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Abstract: We report on the first demonstration of a fully suspended 10m
Fabry-Perot cavity incorporating a waveguide grating a&sdbupling mir-
ror. The cavity was kept on resonance by reading out thehdhgttuations
via the Pound-Drever-Hall method and employing feedbackheolaser
frequency. From the achieved finesse of 790 the grating teflgcwas
determined to exceed % at the laser wavelength of 1064 nm, which
is in good agreement with rigorous simulations. Our wavegujrating
design was based on tantala and fused silica and include@@nm thin
etch stop layer made of AD3 that allowed us to define the grating depth
accurately during the fabrication process. Demonstrasiadple operation
of a waveguide grating featuring high reflectivity in a susged low-noise
cavity, our work paves the way for the potential applicatoddrwaveguide
gratings as low-noise mirrors in high-precision interfesdry, for instance
in future gravitational wave observatories.
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1. Introduction

Upcoming ground-based laser interferometric gravitaiomave detectors such as Advanced
LIGO [1], Advanced Virgo [2], GEO-HF [3] and LCGT [4] are exgted to be limited by
thermal noise in their most sensitive frequency band ardudtHz. Currently, strategies for
detectors beyond the 2nd generation, such as the 'Einsgd@sdope’ [5, 6], are being devel-
oped aiming for a ten times better sensitivity. Followingvinés approach [7, 8] mechanical
dissipation located at a mirror front surface contributeserthan the same dissipation within
the substrate. The dominant contribution to thermal naiséhé detection band of advanced
detectors arises from multilayer coatings made of tantathsilica, used for highly reflective
test mass mirrors at a laser wavelength of 1064nm [8, 9]. elemceduction of the amount
of mechanically lossy coating material is expected to inaprthe coating Brownian thermal
noise of a test mass mirror. One approach being considetegisesd on resonant waveguide
grating structures as a substitute for commonly used rayéil coatings. In particular, broad-
band waveguide grating structures under normal incideace been proposed as an alternative
concept for test mass mirrors, providing high reflectivityile having significantly less [10], or
perhaps even no [11], additional coating material. Bothcepits have been successfully real-



ized and tested in bench-top cavity experiments where tteelst reflectivities seen so far are
99.08% at 1064 nm [12] and 989 % at 1550 nm [13].

Here, we report on the next step towards the implementafiovaweguide grating mirrors
in large-scale gravitational wave detectors, namely thefige as a coupling mirror in a fully
suspended low-noise prototype environment. Therefore Glasgow prototype facility [14,
15, 16] was commissioned to incorporate a custom made waleguating mirror in a 10m
linear Fabry-Perot cavity. We could demonstrate stableadjos of the waveguide cavity with
a measured finesse of about 790. The waveguide grating desigibased on a tantala layer
and silica substrate having an additional etch stop layéd §©3, which allowed us to define
the grating depth accurately in the fabrication processrdflectivity was determined to be
> 99.2%, which is the highest reflectivity of such a device repbrdéea laser wavelength of
1064 nm so far.

2. Waveguide grating mirrors under normal incidence

A nanostructured waveguide layer can provide resonantagiar of an incoupling light field,
which results in anomalies of its reflection coefficient lthea leaky waveguide modes as
first found by Hessel and Oliner [17] and later experimeptabnfirmed for a first and ze-
roth diffraction order [18, 19]. This property is, for ingtze, widely investigated for use in
narrowband filter applications [20]. However, broadbandigies under normal incidence as
investigated in [10, 11, 21, 22] are favourable for the pagpof highly reflective surface mir-
rors in high-precision interferometric experiments, siticey are less sensitive to parameter
deviations. The basic principle of a waveguide grating onitmder normal incidence is shown
in Fig. 1(a) using a ray picture [23]. It follows the idea ofviveg a single nanostructured layer
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Fig. 1. (a) Principle of a waveguide grating mirror under normal inaigeim a ray pic-
ture. The incoupled first order diffracted rays are guided via totalnateeflection at the
substrate with index of refractiom < ny. The outcoupling at the grating structure is a
constructive interference if all grating parameter are designed pyppence, providing
100% reflectivity. (b) Equivalent waveguide grating architecture redlin this work, in-
cluding an AbO3 layer as etch stop in order to define the grating depth in the fabrication
process.

with high index of refractiomy on a substrate having a lower index of refractiomgafincident
light of wavelengthig can then be resonantly enhanced for subwavelength gratungsres if
the grating parameters, namely the grating pedodaveguide layer thicknessgrating depth

g and fill factor f (ratio of ridge widthb and grating periodl), are designed properly. From
the grating equation one can derive a lower boundary for thérg period that permits the
propagation of first diffraction orders in the waveguidedagind an upper boundary that allows
guidance of light due to total internal reflection at the ifsiee of high and low index of refrac-
tion materials [10]. The same boundaries simultaneousiipit higher diffraction orders in



air (> 0) and the waveguide layer(| + 1|). As a result, the grating periatlis restricted to a
range of
487nm= Ap/ny < d < Ag/n. = 734nm Q)

for tantala (TaOs) with ny = 2.186 and fused silica (SK¥) with n. = 1.45 at a wavelength
of Ag = 1064 nm. This restriction is illustrated in Fig. 2(a) by meaf Rigorous Coupled
Wave Analysis (RCWA) calculations [24] for a tantala grgtstructure and TE-polarized light
(electric field vector parallel to the grating ridges). Thieite lines mark the upper and lower
boundary for the grating period with respect to the indicesefraction for the substrate and
waveguide layer material, respectively.
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Fig. 2. (a) First order diffraction efficiency from a tantala grating & 2.186,g = 390nm,
f = b/d = 0.38, TE-polarization) into a material with varying index of refractign il-
lustrating the range of the grating period that allows for resonant excitaigoredicted
by Eq. (1). (b) If an etch stop layer with index of refractiog = 1.66 is implemented,
coupling into the waveguide occurs foe> Ag/ny independent of its thickness

For the waveguide grating described in this article, we haygemented an additional thin
layer of AlLOs (see Fig. 1(b)), which was used as an etch stop (there is adoigtiast of
etching rates between AD3 and TaOs) to define a particular grating depth in the fabrication
process. Its index of refraction ofy = 1.66 is high enough to allow first order coupling to
the waveguide layer ifl > Ao/nm holds for the grating period independent of the etch stop
layer thickness (see Fig. 2(b)). In particular for a thickness of only a femommeters there
is no significant influence on the coupling efficiency and eguuently the waveguide grating’s
optical properties in comparison with the conventionaigie¢s — Onm in Fig. 2(b)).

The starting point for the fabrication was a standard 5ingedl silica mask blank coated
by a layer system of tantala £ 80nm), AbO3 (s= 20nm) and tantalag(= 390nm). A top
chromium (Cr) layer of 60nm thickness was attached onto dlyerl system, serving as the
mask during tantala etching. This mask was realized by spétireg the whole sample with
an electron beam sensitive resist and applying electrombi&@ography for an area dfL0 x
15)mm aiming at a grating period df= 688 nm, which satisfiedy/ny < d < Ag/n., and a fill
factor of about (8. After resist development the chromium layer was stinectiy utilizing
an Inductively Coupled Plasma (ICP) dry-etching processally the binary chromium mask
was transferred only into the upper tantala layer by meaas ahisotropic Reactive lon Beam
Etching (RIBE) process supported by the high etching cehtvatween tantala and AD3. A



scanning electron microscope (SEM) cross-sectional inohgefabricated structure from this
process is shown in Fig. 3(a), which is based on the same &gtem and etching process
but different fill factor as the one used in the experimente Sample preparation for SEM
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Fig. 3. (a) SEM image of a fabricated waveguide grating structure.gxdehe fill factor
all parameters are the same for the sample investigated here. (b) Galcrdéectivity
(RCWA) of a waveguide grating under normal incidence for the patarsenarked in the
SEM image and a fill factor of = 0.38. The white lines mark an area of reflectivity99 %.

characterization was done by using a focused ion beam (FH¢hmequires covering the
grating spot of interest by a platinum (Pt) layer (see Fig)B(This image also shows the
residual chromium mask, which was removed prior to sampbicagion.

Corresponding to the values for the grating parametersigiv&ig. 3(a), RCWA was used
to predict the reflectivity for TE-polarized light and a fildtor ofb/d = 0.38 (see Fig. 3(b)).
These results indicate that reflectivities higher 99 % aasifde, within parameter uncertainties
of a few nanometers that are difficult to resolve on the bdtlssoSEM image. The most crucial
parameter here is the tantala layer thickriegsvariation of this layer thickness b3 nm leads
to an absolute decrease in reflectivity=efl %, since the area of high reflectivity in Fig. 3(b)
shifts to larger grating periods with smaller waveguideetahickness (not shown here).

We would like to note, that the etch stop layer design in ppiecoffers the possibility to
reduce the grating deptihof an already fabricated grating sample without affectimg dther
parameters by means of an additional etching step, whichdtdseen done yet for our investi-
gated device. According to Fig. 3(b) this could efficienteyused in conjunction with a slightly
smaller grating period (or in case of a tantala layer thiskhe: 80 nm), which enables to cross
the area of high reflectivity with decreasing grating depth.

3. The 10 meter waveguide grating cavity

Figure 4(a) shows a schematic overview of the section of tlesdgdw 10m prototype used
for the work described in this article. A Nd:YAG laser at a wkangth of 1064 nm is spatially
filtered by a single-mode fiber before being injected to theuuan system and guided to the
waveguide cavity via a beam splitter (BS) and a steeringan{i$M) that both are realized as
double suspensions. The cavity mirrors are suspendegbespgendulums (see Fig. 4(b)) based
on the GEO 600 suspension design [25]. While the end mirroravesnventional multilayer
mirror with a nominal power reflectivity of »|> = 0.9996 the coupling to the cavity was real-
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Fig. 4. (a) Schematic of the prototype facility including the laser benchyuracsystem and
waveguide cavity having a length ef 10m. The cavity was stabilized using the Pound-
Drever-Hall scheme also depicted at the laser bench. (b) Intermedidtewer stage of the
triple suspension system used for the cavity mirrors. Behind the main &t ansecond
triple suspension carries the so-called reaction mass, which is usedao et main test
mass. (c) Test mass with the waveguide grating mirror (area gf®mm) attached.

ized with the waveguide grating mirror having an aredXix 15) mm (see Fig. 4(c)). Their
separation waso = 9.78m, yielding a free spectral range BSR= c/(2Lg) = 15.33MHz
with ¢ being the speed of light. The radius of curvature of the emdam{=~ 15m) defines the
beam waist diameter on the plane waveguide grating tobe®, which is at least three times
smaller than the grating. Therefore, we assume any powsesofom beam clipping to be
negligible.

For all measurements the vacuum system had been evacuatddtd mbar in order to sup-
press acoustic noise and residual gas pressure noise. Vityecoauld be stabilized on resonance
using the Pound-Drever-Hall scheme [26]. A phase modulattd.8 MHz was imprinted on to
the incident light via an electro-optical-modulator (EQMphich is equivalent to sidebands at
Q = 2.67MHz from the first FSR. The reflected light was detected With photodiode PP
and electronically demodulated resulting in an bipolabesignal with zero crossing at the
cavity resonance, which was fed back to the laser frequénéyig. 5 the reflected light power
(red trace) and the error-signal (green trace) are showite Wie laser frequency was ramped.
The reflected signal for the stabilized cavity (blue tradejves a visibility of~ 0.6, which is
only a lower value due to power present in higher order moddssagnal-sidebands.

The cavity finesse was already high enough to exhibit the myeed effect of ringing for
a sweep through resonance as shown in Fig. 6 for differembmielocitiesv. Therefore, the
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Fig. 5. Cavity scan via tuning of the laser frequency. Reflected powéti@ce) and Pound-
Drever-Hall error-signal (green trace) detected with the photodiB®gsand P, respec-
tively. The reflected signal for a stabilized cavity (blue trace) indicatésibilty of > 0.6.
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Fig. 6. Typical measurements of the transmitted light of a swept cavignesse for dif-
ferent mirror velocities (red trace). Theoretical results for the transmitted pdagl® are
based on Eq. (3) with;r, = 0.996 (black line), which corresponds to a cavity finesse of
790. Hence, a lower boundary for the waveguide grating power tisftgds |r1|? > 0.992.



cavity end mirror was pushed longitudinally via its reantinass (magnet-coil-actuators). The
end mirror’s velocity with respect to the coupling mirrorss@etermined via

202 1
V= Fsr2ar’ @)
whereQ is the sideband frequency at6Z MHz andAT is the separation in time of the two
sideband signals around resonance.

The theoretical model for the light field dynamics of a swemptity used here (see e.g. [27])
is based on a constantly moving end mirror with a velogitg ¢, giving a time dependent
cavity length ofL(1) = Lo+ vt. The transmitted fielaér(7) consists of a number of partial
beamsay, that have undergone+ 1 cavity transits. Their sum is written as

ar(1) = a0 3 tuta (rar)™ " explig(1). ©)
m=1

wheregg is the incident light field andq,t; andry,t; denote the amplitude reflectivity and
transmissivity of the coupling and end mirror, respectivéhe round-trip phase for tha-th
partial field can be approximated to

2n(r) 2Ly 2

—m(m-—1) c v/\ , (4)

Gn(7) ~ (2m—1)

with the assumption that the cavity length change with eacnd-trip is negligible for calcu-
lating the round-trip time~ 2Ly /c. The first term in Eq. (4) describes a cavity where at each
time T an equilibrium for the intra-cavity field is reached thusigiythe well-known airy peaks.
The second term does account for additional phases due motheero round-trip time of light
with respect to the mirror motion.

The theoretical results in Fig. 6 are based on a product ofitude reflectivities ofrirp =
0.996+0.0005, which yields a cavity finesse of 720.00. The error given here arises from the
uncertainty of the cavity length af0.1 m and measured time separationof 3%, which both
determine the mirror velocity via Eq. (2). If we assume a @etrend mirror, = 1 and zero
round-trip loss a lower value for the waveguide grating povedlectivity is [r1|? > 0.992+
0.001. This value is in good agreement with the numerical teshown in Fig. 3(b) thus
supporting the principle of the waveguide grating architezinvestigated here.

4. Conclusion

We have demonstrated stable operation of a fully susper@ledchvity incorporating a waveg-
uide grating as coupling mirror, which is a key step towalasdpplication of waveguide mir-
rors as test masses of future gravitational wave detecdocavity finesse of about 790 was
determined from the deformation of airy peaks (i.e. ringéfigct) for a sweep over the cavity
resonance. The corresponding waveguide grating reflgctfi> 99.2% is, to the best of our
knowledge, the highest grating based reflectivity everizedlfor a wavelength of 1064 nm.
The result is in good agreement with rigorous simulatiohastsupporting the principle of
the investigated design, which in principle enables adeucantrol of the grating depth via
further etching. Whether the optical and mechanical praggedf an additional thin etch stop
layer made of AJO3 can meet the strict requirements for future detector tessemneed to be
further investigated.

In future we also plan to characterize in more detail theeperformance of the suspended
waveguide mirror. A special focus will be put on investiggtthe level of any potential phase
noise coupling from side motion [28] of the waveguide mirror
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