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High-precision laser interferometric instruments require optical surfaces with a close to perfect contour, as

well as low scattering and absorption. Especially, point absorbers are problematic because they heat up and
locally deform the otherwise flat surface, resulting in correlations between absorption and contour. Here,
we present a spiral laser scanning microscopy approach for the reconstruction of the 2 complementary
images of an optical surface. The “phase image” is related to the surface profile including roughness. Our
experiment achieves a sensitivity of up to (3.1+1.4) fm/\/m witha (5.29+0.06)-pm transversal resolution.
The “loss image” localizes point absorbers. The 2 images show correlations for some features proving the
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particular strength of our tomographic approach, which should help further improving optical surfaces

or to understand dynamic processes of surface physics.

Introduction

Ultrahigh precision optics play a substantial role in scientific
research and technological advancements, ranging from laser
gyroscopes [1,2] and optical atomic clocks [3,4] to the detection
of gravitational waves [5-7]. The quality of optical components
critically influences the performance of these systems. In par-
ticular, the remaining surface roughness of super-polished laser
mirrors in interferometric setups is a limiting factor, as it pro-
duces disturbances due to backscattered light (“parasitic inter-
ferences”) [8,9]. A further limitation is absorption, particularly
by microscopically small “point absorbers”, which leads to thermal
distortions over large areas at high optical power [10,11]. Profiling
and characterizing these attributes with high sensitivity and
resolution and finding their correlations are essential for
optimizing optics and instruments.

The most commonly used and commercially available tech-
niques for imaging surface roughness are atomic force micros-
copy and variations of interference microscopy [12,13]. While
atomic force microscopy allows for precise surface topography,
offering up to atomic resolution, it is typically limited to a small
field of view (FOV) and can be quite time-consuming [12-14].
Furthermore, atomic force microscopy does not provide any
direct information on optical absorption at a specific wave-
length. Interference microscopy methods allow for fast profil-
ing of larger FOVs since they involve 2-dimensional imaging
sensors [15-17]. In principle, interference microscopy is able
to measure the surface profile and optically absorbing features
simultaneously, but they do not provide the surface profile with
laser interferometric sensitivity.

Here, we present a fast spiral laser scanning microscopy
technique combined with computational image reconstruction.
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We demonstrate a diffraction-limited transversal resolution of
(5.29 £ 0.06) um and interferometric sensitivity with respect

to the surface profile of (3.1+1.4) fm/\/ﬁ over an example
area of more than 50 mm?, achieved in just a few minutes. Our
method maps an optical component in terms of reflection phase
as well as optical loss by scanning a focused probe laser in a
spiral path across its surface. The spiral scanning avoids reversal
points, which increases efliciency. Our images of the surface
of a high-quality laser mirror show interesting correlations
between the optical loss and the surface profile.

Methods

Experiment
Our setup was based on a Mach-Zehnder interferometer, as
illustrated in Fig. 1. We used a 0.5-mW continuous-wave mono-
chromatic laser beam in the TEM,, mode with a center wave-
length of 1,550 nm, supplied by an NKT Basik Laser module. It
was split at a balanced beam splitter (BS1) into a signal path
(reflection) and a reference path (transmission). Using a micro-
scope objective, the signal path beam was strongly focused under
normal incidence onto the substrate surface of a high-reflectivity
mirror from its antireflection-coated side. For the bean’s inten-
sity profile, we determined a full Gaussian width of (5.29+0.06)
pm, defining our setup’s transversal resolution. The technique’s
resolution is fundamentally constrained only by diffraction.
The sample mirror consisted of a planar fused-silica sub-
strate of 25.4-mm diameter and 6.35-mm thickness with a
specified root-mean-square roughness of <0.8 nm. It had a
high-reflection coating with a specified reflectivity of 99.95%
for 1,550 nm applied by 3photon via ion beam sputtering. The
back was antireflection coated. The technique is not constrained
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Fig. 1. Schematic of the experiment. BS1 and BS2 were balanced beam splitters
forming a Mach-Zehnder interferometer. An objective lens focused the measurement
beam through the sample substrate onto its surface beneath the reflection coating.
The lens was corrected for the substrate thickness. The reflected beam was isolated
using a combination of a polarizing beam splitter (PBS) and a quarter-wave plate.
The interferometer was servo-controlled on half fringe. The phase was read out by
recording the difference voltage of 2 photo diodes (PD) with a data acquisition card
(DAQ). The 2 shutters were closed to measure the optical loss.

DAQ

to highly reflective optics. Our objective was designed by ASE
OPTICS to illuminate a sample through a 6.35-mm-thick fused
silica coverplate. Utilizing this, we illuminated the sample mir-
ror from the back to measure the substrate profile at the inter-
face between substrate and high reflection coating. Therefore,
the measurement was free from external impurities, such as
dust particles adhering to the mirror, and provided information
of the substrate’s effective roughness. The setup is not limited
to this configuration if a different objective design is used.

The sample mirror was attached to a combination of 2
motorized high-precision stages via a custom-made, ring-
shaped mount that holds the substrate in place by friction as
to not obstruct any of the optic. A rotation stage with vertical
axis spun the centered mirror at a frequency of 5 Hz, while a
linear stage moved the setup radially by 10 pm/s. Combined,
they drove the sample mirror along a spiral scanning trajectory,
mapping ring-shaped FOVs. To prevent gaps in the scan, the
radial velocity needed to be smaller than one focus diameter
per revolution. Simultaneously, the sampling rate must be
sufficiently high to ensure that the sample spacing was always
smaller than one beam diameter. The scanning duration then
scales linearly with the radius of the FOV at fixed radial velocity
and rotation frequency.

A mechanically stable periscope was built to enable normal
incidence of the laser light. Alignment screws on the custom
mirror mount were used to minimize the angular offset between
the mirror’s surface normal and the probe beam that would
create beam pointing, reducing the interference contrast and
quality of the focal plane. Upon precisely aligned retroreflec-
tion, the beam waist was put at the effective plane of reflection
of the coating, i.e., close to the substrate surface underneath
the coating. The focused probe beam acquired a microscopic
reflection phase, depending on the height profile of the sample
mirror’s surface. The beam carrying this phase signal is isolated
using a combination of a polarizing beam splitter and a quarter-
wave plate. Two balanced photodiodes measured the interfer-
ence result created by overlapping signal and reference paths
at a second beam splitter (BS2), detecting the microscopic
phase shift. While moving the stages, we measured an average
fringe visibility of 96%. The differential voltage was recorded
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by a data acquisition card with 3.571 MSa/s and 16-bit resolu-
tion. Additionally, it was filtered by the proportional-integral-
derivative controller and fed back to a mirror mounted to a
piezo actuator (phase shifter), locking the interferometer to
midfringe for optimal phase sensitivity [18]. The phase shifter
consisted of a mirror mounted to a piezo actuator. We ramped
the phase shifter to determine the slope at midfringe for calibra-
tion of photocurrent to reflection phase.

In the spectrum of large signal-to-noise ratios, the interfer-

ometer reached a noise floor of down to (3.1+1.4) fm/y/Hz,

which was close to the shot noise limit of (2.5+1.2) fm/\/E.
This can be seen in Fig. 2. Although the rotation frequency of
the scan was just 5 Hz, strong signals appeared up to 60 kHz,
as high frequency components corresponded to steep slopes in
the measured phase profile. The steepest detectable slope was
limited by convolution with the beam profile. Due to the spiral
scanning, the probe beam had a large velocity relative to the
sample mirror. Combined with the strongly focused spatial
profile, this resulted in a very narrow temporal beam profile.
Consequently, the beam had a broad spectral profile, envelop-
ing the reflection phase spectrum. Since the relative beam
velocity depended on the radius and continuously changes dur-
ing the scan, the final spectrum was not Gaussian but the inte-
gral over a family of Gaussian profiles of increasing width.

Alternatively to the reflection phase, the almost identical
setup was used to measure the spatially resolved optical loss of
the laser mode. With the reference beam and one photodiode
blocked, we recorded an optical loss map of the same FOV,
resolution, and topology as the phase map, providing informa-
tion of surface scattering and absorption. By splitting the
reflected light beam for 2 complementary observations,
future implementations could even measure 2 observables
simultaneously.

Data processing

We used a spectral filter to suppress interference caused by
acoustic vibrations and imperfections in the motorized stages.
All frequency components below 2.5 kHz for the phase mea-
surements and below 0.5 kHz for the loss measurements were
removed. To reduce the calculation time, we processed all
recorded data in subsets corresponding to one revolution.
Filtering proved to be very effective in removing noise and
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Fig. 2. Measurement data. Amplitude spectral density (ASD) of the interferometer
signal when scanning the surface at 5 Hz within the radii of 3.5 to 5.5 mm.“TN"is the
total noise measured while the sample position was stationary, and “SN" is the shot
noise measured with a blocked signal path and then multiplied by V/2. Al traces were
averaged 1,000 times. TN and SN have a resolution bandwidth of 53 Hz and the signal
spectrum 5 Hz. Below 60 kHz, the average signal-to-noise ratio calculates to 32 dB.
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minimizing artifacts that inevitably occurred on steep signal
slopes and at the edges of datasets.

Phase maps and loss maps were reconstructed in the follow-
ing way. We spiraled the entire dataset and initially assumed
that both the rotation stage and the linear stage were working
uniformly. We were able to correct for deviations from the con-
stant rotation frequency and the constant displacement speed,
as the data partially overlapped spatially and showed local
occurrences. As our data acquisition led to oversampling, we
then summarized all the measured values of a surface with an
edge length of 2 pm into a single pixel value. Two micrometers
corresponded to the radial distance, and the focused laser spot
moved over the course of one rotation. The pixel’s value was
set to the arithmetic mean.

The reflection phase value of each pixel was converted into a
distance change for the propagating laser light. The reconstructed
map thus showed a height profile of the interface between the
substrate surface and the dielectric high-reflection coating. This
resulted in a lower limit for the surface roughness of the sub-
strate. It was a lower limit because both the first dielectric layers
of the mirror coating and the size of the beam waist of our laser
beam slightly smoothen the surface roughness. We therefore use
the term effective roughness. To determine the loss map, it was
assumed that the amount of reflected light from areas without
explicit, localized loss corresponds to a perfect reflection. For
this purpose, the mean value of all pixels minus those with
explicit absorption was set to 100% reflection. We then defined
the deviation from this mean value as the relative optical loss.

Results

Interferometric phase map of substrate

to coating interface

Figure 3 shows a reconstructed reflection phase profile map
scanned from 3.5- to 5.5-mm radius, at the time limited by a
slight misalignment of the linear stage. It nevertheless covers
an area of about 56 mm?, corresponding to more than 11% of
the sample mirror’s surface area. The measurement took about
3 min and the postprocessing another 3 min. The map shown
was reproducible even after realigning the setup days apart.

Figure 3A provides an overview of the scanned area. It shows
an edge artifact at the bottom in the form of a line, which origi-
nates from the circulating data processing. Figure 3B shows an
enlarged excerpt of Fig. 3A where the surface profile becomes
visible. It is a random but coherent profile spanning the entire
FOV. We find an effective roughness of (590+24) pm, agreeing
with the manufacturer’s specification of <800 pm. We note that
an even stronger agreement of these 2 values is not expected
as the presented method averages over the laser beam’s waist
area of about 22 pm.

We additionally observe localized features of large phase
amplitude, which are sparsely scattered over the sample, as
shown in Fig. 3C and D. All features show an oscillation
between a negative and positive surface level. This behavior
possibly originates from the spectral filtering, as it shows a
correlation to the filter’s threshold frequency and only appears
along the angular axis.

Optical loss map of substrate to coating interface
Figure 4 shows the optical loss map for the same surface as in
Fig. 3. The overview (Fig. 4A) reveals that most of the FOV is
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Fig. 3. Reconstructed map of measured reflection phase. Reflection phase was
measured per beam area ~22 pm2 and is expressed in terms of surface level with
a conversion factor of 11.71 mrad/nm. (A) Overview of a full spiral scan of 2-mm
radial width. (B) Section of (A), enlarged by a factor of 10, showing the effective
roughness profile of the sample mirror substrate. (C) Section of (B), enlarged by
a factor of 10, showing a microscopic phase feature. (D) Section of (C), enlarged
by a factor of 3, comparing the feature to the focus diameter, indicated by a black,
Gaussian intensity distribution and a circle corresponding to its waist. Transversal
resolution was 5.29 um.
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Fig. 4. Reconstructed map of measured optical loss. Optical loss was measured
per beam area ~22 pm?. The corresponding transversal resolution was 5.29 pm?.
(A) Overview of full scan. (B) Section of (A), enlarged by a factor of 10, showing the
same spatial excerpt as Fig. 3B. (C) Section of (B), enlarged by a factor of 10, showing
a microscopic spot of high optical loss. (D) Section of (C), enlarged by a factor of 3,
comparing the feature to the probe beam's focus diameter. Feature areal density is
roughly 12 features per square millimeter.

“empty”, showing a very weak background and emphasizing
the mirror’s quality. The top line again originates from edge
artifacts. In Fig. 4B, there are also some slight artifacts in
angular direction at the sensitivity limit of the measurement.
We again observe sparsely scattered microscopic features, as
shown in Fig. 4C and D. They cause up to 62% of optical loss
per beam area of about 22 pm?. All point absorbers taken
together reduced the average reflectivity of the surface by only
0.01%. This value is significantly smaller than the maximum

20z ‘9T Jequiedaq uo Bio-aous1os’ [dsy/:sdny wouy pspeojumoq



Advanced Devices & Instrumentation

deviation from perfect mirror reflectivity specified by the man-
ufacturer (R >99.95%).

Correlations between loss and phase maps

We find that many features appear in both maps at the same
position; see Fig. 5A to C. Some features, however, only appear
strongly in one map. Consequently, the observed features must
fall into different categories. The differences in the maps were
reproducible in repeated measurements after renewed align-
ment optimization.

Features appearing predominantly in the effective roughness
map are required to produce a phase shift, while not causing any
substantial optical loss by scattering, absorption, or transmission.
This would be the case for local steps in the atomic surface profile.
If features appear equally strong in both maps, additionally, they
are required to cause some optical loss for example due to optically
scattering defects. Finally, peaks predominantly visible in the optical
loss map must not experience any considerable phase shift. We
consider it likely that absorption was the dominating loss effect, as
we measured optical loss of up to 62%. Due to the high numerical
aperture of our microscope objective and the highly reflective coat-
ing behind the feature, neither scattered nor transmitted light would
have resulted in any major loss.

Even though our laser spot intensity (2.3 x 10" W/m?)
was very much comparable to the intensity in Advanced LIGO
(1.7 - 10" W/m?)[5,19], we did not expect thermal effects to
influence the phase signal over extended areas, as our laser spot
moved rapidly over the optic rather than continuously illumi-
nating it. We expected heat to dissipate into the substrate vol-
ume faster than the laser spot required for one rotation.

Conclusion

We present tomographic laser scanning microscopy for profil-
ing optical surfaces regarding phase and loss topography. We
demonstrate its potential in an experimental setup, yielding

Surface level (nm)

Optical loss (%)
2

Fig. 5. Correlations between loss and phase maps. (A) Section of the effective
roughness profile. (B) Same section as in (A), showing the optical loss. The solid
circle contains a feature strongly visible only in the phase map, possibly a local step
in the atomic surface profile or the refractive index. The dashed circle contains a
feature strongly visible in both maps with an optical loss of 30%. The dash-dotted
circles highlight features appearing only in the loss map. We consider it likely that
all 3 features are point absorbers. The background pattern in (A) also corresponds
to the actual surface profile of the substrate. The 2 lower highlighted features show
color artifacts due to the steep phase profile and filtering during postprocessing of
the data. The background pattern in (B) is entirely due to filtering artifacts.
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partly correlated phase and optical loss maps of the same
FOV and topology. These images cover an area of 56 mm?,
while having 5-pm resolution and close to shot-noise lim-

ited phase sensitivity corresponding to about 3 fm/\/ﬁ. A
full-size high-resolution map required a measurement time of
around 3 min plus the computing time of a standard PC of
a further 3 min.

On our sample mirror, we observe a cohesive but random
reflection phase profile corresponding to an effective roughness
of the substrate surface. In both the phase map and the optical
loss map, we find point-like features. Our technique allows for
correlations between phase and loss topography to be revealed,
which should provide a better understanding of limiting imper-
fections in optical surfaces. Such include point absorbers,
which are a current problem for high-laser-power applications,
like gravitational wave detectors [10,11].

Due to the spiral scanning approach, the measurement duration
is short and scales with the FOV’s radius instead of its area. There
is no conceptual limit to the FOV size, and using optimized algo-
rithms, real-time data processing in parallel to the measurement is
realistic. This makes the presented method a viable option even for
large optics like those used in gravitational wave detectors or indus-
trial wafers, without compromising resolution.
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