arXiv:1209.1961v1 [physics.optics] 10 Sep 2012

Michelson interferometer with
diffractively-coupled arm resonators in
second-order Littrow configuration

Michael Britzger?®, Maximilian H. Wimmer 1, Alexander
Khalaidovski!, Daniel Friedrich?, Stefanie Kroker?, Frank Briickner ?,
Ernst-Bernhard Kley 2, Andreas Tiinnermanr?, Karsten Danzmanrt,

and Roman Schnabel*

1Albert-Einstein-Institut, Max-Planck-Institut fiir Griiationsphysik and Leibniz Universitat
Hannover, Callinstr. 38, 30167 Hannover, Germany
2|nstitut fir Angewandte Physik, Friedrich-Schiller-Watsitat Jena, Max-Wien-Platz 1,
07743 Jena, Germany

*roman.schnabel@aei.mpg.de

Abstract: Michelson-type laser-interferometric gravitationalvegGW)

observatories employ very high light powers as well as trassively-

coupled Fabry-Perot arm resonators in order to realize highsurement
sensitivities. Due to the absorption in the transmissiviicephigh powers
lead to thermal lensing and hence to thermal distortionshef laser
beam profile, which sets a limit on the maximal light power tyable

in GW observatories. Here, we propose and realize a Michelgoe

laser interferometer with arm resonators whose couplingpmments are
all-reflective second-order Littrow gratings. In prin@pbuch gratings
allow high finesse values of the resonators but avoid bulkstrassion of
the laser light and thus the corresponding thermal beanortish. The

gratings used have three diffraction orders, which leadhéocreation
of a second signal port. We theoretically analyze the sigesponse of
the proposed topology and show that it is equivalent to a eotiwnal

Michelson-type interferometer. In our proof-of-prin@péxperiment we
generated phase-modulation signals inside the arm remsreatd detected
them simultaneously at the two signal ports. The sum sigras shown
to be equivalent to a single-output-port Michelson interfeeter with

transmissively-coupled arm cavities, taking into accoaptical loss. The
proposed and demonstrated topology is a possible appraacfutiure

all-reflective GW observatory designs.
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1. Introduction

Today'’s laser-interferometric gravitational-wave (GVé}ectors([ll, Z,13], as well as the propos-
als for future observatoriesl[4], are based on advancedéioh-type interferometer topolo-
gies. A gravitational wave will cause a differential chamgehe interferometer’s arm lengths
and will thus result in a signal at the detection output plbrthe measurement sensitivity is
limited by quantum shot noise, the signal-to-noise ratiNR® scales with the square root of
the laser light power in the interferometer’s arms. Isshaswill effectively limit the maximal
laser power employable in future GW observatories arism fitoermal effects at mirror sur-
faces as well as inside the interferometer optics used msmtnéssion. These effects are caused
by the residual absorption within the surface and the bultened, respectively, leading to a lo-
cally varying temperature increase. Because the indeXmafation is a function of temperature,
the absorption manifests itself as thermal lensing andakwsreduced interferometer contrast
[5]. Furthermore, transmission through optical composegenerally leads to thermo-refractive
noise and photo-thermo-refractive noise[6, 7].

A promising approach to avoid thermal effects associated alsorption in the bulk ma-
terial is the employment of an all-reflective topology. Haist diffraction gratings have been



proposed as a means to split and recombine monochromdialithout transmission through

a beam splitter or a cavity-coupling mirrdr [8]. An additarenefit is that in an all-reflective

interferometer highly transmissive materials are no leregsential. This permits the use of
opaque or less transmissive but mechanically and therrfealyurable materials that would

allow cooling down to temperatures not appropriate withre&nir materials[9].

In [10], the diffractive replacement of the balanced beditiepin Michelson- and Sagnac-
interferometers was reported. In these experiments habte metal gratings with an optical
loss of about 3 % were used. Meanwhile, dielectric reflection gratingsshzecome a promis-
ing alternative. Such gratings are etched either directly a substrate or into a multilayer
dielectric coating[[11]. They have a lower optical loss arigher damage threshold. Further-
more, the diffraction characteristics are more preciselytiollable than in the case of tradi-
tional metal gratings owing to constantly improving desiglectron beam writing and etching
skills. An all-reflective Michelson interferometer with g&téctric diffractive beamsplitter was
demonstrated by Friedrict al. in [12], where an optical loss of less thar2® was achieved.

To increase the circulating light power, the GW observa®tilGO and Virgo make use
of transmissively-coupled Fabry-Perot cavities (FP des)t as shown in the simplified sketch
of Fig.[d (a). This means that — besides the beam splitter pdhtéally transmissive resonator
coupling mirrors are also exposed to high thermal load, niaéll-reflective resonator couplers
based on reflection gratings all the more interesting. Atyegrproach was the use of high-
efficiency gratings in first-order Littrow configuratidn [103], having, however, the drawback
of stringent restrictions on beam pointing and alignmied}.[An alternative with considerably
relaxed requirements is provided by the so-callede-portgratings used in second-order Lit-
trow configuration. In this topology, the diffraction effcicy of the first diffraction order is
used as the coupling efficiency to a resonator that is archpggpendicular to the grating sur-
face, while the angle of the incident laser beam and thergyg@teriod are chosen such that the
second diffraction order is back-reflected towards therlagerce. Consequently, to reach high
cavity finesses, a low-efficiency coupling and thus verylshagrating structures are required.
This considerably relaxes the demands on grating faboicgtiocesses and suggests that cav-
ities with well-defined Gaussian TEjdmodes are feasible. Low-loss three-port gratings have
been investigated theoretically and experimentally[[H}, it was shown that the single-ended
three-port-grating-coupled cavity can be employed as thecavity of a GW interferometer.
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Fig. 1. (a) Michelson-type laser interferometer with corti@nal (transmissively-coupled)
Fabry-Perot arm cavities, consisting of the coupling m&®©M; » and the highly reflective
end mirrors EM ». (b) Interferometer with diffractively-coupled arm caeg. Because of
the second-order Littrow configuration, the signal is distied into two ports that both
need to be monitored to obtain the full signal strength.



On resonance, no carrier power is lost to the additional lpecause the light fields involved
interfere destructively [17]. Hence, all power is reflectethe beamsplitter of the interferome-
ter, making an optimal power-recycling possitilel[18, 19jus, second-order Littrow gratings
are promising optical components for future high-power altdeflective gravitational wave
observatories beyond the 3rd observatory generation.

Fig.[ (b) shows a schematic of the proposed topology withattme cavities coupled in
second-order Littrow configuration. A theoretical diséassof the signal response of the
diffractively-coupled interferometer is presented intged2. It is shown that the sum signal of
the two detection ports carries the same amount of infoonats the signal of a single-output-
port Michelson interferometer with FP cavities shown in.Blda). Thus, the advantages of an
all-reflective topology can be used without the drawbackjpdntial signal loss. In sectifh 3,
the table-top prototype interferometer and the signalssomeal in the two detection ports are
discussed.

2. Signal transfer function of the second-order Littrow grating cavity

Laser GW interferometers are operated close to theik fringe which means that due to de-
structive interference almost no (carrier) light leaves $ignal port and all optical power is
reflected back to the laser. If a gravitational wave inteyagth the light fields in the FP cav-
ities, phase modulation sidebands are generated. In teeof@sconventional (transmissively
coupled) arm cavity, th&ull signal interferes constructively at the interferometsi¢gal port,
manifesting itself as an amplitude modulation on the reaidarrier light. One single detection
port is therefore sufficient to gather the full informatioradable as illustrated in Fig] 1 (a).

Fig.[2 (a) shows a linear Fabry-Perot cavity with an end mireflectivity of R = 1 (single-
ended). Independently of the cavity detuning (length), ftlecarrier light power is back-
reflected towards the source. Consequently, any phase atmiusignal generated inside this
cavity (e.g. by a gravitational wave or equivalently by a ingvend mirror or an electro-
optical modulator) is fully coupled out at the retro-reflentport. The normalized frequency-
dependent cavity-induced signal amplification for the upel lower sidebandsHQ) reads

iTrexpi(®+QL/c)]
Opa(+Q2) = 1— prp2expi(®+QL/c)]’ @
Here, 1, and p1 > are the amplitude transmissivities and reflectivities @f thirrors,® is the
cavity detuning paramete® the modulation frequenci, the cavity length, and c the speed of
light [20]. When the cavity is tuned to resonandeis equal to zero and the two sidebands are
amplified by the same factor.

In the case of a diffractively-coupled single-ended armitgam second-order Littrow con-
figuration that is illustrated in Fid.2 (b), the signal outpsi additionally influenced by the
cavity detuning and the grating parametérs [15, 16]. If tagosd-order diffraction efficiency
is minimal and the cavity is tuned to resonance, the caredd fs, as in the case of the linear
Fabry-Perot cavity discussed above, fully back-reflecteehtds the source. This means that
the interference for the carrier light is constructive a thput port (C1 in Figurgl2 (b)) and
correspondingly destructive at the forward-reflectiont|@8 [17]. The phase modulation sig-
nal generated inside the cavity, however, is split equally the back-reflected port C1 and the
forward-reflected port C3 because of the grating strucitsgmmetry[[11].

The signal amplification function is given by

niexgi(g+ e+ QL/c)
. , )
1— pop2exp2i(®+ QL /c)]
wheren; is the diffraction efficiency angy the phase shift associated with the first diffraction
order,pp the amplitude reflectivity of the grating at normal incidenandp, = 1 the amplitude

gc1(+Q) = gc3(£Q) =




reflectivity of the cavity end mirrof [15]. If phase-modiitat signal sidebands are generated in
a single cavity that is tuned to resonance, an optimal regdathering the full information) has
to be carried out in the phase quadrature. The signal tnafusfetion for the phase quadrature
readout can be written as

G(Q) = 9+Q)-g(-9Q), 3)

assuming the normalized carrier to be real and posltive 20](2 (c) shows the phase quadra-
ture readoutsG(Q)| in the singlesignal port of a resonant Fabry-Perot cavity and intthe
signal ports of a three-port-grating coupled cavity witmimial second-order diffraction ef-
ficiency. For better comparison, the parameters were chasem that the normal-incidence
power reflectivitypg of the grating equals the power reflectiv'mf of the Fabry-Perot cavity
coupling mirror and the intra-cavity optical powers arentieal. In this case, the signals of the
grating-coupled cavity (dashed lines) are each a factowofsmaller than the FP cavity signal
output (solid line). Thus, the sum signal (dotted line) isritical with the Fabry-Perot one, so
that the two topologies are equivalent with respect to tgeadito-noise ratio. If, in contrast,
merely the conventional output port is monitored (the déegort in Fig[1 (a), corresponding
to detection port 1 of Fid.]1 (b)), exactly 50 % of the signaldst. Please note that the laser
power input to a three-port grating cavity needs to be a faaftowo higher in order to achieve
the same power build-up as in a linear cavity|[15].
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Fig. 2. (a) Signal response of a single-ended standing-Wwatey-Perot (FP) cavity. Both,
signal and carrier light fields are back-reflected towarddabker source. (b) Signal response
of a single-ended three-port grating cavity with reflecponts C1 and C3. While the carrier
interferes destructively at C3, the signal is distributediadly among the two ports. (c)
Phase-quadrature readout at the FP output port and at tte @DIC3. The dotted line
shows the sum of the C1- and C3-signals, being identicaled-th reference. As cavity
parameters, values realisable in LIGO were choses: 4 km, pg =1- 2nf = 99.5%,

pf =1- Tf = 995%, N> = Nomin. The two cavities were tuned to resonance, the intra-
cavity power was identical.

3. Experimental setup and results

Figure[3 shows the layout of the experiment. The laser souasea single-mode Nd:YAG laser
(non-planar ring oscillator, NPRO) operating at 1064 nme Tdiser output was transmitted



through a ring mode-cleaner cavity to provide a spectraily spatially filtered beam in the
TEMgo mode [21]. A set of cylindrical lenses was employed to modgseim this beam to the
eigenmode of the grating arm cavities|[19].

The two diffractive cavity couplers used in the experimeatevcut from a single dielectric
three-port grating. The binary grating structure was emitand etched in the topmost $iO
layer of a highly reflective multilayer coating applied orgd" x 1" large fused silica sub-
strate. The grating had a period @ 1450 nm for a first-order diffraction angle of @nd a
second-order Littrow angle of incidence of.27 at a laser wavelength of 1064 nm [11]. The
grating design was chosen such that for a first-order diffsacefficiency ofnl2 = 3.3% the
second-order diffraction efficienay? = 0.04% was close to the theoretical minimal bound-
ary value [15]. The grating was first characterized via a firameasurement using the set-up
discussed if[17] and then cut into two parts to provide tvemtétal diffractive cavity couplers.

The arm cavities had a lengthbf= 81.5cm each. To generate the phase-modulation signals
simulating the effect of a GW, electro-optical modulatdE©Ms) were placed in each arm,
applying a modulation at 13.7 MHz. The highly-reflectiveitgend mirrors were mounted on
piezoelectric transducers (PZTs). To stabilize the caeihgth, a Pound-Drever-Hall (PDH)
locking scheme[[22] was used. The modulation frequency lier RDH error signals was
15MHz. The error signals were detected at the respectiweaial-reflected grating port C3
using a partially transmissive mirror with a power transsiua of 8 %. With the two cavities
being resonant, the contrast at the main interferometenisgéitter BS1 was 98.7 % . The main
interferometer was locked via an internal modulation sa§Z]. For this, phase-modulation

Spectrum Analyzer

BS1
50:50
<&

Cylindrical Lenses X Z
% Mirror on PZT e
D HY Servo Detection 1 / 7

@ Mixer @ Frequency Generator

J

Fig. 3. Schematic of the prototype experiment. The mainrfietemeter was operated
"close to the dark fringe” at the detection port, and thuscatall carrier light was back-
reflected to the laser. To generate phase-modulation signéde arm cavities, two electro-
optical modulators (EOMs) were used. The EOMs were drivepiase-locked frequency
generators, the signal frequency was 13.7 MHz. The signere arought to interference at
the beam splitters BS1 and BS2 and recorded at the photaaet&D1 and PD2, respec-
tively. The photo detector output was analyzed with a R&SP spectrum analyzer.



sidebands at 493 kHz were generated using the steeringrioated in the coupling path
of grating cavity 1. The error signal detected at PD1 was dkiiabed at the modulation fre-
quency and fed back to the steering mirror. The chosen aperpoint of the interferometer
was close to the dark fringe so that a local oscillator beara &elf-homodyne readout scheme
was available. The signal fields transmitted at the forwaftkction ports C3 of the two arms
were brought to interference at another balanced beantesgl8S2). To stabilize the phase
relation of the two beam splitter input fields another in&#modulation scheme at a sideband
frequency of 343 kHz was employed. The control signal wadterk to another PZT-mounted
steering mirror as shown in Figl. 3. At the second beamspiitt®ntrast of 96.0 % was realized.
The AC-gains of the two photo detectors PD1 and PD2 were wiirehatched.

Figurel4 shows the results obtained at the two signal outpis pTrace (a) shows the signal
that was measured by PD1 if only EQNh the north arm was actuated. The modulation depth
was adjusted to generate a signal with a peak power of -60 dBra fesolution bandwidth
of 3Hz. An equally strong signal was produced in grating tyafiusing EOM as shown in
Fig.[ (b). If the EOMs were now actuated simultaneouslypihase relation of the EOM'’s sig-
nal generators determined the interference of the sigealsrig the two arm cavities and com-
bined at BS1. The maximal destructive interference, legathra residual signal of94 dBm,
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Fig. 4. (a,b) 13.7 MHz signal generated by E@jand detected by PDIn these measure-
ments, no signal was generated simultaneously by the otB&t.H'he modulation depth
was adjusted to generate60 dBm-signals. (c) EOMand EOM were operated simulte-
neously, the relative phase between the driving electrid fias adjusted for maximally
destructive interference. (d) same, the relative phaseshiéted byt to obtain maximally

constructive interference. The signal amplitudes add upe@ntly, leading to a signal
power increase by 6dB. (e-h) same as (a-d), but detected by R a discussion of
signal strengths and loss see text.



was realized at a phase relation of &hd is shown in trace (c). The deviation from the theo-
retical value of 0 is due to the residual differences of the two gratings (erigirmating from
the cutting process and local variations), and to diffesgral responses of the two EOMs as
well as to differing electrical signal paths (cabling).

When a phase shift of 180vas applied to one of the EOMs, the maximal constructive
interference of the two signals was achieved, the resudtsleown in FigurEl4 (d). As expected,
the signal increased by 6 dB or a factor of four-t64 dBm. The factor ofour is due to the
fact that the two signadmplitudesadd up coherently when the two EOMs are operated in
differential mode. The signal power that is proportionahte square of the sum amplitude thus
increases by a factor of2

The lower part of FigurEl4 shows the signals measured in tietegort 2. The signals gen-
erated by EOM and EOM were —62.4dBm and-65.4 dBm, respectively [Fid] 4 (e,f)]. The
signal loss with respect to port 1 was due to a combinatiorropggation loss and unequal
electronic stabilization loops. For EQMhe total signal loss was 43 %, and 71 % for EQM
The optical propagation loss was due to the partially trassirre steering mirror required for
error signal generation as well as to absorption by opticalmonents. Furthermore, the optical
path to port 2 considerably exceeded the path length to paa that air perturbations had a
stronger effect in terms of beam pointing fluctuations and timanifested itself as a fluctuating
fringe visibility. The stronger loss for EOpAvas mainly due to the PZT-mounted steering mir-
ror in this path that led to beam pointing fluctuations. Iniidd, the length stabilization loop
of grating cavity 2 had a lower stability than the one for grgicavity 1.

The constructive interference of the two EOM signals in @det shown in Figurgl4 (h). The
signal strength was-57.5dBm and thus corresponded the measurements of the &Vl
signal levels [Figl¥ (e,f)]. For all measurements, the stoige level was with a value of about
—125dBm similar in the two ports, as was the dark noise witl29.5 dBm. The signal-to-noise
ratio was limited by quantum shot noise, no technical las&@ewas present at the frequencies
of interest. The sum of the signals recorded in port 1 and pdFigure[4 (d) and (h)] is by
26 % smaller than the value theoretically expected for tipelagy in the case that no signal
loss is present. It is, however, still by 46 % larger than tigea from the single port 1. This
experimentally confirms the theoretical concept of the peggl topology and its property of
having the same measurement sensitivity as a single-eptptiMichelson interferometer with
transmissively-coupled FP arm cavities.

4. Conclusion

We have proposed and analyzed a Michelson-type laser énbeneter with diffractively-
coupled arm resonators. A proof-of-concept table-top BrpEnt was set up using dielec-
tric binary-structured three-port gratings with minimakend-order diffraction efficiency in
a second-order Littrow configuration. This topology intnods a second signal output port in
addition to the one in a conventional Michelson-type irgesfmeter. The signal generated in-
side the arm cavities splits equally into the two ports. Weeltheoretically shown that the full
signal power can still be recovered if the two signal ports monitored and that this signal
power is identical to the one of a single-output-port Micloal interferometer in the case of
equal cavity parameters and intra-cavity powers. Thisltess verified in a proof-of-principle
experiment. The sum signal power was only slightly degramedptical loss and imperfect
electronic control loops. Our topology has an applicatioffuture precision metrology in all
cases when light absorption in bulk optical materials sdisiia for the achievable measure-
ment sensitivity. The conventional beam splitter emploiyethe work presented here can in
principle be replaced by a purely reflective grating beanitspl as already demonstrated in
[12]. In particular, we consider our topology to have an agtion in future (ground-based)



gravitational wave observatories.
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