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ABSTRACT
The Gemini Planet Imager (GPI) is currently in production for the Gemini Telescope in Chile. This instrument
will directly image young jovian exoplanets, aided by a micro-electrical mechanical systems (MEMS) deformable
mirror (DM). Boston Micromachines MEMS mirrors operate thousands of actuators to provide a well-sampled
correction at high spatial frequencies. However, because MEMS stroke alone is insufficient to fully correct the
atmosphere in the near-IR on an 8-meter telescope, a dual-mirror system is planned for GPI: The MEMS is used
as a ”tweeter” to correct the higher spatial frequencies while a separate ”woofer” DM will be used to correct
the lower frequencies. During operation at GPI, any saturated actuators would scatter starlight into the dark
hole instead of allowing it to be removed coronagraphically; thus, stroke saturation on the MEMS is tolerated
only at the 5-sigma level. In the Laboratory for Adaptive Optics, we test the ability of the MEMS to counter
atmospheric turbulence. The MEMS shape is set to random iterations of woofer-corrected Kolmogorov phase
screens with varying woofer sizes. We find that, for r0 = 10 cm, saturation decreases from several percent
to a few tenths of a percent (∼3-sigma) when using a 100cm-pitch woofer. The MEMS we tested has 0.2 µm
inter-actuator stroke for a 200V-range. Nonetheless, saturation (when it occurs) appears to be due to low-order
peak-to-valley stroke even in the woofer-corrected case. Gemini characteristically has r0 = 15 cm, so future
work includes extrapolating to find where the 5-sigma saturation level occurs.
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1. INTRODUCTION
The discovery of myriad extrasolar planets, including many with superjovian masses yet submercurial orbits, as-
tonished and challenged astronomers to understand these exotic worlds.1 Current exoplanet detection techniques
include pulsar timing,2 radial velocity measurements,3 transit photometry,4,5 and gravitational microlensing.6
The Gemini Planet Imager (GPI) will add direct imaging to this list, which will increase not only the statistical
counts of exoplanets while probing a complementary semimajor-axis space, but will also contribute valuable
physical data to the field including mass, radius, temperature, and surface gravity of these objects.7–9 This
ambitious ”extreme” adaptive optical (ExAO) instrument is under production for the Gemini South Telescope
in Chile in late 2010. Through use of a high-order AO system, a specialized coronagraph, a unique calibration
interferometer, and an integral-field spectrograph, GPI will be able to detect near-infrared photons from young
jovian exoplanets 15 magnitudes fainter than their host star at separations of 0.2-1 arcsecond.

As a cutting-edge instrument, GPI plans to make use of some unconventional technologies, including the
use of a non-traditional deformable mirror (DM) called a micro-electrical mechanical systems (MEMS) device.
Boston Micromachines Corporation’s MEMS DMs are manufactured in batch surface micromachining processes
similar to silicon computer chips and are therefore compact with thousands of actuators.10 Using these thousands
of degrees of freedom to well-sample the wavefront, the MEMS enables the high-order correction required for
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ExAO. However, with a continuous facesheet and given the physically small pitch (400 µm) of the MEMS
actuators, a limited stroke can be achieved. The MEMS device at GPI will have 4.0 µm peak-to-valley and
1.3 µm inter-actuator stroke. Because correcting the wavefront errors for GPI across an 8m pupil requires more
stroke than this, we plan to use what is termed a ”woofer-tweeter” architecture. The MEMS DM is the ”tweeter”
which corrects the high-spatial-frequency aberrations that, in accordance with the Kolmogorov power law, have
lower amplitude and therefore require less stroke. A separate ”woofer” DM will correct the low-spatial-frequency
aberrations that have higher amplitude and thus require more stroke.11

Choice of the appropriate woofer DM can mitigate stroke limitations of the MEMS DM. Stroke saturation
occurs when a particular actuator is unable to move to the desired height due to insufficient stroke. During oper-
ation at GPI, any saturated actuators would scatter starlight into the dark hole (the region normally controlled
by the AO system) instead of allowing it to be removed coronagraphically; thus, stroke saturation on the MEMS
is tolerated only at the 5-sigma level. We use the ExAO testbed at the University of California at Santa Cruz’s
Laboratory for Adaptive Optics (LAO) to test the ability of the MEMS to counter atmospheric turbulence. The
purpose of this study is to determine whether MEMS stroke saturation might be problematic for GPI.

2. BACKGROUND
2.1. Gemini Planet Imager system layout
The serial arrangement of the MEMS and woofer DMs in GPI will be as shown in Figure 1. There is also a third
wavefront corrector: the tip/tilt stage, upon which the woofer is mounted. The AO system receives the light from
the telescope and corrects the dynamic wavefront aberrations at up to 2500 Hz. The calibration system operates
more slowly than the AO system but is more precise and uses interferometry to correct the non-common-path
and the static wavefront aberrations. The net result is residual in-band wavefront error of order 1 nm rms.
Flattening the wavefront so well is necessary for the apodized-pupil Lyot coronagraph to be able to best suppress
the light from the central star. Finally, the integral-field spectrograph (IFS) obtains a spectrum of the target at
each point across the image. The role of the MEMS DM is essential in providing the high-order correction GPI
requires.

2.2. MEMS deformable mirrors at the Laboratory for Adaptive Optics
Through a development contract as well as some direct purchasing from Boston Micromachines Corporation,
the LAO has studied and characterized two 144-actuator MEMS DMs, about ten 1024-actuator MEMS devices,
and one 4096-actuator MEMS with a range of tests, including yield, dead-actuator zoology, hysteresis, stability,
stroke, wavefront-flattening, coronagraphy, and open-loop control.12–21 Figure 2 shows two of our MEMS devices
at the LAO: one 1024-actuator DM and the new 4096-actuator DM, a prototype for the GPI MEMS. The stroke-
saturation experiments for GPI were done with another 1024-actuator DM.

2.3. Stroke saturation
Stroke defines the maximum amplitude that can be corrected by a wavefront corrector (DM), and can be described
in terms of inter-actutator stroke or peak-to-valley stroke. Saturation occurs when an actuator lacks the stroke
necessary to correct part of a wavefront. Saturation can be at high or low spatial frequencies.

If actuators saturate under operation at GPI, the wavefront will not be well-corrected and light will scatter
off the saturated actuators into the dark hole that is normalled carved out by the coronagraph. See Figure 3 for
a pedagogical illustration of the effects of stroke saturation on the dark hole.

2.4. Preliminary stroke tests
Before studying MEMS stroke capabilities in terms of Kolmogorov atmospheres, we measured stroke as a function
of spatial frequency.18 One-dimensional striped sinusoids were applied to the MEMS, with the number of cycles
across the MEMS being varied from 1 to 16. The resulting stroke-versus-spatial-frequency plots are shown in
Figure 4 for two devices and at two different voltage ranges. See Morzinski et al.18 for more detail.

Inter-actuator stroke is the difference between the heighth of two neighboring actuators when the actuators
are sent to the opposite ends of the voltage range. With our MEMS devices in the LAO, we operate at either 160V



Figure 1. Sketch of the GPI system layout. The AO system is at the upper left with the yellow beam. There are three
wavefront-correctors in the AO system: A woofer, a tip-tilt stage (physically supporting the woofer), and a tweeter (the
MEMS).

MEMS Device Actuator Pitch Max Volt Peak-to-valley Inter-actuator
Designation Count / µm Applied stroke / µm surface stroke / µm surface

W10#X 1024 340 160 1.0 0.2
W107#X 1024 340 200 1.5 0.2
W95#39 1024 400 200 3.1 1.0
4kEng#1 4096 400 225 3.4 1.2

Predicted, Base GPI 4k 4096 400 260 4.0 1.3

Table 1. Table of MEMS stroke measured in the preliminary experiments for different MEMS devices and voltage ranges.

or 200V maximum. Therefore, the inter-actuator stroke is measured with one actuator at 0V and its neighbor
at either 160V or 200V. Peak-to-valley stroke is the difference between the maximum and minimum heighths
of the device, when different sections of the MEMS are set to the lowest and the highest voltage, respectively.
Table 1 shows these measurements, which is redundant to the previous two figures for the two devices that had
the entire range of spatial frequencies measured.

These preliminary experiments to understand the MEMS stroke showed that stroke is a rougly linear function
of spatial frequency and that lower spatial frequencies have more stroke. The Kolmogorov power law has a similar
qualitative form: a linear relation (between the inner and outer scales) that requires more stroke at the lower
spatial frequencies. The question, however, is to determine where these two curves overlap, or the interplay
between them. If Kolmogorov atmospheres have more power at the higher spatial frequencies than the MEMS
has stroke, then stroke saturation could be a problem. Our GPI simulations do not indicate this to be true,
but it is interesting to verify this with empirical laboratory tests.22 Therefore, it remained to augment these
preliminary experiments with MEMS stroke as a function of Kolmogorov atmosphere power.
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Figure 2. Boston Micromachines MEMS devices at the Laboratory for Adaptive Optics. (a) 1024-actuator DM with US
penny and cm ruler. (b) 4096-actuator DM with US quarter and cm ruler. Note: These two mirrors are not to scale in
relation to each other.

Figure 3. Effects of stroke saturation (which increases from left to right here) on the farfield image ”dark hole”. As
stroke saturation increases, light scatters into the dark hole that is normally controlled by the MEMS. Any planets close
to the central star would be undetectable. These plots are real data but not genuine farfield images: The MEMS was
driven in closed-loop to a range of Kolmogorov atmosphere screens, and the residuals measured at the MEMS plane were
made into the powerspectra seen here.

3. EXPERIMENTAL METHOD
Due to the nature of the dual-mirror architecture, it is possible to mitigate tweeter stroke saturation at spatial
frequencies below the control-band of the woofer. Furthermore, if high-frequency saturation is found that can only
be corrected by the MEMS, it is conceivable to make alternate tradeoffs in the engineering design of the device
such as varying the mirror’s surface thickness, which affects surface quality and maximum stroke. Therefore, it
is necessary to test the MEMS for saturation incidence under conditions of Kolmogorov-atmosphere wavefront
errors. We use our ExAO testbed with a phase-shifting diffraction interferometer23 (PSDI) to explore this issue.

Because these experiments are conducted with a 1024-actuator MEMS in the LAO, rather than the 4096-
actuator GPI MEMS, a decision has to be made to either keep the MEMS actuator pitch constant and reduce
the size of the pupil, or to increase the size of the MEMS actuators with respect to the beam while maintaining
the size of the pupil constant at 8m. In order to maintain and measure the effects of the high spatial frequencies,
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Figure 4. Stroke versus spatial frequency for (a) device ”W10#X” with pitch 340 µm at voltage range 0-160V and (b)
device ”W95#39” with pitch 400 µm at voltage range 0-200V. Table 1 summarizes and contextualizes the results.

we choose to keep the MEMS actuator pitch with respect to the 8m-primary constant, thus decreasing the size
of the pupil in the laboratory experiment to a ∼5m primary. Figure 5 shows the relative scaling of the MEMS
actuators, the laboratory pupil, and the Gemini pupil used in the experiment. With the 1024-actuator MEMS
used in the experiment, the primary pupil being tested is 4.9m in diameter.

Figure 5. Relative scaling of the MEMS actuators, testbed pupil, and Gemini primary in the laboratory experiment.
The fine white 44x44 grid represents MEMS actuators at GPI. The outer red circle represents the 8m Gemini primary.
The inner black square delineates the 32x32 actuators of the 1024-MEMS used in the laboratory experiment. Finally, the
inner blue circle represents the pupil of the ExAO testbed used in the experiment, which corresponds to a ∼5m primary.
These shapes are superimposed on a scaled Kolmogorov atmosphere screen.

We produce software Kolmogorov atmospheres in IDL by creating a filter function and using it to generate
random screens. To simulate the effects of a perfect woofer correction, we remove the low spatial frequencies by



truncating the filter below the woofer cutoff. The remaining higher frequencies are then applied to the MEMS
in closed loop on the ExAO testbed in the LAO. Figure 6 illustrates the woofer application in one dimension,
while Figure 7 shows the two-dimensional power spectra.

Figure 6. Radial averages of power spectra of Kolmogorov atmospheres. Solid line represents full Kolmogorov atmosphere
at r0 = 10 cm. Dashed line represents high frequencies that remain after 62 cm-pitch woofer is applied. All power lower
than the woofer cutoff frequency is removed.

(a) (b)

Figure 7. Power spectra of Kolmogorov atmospheres, r0 = 10 cm. (a) Full Kolmogorov atmosphere screen—no woofer
correction. (b) After 62 cm-pitch woofer correction, only high spatial frequencies remain. The woofer-removed screen is
applied to the MEMS by driving to this shape in closed-loop.

After removing the lower spatial frequencies through software application of the woofer, the remaining high-
frequency Kolmogorov atmosphere screen is applied to the MEMS by driving to the shape in closed-loop. The
voltage range used is 0-200V. Figure 8 displays the resulting phase on the MEMS, resampled to 32x32 actuator
spacing, as measured by the PSDI.



Figure 8. MEMS measurement, resampled to 32x32. On the ExAO testbed, the MEMS is driven in closed-loop to
the input shape, a Kolmogorov atmosphere screen with some degree of woofer removal. The phase-shifting diffraction
interferometer is used to measure the phase at the MEMS.

Woofer Pitch as Mapped Number of Woofer Fraction of
onto Primary / cm Actuators across 5m Primary Actuators Saturated
No Woofer ∼ 490 1 7.1 ∗ 10−2

290 2 4.3 ∗ 10−2

134 4 9.0 ∗ 10−3

62 8 5.4 ∗ 10−3

40 12 2.0 ∗ 10−3

31 16 7.1 ∗ 10−4

MEMS — 18cm MEMS — 28 across 5m primary

Table 2. Table of woofer sizes varied with resulting actuator saturation fractions.

4. DATA AND RESULTS
We vary the woofer pitch from no woofer (which corresponds to about 490cm, or tip/tilt control only, as 4.9m
is the size of the primary) to 31cm pitch at the primary, which is about 16 actuators across the primary. For
comparison, the MEMS has an 18cm pitch when mapped to the primary, and there are 44 MEMS actuators
across the GPI primary but only 28 actuators across the 5m primary in the testbed experiment. Table 2 lists
the woofer sizes tried in the experiment and the number of saturated actuators found at each woofer size.

For each woofer pitch tried, the MEMS is driven to the shape in closed-loop. The gain is set low and the
iterations high in order to approach the shape to the best ability of the MEMS. The PSDI is used to precisely
measure the shape in closed-loop. After ∼20 iterations, the best shape (lowest rms residual) is saved and a
different random iteration of the Kolmogorov atmosphere screen at r0 = 10 cm is tried. At each woofer pitch,
10 to 50 different Kolmogorov atmosphere screens are applied to the MEMS.

The saturated actuators are found through the saved voltage data. As the voltage range used is 0-200V,
any actuators at 0V in the best iteration are termed ”saturated low” and any actuators at 200V are termed
”saturated high.” Figure 9 shows the voltages applied to the MEMS in the best iteration for four typical cases,
for woofer pitches 500cm to 62cm. The saturated actuators are marked red or blue. The data shown are typical
for each woofer case in the number of saturated actuators. The saturated actuators are distributed in clumps
rather than as single saturated actuators. There is, as expected, a marked reduction in the quantity of saturated
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Figure 9. Maps of the voltages applied to the MEMS when closing to an r0 = 10 cm software atmosphere. (a) No
woofer ∼ 490cm. (b) 290cm woofer. (c) 134cm woofer. (d) 62cm woofer. Red actuators are saturated low (0V) and
blue actuators are saturated high (200V). Woofer pitch is given with respect to the primary pupil. Each case shown is
typical in the number of actuators saturated at that woofer size. Note the clumpy distribution of saturated actuators and
the decreasing saturation incidence with decreasing woofer-pitch; both features indicate that low-spatial-frequency phase
aberrations in the atmosphere screens cause most of the saturation.

MEMS actuators as woofer pitch decreases. These trends indicate that the low-spatial-frequency aberrations are
responsible for most of the saturation. The low spatial frequencies are controllable by a woofer, therefore this
stroke saturation can be mitigated.

We also plot histograms (Figure 10) of the voltages applied to the MEMS in the best residual iteration. The
first histogram shows the inter-actuator voltages applied. If a lot of neighboring actuator pairs are saturated, we
would expect to see many inter-actuator voltages of close to 200V. Instead, there are almost no actuator pairs
that are saturated at the high frequencies, for any woofer size. The trend with woofer size is to have a peakier
distribution for larger woofer pitch, meaning more neighboring actuator pairs at lower gradients when the lower
spatial frequencies are included. The second histogram shows the peak-to-valley difference voltages applied for
each best residual. If the full range of the MEMS is being used, we expect to see a lot of the iterations at 200V
difference. This is true for the cases with larger (or no) woofer actuators. Especially for the case with no woofer,
almost 90% of the cases used the full voltage range and thus included some saturated actuators. However, as
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Figure 10. Histograms of voltage distribution applied to the MEMS to create the Kolmogorov atmosphere shape. (a)
The histogram of inter-actuator voltages applied to the MEMS shows that very few neighboring actuator pairs were
set to opposite extreme voltages (0-200V), at any woofer pitch. Therefore, there was very little high-spatial-frequency
saturation. (b) The histogram of peak-to-valley voltages applied to the MEMS shows that, as woofer pitch decreases, the
MEMS is increasingly able to deform to the atmospheric shape without using the full 0-200V range.

the woofer is introduced and its size decreased, the fraction of cases using the full voltage range drops to half for
the 62cm woofer.

Finally, we plot the woofer size against fraction of actuators saturated (Figure 11). Reducing the woofer
pitch as mapped to the primary gives fewer saturated MEMS actuators.

5. DISCUSSION
As seen in Figure 11, a 62cm woofer gives about a 3-sigma saturation chance. Recall that one of the GPI
specification was 5 sigma saturation or less. There are several reasons why we are not yet worried. The
experiment analyzed here was conducted for r0 = 10 cm rather than the r0 = 15 cm expected at Gemini
South, in order to increase the signal received so that the saturated actuators could be well-counted in only
10 to 50 trials. The 1k-MEMS used has a physical pitch of 340 µm, but the GPI 4k-MEMS will have 400 µm
and so will have more stroke (its goals are 4 µm peak-to-valley and 1.3 µm inter-actuator). Furthermore, the
voltage range was 0-200V whereas the additional 60V (0-260V) we plan to operate for GPI may give a couple
hundred nanometers more of stroke. Finally, the clumpily-distributed saturated actuators and the low incidence
of saturated individual of neighboring actuator pairs indicates that a woofer will be successful in mitigating these
low-spatial-frequency saturation events.

6. CONCLUSIONS
Saturation occurs primarily at lower spatial frequencies; therefore, peak-to-valley rather than inter-actuator
stroke is the limiting factor. As woofer pitch decreases, saturation is mitigated to a few tenths of a percent
and the full voltage range is not required as often. We measured ∼3-sigma saturation for ∼100cm-pitch woofer
actuators at r0 = 10 cm; future work is to vary r0 in order to extrapolate this to the GPI 5-sigma tolerance,
taking into consideration the fact that the base GPI 4k-MEMS has a larger pitch (400 µm) and will operate at



Figure 11. Fraction of actuators saturated as a function of woofer size.

a wider voltage range (0-260 V). It will also be interesting to compare a stroke-versus-spatial-frequency curve
from these measurements to the Kolmogorov power law.
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