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Abstract The prototype gravitational wave detector at Garching is de-
scribed: in a laser-illuminated Michelson interferometer having arms 30 m
in length, a folded optical path of 3 km is realized. The origin, action, and
magnitude of possible noise sources are given. The agreement between the
expected and measured noise is good. For a band of astrophysical interest,
extending from 1 to 6 kHz, the quantum shot noise corresponding to a light
power of P = 0.23 W is dominant. In terms of the dimensionless strain h
the best sensitivity in a 1 kHz bandwidth is h = 3- 10~18  comparable to the
most sensitive Weber-bar type antennas.

1) Introduction

Various methods have been proposed for the detection of gravitational radia-
tion; two methods have been developed to a point where the chances of a successful
search for gravitational wave events can be realistically assessed. The resonant bar
technique was pioneered by Weber [1] and followed by further efforts, first with
room temperature bars (Billing [2]) and more recently with cooled bars using very
low noise superconducting transducers (see [3] and references therein; also, for the
current sensitivities, see [4]). These experiments have put important upper limits
on the level of gravitational radiation. The best sensitivities for the gravitational
strain h that have been obtained so far are of the order of h ~ 10718,

A different approach is to use interferometric techniques to sense changes in
the optical path length between widely separated test masses, as first discussed
by Gertsenshtein and Pustovoit [5]. Early workers in this field include Weiss [6],
and Forward [7]. Since that time a number of groups have pursued this method,
and there are now prototype interferometers at MIT [8], Glasgow [9], Caltech [10],
Orsay [11], and at the Max-Planck-Institut fir Quantenoptik, Garching. From
the best sensitivity values of these prototypes, as obtained at Garching [12], and
recently also at Glasgow [13], one can extrapolate to the sensitivity of large inter-
ferometric antennas; an ultimate goal of better than h =~ 10~21 geems attainable.

Work on laser interferometers at the Max-Planck-Institut started as early as
1974 (initially at the Institut fir Astrophysik, now at the MPI fiir Quantenoptik)
and first concentrated on a 3 m arm length prototype ([14] and references there).
After encouraging results it was decided that one could profit from a longer baseline
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interferometer (30 meter), the construction of which was completed in mid-1983.
The goal of the research is to investigate the noise sources in prototype gravita-
tional wave detectors as an aid in planning full scale detectors [15]. This paper
will describe the 30 meter instrument, and particularly its 1986 improvements, in
some detail, and it will present the status of the understanding of noise sources
observed therein.

The basic design of the 30 meter prototype is quite similar to the earlier 3
meter prototype [16]; a schematic diagram is shown in figure 1.
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Figure 1 : A schematic view of the interferometer

A Michelson interferometer formed of effectively ‘free’ masses is illuminated
by an Argon ion laser, with the light path folded in the optical delay-line configu-
ration [17] to increase the sensitivity of the interferometer to gravitational waves.
The interference pattern (on diode D1) is held to a minimum of intensity by a
servo-system, and the control signal of this servo would contain the gravitational
wave signal. This control signal can be interpreted in terms of equivalent mirror
displacement z ; this is convenient for comparison with noise sources.

Because the response of the interferometer to gravitationally induced strains
is broadband in nature, as are most of the noise sources encountered, it is help-
ful to work with noise spectral densities (that is, the noise contributed per unit
bandwidth). Rigorously, such spectral densities are defined as the squared devia-
tions per unit bandwidth, say, in m? /Hz. It has become customary, however, to
express them in linear measure, so that the units come out as m/ VvHz. In this
paper, such linear spectral densities will be characterized by a tilde above the sym-
bol. In figure 2, the spectra of anticipated noise sources are illustrated, expressed
as equivalent mirror motion %, calibrated in units of m/ VHz. To calculate the
corresponding sensitivity in gravitational strain, h= 32/ £, the mirror motion Z is
divided by the interferometer arm length £ (30 m for the Garching interferometer).



2) Quantum noise

The two arms of the interferometer are at right angles to each other (figure 1).
The optical path in each arm is folded in a delay-line configuration and the beams
returning from the two delay lines are brought to interference. The separation
between the mirrors (which have a radius of curvature of 31.6 m) of the delay-line
can be varied between 29 and 32 m to obtain the desired number of beams in the
delay-line. For the data presented here, N = 90 beams are used, giving a light
storage time of 9 us. The separation of the delay line mirrors can be adjusted with
motor driven translation stages to find the ‘re-entrant condition’ for the delay-line.
This leads to a first order independence of the path length on tilts, rotations, and
lateral translations of the far delay-line mirrors [18,19].

The beamsplitter and each of the delay-line mirrors are balanced in a simple
wire sling pendulum which forms part of the mechanical isolation system (see sec-
tions 4 and 5, and figure 3), and the other optical components are treated similarly.
The coarse alignment of the interferometer is achieved in the vertical axis with ro-
tation of the pendulum suspension points (motor driven) and in the horizontal
axis by screw adjustment of the point at which the pendulum wires leave the op-
tical component. Fine adjustment is achieved with offset currents in the coils of
the active pendulum damping system (see below); this allows optimization of the
contrast in the interferometer. The best contrast K = (Imax — Jmin)/ (Imax + Inin)
observed with the 90 beam delay-line is K = 0.992, I;max and Ip,;, being the pho-
tocurrents at the maximum and the minimum of the interference pattern. The
contrast is limited primarily by imperfections in the delay-line mirrors themselves.
The optical system holds a contrast of K > 0.96 for several days without read-
justment.

If the only limit to determining the position of the masses were the shot noise
of the photocurrent in the photodetector, and if the contrast of the interferometer
were perfect, the noise equivalent position fluctuation would be
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where A is the wavelength of the light used to illuminate the interferometer, and
e the elementary charge. The finite contrast compromises this sensitivity, as do
technical noise sources (Johnson noise in the photodetector, amplifier noise); an
expression which takes these factors into account, and which is relevant for the
modulation scheme used, is derived in appendix A. In the ideal case (K = 1.00,
no technical noise), it reduces to the simple form above. For the data presented
here (with the experimental conditions N = 90, A = 514.5 nm, K = 0.96, Imax =
70 mA, corresponding to a maximum of about 0.23 W on the photodetector), the
calculation results in a shot noise level which is equivalent to a displacement of
2.5-10~18 m/+/Hz, shown as curve a in figure 2. This is a factor 1.25 (2 dB)
greater than the ideal case of perfect contrast and no additional noise sources.
The influence of radiation pressure fluctuations [20,6] is completely negligible at
the power levels encountered here.
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3) Fluctuations of residual gas pressure

The entire interferometer is contained in a vacuum system to reduce the effect
of refractive index fluctuations and ambient acoustic noise on the apparent path
length. The vacuum system has three vertical tanks, 1.0 m in diameter, 1.1 m
in height. The ‘central tank’, which houses the beamsplitter, the near delay line
mirrors, and the input optics, is connected to the two ‘end tanks’ (which contain
the far delay line mirrors) by horizontal tubes 0.4 m in diameter. The end tanks
are on a system of rails, and it is possible to add extension tubes (maximum
length 3 m) to adjust the separation between the tanks. Only the central tank
is in the laboratory; the end tanks are in separate end-houses. The horizontal
tubes are supported by steel guides on a concrete bed, which in turn is covered
by a semi-circular concrete cover and about one-half meter of earth. Rotary and
turbomolecular pumps allow the system to be pumped from atmospheric pressure
(105 Pa) to 10~2 Pa in 6 hours; with the pumps turned off, the system pressure
rises to 1 Pa in 24 hours. The measurements presented here were performed with
pressures between 10~ ! and 1 Pa.

A noise source to be considered, although not a significant one at present,
stems from the residual gas in the vacuum system. The number of molecules in
the light path fluctuates, leading to small changes in the apparent optical index,
and hence in path length. An estimate [21] of the magnitude of this effect gives
an equivalent mirror motion with a linear spectral density
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where Ag is Avogadro’s number (6.02 - 1023 molecules/ mole), Vp is the volume of
one mole of gas at STP 22.4 - 10~% m3/mole), ng is the index of refraction of the
gas, ¢q is the most probable thermal molecular speed in the gas (for nitrogen at
room temperature T = 300°K, ng ~ 1+2.7-10% and ¢g ~ 400 m/s ), and pg and
To are the the standard pressure and temperature. For these values and typical
measurement pressures p one finds # ~ 2-1071°m/+/Hz (curve b in figure 2).
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4) Motions of the optical components

As mentioned, to isolate the optical components from movement of the suspen-
sion point, they are hung as pendulums of length [/, and thus of resonant angular

frequency wg = \/m . The (wp/w)? isolation that one would expect from an ideal
pendulum is compromised by the finite quality factor Q of the pendulum, and by
the suspension wire resonances (‘violin string’ modes); a model which predicts well
the measured transfer function H(w) (ratio of mirror motion to suspension point
motion) of the suspension system is derived in Appendix B, and the measured
and predicted transfer function are plotted in figure 6. For the pendulums in use
at Garching, one finds a transfer function which can be roughly characterized as
(wo/w)? to the first ‘violin string’ wire resonance of 212 Hz, then exhibiting a
complex resonant structure with an isolation typically better than 10~4.



mirror displacement Z [m/\/Hz]

frequency f [Hz]

Figure 2 : Spectral densities of various noise sources, ezpressed as equivalent
mirror motion %, in units of m/v/Hz.

a: photon shot noise, b: residual gas fluctuations,
c: filtered ground motion, d: electronic damping system,
e: pendulum thermal motion, f: mirror thermal motion,

: laser frequency fluctuations,

g
S: quadratic sum of all of the notse sources above.

This wire sling pendulum is suspended in turn from an upper pendulum, con-
sisting of a massive plate suspended by coil springs 0.1 m in length (figure 3). In
addition to the improvement of the isolation in the longitudinal direction due to
the two pendulums in series (see appendix B), the vertical compliance of the coil
spring provides isolation from vertical and rotational motions of the overall sup-
port structure which could be cross-coupled into horizontal motion of the optical
component. Up to 60 Hz, the measured transfer function (see figure 6) of the com-
pound (two-stage) pendulum falls as (wywo)?/w*, where wq and wy are the angular
resonant frequencies of the top and bottom pendulums; above a transition section
extending from 60 to 200 Hz, the attenuation is typically 10~8. The ground noise
spectrum of the laboratory in Garching, while neither stationary nor smooth, can
be roughly characterized by 3-10~7 - (1Hz/f)? m/vHz between 1 Hz and 1 kHz.
Hence, the residual relative motion of the optical components can be estimated,
and it is shown as the hashed area labeled as c in figure 2.
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Figure 3 : The seismic tsolation system. The upper stage, supported by 4 cosl
springs, carries translation and rotation stages for the mirror sus-
pension wire. The upper suspension is 0.10 m in length, the lower
0.72 m. One of the screws for coarse adjustment of mirror tilt is in-
dicated.

The pendulums are electronically damped at low frequencies [22] to prevent
large motions due to the ground noise at the resonant frequency. To detect the
motion of the pendulum with respect to the suspension point, for each degree of
freedom to be damped a small vane is mounted on the optical component, and
an infrared LED and opposing silicon photodiode are mounted on the suspension
point base. The vane partially interrupts the light, developing a signal proportional
to the displacement of the vane. The inherent noise of this measurement, for the
geometry used, is 5 - 10~° m/ VvHz at 0.75 Hz, and thus well below the values of the
order 1077 m/ VHz actually being measured. This inherent noise is reduced both
electronically by the damping servo-amplifiers and mechanically by the mass of the
optical component, leading to expected motions of 310711 . (1 Hz/f)4 m/vHz,
much less than the present sensitivity.



The damping forces are applied by a small permanent magnet mounted inte-
grally with the vane, and an aircore electromagnet mounted concentrically with
the LED-photodiode assembly. The coil is positioned so that the magnetic field
gradient is maximized at the magnet; this results in the best decoupling of the
forces exerted on the optical component from (ground-noise induced) motion of
the coil. Assuming an error in the coil position of as much as 1 mm, and the largest
control current possible, the natural ground motion could lead to optical compo-
nent motions of the order of 410714 . (1Hz/f)* m/ VvHz, a negligible level at the
present sensitivity. Noise in the coil current due to the final amplifier, which is left
wide-band to allow the use of the coil-magnet system in the interferometer lock-
ing servo-systems, must be taken into account; for the present system, this noise
results in a motion of the optical components of 6.8 - 10714 (1Hz/f)? m/vHz,
illustrated as curve d in figure 2.

The thermally driven noise of the pendulum can be estimated by considering it
as a damped harmonic oscillator; here the @ is that due to the pendulum without
electronic damping, because the damping servo-system gain is rolled off at high
frequencies. For the thermal motion of an oscillator with an internal energy of
%k BT one expects a spectral density
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which for the pendulum, in the limit of frequencies high compared with the pen-
dulum resonant frequency, gives 7.4 - 10714 . (1 Hz/f)? m/+/Hz. This is shown as
curve e in figure 2. Lossy isolation systems (for instance lead and rubber stacks)
have been avoided, as measurements show that only relatively little isolation with
a complicated resonance spectrum is achieved. The tendency of such systems to
‘creep’, and their unknown thermally driven motion, make them unattractive for
future designs.

The thermally driven motion of the internal modes of the mirrors themselves
must also be considered. The delay-line mirrors and the beamsplitter are made of
circular substrates 150 mm in diameter and 25 mm thick. The previously men-
tioned wire sling suspension system keeps the mechanical resonances simple and
of high Q. The observed frequency of 6.3 kHz for the lowest mode of the mirrors
agrees well with calculation [23] for a free cylinder; the Q of this resonance is 500
(limited by the plastic clips which guide the suspension wires, and the material of
construction, Zerodur). The motion measured at the peak, 510717 m/v/Hz, is
about a factor of seven less than that which one calculates. This can be explained
by noting that the lowest mode has radial nodal lines, and the pattern is sampled
by the beam spots roughly equally often on the approaching and receding sections
of the mirror, leading to a noticeable cancellation of the effect on the path length
change. The calculated contribution to the displacement noise is shown in curve
f, figure 2. For frequencies much lower than the resonance the noise is at a level

of 1-1071° m/+/Hz.



5) Fluctuations of laser light power

The interferometer output falling on diode D1 (see figure 1) is held to a dark
fringe with a modulation method [6]: In both arms of the interferometer, Pockels
cells (P1 and P2 in figure 1) in the light path between the beamsplitter and
the near delay-line mirror are used to impress a high frequency (10 MHz) phase
modulation on the light. The light falling on the measurement photodiode D1
is demodulated, and the resulting error signal is amplified, filtered, and applied
to the Pockels cells to hold the intensity on the photodiode to a minimum. The
voltage applied to the Pockels cells, which is a linear function of the change of the
light path in the delay lines, would carry the gravitational wave signal. The phase
modulation frequency is chosen to be in the frequency range where the amplitude
noise of the Argon laser is limited (at the power levels used) by the photon shot
noise, typically above 5 MHz for the Coherent Innova 90-5 employed. To reduce
the light reflected from the measurement photodiode D1 (EGG type DT110), it is
held at the Brewster angle (for silicon = 75°), thus achieving a quantum efficiency
of about 80 %.

Keeping the interference pattern at a minimum of intensity reduces the sen-
sitivity of the measurement to amplitude noise in the illuminating laser beam,
keeps the intensity on the measurement photodiode D1 at a manageable level, and
allows the other output beam of the interferometer to be used for other purposes.
The unity gain frequency in this servo-loop must be high for two reasons: first,
to give a very large gain at dc, ensuring that the interferometer is held accurately
to the dark fringe thus eliminating the influence of low frequency laser intensity
fluctuations on the signal; and second, to give a reliable measurement signal at the
highest signal frequency of interest (about 10 kHz). Because, in the present optical
arrangement, the light passes through the Pockels cells both before and after the
delay line, the unity gain frequency is limited by the time delay in the delay-line to
about 60 kHz (for 90 beams in the delay-line). To reduce the dynamic range of the
signal applied to the Pockels cells at very low frequencies (where the signals are
largest) this control signal is also sent, suitably filtered, to the damping coils which
exert forces on the far mirrors. The unity-gain point in this slow servo-loop is set
to about 30 Hz, a compromise between dynamic range reduction and the desire
not to be acting on the mirrors mechanically in the frequency range of interest
(above 100 Hz). This servo system reduces the influence of amplitude noise to a
negligible level.

6) Fluctuations of laser light frequency and position

The light which illuminates the interferometer must be stabilized in frequency
because of imperfections in the optical system. The delay line mirrors are not all
of exactly the same radius of curvature, which means that meeting the re-entrant
condition for both delay lines does not result in total path lengths that are exactly
equal, but which differ by a static offset AL. This directly translates frequency
fluctuations év into apparent mirror motion % [16]

AL v
N v’

~



A total path length difference of about 2 m is observed when both 90 beam delay
lines are re-entrant, implying a net mismatch in curvature of about 0.02 m for the

present mirrors.

In addition, stray light in the delay lines (due for instance to scattering from
the mirror surfaces) allows interference between light having traveled different path
lengths [16,18]; for N = 90 beams in the delay line, the characteristic difference is
about 3 kilometers. The high reflectivity of the mirrors allows significant contri-
butions even from ‘trapped’ stray light which has made a large number of round
trips of the delay line (corresponding to path differences up to the order of one
hundred kilometers). The current mirrors employed show a scattering coefficient
o (relative amplitude of the scattered light which then interferes with the main
beam) of about 10~4; given the mirror reflectivity of 0.997, one finds that the
fluctuation in apparent path length due to this effect is of the same order of mag-
nitude as that due to the static path length difference. Thus, the coefficient that
relates frequency noise év to apparent mirror motion Z is about 7- 10717 m/Hz.

The frequency is stabilized in two steps (see figure 1). In the first step [14],
some of the light leaving the laser is directed to a Fabry-Perot reference cavity used
in transmission, compared with a reference beam, and an error signal is formed.
Suitably amplified and filtered, it is applied at low frequencies to a piezo-electric
transducer holding one of the laser mirrors, and at high frequencies to an intra-
cavity Pockels cell. The unity-gain frequency of this servo-loop is about 400 kHz,
limited by the bandwidth of the electronics.

In the second step [12], a fraction of the light leaving the interferometer on the
input side of the beamsplitter is brought to interference with a fraction of the input
light. The phase difference between these two beams is a function of the average
path length in the two arms and the remaining frequency noise on the laser light.
The error signal is developed with a modulation-demodulation scheme similar to
that described for the main signal path, utilizing Pockels cell P3 and photodiode
D2. At frequencies in the range of a few Hertz, the reference Fabry-Perot is the
more stable reference, and the error signal is used to prevent common-mode motion
of the delay-line mirrors (i.e., the interference pattern on D2 is held to a minimum
of intensity). At frequencies higher than a few tens of Hertz, the length of the
delay line is a quiet and more sensitive length reference; the error signal in this
frequency range is fed back to the laser. The gain possible in this servo-loop is
primarily limited by the time delay in the delay line; for a storage time of 9 us
(corresponding to N = 90 beams in the delay line) it is about 60 kHz. An estimate
of the influence on the interferometer of the remaining frequency noise is shown
as curve g in figure 2. The resonance structures seen around 10 kHz are due to
thermally driven motions in the construction of the reference Fabry-Perot.

Fluctuations in the beam geometry can be translated into apparent mirror
motions [22]. In a simple Michelson interferometer, a misalignment of the beam-
splitter leads to a sensitivity to changes in the beam position; a difference in
the length of the two arms leads to a sensitivity to beam direction. In addition,
there remains a sensitivity due to irregularities in the optical components (mirrors
and Pockels cells in particular) even when the interferometer is well aligned and

symmetrized.
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A single mode optical fiber is used to suppress such fluctuations in the beam
geometry [24] and to carry the light from the laser table into the vacuum. The
fiber employed here* has a mode radius w = 2.7 um, and microscope objectives
(10x) are used to couple into and out of the fiber. It is not a polarization holding
fiber, and to correct for slow thermal drifts in the polarization a A/2 plate in
front of the input to the fiber is used. The fiber output assembly is isolated from
ground noise by suspending it on an electronically damped pendulum mass; this
is neccessary to obtain a jitter-free beam, and allows convenient adjustment of the
input beam angle and position as well.

A coefficient for the sensitivity to beam motion can be obtained by giving
a calibrated motion to the beam and viewing the effect in the apparent mirror
motion spectrum, which in the system with N = 90 bounces gave 2 - 10~8 me-
ters/radian. Attempts to measure the residual beam jitter after the fiber are
limited by measurement noise (shot noise in the quadrant photodiode current) at
3.10712 rad / vHz for all frequencies higher than 50 Hz. Thus the upper limit for
the influence of beam jitter on the interferometer spectrum lies at 6-10~18m / VHz,
a factor of two higher than the observed interferometer noise level in the kilohertz
range; clearly, a more sensitive independent measurement of the beam motion after
the fiber is needed before it can be eliminated as a possible noise source.

7) Performance of the interferometer

Estimates of the contribution to the noise ‘budget’ by each of the noise sources
mentioned above have been made in figure 2, as well as a quadratic sum of all of
these sources (curve S). The figure for beam jitter is not included in this sum
because it is only an upper limit. The output signal of the interferometer—the
control signal for the Pockels cells in the arms of the interferometer—is usually
analyzed by a Fourier transform spectrum analyzer (hp3582A). Continuous mea-
surements of 30 minutes or an hour are possible, and when the interferometer loses
‘lock’ (usually due to a longitudinal mode hop in the laser) the servo-systems are
automatically sequentially ‘relocked’. Figure 4, curve A, is a composite of sev-
eral two minute averages at different sampling rates (to cover the broad frequency
range presented), resulting in the relatively small uncertainty in the noise level.
Also shown is the quadratic sum of all noise sources (curve S); it is seen that the
noise is in excess of the estimate.

Up to frequencies of several hundred Hertz, multiples of the 50 Hz mains supply
are quite evident. Also seen are several suspension wire resonances (at 212 and
424 Hz). The overall level lies above that predicted; possible explanations are that
remaining cross coupling in the pendulum isolation system allows ground motion
to drive the mirrors, or that there is insufficient decoupling between the laser and
the interferometer.

* The fiber used is an experimental type, unfortunately not in production,
kindly donated by AEG.
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Figure 4 : The interferometer notse spectrum.
A: measured, S: predicted.

At higher frequencies the mirror resonances at 6.3 kHz are visible, as is the re-
maining influence of resonances in the Fabry-Perot used as the frequency stabiliza-
tion reference. There are still contributions from the mains harmonics, although
they are not resolved in the spectrum. In the quietest frequency band, between 1
and 6 kHz, there is a discrepancy of a linear factor of 1.4 (or in logarithmic mea-
sure 3 dB) between the predicted shot noise level and that observed. Experiments
with the 0.3 m interferometer (see appendix C), and with different power levels
(see appendix A), suggest that this excess consists of two parts: a discrepancy
between the calculated and observed shot noise, which causes a scaling error (i.e.,
a constant error in logarithmic measure) of 1.06; and a constant noise (measured
in mirror displacement) at a level of 2.5 - 10~18 m/ \/IE The latter noise source
could be one (or several) of the previously mentioned white noise sources. To gain
more knowlege in this frequency regime the shot noise limit must be significantly
reduced, requiring considerably more light power.
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8) Conclusion

The Garching prototype interferometer, with an optical path of 90 x 30 m, is
very close to the shot noise limit calculated for the relatively high power available,
and over a broad frequency range of astrophysical interest. Even though this
prototype has a delay-line storage time of only 9us, it already has a sensitivity
(expressed as an equivalent dimensionless strain k of 3-10718 in a 1 kHz bandwidth)
which for many predicted sources is comparable to the most sensitive bar type
antennas [25|. Optimizing the storage time for the frequency range envisaged
would allow an increase in sensitivity by almost two orders of magnitude. Much
of the technology developed here can be extended to full scale gravitational wave
interferometers [15], leading to optimism for the feasibility of gravitational wave
detection in the near future.
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Appendices

A) Calculation of the shot noise
The current I} (t) in the measurement photodiode D1 is

I, — I
In(t) = Inin + —n%—mﬂ (1 —cos4(t))
with
$(t) = kz + dmsinwmt

and
z = zg + 6z(t),

where k = (27) /A, zg the static difference in optical path between the arms of the
interferometer (the ‘operating point’), éz(t) the signal (small in comparison with
), and slowly changing in comparison with the modulation frequency), ¢m the
amplitude of the high-frequency phase modulation applied by the Pockels cells,
and wy, the modulation frequency. This photodiode current can be expanded
in a series of Bessel functions J(ém); keeping only the lowest order terms (this
corresponds to bandpass filtering the photodiode signal around the modulation
frequency and at dc) one finds:

7
Ije = Ipin + —22-‘1 (1 — Jo(ém) cos kz)

and

3
L, = e?ﬁ 2J1(¢m) sinkz sinwmt,

with an effective current swing of I.g = (Imax — Imin)-

The servo-system is arranged to hold the output of the interferometer on diode
D1 at a minimum of intensity; this corresponds to kz < 1(modulo 27), or
i
Igc = Imin + GTﬁ (1= Jo(¢m))
and
Iy, = I.g J1(¢m) k 6z(t) sinwmt.

The signal is demodulated by multiplying by a square wave at wp,; taking a
net mixer gain of R, and keeping only terms around dc, one finds

Viig = R Ig J1(ém) k6z(t).

The noise that competes with this signal is the shot noise due to the flow
of current in the photodiode I3, and the technical noise sources (Johnson noise
of the photodiode internal resistance, amplifier electronic noise). The latter can
be characterized as an additional fixed virtual current I in the photodiode.
The noise due to these two currents is white and has a linear spectral density of

\/2e(Idc + I4,,) at the photodiode; it is filtered by the photodiode amplifier so that
the amplitude is negligible for frequencies outside of the band wm & wyjg, With wgg
the (angular) signal frequency. This noise is then multiplied by the square wave
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in the mixer, resulting in noise components which are mixed down to the signal
frequency:

1["}noise =R \/5 2e(Idc + Idet)

The v/2 is due to the fact that the noise above and below the carrier are mixed
down to the same low (positive) frequency, and add incoherently.

Equating the signal and the noise, one finds that the equivalent displacement
noise due to the shot noise can be expressed by the linear spectral density

= o1 2e(lac + Jget)

The expression for Z;},; as a function of ¢, has a gentle minimum, and the ¢n
corresponding to this minimum should be applied to observe the highest sensitivity.
The signal which is used for the output of the interferometer is the control signal
to the Pockels cells; in the limit of large loop gain, this voltage is related to the
position noise via the Pockels cell voltage V) that causes a change in optical path
by one wavelength A. Then the noise voltage expected for the shot noise limit is

~ V) * Zehot
Vehot = Aso

An approximate expression, valid for typical contrasts (K > 0.9) and modulation
depths (I3, < 0.2 - Imax), simplifies the calculation of the voltage shot noise V.

5o J 2e(Jac + Jaer)
(Idc

hot ~
e 2m - Imin)IeH - %(Idc - Imin)z

Under these circumstances, an approximation giving the optimum modulation
depth can be found. The observable quantity I3 op¢ corresponding to this opti-
mum is

2
Idc,opt ~ \/’:};Umin o Idet)ImaX

Measurements were performed on the 30 meter and simplified 0.3 meter in-
terferometers (appendix C) to verify the accuracy of the exact expressions. The
photodiode currents Imax, Ipniy, and I3, were monitored with a precision resistor;
the technical noise was measured by comparison with the noise due to an incan-
descent lamp at frequencies near the modulation frequency of 10 MHz where it is
assumed that the lamp has no noise above shot noise. The V) for the Pockels cells
was measured ‘in situ’ by finding the voltage step which resulted in a change of
exactly one A of optical path length in the cell, and tested separately for nonlin-
earity (the voltage for a jump of 2 X is within high precision twice that needed for
12).

With the N = 90 beam interferometer operating under normal conditions, the
voltage noise on the Pockels cells in the quietest frequency range (4 to 5 kHz)
was observed for a variety of conditions (changes in illuminating intensity, depth
of modulation, contrast, and excess white light on the photodetector). A fit was
made to the experimental data with three free parameters: scale factors § and &
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which describe errors in V) and I, respectively, and an additive constant € which
describes a constant excess noise motion of the mirrors:
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Figure 5 : Comparison of measured and calculated shot noise. The solid line
indicates the locus of perfect agreement between measured and calcu-
lated noise levels.

The result for the 30 meter interferometer is shown in figure 5, where the
measured noise in V2/Hz is the independent variable and the calculated noise in
Vz/Hz is the dependent variable, and the measured points are compared with the
ideal case, a one-to-one relationship. A logarithmic graph was chosen to allow the
large range of values to be clearly presented; however, a graph linear in both axis
is a more useful diagnostic tool, with the advantage of allowing errors in the fit
to appear in a simple graphical form. For instance, an error in the Pockels cell
coefficient V), appears as a slope error, a constant additive noise € as a displacement,
and an error in the effective technical noise current I4, as a deviation from that
which should be a straight line. For the data presented, the best 3 is 1.06, the
best « is 0.88, and the best € is 2.37 - 10~7 V/y/Hz (the latter corresponding to a
noise in mirror displacement of 2.5 - 10718 m/y/Hz). Because the origin of these
differences from the expected values is not yet explained, the equation without
modification is used to calculate the expected shot noise limit for the 90 beam
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delay-line interferometer, as given in figure 2. However, it is reassuring that the
errors are small, and that the functional dependence of the noise is correct.

B) Transfer function of the pendulum isolation system

The pendulum can be treated in close analogy to an electrical (lossfree) trans-
mission line, terminated with an inductance (to represent the inertial termina-
tion by the impedance Zp = swm of the pendulum mass m). The characteristic
impedance Z = ,/mg~7 of the mechanical transmission line is given by the tensile
force mg on the wire and the linear mass density 4. The propagation constant
k = w/vy is determined by the velocity vyy = /mg/y with which a transverse
motion propagates along the wire.

As in an electrical transmission line, the displacement zp at the termination
(pendulum mass) is transformed to the front end (suspension point) via a trans-
formation

Zp .
g = zp (TZEtsinkl-i—coskl),

and one arrives at the transfer function magnitude

zp 1
H =2 — = ‘
) == el @I sin kl
The lowest resonance wp = 4/¢/! (the pendulation mode) and the well-known

-1
low-frequency transfer function H(w) = (1 - (w/wp)z) are easily derived by
expanding for kl < 1; for I = 0.72m we have fp = wp/27 =~ 0.59 Hz.

All further resonances (the ‘violin string’ resonances at wy) can be found from
the approximation k!l ~ nx, leading to

m
Wn " NTWp 4/ —,
7

with g = ~ -1 the mass of the wire sling (two wires). In between these resonances,
the transfer function H(w) provides an isolation that is at best

Z _wp [B
Bl o= w Y

For the values used (m = 1.1kg, steel wire 0.1 mm in diameter), the mass ratio
m/u is about 12500, and the wire resonances are in very good agreement with the
measured peaks at multiples of f; &~ 212 Hz. At these frequencies, the pendulum
suspension not only loses its isolation feature, it may even enhance the pendulum
mass motion. Figure 6 shows the measured (curve a) and calculated (curve b)
transfer functions. The additional peaks observed in the measured transfer func-
tion at 300 Hz and 550 Hz are due to pickup of harmonics of the 50 Hz mains
frequency.

The influence of the damping due to internal losses in the suspension system

can be thought of as entering in two ways: first, as a modification in the high-
frequency transfer function of the simple pendulum model, and secondly, as a
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change in the form of the ‘violin string’ resonances. The finite @ of the pendu-
lum motion, in particular if it is due to internal friction in the suspending wires,
causes a transition from H =~ (wg/w)? to H ~ wp/(w-Q) at a transition frequency
of (wo/27) - @. However, under normal conditions, the pendulum Q is primarily
limited by damping from the residual gas: the measured pendulum @ shows a
monotonic dependence on the residual ga.s pressure. At the lowest pressure at-
tainable (1073 Pa) it reaches Qmaz = 10%; at the normal operating pressure of
1Pa,itis@Q = 3- 10%. If we take this Qmaz as an upper limit for the internal losses,
one calculates a transition frequency fg on the order of 10% Hz where the trans-
fer function is dominated by the string resonances. These string resonances have
measured Q’s of the order of 2-10%, which does not lead to a significant compro-
mise of the transfer function; the prima.ry effect is to keep the wire resonant peaks
in the transfer function finite, in our case at values below unity. Thus, damping
mechanisms do not significantly influence the performance of the isolation system.

The two stage pendulum currently in use at Garching can be similarly ana-
lyzed. By two-fold application of the transformation from the pendulum mass to
the driving point, a transfer function for the compound pendulum is found. In
contrast to the single pendulum, where there are no free parameters, it is necessary
to characterize the coil springs (which form the upper pendulums) in terms of a
linear mass density based on the measured transverse resonant frequencies and the
length of the springs. With this parameter adjusted for the best fit, the measured
and calculated transfer functions (in figure 6, curves ¢ and d respectively) again
are in reasonably good agreement.

The measurement of the pendulum transfer function is made difficult by the
large (120 db) difference in amplitudes of mechanical motion between the pen-
dulum suspension point and the mirror, and all acoustical or mechanical ‘short
circuits’ must be carefully avoided. For this reason, the measurement is performed
entirely in the vacuum system of the interferometer. The pendulum suspension
point of one of the far delay-line mirrors is driven parallel to the interferometer
arm axis by an electromagnetic ‘shaker’. The motion at this point is monitored
with a piezo-electric accelerometer (Endevco model 7705-1000), and the motion of
the mirror is measured with the aid of the N=90 beam interferometer. The driving
function for the ‘shaker’ is a swept sine wave, the frequencies close to the ‘violin
string’ resonances having been avoided. A two-channel Fourier transform spectrum
analyzer (hp3582A) calculates the raw transfer function, which is then corrected
for the accelerometer response and the interferometer low-frequency servo-loop.
The resulting measured transfer functions agree well with the predictions (see
figure 6).
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Figure 6 : Pendulum transfer functions:
a: measured, single stage, b: ecalculated, single stage;
c: measured, double stage, d: calculated, double stage.

C) The 0.3 meter interferometer

An alternative configuration of the interferometer is formed by turning the
near delay-line mirrors around so that the beam is immediately returned to the
beam splitter, for a total path of 0.6 m. The sensitivity of the interferometer to
mirror motion is much reduced, and the optical path is simplified. The reduction
of scattered light and the ability to bring the interferometer to near perfect sym-
metry strongly reduces the constraints on the laser frequency stabilization. The
frequency stabilization servo-loop bandwidth achievable with the piezo-controlled
laser mirror suffices, and this allows the operation of the laser without its internal
Pockels cell, leading to higher output powers and thus more light in the interfer-

ometer.
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However, the interferometer fringe detection electronics are the same as for
the 30 m interferometer, and the Pockels cells are still used in the same man-
ner; this allows tests of much of the system without the added complications
associated with the delay lines. In particular it has proven invaluable for help-
ing to locate mechanical resonances. Except for the expected contributions of
ground noise (below several hundred Hertz) and thermally driven resonances of
the optical components (above 6 kHz), the noise spectrum is limited by the shot
noise in the measurement. A sample spectrum is shown in figure 7, for which
Imax = 233 mA, and I;, = 0.7 mA; this corresponds to a contrast K = 0.994.
In addition to indicating that the measurement system works properly at this
level, 6L =2.4-10"10 A/\/IE, it is reassuring to see that the optical fiber and the
Pockels cells do not display anomalous effects with light powers on the order of
1W.

shot noise /"/L

- 10 _ : | _
10 | l ! I l l | | |

optical path difference 5L [/\/ Hz]

frequency f [Hz]

Figure 7 : Noise spectrum of the 30-cm test interferometer. The horizontal line
represents the calculated shot noise for the experimental conditions.
The regularly spaced peaks are caused by electrical disturbances from
harmonics of the 50 Hz line frequency.
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