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Abstract. A prototype gravitational radiation detector
which uses two small He—Ne lasers in a heterodyne
arrangement for displacement sensing has been built and tested.
Operation of the system at the theoretical noise limit determined
by spontaneous emission has been achieved. Above 2 kHz, the
noise has a flat spectrum and is equivalent to displacements of
3x 10" cmHz 2

It is shown that small active-cavity systems can be
competitive with long-baseline Michelson interferometers when
the high-quality mirrors and high-gain amplifying media now
available are used.

1. Introduction

A sizable part of the worldwide effort to detect gravitational
radiation (GR) pulses generated by violent cosmic events is
devoted to the building of broad-band devices. These rely on test
masses which are virtually free in the frequency band of interest
between 500 and 10000 Hz. A laser beam is repeatedly
bounced off mirrors attached to the masses so that any change
in distance between the masses is seen as a change in parameters
of the probing electromagnetic field. An early detector of this
type (Forward 1978) consisted of a Michelson interferometer
illuminated by a He—Ne laser emitting the 632.8 nm line. All
wide-band GR detectors currently under construction are also of
the Michelson interferometer type, with either optical delay lines
(Billing et al 1979, Winkler 1983, Schilling et a/ 1984, Weiss
1972, Linsay et al 1983) or optical cavities (Drever 1982)
built into their arms in order to increase sensitivity. The
interferometers are passive optical systems, since light is fed
from an external source, usually an argon ion laser.

For several years now an effort has been under way at the
Weizmann Institute to build an active-cavity GR detector, in
which the mirrors attached to the test masses define a laser
resonator so that a change in mass spacing induces a change in
the frequency of the laser field. An early prototype monitored
the changes in the beat frequency between two appropriately
selected modes of a three-cavity He—Ne laser (Weksler et a/
1980a, b). The scheme that has been finally adopted relies on
monitoring changes in the beat frequency that is obtained by
heterodyning two independent lasers. In theory, the sensitivity of
such systems is limited by spontaneous emission noise. The
system described in the present paper employs two small He—Ne
lasers and has been built specifically to check that operation
limited by spontaneous emission noise can be achieved. With
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this system we have measured a noise equivalent displacement
of 3x 107" cm Hz~'2, which is, indeed, very close to the
expected theoretical limit. A displacement sensor based on two
heterodyned lasers has been proposed independently by a Soviet
group (Bagayev et al 1981). '

The description of our system is presented in § 2. Section 3
contains the noise analysis for the active-cavity Gr detector.
Section 4 describes the expected and measured sensitivity of our
prototype detector, which are found to agree closely with each
other. We then present an estimate of the minimum energy flux
of a GR event detectable with this system. It is shown in § 5 that
the sensitivity may be increased by three orders of magnitude by
using a high-gain amplifying medium and better mirrors, making
the small active-cavity- detector a viable alternative to large
interferometers developed by other groups. Practical merits
of short active-cavity G detectors are then discussed. Our
conclusions are summarised in § 6.

2. Description of the Ga detector

2.1. The active-cavity G antenna

The displacement sensor. of our GR detector consists of two
similar A=632.8 nm He~Ne lasers, operated in a heterodyne
scheme, as shown in figure 1. The laser beams, of frequencies w,
and w,, combine at the beam splitter and provide, after
photodetection, a beat signal of frequency wy=w;—w,. A
servo-system maintains” wy at approximately 2z x 20 MHz.
When the mirror spacings in the two lasers change by AL, and
AL,, respectively, the beat frequency changes by an amount

AL, —-AL,

7 0

Aw.éw

where w is the mean value of w,, w,, and L is the mean value of
L,, L,, the optical lengths of the laser resonators.
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Figure 1. Optical layout of the active-cavity laser interferometer.
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. The two cavities are of slightly different length so that their
axial mode spacings are 780 and 820 MHz, respectively. This
difference in axial mode spacing is needed in order to make it
possible to distinguish between the two lasers for stabilisation
purposes. Since the gain bandwidth of the He—Ne mixture at
632.8 nm is about 1.5 GHz, asymmetric tuning allows the lasers
to operate with only two longitudinal modes. Pinholes placed
next to the output mirrors eliminate all but the lowest transverse
mode. The laser cavities have a quality factor of ~ 3 x 10%.

Each laser tube is. housed within a 12x12x 18 cm’
aluminium central block, having the lowest vibrational mode at
8.5 kHz. The mirrors are rigidly mounted on cylindrical
stainless steel test masses 10 cm long and 10.cm in diameter.
The lowest vibrational mode of the masses is at 17.2 kHz and
has a quality factor of about 300. One end of each mass is
attached to the central block by two steel rods in a V
configuration (see figure 2). The other end of the mass is
attached by two thin wires to a pair of screws which allow
alignment of the mass and thus of the corresponding mirror.
The resonant frequency of this suspension is 25 Hz and is
determined by the rods, which act as springs. The quality factor
of the suspension is better than 320. In both lasers, the plane
mirror is mounted on a stack of piezoelectric ceramics for cavity
length tuning. '
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Figure 2. Test mass suspension arrangement.

The two laser assemblies together with the beam splitter and
an additional deflection mirror are mounted on a 65 x 65 x
5 cm? aluminium platform, which completes the compact and
sturdy structure of the GRr antenna.

2.2. Seismic and acoustic isolation

The entire detector assembly (see figure 3) is set up on a two-ton
optical table placed on air mounts. The antenna platform is
suspended from four steel wires, which are connected at their
upper ends to isolation stacks consisting of alternating layers of
steel and silicone rubber. Further isolation is provided by the test
masses themselves being suspended as pendulums, as described
in the previous section.

Due to the way they are suspended, the masses can, to a
good approximation, only move axially. Axial noise excitation is
transmitted to the masses mainly through the upper ends of the
suspension rods, which are attached to the central block housing
the laser tube. At frequencies in the kilohertz range, which are
far above the pendulum frequency of the masses (25 Hz), this is
a weak coupling and seismic noise undergoes strong attenuation
before reaching the masses. On the other hand, frequencies
around or below 25 Hz are far below the lowest vibrational
mode of the central block (8.5 kHz), which thus behaves as a
rigid body. Therefore, the upper attachment points of the
suspension rods for a given pair of masses will experience no
differential movement, i.e. there will be no change in mass
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Figure 3. Isolation system of the Gr detector.

spacing. This common mode noise rejection to first order
substantially increases the efficiency of the seismic isolation at
low frequencies.

Acoustic isolation is provided by maintaining the antenna
and the isolation stacks within an evacuated enclosure.

Our open-cavity lasers tend to become misaligned during
evacuation because of the difference between the refraction
indices of air and vacuum (n—1=28x 10"* for air at
room temperature and atmospheric pressure). This is avoid-
ed by aligning the lasers in helium at atmospheric pressure
(ny. — 1 =3 x 1Q~*) prior to their transfer to the vacuum vessel.

2.3. Laser stabilisation and signal extraction
A block diagram of the electronics used to stabilise the lasers
and measure the beat frequency is shown in figure 4.

Stabilisation of Laser 1 is taken care of by the upper loop.
As explained above, the laser is operated with two longitudinal
modes, spaced by approximately 820 MHz. As the modes are
tuned across the gain curve, their spacing changes markedly
(McFarlane 1964), which is used to derive the error signal
(Weksler et al 1980b). For our particular lasers, the mode
spacing changes by 360 kHz for a change in cavity length of }A.

The difference of 40 MHz in axial mode spacing between the
two lasers, mentioned in § 2.1, as well as the narrow bandwidth
of the Fm demodulator (0.5 MHz), allow us to apply the
stabilisation procedure to the appropriate laser, although two
pairs of axial modes (one from each laser) are present in the light
beam reaching Photodiode 1. The resulting frequency drift rate
for the stabilised laser is typically | MHz/hour.

The 20 MHz beat note between two selected modes, one
from each laser, is obtained at the output of Photodiode 2.
This photodector is loaded by a parallel rLC circuit with a
resonant frequency of 20 MHz and a bandwidth of 3 MHz.
The signal is amplified. split and directed toward the low-
noise FM demodulator and the feedback path which stabilises
the 20 MHz beat frequency between the two lasers.
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Figure 5. Detector calibration: Fm demodulator output. translated to
strain. against frequency of driving voitage. Full curve. measured
output; broken curve, calculated output.

The low-noise FM demodulator monitoring smail changes of
the laser frequency is of the time delay type (Tykulsky 1966)
and operates linearly over a bandwidth of 200 kHz.

It is stressed that the beat frequency stability requirement,
which is set by the bandwidth over which the low-noise Fm
demodulator is linear, is mild and easily complied with. Much
more stringent stability requirements apply to passive-cavity
systems. where the beam of an external laser has to be passed
through the very narrow bandwidth of high -quality cavities.

2.4. Anienna calibration

Calibration has been performed by electrostatically driving one
of the suspended masses. To this purpose. an AcC vohage of
known amplitude was applied between the mass and two brass
plates. attached’ to the central block in positions facing the
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mass. The resulting change in beat frequency was measured. A
comparison between the calculated and measured response is
presented in figure 5. The sharp peak at 740 Hz is an artifact
due to the combination of the mechanical response of the mass
with the transfer function of the servo-system that stabilises. the
20 MHz beat frequency. Between 1 and 8 kHz the calculated
strain agrees well with the measured one (see figure 5). Thus,
within this band. the laser beat frequency stabilisation is no
longer effective and the response of the mass is as required. The
broad structure above 8 kHz consists of overlapping vibrational
modes of the central block, which are directly excited by the
calibration procedure.

3. Noise analysis )

Noise enters the system at various points. To assess their
relative importance, the noise contributions will be translated
into equivalent fluctuations in laser cavity length, by
multiplication with the appropriate coefficients.

Due to the efficiency of the isolation system, seismic and
acoustic noise are currently well below the intrinsic noise of the
sensor. Operating the laser tubes according to the instructions of
the manufacturer resulted in no detectable plasma noise. The
relevant noise sources affecting the displacement sensor and the
electronics are discussed below. ’

3.1. Laser spontaneous emission noise

The intrinsic noise limiting the performance of the active-cavity
GR detector consists of laser frequency fluctuations due to
spontaneous emission. Their spectral density is (Yariv and
Caton 1974)

o'
QP (N, —Ni(g:/8))]

where f. Q. P. N;. N,. g, and g, are the frequency of the
fluctuations. the quality factor of the cold laser resonator. -
the power lost by the stored laser field, the lower and upper
laser level occupation numbers and the level multiplicities.
respectively. For low-power operation, the lower [aser level
occupation is negligible and N,/| Ny — N,(g./g.)] = 1. For high-
power lasers the losses are almost entirely due to the output

dw(f)= (2)
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coupler transparency. Then. P is the output power of the laser.
However. for our low-power lasers this is not the case and it is
found that P=1.7P,,.

Since a relative change A/ /L in laser cavity length (where L
is the optical path length of the resonator) causes an equal

relative change Aw/¢v in laser frequency. the frequency.

fluctuations of equation (2) are converted to laser length
fluctuations 6x3( £) by multiphication with L 3/&?. For the actual
parameters of our lasers (see § 2). equation (2) yields

. 7810 Y
ONj( [yl cm H2 ! 3)

out
where P, is expressed in milliwatts. For a typical output power
of 0.1 mW Ox(f)=2.8x 10 "“ecmHz '’ which shows that.
even with low-power lasers. the active-cavity detector is capable
of a displacement sensitivity as high as that of the large passive
interferometers. ’

3.2. Thermal noise
A damped oscillator is subject to a noise driving force of
spectral density 4ATMQ/Q,... where k is the Boltzmann
constant, 7 the absolute temperature, A the mass. Qg = 21/,
(/o being the eigenfrequency) and Q.. the quality factor of
the oscillator (Whalen 1971).

In the kilohertz band. which is far above the 25 Hz
pendulum frequency of the mass suspensions, the fluctuations’in
mass position induced by the noise force have spectral density:

N 4kTQo
oxi(f)= 4
x3(f) MOO* (4)
Substituting for our system parameters yields
8.7x 107"
5x22(f)=—-~——f4 cm? Hz ™! (5)

where [ is the frequency of the fluctuations in hertz.

Thermal compressive forces lead to fluctuations in mass
length. Below the first eigenmode of the masses, the resulting
fluctuations in mirror position are of spectral density:

8iT
O f)y=—r. 6)
5(S) MOO;
For the actual values of the parameters of our detector, this
yields
8xX(f)=1.46 x 10"* cm? Hz ", 0

3.3. Gas pressure fluctuations within the laser tube

Pressure fluctuations in the He—Ne mixture propagate as sound
waves through the gas and result in fluctuations of the laser
cavity optical length. A change Ap in gas pressure causes a
change in gas refraction index of An=(n, — )Ap/ps. which in
turn modifies the He~Ne column optical path length by an
amount AL =L,(n, — 1)Ap/py. where L, is the length of the gas
column (L, = 15 cm for our laser tubes).

At the kHz frequencies of interest the wavelength of the
sound waves is comparable with L,. We will assume for
simplicity that the pressure fluctuations affect the entire gas
column simultaneously. We also assume that the gas is in
thermal equilibrium. so that the spectral density of pressure
fluctuations is (Callen and Welton 1951)

kT,
pi(f)=an 222 p2 (8)
CS
where p is the density of the gas and ¢, the velocity of sound.
Accordingly. the spectral density of optical path length

fluctuations is

. Lina— 1Y
OX3(f) = dn — - pk T, )

pic

To make things specific, a pressure of 4 Torr. a He:Ne pressure
ratio of 5:1 and a gas temperature of 300 K are assumed.
yielding, after substitution into equation (9).

XM f)=3% 10" ¥f em*Hz . (10)

3.4. Electronics and shot noise

The electronics noise consists mainly of photodiode nois¢ and of
Johnson noise generated at the photodiode load circuit. At
resonance. the parallel r1.¢ load circuit behaves as a resistor of
3.3kQ resistance. At room temperature. the Johnson noise
current flowing through the resistor has a spectral density
SiX f)=4kT/R=5x=10"* A*Hz '. Noise generated at the
photodiode (FND-100 of EG&G-PAR) has a spectral density of
3.24 % 10" ®* A’Hz ' and can be neglected. The equivalent
fluctuations in laser length are

dxd(f)=7.25x% 10 's'é—cmz Hz ! (n
tps
where i, is expressed in amperes.

The noise due to the statistical photodetection process
follows a Poisson distribution. The spectral density of photo-
detected current fluctuations (shot noise) is 2eiy,y (van der Ziel
1971), where e is the electron charge. The corresponding laser
length fluctuations are

2L%e)? .
ox3(f)= -
o Wi S (12)

which, for the actual parameters of our detector, becomes

2
Ox¢(f)=4.6 x lO’“’{—cm2 Hz"'. = (13)
pd

4. System performance

4.1. Expected detector sensitivity
Summing up all the noise contributions yields the spectral
density of noise equivalent displacements:

XN Sf)=D N;ox}([) (14)

J

where N, is the multiplicity of the noise source j. For instance,
the thermal noise term dx3(f) given by equation (5), related to
the mass suspension, has to be multiplied by four. because there
are four masses. The spectral density of the ! -est detectable
strain then is

. 6x*(f)

s (f)= il (15)
where the factor four in the denominator accounts for the
coherent addition of the signals in the two antenna arms and Ly
is the distance between the centres of the two masses in one arm.

Although the two lasers are of similar construction,
differences in laser tube quality led to different output powers,
namely of 180 and 75 uW, respectively. Therefore, there are two
distinct terms éx7(f) in equation (14). one for each value of the
output power.

The beams are extracted from the vacuum vessel through an
uncoated tilted window. therefore the optical power reaching the
photodetector is slightly less than half the combined power of
the two lasers. Accordingly, the appropriate value of the
photocurrent entering equations (11) and (13)is 51 uA.

A numerical evaluation of equation (15) is given in figure 6.
Also shown are the individual contributions of each noise
source. Above 200 Hz. only laser Fm noise due to spontaneous
emission is expected to contribute significantly to system noise
and the expected lowest detectable strain is

O5.:{f)=66x10 "Hz '~ (16)
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coupler transparency. Then. P is the output power of the laser.
However, for our low-power {asers this is not the case and it is
found that P= 1.7P,,.

Since a relative change AL/L in laser cavity length (where L
is the optical path length of the resonator) causes an equal
relative change Aw/w in laser frequency, the frequency
fluctuations of equation (2) are converted to laser length
fluctuations dx?( /) by multiplication with L*/w?. For the actual
parameters of our lasers (see § 2), equation (2) yields

R 78x 107"
Ooxi{(f)=———=——cm’ Hz 3)
POU(

where P, is expressed in milliwatts. For a typical output power
of 0.1 mW éx,(f)=2.8 x 10~"*cm Hz "2, which shows that,
even with low-power lasers, the active-cavity detector is capable
of a displacement sensitivity as high as that of the large passive
interferometers. ’

3.2. Thermal noise

A damped oscillator is subject to a noise driving force of
spectral density 4kTMQ,/Q.s, where k is the Boltzmann
constant, T the absolute temperature, M the mass, Qo =27/,
(fo being the eigenfrequency) and Q. the quality factor of
the oscillator (Whalen 1971).

" In the kilohertz band, which is far above the 25 Hz
pendulum frequency of the mass suspensions, the fluctuations in
mass position induced by the noise force have spectral density:

4kTQo
4
Substituting for our system parameters yields
0 21
éxz(f)-——f——— cm? Hz ™! (5)

where [ is the frequency of the fluctuations in hertz.

Thermal compressive forces lead to fluctuations in mass
length. Below the first eigenmode of the masses, the resulting
fluctuations in mirror position are of spectral density:

8kT

MO} ©)

5x3(f )=

For the actual values of the parameters of our detector, this
yields

dx}(f)=146 x 10~* cm* Hz™". )

3.3. Gas pressure fluctuations within the laser tube
Pressure fluctuations in the He—Ne mixture propagate as sound

waves through the gas and result in fluctuations of the laser

cavity optical length. A change Ap in gas pressure causes a
change in gas refraction index of An=(n, — 1)Ap/p,, which in
turn modifies the He—-Ne column optical path length by an
amount AL = L,(n, — 1)Ap/py. where L, is the length of the gas
column (L, = 15 c¢m for our laser tubes).

At the kHz frequencies of interest the wavelength of the
sound waves is comparable with L. We will assume for
simplicity that the pressure fluctuations affect the entire gas
column simultaneously. We also assume that the gas is in
thermal equilibrium. so that the spectral density of pressure
fluctuations is (Callen and Welton 1951)

Sp(fr=4n ﬂf’ (8)
CS

where p is the density of the gas and ¢, the velocity of sound.
Accordingly, the spectral density of optical path length
fluctuations is

L} i
bxi(f)=4r “Jf?Irll-pklyd. )

0Cs

To make things specific, a pressure of 4 Torr, a He:Ne pressure
ratio of 5:1 and a gas temperature of 300 K are assumed,
yielding, after substitution into equation (9),

dx}(f)=3x 10" em?*Hz ", (10)

3.4. Electronics and shot noise

The electronics noise consists mainly of photodiode noise and of
Johnson noise generated at the photodiode load circuit. At
resonance, the parallel RLC load circuit behaves as a resistor of
3.3 kQ resistance. At room temperature, the Johnson noise
current flowing through the resistor has a spectral density
8iX(f)=4kT/R=5x 10" A’ Hz'. Noise generated at the
photodiode (FND-100 of EG&G-PAR) has a spectral density of
3.24x 10~ A’Hz~' and can be neglected. The equivalent
fluctuations in laser length are

2
xH(f)=17.25x lO""{Tcm2 Hz™! (1n
od

where i, is expressed in amperes.

The noise due to the statistical photodetection process
follows a Poisson distribution. The spectral density of photo-
detected current fluctuations (shot noise) is 2eipq (van der Ziel

1971), where e is the electron charge. The corresponding laser

length fluctuations are

2L2eQ2
BHO :
= (12)
which, for the actual parameters of our detector, becom
f2 .
5x6(f) =4.6x 10“‘—cm Hz"'. = (13)

Ipd

4, System performance

4.1. Expected detector sensitivity
Summing up all the noise contributions yields the spectral
density of noise equivalent displacements:

XN f)=2. N,ox}(f) (14)
i

where N is the multiplicity of the noise source j. For instance,
the thermal noise term dx3(f) given by equation (5), related to
the mass suspension, has to be multiplied by four, because there
are four masses. The spectral density of the lowest detectable
strain then is

ax(f)

2 —_
dsi(f)= aLi,

(15)

where the factor four in the denominator accounts for the
coherent addition of the signals in the two antenna arms and Ly
is the distance between the centres of the two masses in one arm.

Although the two lasers are of similar construction,
differences in laser tube quality led to different output powers,
namely of 180 and 75 uW, respectively. Therefore, there are two

distinct terms dxX(f) in equation (14), one for each value of the

output power.

The beams are extracted from the vacuum vessel through an
uncoated tilted window, therefore the optical power reaching the
photodetector is slightly less than half the combined power of
the two lasers. Accordingly, the appropriate value of the
photocurrent entering equations (11) and (13) is 51 uA.

A numerical evaluation of equation (15) is given in figure 6.
Also shown are the individual contributions of each noise
source. Above 200 Hz, only laser FM noise due to spontaneous
emission is expected to contribute significantly to system noise
and the expected lowest detectable strain is

05cuc(f)=6.6 x 107" Hz "2, (16)
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Figure 6. Spectral density of strain equivalent to various noise
contributions: I, laser spontaneous emission noise: 2, thermal noise in
mass suspensions: 3. thermal noise in lowest vibrational mode of
masses: 4, noise due to gas pressure fluctuations in the laser tubes:

S. thermal noise in photodiode load resistor: 6. shot noise. The broken
curve is the sum of all noise contributions.

4.2. Energy flux of a detectable Gr event

The minimum energy flux necessary to detect a GrR event is
evaluated as follows (Weksler 1980). The relation between the
dimensionless gravitational wave (Gw) amplitude A(f) and the
energy flux per unit time WAz) is (Press and Thorne 1972)

L,
-

—h?
Wi =H 16mc

amn
where L, =3.6 x 10° I s~'. The total energy flux E is obtained
by integrating W{t) over time. Using Parseval’s theorem yields

Lo ¢ 20240
E—=——— | |H(Q)*Q*dQ (18)
32z2%¢? _J |H@) 7
where H(Q) is the Fourier transform of A(r).
If an optimally matched filter and white noise are assumed, a
signal-to-noise ratio equal to one (limiting detection condition} is
obtained if (Whalen 1971)

. 2
L II'I(Q)VdQ:‘S—Hl ‘ (19)
2n 2

" where H? is the noise eguivalent spectral density of the gw
amplitude.

If knowledge about the shape of H(R) is available, its
magnitude can be evaluated by use of equation (19). The result
is then used with equation (18) to calculate the energy flux of a
barely detectable Gr event. '

The spectrum of energy radiated as Gw has been evaluated
for various cosmic events (see, e.g., Kojima and Nakamura
1983 and references quoted therein). For example, the energy
spectrum radiated by a particle falling into a black hole is a
monotonically increasing function of frequency until, at some
cut-off frequency (typically. a few kilohertz for a black hole of
ten solar masses). a sharp decrease occurs.

To estimate the order of magnitude of the lowest detectable
energy flux. this behaviour may be crudely approximated by
some power of Q. with a cut-off at Qp,,. The simplest case is

K for Q< Qmax

H(Q)= 20
@=19 for > Dy 20)
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(K is a constant) which, according to equation (18), leads to a
quadratic behaviour of the radiated energy spectrum.

4.3. Measured detector sensitivity

Detector noise is measured at the output of the low-noise Fm
demodulator. The observed noise level, converted to strain, is
shown in figure 7. In a band extending from 2 kHz to more

- than 10 kHz, the noise spectrum is practically flat at about

107" Hz "2, very close to the expected noise level given by
equation (16). The feasibility of operating a very-high-sensitivity
active-cavity interferometer at the spontaneous emission noise
limit is thereby experimentally demonstrated. .
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Figure 7. Measured noise:spectrum. The broken line is the calculated
spontaneous emission noise.

Over the bandwidth of ~10 kHz where the noise spectrum
is flat, optimum filtering is easily achieved. For example, in the
case of a signal with a flat spectrum, the lower limit on
detectable strain that corresponds to our present noise level is
~ 10" Hz !, according to equation (19).

The strain equivalent to the present noise level is roughly
equal to that reported by Forward (1978) and higher by about
two orders of magnitude than that achieved recently with the
30 m Michelson interferometer of the Max Plank Institute for
Quantum Optics at Garching, Germany (Schilling er al 1984).
However, the noise spectrum of our detector is flat over a wider
band than that of the Garching detector, due to the more
compact mechanical ‘structure of the essential components,
resulting in the absence of unwanted resonances.

The noise equivalent displacement for our detector is
3x 10" e¢cmHz"'2, In the kilohertz range, this is second
only to that of the Garching group, ~ 107" cm Hz™ 2. It
should be ‘added ‘that a displacement noise of approximately
107" cm Hz~"? has also been demonstrated at | MHz. using
superconducting microwave resonators (Reece et al 1984).

The measured noise level is equivalent to fluctuations of
0.15 Hz Hz~'” in the 20 MHz beat frequency, which contains
the FM noise of both. laser beams. This is the lowest level of
FM noise that has been demonstrated with a free-running laser
at such low frequencies. A similar Fm noise level has been
measured above 100 kHz with a free-running He-Ne laser
(Zaitsev and Stepanov 1967). Using the measured noise
level and following the steps outlined in § 4.2, it is estimated
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that the minimum detectable energy flux of a Gr event is
5.2 x 10® J cm =2 for a cut-off frequency of 5 kHz.

5. Discussion: possible improvements in detector sensitivity
We have shown in § 4.3 that the present limit on performance
of our detector is set by laser frequency fluctuations, which
exceed other relevant noise contributions by more than two
orders of magnitude in the kilohertz range (sce figure 6). In order
to identify ways to reduce laser frequency noise, its detailed
dependence on laser parameters is described below.

The lowest detectable strain, determined by laser spon-
taneous emission noise, is obtained using equations (2), (14) and

(15),

hol?
l(f)"" ZQIPLZ N

The quality factor, @, can be expressed in terms of the optical
length, L, of the resonator, the vacuum wavelength, 4, of the
laser field and the fractional loss per pass, a,

Q=2zL/la (22)

where a=al, —In(R,R;)"?, a is the loss coefficient of the
active medium, L, is the length of the active medium and R, R;
are the reflectivities of the laser mirrors. Losses on intracavity
optical surfaces (e.g. Brewster windows) are lumped into R, R,.

For our low-gain, inhomogeneously broadened lasers, P, the
power lost by the stored field, is (Rigrod 1963)

P=Sl,a[(goL./a)* = 1] ~SL(goL.)*/a

@n

(23)

where S, I; and g, are the average cross-sectional area of the
intracavity beam, the saturation parameter and the unsaturated
gain coefficient, respectively. For the He—Ne amplifying medium
a is negligible and therefore a=—In(R,R,)"%. The laser output
power is obtained by multiplying P by the ratio 7/2a, where T is
the transparency of the output mirror. Combmmg equations
(21)~(23) yields

 hedd®

2 —_——
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Little can be done to improve the He—Ne laser tube
performance. However, mirrors with 3 x 10~* loss and 107*
transparency are available commercially, for example from
OCLI. Using such mirrors and using the measured loss of 0.1%
on the Brewster windows, it should be possible to reduce the loss
per pass by a factor of seven. Thls would reduce d5,(f) by a
factor of only 18. :

A more effective reductxon in noise can be achieved by
employing also a high-gain, low-loss amplifying medium. For
instance, Nd:YAG operating at 1.064 um seems well suited. For
high-gain, homogeneously broadened lasers like the Nd:YAG
ones, the power lost by the field is (Rigrod 1965) S/, g,L.
Therefore, using equations (21) and (22) yields

hcla?

_— 25
4nSI,goL, LY (23)

Rods of Nd:YAG can be grown that have very low loss (a=
0.002 cm '), high saturation parameter (/, ~ 2.5 x 10° W cm™?)
and high gain coefficient (go ~0.1 cm ‘). For mirror losses as
mentioned above, 0.5 x 10-* losses on the rod end faces,
L,=1cm and S=10mm? equation (25) yields a lowest
detectable strain of 10='° Hz 2.

A complication arises from the fact that Nd:YAG has a
120 GHz gain profile, which means that more than a hundred
axial modes may lase simultaneously for a typical longitudinal
mode spacing of ~ ! GHz. However, a promising way to

achieve stable single-mode operation of a Nd:YAG laser with-
out using intracavity components (that inevitably have some
insertion loss and thus lower the cavity Q) has been recently
reported (Kane and Byer 1985). The extent to which thermal
effects due to the high pumping level may generate excess noise
and thus interfere with reaching the spontaneous emission noise
limit with Nd:YAG lasers has still to be assessed experimentally.

Prospects for small-size active-cavity GR detectors to
achieve strain sensitivities better than 10~ Hz~'? look
encouraging. It should be remembered that the best quoted
sensitivity to date, 5 x 10~'° Hz™ 2, has been achieved within a
narrow frequency range by using a 30 m shot-noise-limited
multipass Michelson interferometer (Schilling et al 1984).

In view of the above evaluation, which shows that active-
cavity detectors are potentially of the same sensitivity as passive
ones, it is worth listing practical advantages of small-size active-
cavity GR detectors.
® The small distance between the masses allows them to be
attached to a rigid central block, which substantially improves
seismic isolation at low frequencies by common-mode noise
rejection.
® The mechanical structure of the detector is simple, sturdy and
stable. As a consequence, a smooth mechanical frequency
response is obtained, free of resonances within the frequency
range of interest.
® The time spans involved in designing and manufacturing -
detector parts are short, speeding up detector development.
® A low-priced vacuum system easily covers the acoustical :
isolation needs of the detector.

@ Only two servo-loops are needed in order to control the
length of the resonators.

® Since each cavity generates its own field, there is no need to
lock the frequency of the field to the eigenfrequency of a very-
narrow-band (high-Q) resonator. The necessary degree of
frequency stability is set by the bandwidth of the electronics .
used to process the beat frequency and by the need to stay
within quiet areas of the gain curve. The resulting stability
requirement is not very stringent.

@ Finally, a large array of such units may be set up in order to
obtain directivity as well as increased sensitivity.

6. Conclusions

A prototype GRrR detector with an active-cavity laser
displacement sensor has been designed, built and tested. A
rather flat noise spectrum has been measured above 2 kHz.
It is equivalent to a lowest detectable strain of 10~'® Hz~"?
(corresponding to a change in spacing between the masses
of 3x 10~ cm Hz~"?), and is close to the expected limit of
6.6 x 107" Hz~'"? set by laser frequency fluctuations due to
spontaneous emission.

It has been shown that use of high-quality mirrors and a
high-gain, low-loss amplifying medium (Nd:YAG) may lead to
an improvement in sensitivity by three orders of magnitude,
making the active-cavity detector a serious contender in the
effort to detect gravitational radiation.

Small GrR detectors benefit from a series of practical
advantages, like short development time spans and low cost. The
use of active cavities provides the additional bonus of. mild
frequency stability requirements. Thus, it becomes feasible to set
up large arrays of active-cavity GR detectors which, in addition
to improved sensitivity, will have the desirable feature of
directivity.
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