Building blocks for future detectors: Silicon test
masses and 1550 nm laser light
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Abstract. Current interferometric gravitational wave detectors use the combination of quasi-
monochromatic, continuous-wave laser light at 1064 nm and test masses from fused silica at
room temperature. Future detector generations will aim for a considerable sensitivity increase.
The combination of 1550 nm laser radiation and test masses from crystalline silicon at low
temperatures might be an important ingredience in order to achieve the sensitivity goal. Here we
compare the properties of the fused silica and silicon test mass materials relevant for decreasing
the thermal noise in future detectors, and the recent technology achievements in the preparation
of laser radiation at 1064nm and 1550 nm relevant for decreasing the quantum noise. We
conclude that silicon test masses and 1550 nm laser light have a high potential to form the
future building blocks of gravitational wave detection.

1. Introduction

The measuring principle of interferometric gravitational wave detectors is based upon laser
beams that monitor changes in the distances between quasi-free falling test masses [1, 2, 3].
A high sensitivity to gravitational waves require a great number of cutting edge technologies.
The test masses need to be suspended as multiple pendulums in order to mechanically decouple
them from the environment. They should have masses of several tens of kilogramms in order
to reduce their susceptibility to radiation pressure forces and they should have a very high
reflectivity for the laser wavelength used. The laser beams have to show very low fluctuations in
all their mode parameters like polarisation, spatial intensity distribution, frequency and power.
In this contribution we focus on the thermal noise of the test masses, i.e. the thermally excited
motions of the test mass surfaces with respect to the center of masses, and on the shot-noise, i.e.
the photon counting noise of the photo-electric detection of the laser light. We are in particular
interested in potential noise reductions that might be achievable if the current test mass material
of fused silica is replaced by crystalline silicon and the laser wavelength changes from 1064 nm
to 1550 nm.



2. Fused silica and crystalline silicon

According to the fluctuation-dissipation theorem [4, 5], thermal noise can be reduced by
decreasing the temperature. On top of that, the thermal noise at Fourier frequencies far away
from the system’s mechanical resonances can be reduced by increasing the mechanical quality
factors (Q-factors). The higher the Q-factor, the more thermal noise is transferred from the
off-resonant spectrum into the resonances. The detection band of gravitational wave detectors
is below the fundamental internal resonance frequency of test mass mirrors, i.e. a high Q-factor
is very useful and therefore an essential requirement for detector test masses.
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Figure 1. Mechanical quality factors of crystalline silicon (top, blue) and fused silica (bottom,
red) versus temperature. The data were measured at the Friedrich-Schiller-Universitét Jena
on a 11.6kHz mode of a fused silica and on a 14.6 kHz mode of a silicon(100) substrat. Both
substrates were cylindrical, were 12 mm thick and had a diameter of 3" [10].

Current interferometric detectors are operated at room temperature with test masses made
from fused silica. Fused silica offers high Q-factors of at least 2 x 107 at room temperature [6].
However, future gravitational wave detectors require even higher Q-factors and, most likely, also
an operation of the test masses at temperatures far below room temperature. Unfortunately, Q-
factors of fused silica samples significantly decrease with decreasing temperatures [7, 8, 9]. This
effect is also clearly found in the measurement data of Fig. 1 (bottom trace, red dots) [10, 11].
Crystalline silicon, on the other hand, generally shows high Q-factors that even increases with
lower temperature (top trace, blue dots in Fig. 1). A Q-factor of even more than 10? at cryogenic
temperatures was observed in [12]. The high Q-factors of silicon, which are also available at
room temperature, resulted in proposals that this material might be a good test mass material
for gravitational wave detectors as early as in 1991 [13, 14, 15].

An obvious problem with silicon is its rather high optical absorption at the currently used laser
wavelength of 1064 nm. The absorption coefficient of silicon at 1064 nm is about 10 cm ™" [16], see
Fig. 2. In contrast fused silica shows very low absorption at 1064 nm of as low as 2.5 x 10~ "cm™!
[17]. Test mass mirrors in gravitational wave detectors also serve as transmissive optical
coupling mirrors to the Fabry-Perot arm resonators. Therefore, the test mass materials need
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Figure 2. Measured optical absorption coefficients of silicon. The data, taken from Ref. [16],
suggest an absorption of the order of 10~8cm ™! at wavelengths around 1550 nm.

to have extremely low absorption in order to minimize thermal lensing and photon absorption
induced thermo-refractive noise [18]. In order to be able to use non-transparent materials like
silicon in combination with 1064 nm radiation, all-reflective schemes have been proposed and
demonstrated [19, 20, 21, 22]. Such schemes are based on diffractive couplers and could, in
principle, solve this problem.

However, a signficant and actually dominating source of thermal noise arises from the high-
reflectivity dielectric multi-layer coating stacks on the test mass mirrors. Such coatings consist
of a several micrometer thick stack of up to 40 alternating layers of low- and high-refractive
index materials. Recent research has shown that in particular the typically used high-index
material tantala (TasOs) is responsible for the dominant thermal noise contribution of the
coating [23, 24]. At a laser wavelength of 1064 nm the coating thermal noise problem is very
difficult to solve because of a lack in high index materials with high mechanical quality and low
optical absorption at that wavelength. Doping of TapoOs with TiO5 has also been investigated
and a reduction of the mechanical loss by a factor of 1.5 was observed at room temperature [25].
If a wavelength is used at which silicon is highly transparent, not only the effects of thermal
lensing and the photon absorption induced thermo-refractive noise can be minimized, but also
the coating thermal noise can be reduced. Since silicon has a rather high index of refraction of
3.48 it could serve as an ideal high-index material in a conventional dielectric multi-layer stack.
A combination of silicon with silica would generate the same high reflectivity as a combination
of tantala and silica but with less layers. The data from Ref. [16] as presented in Fig. 2 shows
that at wavelengths above 1064nm the absorption of silicon is drastically reduced. At the
telecommunication wavelength of 1550 nm the absorption might be below 10~8cm™!. Since the
measurement of such low absorptions is difficult reliable data in this wavelength region is still
missing.

Recently, a coating-free, monolithic high-reflectivity surface of crystalline silicon was proposed
[26] and fabricated [27]. A reflectivity of 99.8% was achieved for a silicon surface without adding
any material but etching a specific structure into the crystalline silicon surface. In principle this
methode also works at other wavelengths and other materials. However, again the high refraction
index of silicon is very important for designing an error-tolerant high-reflection surface and the



combination of silicon and 1550 nm seems to be an excellent choice.

Of course several parameters of a material are important to judge on its suitability as a

graviational wave test mass mirror. This contribution does not aim for a comprehensive survey.
Only some other promissing properties of silicon should be mentioned here. Silicon has a
vanishing linear thermal expansion coefficient at temperatures of 125K and around 20 K [28].
At these temperatures the thermo-elastic noise of silicon is therefore minimal.
Another positive feature of silicon is its rather high thermal conductivity of about 2 W /(cm K)
at room temperature. At 125K and at 20K the thermal conductivities are even higher, of
about 10 W/(cm K) [29]. These high values would help in cooling the test mass mirrors down to
cryogenic temperatures and in avoiding the thermal lensing problem. The values for fused silica
are considerably lower, 0.015 W/(cm K) at room tempeature, less than 0.01 W/(cmK) at 125 K
and 0.001 W/(cmK) at 20K [30].

3. Laser wavelengths of 1064 nm and 1550 nm

Interferometric gravitational wave detectors require ultra-stable high-power laser radiation in
order to reach high measurement sensitivities. The higher the laser power, the lower is the
photo-electric counting noise in relation to the measurement signal, i.e. the signal-normalized
shot-noise. After many years of research and developement of solid-state laser-systems, now
ultra-stable single-mode laser radiation of more than 200 W at the wavelength of 1064 nm is
available [32]. A laser-system of such power has been developed for the Advanced LIGO detector
at the Laser Zentrum Hannover and the Albert-Einstein-Institut Hannover [31]. Systems with
powers from 10 W to 35 W have been operated in current gravitational wave detectors and a lot
of expertise at 1064 nm is therefore available.

In view of future detector generations the laser wavelength of 1064 nm also offers a rather mature
technology of generating squeezed states of light. In addition to the high-power laser light input,
future detector generations will, most likely, also have a (dim) squeezed light input into the
(almost dark) signal out-put port of the interferometer. This additional light input reduces
(‘squeezes’) the measurement’s photon counting statistics. Most importantly, with squeezed
light the shot-noise is reduced without a laser power increase, i.e. without a thermal load
increase inside the interferometer. Since even the best mirror test mass materials have a residual
absorption, this property is highly valuable for the operation at low temperatures. Suspended
test masses are highly decoupled from the environment and heating due to light absorption is
not compatible with a low temperature operation.

Squeezed light sources at 1064nm were tested in many table-top experiments and at the
suspended 40m-prototype at the California Institute of Technology [33, 34, 35]. For the first
time, a squeezed shot-noise in the audio detection band of gravitational wave detectors was
demonstrated [36, 37], a detector compatible control scheme developed [38] and the strongest
squeezing effect ever observed [39, 40].

At 1550 nm, research and developement of laser light sources for gravitational wave detectors
have just begun. FErbium-doped fibre lasers are commercially available from a number of
companies and provide up to 2W of continuous-wave single-mode laser radiation around
1550 nm. Research and developement in the area of high-power fiber amplifiers is currently
under way at the Laser Zentrum Hannover and the Albert-Einstein-Institut (AEI) supported
by QUEST (Quantum Engineering and Space Time Research), the centre of excellence at the
Leibniz Universitdt Hannover. We expect that single-mode output powers of the order of 100 W
should be achievable at 1550 nm within the next years.

Strongly squeezed light at 1550 nm was recently realized at the AEI Hannover [41]. An improved
result, squeezing of 6.4dB below the shot-noise is presented in this contribution, see Fig. 3.
Here, trace (a) represents the noise power (the variance) of the shot-noise of a laser beam with
a certain power. Trace (b) shows the squeezed noise of a laser beam with the same power. Here



the phase angle of the squeezed field quadrature is controlled, which is the setting one would
use for a measurement sensitivity improvement. The set-up used to generate squeezed light at
1550 nm is in direct analogy to the previously used set-ups at 1064nm. Starting from a few
tenths of a Watt of laser radiation at the fundamental wavelength (here 1550 nm) laser radiation
at the second harmonic frequency is produced that subsequently pumps sub-threshold optical
parametric oscillation in a second-order nonlinear crystal. The down-converted field, again at
fundamental frequency, shows the squeezed photon statistics at sub-shot-noise levels. Clearly,
the expertise gained at 1064 nm can directly be transferred in order to optimize the squeezed
light sources at 1550 nm, eventually reaching the same performances already demonstrated at
1064 nm.
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Figure 3. Noise powers at a Fourier frequency of 5 MHz, normalized to the laser beams shot
noise as shown in trace (a). Trace (b) represents the observation of 6.4 dB squeezed shot noise,
and trace (c) the observed anti-squeezing. In both traces the phase angle of the squeezed light
beam was controlled. Trace (d) shows the noise power when the phase angle was scanned.

4. Conclusion

The combination of silicon as the test mass material and 1550 nm as the laser wavelength
has a high potential to provide the building blocks of future generations of gravitational
wave detectors like the European Einstein-Telescope [42]. Silicon has excellent well-known
mechanical properties at low temperatures, in particular a high mechanical Q-factor, high
thermal conductivity, and a vanishing thermal expansion coefficient at around 20 K and 125 K.
On top of that silicon most likely shows very low optical absorption at 1550 nm of the order
10~8cm~!. The high index of refraction of silicon might be very useful to solve the coating noise
problem, for wavelengths around 1550 nm. A laser material for this wavelength region already
exists, and the developement of ultra-stable high-power lasers and state of the art squeezed light
sources at 1550 nm should be possible. We also would like to mention here that the transition
to a longer wavelength reduces Rayleigh scattering and relaxes tolerance requirements for the
generation of high-reflectivity test mass surfaces. Last but not least, silicon industry as well as
telecommunication industry already offer a great availability of ultra-pure silicon crystals and
laser optical components at 1550 nm, which certainly would ease a transition from fused silica
and 1064 nm to crystalline silicon and 1550 nm laser light.
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