©
2019 2021

Crystalline mirrors with minimal thermo-optic noise for space-time metrology

Crystalline mirrors with minimal thermo-optic noise for space-time metrology

Flaminio, Raffaele

2,600,000

GaAs/AlGaAs AlGaAs

2.5cm
AlGaAs 10cm

AlGaAs

The thermal noise of the mirrors used for the detection of gravitational
waves is one of the main limitation to the detector”s sensitivity. In this research we investigated
mirrors based on GaAs/AlGaAs multi-layers coatings (called AlGaAs mirrors). We evaluated, for the
first time, the effect of the thermo-optic noise in mirrors used with small laser beams as the ones
used in table-top short optical cavities for the direct measurement of mirror thermal noise. In
parallel, we characterized the optical performances of a 2.5 cm diameter AlGaAs mirrors optimized so

to minimize its thermo-optic noise. We measured its scattering, its roughness and its point
defects. Finally we realized AlGaAs mirrors with 10 cm diameter and we measured their optical
performances.
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1. HRFARIVOER

Gravitational waves are ripples of space-time predicted by Einstein in his theory of general relativity. Their
detection allows to “see” phenomena invisible to other types of astronomical observatories. Indeed,
gravitational waves from the merger of black holes observed first by Advanced LIGO in the USA and,
afterwards, by Advanced Virgo in Europe have revealed a new family of black holes never seen before. The
first observation of a gravitational wave from the merger of two neutron stars in coincidence with the
detection of a gamma ray burst, and the subsequent observation of the explosion by many ground-based
and space observatories, have produced a plethora of results. These observations marked the beginning of
gravitational wave astronomy. More mergers of black holes and neutron stars will be observed as the
detectors sensitivity will be improved. New types of gravitational wave sources will become visible. For
all these reasons, the increase of the sensitivity of gravitational wave observatories is a priority for
fundamental physics and astronomy.

Gravitational wave detectors are based on Michelson-type laser interferometers with arms several km in
length. The mirrors of the interferometers are large cylinders made of fused silica or sapphire, coated with
high reflectivity coatings, and suspended to complex vibration isolation systems. An ultra-stable laser beam
measures the change in the interferometer differential arm length. The length variations to be measured are
tiny, of the order of 10-1° m. At this level of sensitivity, the mirror thermal noise limits the performances in
the region of frequencies where the detector sensitivity is the best i.e. around 100 Hz. In order to improve
the sensitivity of these detectors it is thus essential to reduce the mirror thermal noise. According to the
fluctuation-dissipation theorem, the position of any mechanical system is affected by fluctuations whose
amplitude depends on the system’s internal friction. This implies that the mirror thermal noise can be
reduced if the mirror internal friction in the detector bandwidth is reduced. Measurements have shown that
most of the friction in the mirrors resides in the high reflective coatings. For this reason, scientists are
looking for high quality optical coatings with the lowest possible mechanical losses. High quality optical
coatings used in mirrors for gravitational wave detectors are made of amorphous materials deposited by ion
beam sputtering. The best material found so far are silica for the low index of refraction material and a
titania/tantala mixture for the high index material. In general, crystals have lower mechanical losses than
amorphous materials. This consideration has pushed the development of coatings based on crystalline
coatings. So far, the best results have been obtained with multilayers made of AlAs and GaA (usually
referred to as AlGaAs coatings). The AlGaAs coatings have internal mechanical losses about ten times
smaller than the coatings currently used in gravitational wave detectors. Moreover, while mechanical losses
in amorphous coatings increase at cryogenic temperature, the AlGaAs coatings improve, making these
coatings a good candidate also for gravitational wave detectors operated at cryogenic temperature like
KAGRA.

2. IROBMN

The purpose of this project is to develop new crystalline mirrors with lower thermal noise. This
development will affect several fields of basic research. Indeed coating thermal noise does not affect only
the performances of gravitational wave detectors. Other fields of research making use of high finesse optical
cavities face similar issues. Among these, there are optical atomic clock, quantum opto-mechanics and
cavity quantum electro-dynamics.

The development of crystalline coatings has shown that these coatings have lower internal friction and so
lower coating Brownian noise. On the other hand, thermo-elastic noise and thermo-refractive noise have a
stronger impact in crystalline coatings than in standard amorphous coatings. These two noises turn out to
be coherent since they are both driven by thermo-dynamical fluctuations in the coatings. For this reason,
they are collectively referred to as thermo-optic noise. In some materials, the two effects (density and index
of refraction variation with temperature) tend to compensate since the index of refraction decreases when
the material expands. Therefore, by properly designing the coating structure it is possible to achieve a good
compensation thus reducing the total thermo-optic noise. Such a design requires a detailed modeling of the
thermo-elastic and thermo-refractive noise in the coating layers. In this project, we wish to do such a
detailed modeling and to use it to develop crystalline mirrors with minimized thermo-optic noise. At the
same time we wish to check that the thermo-optic minimized design is compatible with the required optical
specifications of high reflectivity, low optical absorption and low light scattering. To our knowledge such
a detailed modeling and design has not been done so far. Finally yet importantly, we wish to develop
AlGaAs mirrors with larger diameter compared to the ones built so far.

3. WROAE
The research methods followed three main lines.
First, we developed a model to calculate the effect of thermo-optic noise in multilayer coatings as a function



of the coating design, coating material parameters, beam size and beam shape. In particular, we were
interested in calculating how this noise changes when the beam size becomes small compared to the thermal
propagation length of the heat in the coating material. This is more relevant for crystalline coatings since
these materials conduct heat more efficiently than amorphous materials. We were also interested in studying
the case where the coatings are illuminated with a Hermite-Gauss beam i.e. not a simple Gaussian beam.
Both these studies were motivated by the fact that small and high order modes laser beams are used to
measure the effect of thermal noise with tabletop short high finesse cavities.

In parallel, we develop a one inch mirror whose coating design had been optimized to minimize the effect
of thermo-optic noise. This work was done in collaboration with the company CMS. The optical
performances of the mirror were characterized in terms scattering, roughness and point defects.

Finally yet importantly, we develop the technology to build crystalline AlGaAs mirrors 10 cm in diameter.
To this purpose, we first realize 10 cm AlGaAs coatings on 10 cm diameter GaAs wafers. Then we
characterized these coatings to measure their scattering as well as their roughness and their point defects.
Finally, we developed the technique to transfer these relatively large coatings on 10 cm diameter silica
substrates.

4. TRRKRE

Coating thermo-optic noise is the coherent combination of thermo-elastic noise and thermo-refractive noise,
both driven by temperature fluctuations in the mirror. The evaluation of these noises in the case of laser
beams much larger than the heat propagation length in the mirror is well known. Table-top prototypes
aiming at measuring the coating thermal noise do not satisfy this condition and for this reason we developed
a general model. In order to do so, we first consider the coating as a single thick layer of material having
properties equal to the average of the two materials composing the multilayer stack. We then solve the heat
propagation differential equation when entropy is injected into the coating. To calculate the case of the
thermo-elastic noise entropy was injected in the entire coating while in the case of thermo-refractive noise
entropy was injected only at the coating’s surface. The two cases were then combined coherently and from
the temperature distribution in the coating we deduced the thermo-optic noise i.e. the equivalent mirror
displacement noise as measured by a laser beam. The result is shown in the Figure below.
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Figure 1. Thermo-optic noise in mvHz as a function of frequency (Hz) for Ti:Ta205/SiO2 coating and
GaAs/AlGaAs coatings and a laser beam 100 gm in radius. The straight lines show the same noise
evaluated in the adiabatic approximation i.e. when the laser beam is much larger than the heat propagation
length in the mirror materials.

At low frequency, the heat propagation length becomes larger than the beam size and the noise is smaller
than the one foreseen by the adiabatic approximation. Similarly, at high frequency the noise is entirely due
to the temperature fluctuations in the coating, which are smaller than in the substrate. Both effects are
stronger in crystalline coatings thus making the difference with respect to the adiabatic model larger in this
case.

We then developed a more detailed model of the thermo-optic noise considering the multilayer structure of
the coating. The results in the case of a multilayer coating is shown the figure below.
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Figure 2. Thermo-optic noise in mvHz as a function of frequency (Hz) for a Ti:Ta,0s/SiO2 coating and a
laser beam 100 zm in radius. The monolayer model and the multilayer model are compared.

The result show that the two models gives very similar results and the same features at low frequency and
at high frequency.

Following the results from the simulation as well as other works available in literature, we realized a mirror
whose multilayer had been optimized to minimize thermo-optic noise. This was done in collaboration with
the CMS Company. The optimization was done by varying the layers thickness so that the thermo-elastic
noise originating from the bulk of the coating and the thermo-refractive noise originating from the layers
closer to the coating surface compensate each other as much as possible. A picture of the mirror is shown
in the figure here below.

\9
Figure 3. 1-inch diameter mirror made of an optimized GaAs/AlGaAs coating in order to minimize the effect
of thermo-optic noise.

The mirror was characterized in terms of scattering, point defects and roughness. The measured average
scattering was about 9 ppm. This is a very good value, comparable to the one measured on the large mirrors
used for gravitational wave detection. The density of point defect was 0.5 defects per mm?. This is only a
factor of two larger than the one measured on the mirror used for gravitational wave detection. Finally, the
roughness was measured and found to be about 1 angstrom, similar to the value measured on the mirrors
used for gravitational wave detection. Overall, the quality of the mirrors appeared very close to the
specifications required for the mirrors of gravitational wave detectors. It should be noted that this was a 1-
inch mirror, so very small compared to the 35 cm diameter mirrors used in gravitational wave detectors.
Realizing these mirrors on such large diameter is the challenge to address in order to use this technology in
gravitational wave detectors.

The last part of this research was indeed to develop GaAs/AlGaAs mirror 10 cm in diameter.

We first realized and characterized multilayer GaAs/AlGaAs coatings grown by Molecular Beam Epitaxy
on 10 cm diameter GaAs wafers. Two type of coatings were realized. The first was made by a thick etch
stop AlGaAs layer, a GaAs/AlGaAs doublet and finally a thick GaAs layer. The second coating was similar
but instead of a single doublet there 35 doublets between the two thick layers. These coatings were
characterized in terms of scattering and point defects. Moreover, the transmission was measured as a



function of the wavelength to check that they comply with the optical design. The figure below show the
transmission of the “doublet” type of coating as a function of the wavelength. The measured spectrum
agrees well with the model.
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Figure 4. The spectrum of the reflection of the “doublet” type GaAs/AlGaAs coating as a function the
wavelength. The measurement is compared to the model.

The scattering measured on the multilayers was in the range 75 ppm to 90 ppm depending on the sample.
The density of point defects was about 1 to 2 per mm?. Even if these values were not as good as the one
measured on the small mirror we decided to proceed with the transfer of the coatings from the original
GaAs wafer to the final silica substrates. The latter were 10 cm diameter and 500 pum thick silica wafers.
The first step of the transfer was the cleaning and the preparation of the coating surface. Then a 500 nm
think silica layer was deposited by Plasma-Enhanced Chemical Vapor Deposition on the top of the coating.
After deposition, the surface was polished via a chemical-mechanical polishing. A similar polishing process
was applied on the silica surface in order to have a smaller roughness. Once the two surfaces had been
properly prepared, they were brought into contact and adhered. Finally, the last part of the process consist
in removing the original GaAs wafer so to leave only the coating on the silica substrate. This was done
using grinding and then chemical etching.

This process was applied first to the “doublet” type coating and then to the multilayer. The pictures below
show the GaAs/AlGaAs doublet coating and the multilayer after transfer on the silica wafer.

¥

e ———

Figure 5. The doublet (left) and the multilayer (right) after the transfer on the silica wafer.

The transmission spectrum of both coatings were measured and were found to agree well with the design
of the original coating.

In the case of the doublet, we also perform several optical characterizations. We measured again the
scattering, the point defects and the roughness. All these parameters were found to be comparable to ones
measured before the transfer showing that the transfer had kept the quality of the original coating. In the
case of the point defects a small decrease in their density was found. This can be explained as defects
develop during the Molecular Beam Epitaxial growth so that their density is lower in the first layers i.e. the
ones that are at the top of the coating after the transfer.
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