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We have developed improved cavity-finesse methods for characterizing the diffraction efficiencies of large
gratings at the Littrow angle. These methods include measuring cavity length with optical techniques, using
a Michelson interferometer to calibrate piezoelectric transducer nonlinearities and angle-tuning procedures
to confirm optimal alignment. We used these methods to characterize two 20 cm scale dielectric gratings.
The values taken from across their surfaces collectively had means and standard deviations of u
=99.293% and 0=0.164% and ©=99.084% and 0=0.079%. The greatest efficiency observed at a single point
on a grating was (99.577+0.002)%, which is also the most accurate measurement of the diffraction efficiency
in the literature of which we are aware. These results prove that a high diffraction efficiency with low varia-
tion is achievable across large apertures for gratings. © 2009 Optical Society of America © 2009 Optical So-

ciety of America

OCIS codes: 050.1950, 120.2230, 120.3180, 230.1360.

Grating-based interferometers have been proposed as
candidates for future development beyond current
Laser Interferometer Gravitational Wave Observa-
tory (LIGO) and Laser Interferometer Space Antenna
(LISA) baselines [1,2]. All-reflective grating interfer-
ometers eliminate volumetric transmissive heating
and enable a wider selection of materials with such
desired properties as higher mechanical @ and ther-
mal conductivity, thereby enabling high power for
high sensitivity and simpler interferometer architec-
ture. We have demonstrated grating interferometers
using overcoated metal gratings [1], studied their
thermal loading properties [3,4], and contemplated
the wuse of dielectric gratings [5]. Recently,
centimeter-scale dielectric gratings were used and
characterized in interferometers [6,7].

Advanced LIGO calls for transmissive optics with
diameters up to 34 cm [8]. For future grating inter-
ferometers beyond advanced LIGO, apertures as
large as 1 m may be required, depending on grating
groove density and interferometer configuration.
Large-aperture dielectric gratings are a key chal-
lenge for realizing grating interferometers in future
gravitational wave detectors. A viable source of these
may be to leverage large-area dielectric gratings de-
veloped for chirped-pulse amplification in petawatt-
class laser systems, for which significant work has al-
ready been done in modeling and fabrication [9-11].

The ability to make precise diffraction efficiency
measurements is essential to meeting the perfor-
mance goals of interferometers that use gratings.
Cavity-finesse measurements have previously been
demonstrated to accurately determine grating dif-
fraction efficiency at the Littrow angle [7]. With
proper alignment and vibration control, this method
attains high sensitivity, because the diffraction effi-
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ciency is sampled on each round trip of the light in
the cavity. A high-finesse cavity also rejects any
small-angle scattering that might exist in a direct
single-pass measurement of the diffraction efficiency.

We tested two HfO,/SiO, multilayer dielectric
(MLD) gratings: one is 200 mm X 100 mm and the
other is 170 mm X 100 mm in size. These were fabri-
cated at the Lawrence Livermore National Labora-
tory (LLNL) using holographic exposure followed by
ion-beam etching to transfer the grating pattern into
the top SiO, layer. They were representatives of
larger gratings made with the same process, with
gratings of up to 910 mm X450 mm having been
made. The groove density was 1740 lines/mm.

The diffraction efficiency at the first order Littrow
angle was measured at the LLNL using scanning
photometry, which measured light returning from a
single pass off the grating. An automated scanning
photometer, illustrated in Fig. 1(a), translated the
gratings along two axes while illuminating them
with TE-polarized light at 1064 nm. The returning
light was separated from the beam path with a beam
splitter and collected in an integrating sphere. The
calibration of the apparatus was periodically verified
using a highly reflective (HR) mirror of known reflec-
tance.

To obtain a more precise measurement of the dif-
fraction efficiency, we constructed a cavity-finesse ex-
periment, shown schematically in Fig. 1(b). For this,
we illuminated an F=50 mode cleaner cavity with
1064 nm light from a nonplanar ring oscillator
(NPRO) laser. The mode cleaner was a nondegener-
ate ring resonator that improved the spatial profile of
the beam for a better mode matching into our grating
cavity. It was locked with 12 MHz sidebands that
were of sufficient amplitude to serve as frequency ref-
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Fig. 1. (Color online) (a) Setup for scanning photometry

measurements. (b) Experimental setup for the cavity-
finesse method.

erences for the grating cavity under test. Our cavity
consisted of a grating and an HR end mirror placed
at the grating’s first order Littrow angle. The mirror
mount contained a three-point piezo adjuster, en-
abling cavity length actuation and fine angular ad-
justments. We custom modified the mirror and grat-
ing mounts for greater weight and damping to
enhance cavity rigidity. TE-polarized light was
coupled into the cavity through specular reflection off
the grating, and light escaping through the end mir-
ror was monitored as the cavity length was sinusoi-
dally scanned as a function of time. Sinusoidal mirror
actuation was chosen to suppress potential ringing in
the piezoelectric transducer (PZT).

To calibrate for the sinusoidal drive voltage and
nonlinearities in the piezo, we used a Michelson in-
terferometer to observe the position and the speed of
the cavity end mirror. A He—Ne laser at 633 nm was
used as the source, and the phase of the reflected
light from the back of the end mirror was monitored
at the output port of the interferometer.

For each grating, the finesse was measured at
points taken from two regularly spaced grids of dif-
ferent sizes. A larger grid spanned the entire grating
surface, and a smaller grid covering a 4.5 mm spot at
the center of the grating quantified local variations.

Figure 2(a) shows a diffraction efficiency map of
the 200 mm X 100 mm grating comprising 15 & points
obtained by scanning photometry. These points were
measured to have an average efficiency of ©=99.2%
and a standard deviation of ¢=0.3%. Figure 2(b)
shows the measured finesse of this grating, taken
from a 5X3 grid across the surface and converted
into the diffraction efficiencies. These points had w
=99.293% and 0=0.164%. A 4.5 mm spot at the cen-
ter of the grating was measured with a 3 X 3 grid, re-
sulting in an average value of ©=99.414% and a
standard deviation of 0=0.097%. For the 170 mm
X 100 mm grating, a 4 X 3 grid extending over the en-
tire surface yielded values of ©=99.084% and o
=0.079%, and a 4.5 mm spot from the grating center
had ©£=99.139% and 0=0.041%.
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Fig. 2. (a) Diffraction efficiency map, as measured by
scanning photometry. (b) Diffraction efficiency measured
over a 5X 3 grid using the cavity-finesse technique.

Next, we detail the procedure used for measuring
the finesse. The figures and numbers used in the text
are for the point on the grating with the highest ob-
served diffraction efficiency.

The free spectral range (FSR) was determined by
observing cavity transmission during a scan of the
cavity length and measuring the physical actuation
distance between the carrier and sideband transmis-
sion peaks. This reveals the ratio between scan dis-
tance and frequency and thus the cavity size. The
cavity transmission contained interference terms be-
tween the carrier and the sidebands at 12 MHz as
well as between opposing sidebands at 24 MHz. A
low-pass filter removes these beating terms and re-
veals the underlying Lorentzian line shape of the
cavity transmission, plotted in Fig. 3. A calibrated
length scale, made possible by the Michelson inter-
ferometer, is used as the x axis and confirms that ad-
jacent carrier peaks were spaced at half the 1064 nm
wavelength, as seen in Fig. 3(a). We scanned at 37
Hz. This frequency was picked to avoid acoustic dis-
tortions that might have occurred during the time of
traversal from peak to peak but is still slow enough
that cavity dynamics did not significantly distort the
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Fig. 3. (Color online) (a) Cavity transmission versus piezo
actuation. (b) Transmission peak and sidebands.
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Lorentzian line shape of the carrier and sidebands. A
least-squares fit of the carrier and the sideband
peaks to three summed and shifted Lorentzians de-
termines the sideband and the carrier peak locations.
In this example, the distance of the sidebands from
the carrier was 3.986+0.006 nm, which corresponds
to an FSR of 1.601+0.003 GHz or a cavity length of
93.6+0.2 mm. The measured value for sideband
spacing is averaged from 20 samples. Using this cav-
ity length and the mirror curvature of 30 cm, the ra-
dii of the beam are calculated to be 217 and 262 um
on the grating and the mirror, respectively.

When measuring the FWHM of the cavity peaks,
we used a slower scan rate, dwelling roughly 1 ms
over a peak and its sidebands, as seen in Fig. 3(b).
The measurement duration was short enough to re-
ject environmental acoustics but long enough to avoid
transient effects, thus ensuring that the steady-state
formulas for cavity transmission were valid. Again, a
triple-Lorentzian fit is performed. This measures the
center peak width to be 1.597+0.003 MHz by com-
paring the center peak to the sideband spacing. We
used a sample size of 10. The finesse is thus calcu-
lated to be 1002+3. The dwell time over the FWHM
region of the peak was 36 us, which was 364 times
the cavity lifetime, well within the steady-state re-
gime.

To determine the reflectivity of the cavity end mir-
ror, two other unknown mirrors were used. Between
the three mirrors, three different pairings making
three different cavities were possible, and we mea-
sured the finesse of each in turn. With these three
measurements, we were able to determine the reflec-
tivity of all three mirrors. The end mirror used to
form the grating cavities had a reflectivity of
(99.797+0.001)%, consistent with transmittance
measurements made by the vendor. Using this value,
the diffraction efficiency is calculated to be
(99.577+0.002)%.

Since cavity misalignments induce round-trip
losses, they can reduce the measured diffraction effi-
ciency. During our measurement of peak widths, we
tuned the alignment of the end mirror using a three-
axis piezo mirror mount. The x axis was first ad-
justed in increments of 4.7 urad. When the highest fi-
nesse was found, a similar procedure optimized the y
axis.

The zeroth order transmission and reflection were
measured to be 1.2 X 1074 and 1.0 X 1073, respectively.
This puts the upper limit on absorption and scatter-
ing at 0.31%.

To conclude, we have measured the diffraction effi-
ciencies at the Littrow angle of two large-area dielec-
tric gratings using the cavity-finesse method. Each
point was over 99% efficient, amply exceeding the
current requirements for the advanced LIGO arm
cavities, which are baselined at 450 finesse [8]. These
results also represent the most accurate measure-
ments of the diffraction efficiency of which we are
aware (x0.002%).

The cavity-finesse method has demonstrated a
high sensitivity for measuring the diffraction effi-
ciencies of gratings at the Littrow angle. In addition,
we have confirmed that current grating technology
can achieve the large aperture size, high diffraction
efficiency, and good uniformity that are required for
grating interferometers in next-generation gravita-
tional wave detectors.
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