Optical characterization of ultrahigh diffraction

efficiency gratings
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We report on the optical characterization of an ultrahigh diffraction efficiency grating in a first-order
Littrow configuration. The apparatus used was an optical cavity built from the grating under investiga-
tion and an additional high-reflection mirror. The measurement of the cavity finesse provided precise
information about the grating’s diffraction efficiency and its optical loss. We measured a finesse of 1580
from which we deduced a diffraction efficiency of (99.635 *+ 0.016)% and an overall optical loss due to
scattering and absorption of just 0.185%. Such high-quality gratings, including the tool used for their
characterization, might apply for future gravitational wave detectors. For example, the demonstrated
cavity itself presents an all-reflective, low-loss Fabry—Perot resonator that might replace conventional
arm cavities in advanced high-power Michelson interferometers. © 2006 Optical Society of America
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1. Introduction

High-quality optics are key devices in laser interfero-
metric precision measurements. Especially for high-
power laser applications with nested cavities, such as
gravitational wave detectors,! mirrors with high reflec-
tivity and low overall optical loss are essential. Mirrors
with a power reflectance greater than 99.9998% for a
given laser wavelength have been reported.2 The
overall optical loss consisting of stray light from the
surface, transmission, and absorption in the coating
was as low as 1.6 parts per million (ppm).2
Gratings are traditionally used in applications in
which one wants to spatially resolve different opt-
ical wavelengths, e.g., in spectrographs or pulse
compressors—stretchers for short-pulse laser sys-
tems. In these applications, high diffraction efficiency
over a range of optical wavelengths is desired. Dielec-
tric reflection gratings with diffraction efficiencies of
96%, 97%, and 99% have been reported.3>-> However,
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the measurement techniques used in those applica-
tions allowed for only a rough estimation of the dif-
fraction efficiency, and no error bars for the values
were given. Diffraction gratings may also be used in
advanced high-power laser interferometers,®? where
they allow for the all-reflective realization of beam
splitters and cavity couplers, and therefore may help
reduce thermal effects in the substrate, such as ther-
mal lensing® and thermorefractive noise.® In inter-
ferometric applications, monochromatic laser light is
used, and the wavelength dispersive property of the
gratings is not essential. The point of interest lies in
the number and the properties of the reflective dif-
fraction ports and their couplings that determine the
interference between input beams. Two different all-
reflective resonator concepts have been demonstrated
to date. High-efficiency gratings in first-order Littrow
configuration form cavity couplers with two ports
analogous to partially transmitting mirrors.” Low-
efficiency gratings in second-order Littrow configura-
tion can be used as low-loss couplers with three
ports.1° Analogous to conventional mirrors, however,
optical loss in terms of scattering or absorption has to
be minimized to gain maximum laser power buildup
and measurement sensitivity. The question therefore
arises as to whether high-efficiency gratings with
highly corrugated surfaces will ever be able to fulfill
the strict low scattering loss requirements.

In this paper we report on the optical characteriza-
tion of a high-efficiency grating in view of applica-
tions in interferometry. The grating was used in a
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Fig. 1. (Color online) Experimental setup; EOM, electro-optical
modulator; PZT, cavity mirror with a piezoelectric transducer for
length control.

first-order Littrow configuration to couple laser light
into a Fabry—Perot cavity with a measured finesse of
1580 = 60. This experiment allowed for the accurate
measurement of both the grating’s loss and the dif-
fraction efficiency. The latter was determined to be
(99.635 * 0.016)%. To our knowledge this is the high-
est and most accurately determined value reported in
the literature.

The grating device was designed for a laser wave-
length of 1064 nm and a Littrow angle of approxi-
mately 30°. The grating structure had rectangular
grooves with a period of 1060 nm. For fabrication we
used electron-beam direct writing (electron-beam
writer LION LV1, Leica Microsystems GmbH) and
reactive ion-beam etching into the top layer of
a highly reflective dielectric multilayer stack. The
stack consisted of 36 alternating layers of 195 nm
Si0, and 136 nm Ta,O; placed on a fused-silica
substrate with a surface flatness of \/10. For the
theoretical optimization of the grating we used the
rigorous coupled-wave analysis.!* To ensure good re-
producibility and homogeneity over the whole grating
area, an important design concern was a large groove
parameter tolerance of diffraction efficiency. By using
Si0, with a thickness of 1.12 pm as the top layer of
the dielectric stack the theoretical design exhibited a
diffraction efficiency of more than 99% for groove
depths between 700 and 850 nm and groove widths
between 530 and 760 nm.

2. Experimental Procedure

A schematic of our experiment is seen in Fig. 1. The
light source used was a 1.2 W diode-pumped Nd:YAG
laser at 1064 nm (Model Mephisto, Innolight GmbH).
Before the s-polarized laser beam was sent into the
grating cavity it was spatially filtered with a trian-
gular ring cavity (mode cleaner).12 The highly reflec-
tive end mirror of the grating cavity was mounted on
a piezoelectric transducer (PZT) that was used either
to scan or to actively control the cavity length. The
error signal for the electronic servo loop was obtained
from the cavity transmission demodulated at the
phase modulation frequency introduced by the
electro-optical modulator (EOM).
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Fig.2. Transmitted power of the cavity. Photodiode signal behind
the grating cavity as the cavity is linearly scanned over one free
spectral range (FSR).

In a first-order Littrow configuration, only two dif-
fraction orders exist, and the grating (subscript 1) is
characterized by the zeroth and first-order amplitude
diffraction efficiencies r; and v, respectively, as well
as the loss amplitude /;. Similarly, the cavity end
mirror (subscript 2) is described by r,, t,, and l,. En-
ergy conservation implies

re+m+li=1, (1)
ro? + b2+ 1,2 =1. (2)

Figure 2 shows the transmission spectrum of the
cavity as the PZT is linearly scanned over one free
spectral range of the cavity. In addition to the peaks
of the fundamental mode of the cavity there are only
two smaller peaks from higher-order modes visible,
indicating a good matching of laser beam and cavity
mode.

A method to obtain a precise value for a mirror
reflectance close to unity is a measurement of the
finesse F of a cavity consisting of a mirror with a
known reflectance and the one in question. For the
first time, to the best of our knowledge, this method is
applied to characterize a high-efficiency grating. If
losses due to absorption in the space between the
mirrors (which would appear additionally to /; and [,)
are neglected, the finesse F' of a two-mirror Fabry—
Perot resonator depends on the reflectance of the two
end mirrors only. In our case one of the end mirrors
is a grating, and the finesse can be approximated by

F= 1"'(”f]1"2)1/2/(1 — M) 3)
For a cavity of length L its free spectral range is given
by frsr = ¢/2L, where c is the speed of light. The ratio

of frsr to the FWHM fpwiy of the Airy transmission
spectrum peaks determines the finesse:

F = frsp/frwau- (4)

The length of the cavity was measured to L =
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Fig. 3. Scan over one cavity transmission peak. The x axis was
calibrated with =4 MHz marker signals.

(94 = 1) mm, resulting in fysg = 1.6 GHz. The cavity
linewidth was measured by utilizing frequency
marker signals. The laser light was phase modulated
at fia = 4 MHz by using an EOM. The ac output of
the photodiode in front of the grating cavity was then
demodulated at f,,,q. For the correct demodulation
phase this signal shows a minimum and a maximum
at exactly = f;,,q and can be used to calibrate the x axis
in Fig. 3. The figure shows a typical measured dc
signal of the photodiode behind the cavity as well as
the marker signals at f,, e = = (4 = 0.04) MHz while
the cavity was linearly scanned with a 1 kHz repeti-
tion rate. The uncertainty in the position of the
marker signal is due to an error in the demodulation
phase. A fit of the transmission signal to the well-
known Airy function of cavities permitted the calcu-
lation of the width of the transmission peak. Due to
nonlinearities in the PZT and acoustic vibrations,
there is a statistical variation of the linewidth of the
peak. We averaged over 75 measurements by using
different operating points of the PZT and we could
reduce the statistical error in the peak width to
+3.5%.

With Eq. (4) we could calculate the finesse of the
cavity F' = 1580 = 60. The cavity end mirror was
superpolished and coated by Research Electro-
Optics, Inc., and specified to have values
of t,> = 300 = 30 ppm and /,*> < 30 ppm. From these
specifications we estimated the mirror’s reflectivity to
ry? = (99.9685 + 0.0034)%. With Egs. (2) and (3) we
obtained m,> = (99.635 * 0.016)% for the grating’s
first-order diffraction efficiency. The error in m,* re-
sults from an error propagation of each known un-
certainty of the quantities L, f,,,xer, fitted peak width,
and r,? as shown in Table 1. The specular reflection of
the grating was measured independently with a cal-
ibrated powermeter to be r,> = (0.18 * 0.009)%.
Hence we calculated the overall loss of the grating
according to Eq. (1) to be ;> = (0.185 * 0.025)%.
We emphasize that this loss contained all contribu-
tions from scattering, absorption, transmission, and

Table 1. Error Propagation

Projected Error

Quantity Error for m,2 (ppm)
L +1 mm +48
finarker +40 kHz +43
Peak width +3.5% +143
ry? +34 ppm +34
Total rms error +160
expected

higher diffraction orders. To the best of our knowl-
edge, this result presents the lowest and most
accurately determined grating loss reported in the
literature. The previous results were those by Perry
et al.®? and Hehl et al.,* who reported a 1.5% and a
1%—2% loss, respectively. Destouches et al.? did not
comment on the loss.

In addition to the grating’s loss we also investi-
gated its influence on the laser beam’s spatial profile.
Again a cavity in a first-order Littrow configuration
was set up with a cavity mode waist on the grating’s
surface now using an end mirror with a power reflec-
tivity of o> = 99% to reduce the finesse value and to
increase transmission. The cavity length was con-
trolled by use of a Pound-Drever—Hall locking
scheme with a phase modulation sideband fre-
quency of 4 MHz. The beam profile for the horizon-
tal and vertical directions was measured after the
cavity by using a seven-blade tomographic pro-
filer (SuperBeamAlyzer, Melles Griot) fitted with a
Gaussian model, as shown in Fig. 4. The sum of the
absolute differences between the value of every
measured point and the fitted function divided by
the sum of the values of all fitted points is a mea-
sure of how much beam power can be represented
by a Gaussian function. For both directions we
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Fig. 4. Spatial beam profile of the laser beam after the cavity for
horizontal (perpendicular to the grating lines) and vertical (paral-
lel to the grating lines) directions. Top, measured points (dots) and
best Gaussian fit (solid curve); bottom, residuals between measure-
ment and fit.
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obtained values of greater than 99%. For this exper-
iment, the mode cleaner had been taken out, which
allowed us to observe a mode-cleaning effect from the
grating cavity. We characterized the laser beam be-
hind the EOM by using the same apparatus and got
spatial profiles that were described by a Gaussian
function by only 98%.

3. Conclusion

We presented a detailed characterization of dif-
fraction efficiency and overall loss of a grating in a
first-order Littrow mount. The grating’s diffraction
efficiency showed an outstanding high value that
permitted the construction of a high-finesse cavity
as a characterizing tool. The value of the finesse
was limited by the first-order diffraction efficiency.
This is in contrast to Ref. 10 in which a low diffrac-
tion efficiency grating was characterized with a
high-finesse cavity and the limit for the finesse was
given by the specular reflectivity of the grating. Our
approach is a valuable diagnostic tool to improve
future techniques of grating fabrication since all
types of loss are simultaneously detected. We ex-
pect that with improved technology high grating
efficiencies with simultaneously low loss are possi-
ble and that they will even fulfill the strict require-
ments of future interferometers, such as those for
gravitational wave detection.

This work was supported by the Deutsche For-
schungsgemeinschaft within the Sonderforschungs-
bereich TR7.
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