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Abstract

Interferometric gravitational wave detectors require high opticd power, single-frequency
lasers with very good beam quality and high amplitude and frequency stability as well as high
long term reliability asinput light source For GEO 600 a laser system with these propertiesis
realized by stable planar, longitudinally pumped 12W Nd:Y AG rod laser which is injedion-
locked to a monolithic 800mW Nd:YAG non-planar ring oscillator. Frequency control
signals from the mode deaners are fed to the aduators of the non-planar ring oscillator which
determines the system’s frequency stability. The system power stabilization ads on the slave
laser pump diodes which have the largest influence on the output power. In order to gain more
output power, acombined Nd:Y AG-Nd:YVO 4 system is scaled to more than 22W.

I ntroduction

The sensitivity of interferometric gravitational wave detedors fundamentally depends on the
light power circulating in the ams. For the GEO 600 detedor about 10 KW of circulating
power are needed within in the interferometer arms. Taking into acount the finesse of the
power regycling cavity and losses in the input optics, an estimated laser output power of 10 W
is needed.

In the Fourier frequency band of interferometer sensitivity to gavitational waves,
asymmetries and light scatering in the interferometer require ahigh power and frequency
stability at the input light. At the interferometer input in front of the power recycling mirror
the most stringent specificaions are given in a frequency range between 10Hz and 100Hz. In
this Fourier band the frequency fluctuations of the input light with resped to the power
recycling cavity should not exceel 2x10* Hz/HzY? and amplitude fluctuations should stay
smaller than 5x10® Hz™Y2 [1]. In order to achieve this demanding requirements, a 12 W laser
with very good stability was developed and control loops were implemented to fulfill the
requirements.

In the following we will give an overview of the injection locked laser system for GEO 600
including the passive stability feaures, adive ontrol aduators and a first power pre-
stabilization loop. The frequency <tabilization loops are described elsewhere in this
volume [2]. An approach to increase laser efficiency and output power is described in the last
sedion.

Injection Locked Lasers

In order to suppy the required inpu light to the GEO 600 interferometer an injedion locked
laser system [3] was constructed (fig. 1). The radiation of a stable single frequency laser



(master oscillator) is injected to a power oscillator (dave laser). As on as the resonance of
the power oscill ator cavity deviates from the master frequency by less than the so-cdled

locking range Av =T FSR/(21) [/ P,oger / Pyawe » the slave laser emission is synchronized to

the master oscillator. If the deviation from exad resonance is kept small compared to the
locking range the reduced influence of the slave’s eigenfrequency fluctuations dvy,, to the

system output frequency can be expressed in terms of their Fourier frequency f
10Vegam(F)/ OVe (F)| =1/4/1+ (AV/ £)* [4,5,6,7]. At Fourier frequencies much smaller than

the locking range the influence of the slave is grongly suppressed and the system stability is
determined by the mester |aser.

Due to the saturation of the slave laser’ s gain, the power noise & low Fourier frequencies (the
interferometer detedion band) is mainly determined by the slave laser’s pump source and
must hence be controlledat latter or in the high power output beam [ 8,9].
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Figure 1: Scheme of the GEO 600injedion-locked laser system.

M aster L aser

For GEO 600 a diode pumped monolithic miniature Nd:Y AG non-planar ring-laser (NPRO)
[10,11,12] (Innolight Mephisto 800 NE) with 800 mW output a 1064 nm wavelength is used
asthe master oscillator. Thistype of laser iswell known for its high passive stability and good
premises for further adive stabilization [13,14]. The frequency correction signals from the
mode cleaners are fed to a piezo ceramic aduator and a Peltier element, with are dtaded
diredly to the NPRO crystal and change the laser frequency by means of stressinduction and
temperature dhange. For phase @rrection with Fourier frequencies above 50 kHz an eternd
eledro-optic modulator (EOM) is st in the master output beam. Alternatively stabilizaion
can be ahieved by a fealbadk loop to the pump diode aurrent. A bandwidth of 100 KHz has
been achieved so far [15].

Slave L aser

A planar bow-tie ring-resonator with two end-pumped Nd:Y AG rods serves as slave laser for
GEO 600[1,16]. So far two prototypes and five seria versions of the laser with the same
optical layout have been assembled and brought to operation. At 2x 17 W pump power from



the fiber coupled laser diodes between these laser read an autput power of 12W to 13.5W in
a TEMg, mode. The output beams are typically about 1.1 times diffracion limited and have a
degreeof polarizaion of better than 98%.

Apart from a cale feed trough in ealy copies of the laser the half-monotlithic resonator
gpace and the mirrors — of which three ae direaly glued to the space — seal the resonator
cavity such that acmustic noise @nnot easily disturb the phase of circulating field and air
borne pollution of the cavity is reduced. At around 100Hz to 1000 Hz this quasi-monolithic
design [16] redwces the influence of laboratory noise on the laser by two decales as compared
to alaser assembled from discrete components (fig.2). A low sensitivity of the slave resonator
to temperature dhanges is achieved by the dhoice of Invar steel (Ni36Fe64 / 1.3912 alpha =
0.8x 10%/K) for the resonator block. The overall thermal expansion including the dfeds of
the air at constant presaure in the resonator, the Brewster plates, the piezo and the piezo
mount was calculated to be 8.6x10" nmV/K for the ealy versions of the laser resonator where
the piezo mount was not made from Invar. The expansion for the later full Invar versions is
calculated to 24x107 m/K. As long as the cavity volume is conneded to the environmental
air the amospheric presaure variations change the optical path length in the resonator via the
presaure dependent refradive index of air. A literature value for air refradive index yields
about 80 MHz/hPa [17], which corresponds for the slave laser cavity to 1.6x10° m/hPa. The
piezo aduator of the slave laser has a range of approximately 4 um (-100V to 500v/). This
range acomplishes compensation for temperature fluctuations of the cavity of +/- 4.5K (+/-
16 K) or presaure fluctuations of +/- 25 hPa. A control loop bandwidth of up to 20 KHz can
be achieved.
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Figure 2. Spedra density of the eigenfrequency fluctuations of the slave laser cavity. The
data ae derived from the piezo length aduator signal that is neaessary to keep the slave laser
exactly on resonance with a frequency-stabilized master oscillator. A) Conventional laser
resonator asembled from multiple discrete components. B) Quasi-monolithic slave laser
resonator.

Currently investigations on hermetically air tight resonators are underway. The alvantage of
an air tight resonator is the independence of atmospheric pressure changes. Alternatively a
controlled presaure variation could be used as length aduator. First tests have shown that



deliberate slow presaure variations cause at least 3 times less beam jitter than the typica piezo
systems, that tilt about 5 to 10prad/um.

System Perfor mance

The single frequency output power of the injedion locked systems is about the sum of the
combined master and slave laser powers, i.e. 128 W to 145 W. With the @py that was
implemented at the interferometer site avisibility of 96% has been achieved at the first mode
cleaner. This demonstrates a high compatibility of the laser mode with passve stable
resonators.

An injection lock servo based on the Pound-Drever-Hall tedhnique with 10 kHz oontrol
bandwidth reduces the rms (1 Hz to 100 KHz) deviations of the slave laser cavity from master
frequency down to 500Hz, which is 3x10™ times the locking range of about 1.5 MHz. No
detrimental influence of the slave on the system frequency stabil ity has been observed so far.

In order to automatically achieve injedion lock an autolock servo was implemented in the
laser control system. The autolock detects alossof lock by alaser output power drop becaise
in this case the slave is not lasing unidiredional anymore but emits a part of the power in
either output diredion. Lock aaquisition can simply be ahieved by the agplicaion of a
voltage ramp to the slave piezo length transducer until a transient lock is found and the servo
can be switched badk to normal operation. Typicdly about five seconds are needed to acjuire
stable injedion lock.

After several months of laboratory tests a copy of the laser was brought to the detedor site in
January 2001 Until September 2001 only a small power drop of 5% was observed. It is likely
to be caused by a power drop and aspedrd change of the pump laser diodes.

Recently a first eledronic intensity noise suppression servo has been implemented. For this
purpose @out 12 mW of the laser output are coupled from the main beam onto an InGaAs-
PIN photorecever (fig. 1, right hand side). The output voltage of the receiver is then
compared with a stable reference voltage. The resulting error signal is suitably amplified and
fed badk to a current shunt transistor aaoss one of the slave pump diodes. The servo
bandwidth reaches from DC to about 50 kHz. At Fourier frequenciesbdow 2 kHz the resdud
relative power noise detected in the loop is reduced below 108 / HzY? (fig. 3).

The lowest power noise observed below 50 KHz with an independent photoreceiver outside
the cntrol loop is about 2x 10 / HzY2. At the airrent stage of development disturbances at
the AC power line frequency and multiples are till observable in the out of loop signal.
Further disturbances between 90Hz and 2 kHz are likely to be introduced by beam jitter on
the beam splitter and the photodiodes due to their spatially slightly varying properties. For so
far unknown reasons the noise reduction ceases to work below 5 Hz. Further investigation
into the latter problem as well as measures against the line noise and beam jitter are arrently
caried out. All jitter-induced fluctuations in the deteded power will be finally removed if the
photorecaver is locaed after the suspended mode cleaner in vaauum, were the beam jitter is
strongly reduced.
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Figure 3. Relative Power Noise spedral density of the laser system. A) Without stabilization
circuit. B) Out-of-loop signal with independent photoreceiver (not displayed in fig. 1).
C) Upper limit of the in-loop signal. Below 10° Hz the true in-loop signal is covered by the
spedrum analyzer input noise.

A Nd:YAG-Nd:YVO, System

In order to increase the output power of the system without large modifications, an injedion
locked laser system with a Nd:YAG NPRO as the master laser and a Nd:YVO, power
oscill ator asthe slave laser has been evaluated.

The alvantages of Nd:YVO, as gain medium as compared to Nd:YAG are its anisotropic
emisson cross edion which furthers polarized laser emission, its birefringence that
suppresses depolarization losses, and its lower saturation intensity which affords the
applicaion of an output coupler with higher transmisson and hence reduces the detrimental
effed of other resonator losses. Further more, the pump absorption band of Nd:YVO, at
809 nm is wider than that of Nd:Y AG, which reduces the requirements on the pump diodes.
Its general disadvantages are the low thermal conductivity and the brittleness of the material
which leals to a low damage threshold with resped to pump power absorption. For end
pumped 0.5 % doped rods, damage thresholds of abbout 58 W/mn? have been reported [18].
This threshold can be increased by 50 % by the goplication of composite rods with undoped
end-cgps [19], which reduce the temperature and the thermal stressad the pumped facet. A
problem in combining Nd:YVO, with Nd:YAG might be its dlightly shorter center
wavelength of the gain profile at room temperature.

In order to set up an Nd:YVO, power oscillator, the general layout of the Nd:Y AG slave laser
has been left unchanged. The Nd:YAG rods were replacel by composite 0.5% doped
Nd:YVO, rods. At the 450 um radius pump spots a damage threshold of about 55W was
calculated. The Brewster plates were removed from the resonator. The mode size in the
crystal was increased to 400 um radius in order to avoid higher mode oscill ation. At the same
time this increased the efficiency for the fundamental mode. At 2x 22 W pump power 22 W



output power in an 1.1 times diffracdion limited mode culd be extraded through a 16%
output coupler.

Despite the slightly shorter center gain wavelength of Nd:YVO, compared to Nd:YAG at
same material temperature, the Nd:YVO, laser was easily locked to the Nd:YAG NPRO
yielding more than 22W single frequency output. This can be explained by a high core
temperature of the Nd:YVO, rod duwe to the low thermal conductivity of the material and the
high thermal load. Comparing the emisson of master and stand alone slave individually with
resped to their crystal mount temperature' we found the same wavelength of 106415 nm at
30°C and tuning coefficients of 0.063 nm/K for the Nd:YAG and 0.030 nm/K for the
Nd:YVO.,.

Conclusion

The GEO 600injeaion-locked laser system approadhed a reliable performance that moves it
from an object of reseach and laser development to a tool for gravitational wave reseach.
Neverthelessthere is an continuous sach for further improvements, which will in future be
oriented towards the qualification as a front end for a 200 W power stage for future
gravitational wave detectors.

The aithors gratefully adcknowledge the projea funding by the Niedersachsische
Volkswagenstiftung.
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