table 1. Significant parameters of the interferometer.

Parameter Value

Mirror diameter x thickness 76.2mm x 25.4mm
Recycling mirror transmission; radius of curvature 0.63%; 10 m concave
Recycling cavity length, [, 5.87 m
Michelson asymmetry, Al 0.16 m
Recycling mirror-beam splitter separation 5.37 m

Beam waist size, wg 1.30 mm

Arm mirror transmission 7.4 ppm
Modulation frequency; depth 25.556 MHz; 0.4 rad
Mode matching efficiency 85%
Recycling gain, Gec 365
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Fig. 1. Amplitude spectra of the phase sensitivity of various instruments. Shown along with the
results of this experiment are the sensitivities of: the initial LIGO interferometers[4]; three previ-
ous prototype gravitational wave interferometers—Fritschel et al.[11](the precursor to this experi-
ment); Shoemaker et al.[8] and Forward[9]; and an interferometric test of the Freundlich red shift
hypothesis[10]

Fig. 2. Schematic of the instrument. All components within the vacuum enclosure are mounted
on seismically isolated platforms, with the four interferometer optics mounted as pendula. The
recycling cavity length is [, = (l1 4+ l2)/2 and the Michelson asymmetry is Al = I3 — l2. Other
symbols are as follows: VCO: voltage-controlled oscillator; A: acousto-optic modulator; C: circulator;
RM: recycling mirror; BS: beam splitter; CM: common mode; DM: differential mode; C'p: frequency
prestabilization control; Cr: common mode servo frequency control; C'r,: common mode servo length
control; Cg;yy: differential mode control.

Fig. 3. Block diagram of the common mode control system. D represents the frequency detection,
and converts frequency to voltage; C, is the compensation for the length control path, and converts
voltage to displacement of the recycling mirror; C'r is the compensation for the frequency control
path, and converts voltage to input light frequency; H converts displacement of the recycling mirror
to resonant frequency of the recycling cavity. The loop gain in the length and frequency paths is
G = DCLH and Gr = DCF, respectively.

Fig. 4. Differential mode readout and control. The light is detected with an InGaAs photodiode
and associated preamp (most of the power at this port is modulated at 2f,,, which is notched out
before the preamp to avoid saturation). The photodetector output is demodulated to provide the
output signal, measured through a high-pass filter to reduce the dynamic range of the signal. The
demodulator signal is also sent through the feedback control Cg;ry to maintain the Michelson on
the carrier dark fringe. The 2k H z calibration is a known force applied to one of the arm mirrors.

Fig. 5. The measured phase sensitivity spectrum (top curve), along with the estimated contribu-
tions from several noise sources: residual frequency noise; electronics noise in the mirror actuator
amplifiers; beam direction fluctuations (beam jitter); thermal noise in the magnet-actuators bonded
to the mirrors (fin thermal). The root-square-sum of these identified noise sources is also shown.

Fig. 6. Distances and angles in the misaligned interferometer.

Fig. 7. Identification of narrow spectral features.

Fig. 8. Fractional contrast loss (ratio of antisymmetric port power to beam splitter power) as a func-
tion of power on the beam splitter. The loss at very low power is due to the beam mismatch arising
from the Michelson asymmetry. This is nearly cancelled by the thermal lens in the beam splitter
at about 55 W; for higher powers the thermal lens dominates and increases the loss quadratically.
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