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We report on the first experimental demonstration of higher-order Laguerre-Gauss (LGf;) mode
generation and interferometry using a method scalable to the requirements of gravitational wave (GW)
detection. GW detectors which use higher-order LGf, modes will be less susceptible to mirror thermal
noise, which is expected to limit the sensitivity of all currently planned terrestrial detectors. We used a
diffractive optic and a mode-cleaner cavity to convert a fundamental LG) Gaussian beam into an LG}
mode with a purity of 98%. The ratio between the power of the LGg mode of our laser and the power of the
LG% transmitted by the cavity was 36%. By measuring the transmission of our setup using the LG8, we
inferred that the conversion efficiency specific to the LG; mode was 49%. We illuminated a Michelson
interferometer with the LG3 beam and achieved a visibility of 97%.
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Gravitational waves (GWs) are ripples in the metric of
spacetime that propagate at the speed of light and can act as
carriers of astrophysical information. GWs emitted by
nearby strongly gravitating systems (such as black hole
or neutron star binaries) are expected to be detectable on
Earth. The currently operating ground-based GW detectors
such as Virgo [1] and LIGO [2] are Michelson-based
interferometers with Fabry-Perot cavities in the arms.
These first generation detectors approximately reached
their design sensitivities and completed several observa-
tional runs, but no detections have been reported so far.

Planned upgrades to these GW detectors should signifi-
cantly increase their sensitivity. The upgraded detectors

PACS numbers: 04.80.Nn, 42.25.Fx, 42.60.Da, 42.60.Jf

(Advanced Virgo [3] and Advanced LIGO [4]), as well
as future GW detectors such as the Einstein Telescope [5],
will be limited by mirror thermal noise in the central region
of the detection band (around 10> Hz). This noise arises
from fluctuations of mirror surfaces under the random
motion of particles in coatings and substrates [6,7].

One option to decrease this noise is to resonate higher-
order Laguerre-Gauss (LGf,) modes [8,9] in the detector
arm cavities, rather than the currently used LG8 fundamen-
tal Gaussian mode. LGf; modes are a set of solutions of the
paraxial wave equation, and their complex amplitude is
given by [8,9]

¢, _ Zj p! 1 « —-r
up(r: $:2) \/; (p + 1DIw(d) © p[WZ(Z)

:IX< 2r2))l€l/2L|[fl(w22r2 )exp[—i€¢]

w(z (z)

X exp[—i(k(z + i) —Q2p + € + 1)CI)G)], (1)

2R(2)

where p and ¢ are the radial and the azimuthal indices,
respectively, w(z) is the beam radius and R(z) is the phase
front curvature, ®; = arctan(zA/7w3) is the Gouy phase,
wo = w(z = 0) is the beam waist, and Lf;(x) is the
Laguerre generalized polynomial. LGf, beams with € # 0
have p + 1 radial nodes and spiral phase fronts, carrying
orbital angular momentum of €7 per photon [10].

For the same mirror diameter and for equivalent diffrac-
tion losses and integrated power P, higher-order LGf; beams
have a multiringed power distribution which is wider than
the distribution of the LG) mode. Because of this wider
intensity distribution, higher-order LGf; beams can average
the thermal noise fluctuations over a bigger portion of the
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mirror surface, thus decreasing the impact of thermal noise
[11]. Mesa (flat-top) beams have also been investigated [12]
and generated in a prototype cavity [13]. Nevertheless,
although mesa beams and other beam profiles may provide
more noise reduction [14,15], higher-order LGf; modes are
attractive because they resonate in a cavity composed of
spherical mirrors, a well established technology.

It has been analytically demonstrated [11,15] that the
thermal noise of the mirrors can be reduced by a factor
which depends on the spatial order N = 2p + € of the LGf7
mode resonant in the interferometer: higher N values lead
to larger beams and lower thermal noise. For example, the
thermal noise level could be decreased by nearly a factor of
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2 by using an LG% beam [15]. If the detector sensitivity is
largely dominated by thermal noise, such an improvement
can allow an increase of the detection horizon by approxi-
mately the same factor and hence the accessible volume of
the Universe by its cube. Furthermore, present interfero-
metric GW detectors are strongly affected by thermal
issues, caused by laser power absorption in the optics
(either in the bulk or on the coating): the absorbed power
gives rise to a temperature gradient in the material, which
results in a refractive index change and in a thermal de-
formation of the mirror surface. The resulting aberrations
in the beam wave front cause a loss of detector sensitivity.
Thermal effects related to higher-order LGf, beams should
be in general lower than those given by the Gaussian
intensity pattern of the LG [15].

To be used in GW detectors, higher-order LGf; beams
must be generated with very high purity and stability. The
mode purity is crucial for having far-field propagation in
kilometer-scale interferometers with no degradation of the
propagating beam shape, and for optimal coupling of the
mode to the Fabry-Perot cavities of the detector. Moreover,
since high-power laser beams of hundreds of Watts will be
used, higher-order LGf; modes must be generated with high
efficiency and low losses.

Although higher-order LGf7 modes have been used for
quantum optics experiments [16] and optical tweezers [17],
to our knowledge the only application proposed in high-
precision optical interferometry is GW detection. A tab-
letop experiment demonstration of this technique is then
needed before its implementation on kilometric scale de-
tectors. Preliminary investigations of LGf, interferometry
have been reported in [18]. In this Letter we report on the
first demonstration of high-purity LG% mode generation
and interferometry which uses a technique compatible with
future GW interferometers.

Many techniques are presently available to generate a
higher-order LGf, mode from a laser emitting an LG
beam. Cylindrical mode converters [19] can transform
higher-order Hermite-Gauss beams [9] into higher-order
LGf; beams, using astigmatic lenses; spiral phase plates
[20] are optics whose varying thickness induce the typical
LGf; spiraling phase pattern into the input beam; diffractive
optics, which include computer generated holograms [21],
spatial light modulators [22] and etched-glass diffractive
optics [23] can modulate the amplitude and the phase of the
incoming beam to obtain a higher-order LGf, mode.

Glass-made diffractive optical elements (DOEs), in par-
ticular, seem to be the simplest and most suitable solution
for interferometric GW detectors. A DOE is an etched wave
plate that acts as general wave front transformer, allowing
the direct conversion of a fundamental LG} mode into a
higher-order LGf; beam (for a more detailed description
of the working principle see for example [23]). More-
over, glass-made DOEs are stable passive optics which
can handle the high power that will be necessary for future
detectors.

We used a commercial 1064 nm Nd:YAG NPRO laser
and a fused silica DOE designed by SILIOS Technologies
[24] for the generation of an LG% beam. This DOE
has 2400 X 2400 pixels, each one measuring 5.9 um,
and 16 levels of phase are etched on its surface. Its phase
pattern is obtained by starting from the theoretical phase of
an LG% mode, and then optimizing this phase to improve
the shape of the generated mode. A blazed grating pattern
is superimposed to this phase pattern to remove the un-
modulated components of the output beam and increase the
generated beam quality. The etched pattern of this DOE,
measuring about 15 mm in diameter, is shown on Fig. 1.
The radius of the LG beam impinging on the DOE is
2.15 mm. The measured transmitted power on the diffrac-
tion order of interest is more than 80%. The application of
an antireflective coating should increase this value.

We estimate the purity of our DOE-generated LG% mode
by using a two-dimensional amplitude overlap integral 7,
calculated as the scalar product between the measured and
the theoretical distributions, indicated as LG3|eqqure and
LG3 | heory- Tespectively,

Y= <LG§ |theory ILG% |measure ) (2)

where LGglﬂleory is given by the modulus of Eq. (1) for a
given beam size w(z) and a given distance z, from waist.
Since in Eq. (2) the phase of the two modes is neglected,
this definition should be considered as an upper-limit
estimation of the purity of LGgImeasurc. For our DOE-
generated LG% beam, shown in Fig. 2, we have y =
88%. This value of purity can be partly explained by the
intrinsic conversion efficiency of the DOE, which can be
further improved by optimizing the DOE design, and also
by our slightly astigmatic LG8 input beam. From the over-
lap integral (2) we can compute the coupling losses L, i.e.,
the power which is not converted into the LG3 mode,
defined as L = 1 — y? = 23%.

In order to increase the generated-mode purity, DOE-
generated modes must be spatially filtered: this is achiev-
able by using a mode-cleaning filter cavity [25]. To test the
performance of this spatial filtering technique, we as-
sembled a tabletop setup for the injection of the generated
LG3 mode into a linear mode-cleaner cavity. A schematic
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FIG. 1 (color online). DOE pattern for the generation of an
LG3 mode.
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FIG. 2 (color online). DOE working principle: the input LG
beam (left) is converted into an LG§ beam (right); the distribu-
tions shown here are acquired before and after the DOE. The
plots have the same color scale.

of the experimental setup is shown in Fig. 3. The LG)) beam
from the laser is passed through an electro-optic modulator
for the generation of radio-frequency sidebands and then
goes through the DOE. The generated LG} mode is then
sent to the mode-cleaner, which is a 30 cm long plano-
concave monolithic cavity with a finesse of 100. At the
LG% resonance, the frequency of the laser is locked to the
mode-cleaner length using a standard Pound Drever-Hall
locking scheme [26].

All the optics of the setup are first aligned using the
fundamental LG) mode of the laser, which can propagate
on a pick-off path without going through the DOE. In our
setup either the LG) or the LG] beam can be blocked
independently. This allows the alignment of the LG3 beam
on the monolithic cavity with the following procedure:
(i) the LG3 beam is blocked and the LG is aligned to the
mode cleaner; (i) the LG is superimposed to the LG using
two CCD cameras placed at different locations, in near-field
and in far-field regime; (iii) the LG8 beam is blocked and the
alignment of the LG is tuned using the beam reflected from
the cavity, monitored by a dedicated CCD camera.

We have been able to lock the laser on the LG3 reso-
nance for several hours, and for the whole measurement
time the DOE has shown a very stable behavior. We could
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FIG. 3 (color online).
tion of the LG} mode.

Experimental setup used for the genera-

monitor the beam transmitted by the mode-cleaner using a
CCD camera and a photodiode. At the LG3 resonance, we
measured the beam power P;, going into the mode cleaner
and the transmitted power P, coming out from the cavity:
the resulting transmission is Py /Pi, = 58%. The cavity
throughput 7 = 90% has been measured separately by
injecting the LG{) mode.

The filtered LG% mode transmitted by the mode-cleaner is
shown in the left panel of Fig. 4: it has been measured in far-
field regime, when the distance z, from the beam waist is
much bigger than the Rayleigh range z; = 7Tw3 /A. In our
case, 7o = 1.30 mand zy/zz = 5.4. This mode is compared
with the corresponding expected analytical intensity distri-
bution, calculated by propagating the ideal cavity mode over
20, which yields the field shown in the right panel of Fig. 4.
The purity computed with the overlap integral for the two
distributions of Fig. 4 has increased up to y = 98%, and the
coupling losses have decreased to L = 4%.

The cross sections of the intensity patterns shown in
Fig. 4 are compared in Fig. 5 (where the speckle effect on
the measured profiles is due to the camera we used for the
acquisition). The main difference between the cross sec-
tions is the presence of some power left at the radial nodes,
but these details will likely be improved by increasing the
finesse of the mode-cleaner cavity. Apart from that, the
observed pattern presents an overall correspondence with
the expected profile, and this also indicates that the diver-
gence of the filtered LG3 beam is close to that of the
theoretical cavity mode.

We estimated the LG to LG3 conversion efficiency as
follows. We first measured the ratio (Ps3)7/Ppo = 36%,
where Ppo = 435 mW is the power of the LG) beam at the
input of the LG8 pick-off (as indicated by the arrow
on Fig. 3) and (P33)7 = 155 mW is the power of the
LG% beam transmitted by the mode-cleaner at the reso-
nance. Then, using the LG8 beam, we measured the trans-
mission n = 78% of our setup, where losses are caused
by the power fraction that goes into the LG pick-off
(not used in the LG3 generation) and by the optical loss
of all the optics (mirrors, lens, polarizer cube) placed
before the mode-cleaner. From these measurements we
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FIG. 4. Transverse intensity distribution comparison: mea-
sured LG% distribution (left) at zo = 1.30 m from beam waist;
expected LG% theoretical distribution for zy/zz = 5.4 (right).
The plots have the same color scale.
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FIG. 5 (color online). Cross section comparison: expected
cross section for zg/zg = 5.4 (red dashed line), measured hori-
zontal (blue solid line) and vertical (green solid line) cross
sections at z; = 1.30 m from beam waist.

infer that the conversion efficiency is € = y?(Ps3)r/
(Poo)r = 49%, where (Pyy)r = T Ppo is the LG) power
transmitted by our setup through the mode-cleaner and
¥*> = 96% is the transmitted LG% mode content. Of the
51% power lost in the conversion, about 20% is lost at
the DOE, going in scattered light (due to the absence of the
antireflective coating) and in higher diffraction orders. The
rest of the power is reflected by the cavity when it is locked
on the LG} mode, in the form of modes of different order.
A further increase of efficiency could be achieved by
optimizing the DOE pattern and by tuning the matching
between the beam and the mode-cleaner cavity. The trans-
mission 1 could be largely improved by replacing the LG)
pick-off with a movable flip-mount, and by using high
quality, low loss optics in our setup.

The filtered LG% beam is injected into a Michelson
interferometer, whose arms are 15 cm long. A piezoelectric
actuator, glued on one of the two arm mirrors, provides the
actuation for locking the interferometer on the dark fringe
working point. At the antisymmetric port of the interfer-
ometer, a photodiode detects the interference signal com-
ing from the beamsplitter, and this signal is used in a servo
for the locking control. By manually tuning optics align-
ment we obtained a fringe visibility of 97%.

In summary, we developed a technique to generate a
high-purity LG3 beam which should be scalable to the
power required in future interferometric GW detectors.
The generated LG% mode has a purity of 98%, and the
power of the LG% mode transmitted by the mode-cleaner
is 36% of that delivered by our laser on the LG8 mode. We
infer that the conversion efficiency specific to the LG3 mode
is 49%. Any quantum noise increase due to the reduction of
available power could be compensated by either a more
powerful laser and/or the injection of squeezed light [27]
into the output port. However, further improvements of the
setup are ongoing in order to increase both the conversion
efficiency and the purity of the filtered LG3 mode.

The alignment and lock of the mode-cleaner cavity and of
the Michelson interferometer demonstrate experimentally

the feasibility of higher-order LGf; mode interferometry,
which is of particular interest for GW detection. Our inter-
ferometer will be upgraded soon to a power-recycled
Michelson with Fabry-Perot arm cavities, aiming to test
more quantitatively the main issues of a full GW detector
configuration. These include the validation of a sensing
scheme for longitudinal and angular control and the
characterization of the sensitivity of the LG% mode to mirror
misalignments. Moreover, the influence of degeneracy of
LGf; modes of the same order N = 2p + € [11] (not present
for the LGg mode) on the optical performances of the
interferometer has to be assessed.
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