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Abstract: Measuring and understanding the transient behavior of a surface with high spatial and tem-
poral resolution are required in many areas of science. This paper describes the development
and application of a high-speed, high-dynamic range, digital holographic interferometer for
high-speed surface contouring with fractional wavelength precision and high-spatial resolu-
tion. The specific application under investigation here is to characterize deformable mirrors
(DM) employed in aero-optics. The developed instrument was shown capable of contouring
a deformable mirror with extremely high-resolution at frequencies exceeding 40 kHz. We
demonstrated two different procedures for characterizing the mechanical response of a sur-
face to a wide variety of input forces, one that employs a high-speed digital camera and a
second that employs a low-speed, low-cost digital camera. The latter is achieved by cycling
the DM actuators with a step input, producing a transient that typically lasts up to a milli-
second before reaching equilibrium. Recordings are made at increasing times after the DM
initiation from zero to equilibrium to analyze the transient. Because the wave functions are
stored and reconstructable, they can be compared with each other to produce contours in-
cluding absolute, difference, and velocity. High-speed digital cameras recorded the wave
functions during a single transient at rates exceeding 40 kHz. We concluded that either
method is fully capable of characterizing a typical DM to the extent required by aero-optical
engineers.

1. Introduction

Aero-optics is the branch of optics that understands and deals with the effect of aerodynamics on optical imag-
ing and beam propagation through aerodynamic flows and the atmosphere. In general, the refractive index fluc-
tuations in the air will distort an optical wavefront with phase variations that cause aberrations and beam wan-
der. This can cause image blurring, bore-sight error, and loss of energy to a target. Aero-optical engineers em-
ploy a wide range of optical diagnostics tools that characterize wavefronts and propagation effects. Adaptive
optics are employed to correct or compensate for the aero-optical effects. When a wavefront becomes aberrated
through aero-optical effects, adaptive optics either removes or compensates for the aberration.

Holographic flow diagnostics methods played a key role in aero-optical research by capturing complex wave-
fronts that passed through and were aberrated by aero-optical effects. The captured wavefront fully characteriz-
es the phase shifting properties of turbulent flow [1]. The well-established analog methods have been enhanced
greatly with digital holography.

Adaptive optics has a related but different requirement. Aero-optical engineers who develop and use adaptive
optical devices have a critical need for a measurement tool that is capable of characterizing their real-time per-
formance and transients, especially where the end application is compensation for quickly changing aero-optical
effects caused by imaging through atmospheric and boundary layer turbulence. Using variations of the flow
diagnostics system, we demonstrated full characterization of the high-speed performance of a typical, commer-
cial deformable mirror employed in adaptive optics. In this study, the recorded light reflected from a surface
provides a high-resolution image of the surface. The recorded wave function can then be compared with refer-
ence wave functions derived from the surface itself at some earlier (or later) time or from a reference surface.
The resulting holographic interferogram, when solved, provides a contour image, i.e., the difference between
the DM and reference surfaces. We tested both instantaneous and sequential phase shifting interferometry [2]
with various cameras ranging from low-cost, low-speed to high-speed cameras developing methods to make any
of them work.

Low cost, low speed, video cameras are usable by cycling the DM actuators with a step input, producing a tran-
sient that typically lasts up to a millisecond before equilibrium. Recordings are made at increasing times after
the DM initiation from zero to equilibrium to analyze the transient. Because the wave functions are stored and
reconstructable, they can be compared with each other to produce contours including absolute, difference, and
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velocity. High-speed digital cameras recorded the wave functions during a single transient at rates up to 40 kHz.
As a final demonstration, we experimentally characterized a commercial DM in its full range of dynamic and
transient states.

Typical requirements for aero-optical applications are the following:
e Dynamic Range in excess of 10 um
Measurement of reflective or scattering surfaces, reflectivity ranging from 0.5% to 100%
Frequency response up to 20 kHz
Surface velocity 20 nm/us or greater
Number and spacing of Actuators: >1000 spaced <3 mm)
Characterizing in-plane and out-of-plane surface displacement
Spatial resolution: < 500 um
Detectable full-aperture sag : 25 um
Resolution: < 0.01 um
Material: glass/fused silica, metal or dielectric coated mirrors

The study was designed to determine the best methods to provide sufficient data needed to meet the above re-
quirements and if any low-cost options exist. A variety of solutions were examined, including digital holography
and laser Doppler Vibrometry (LDV). Since LDV provides velocity instead of contour and since the required
spatial resolution is difficult to attain, we concluded that holographic interferometry augmented with LDV was
the optimum solution. Procedures were developed for both a) using a high-speed digital camera [3], which rec-
orded the surface changes at frequencies up to 40 kHz and b) using low cost, single shot cameras augmented
with an LDV to provide single point measurements.

2. Experiments

There are many different ways to perform digital holographic interferometry and to configure a holocamera to
characterize a DM, each with its own advantages. To produce a digital hologram, a test wave, and reference
wave are mixed and recorded on a digital sensor (CCD or CMOS). The wavefront can be reconstructed from
this recording using interferometric methods (as well as other methods). To reconstruct the stored wavefront, we
demonstrated two different implementations of phase shifting interferometry[4]. Method one reconstructs the
wavefront instantaneously by using a specialized pixelated digital camera that provides four phase-shifted imag-
es simultaneously to solve for the wavefront using the so-called four-bucket algorithm. Method two solves for
the wavefront by recording three time sequential phase shifted interferograms on a high speed digital movie
camera. Method 1 requires a special pixilated mask and method 2 requires a digital movie camera. It should be
noted that since the required wavefront in this application is in the plane of the DM, the wavefront needs no fur-
ther propagation, so the holography process being employed is, in fact, the same as interferometry.

In method 1, the DM actuators are cycled with a step input (“poke”), producing a transient that typically lasts up
to a millisecond before equilibrium is reached, and recordings are made at increasing times after the DM initia-
tion varying between zero and equilibrium to analyze the transient. Because all of the wave functions are stored
and reconstructable, they can be compared with each other to produce contours including absolute, difference,
and velocity.

Method 2 employed a high-speed digital camera that is capable of recording the wave functions during a single
transient at rates up to 40 kHz. With this method, only one actuation is needed to characterize each transient,
since a high-speed movie provided the complete contour time history. In both cases, we produced high-
resolution DM surface contours that are capable of tracking and characterizing the full mirror surface transient
from initiation to equilibrium, clearly quantifying transient phenomena and satisfying all of the above specifica-
tions.

A Laser Doppler Vibrometer (LDV) provided corroborating data for the experiments at one point of the DM.
Figure 1 shows a layout of both experiments. The pixelated camera, required in Method 1, is replaced by meth-
od 2 by performing a single phase-shifts with a piezo mirror and using local phase correlation method [3]. This
enables the use of any commercially available digital camera, considerably reducing the cost of a single system.
What is lost is the instantaneous phase shifting enabled by the pixelated camera, which is more robust and more
accurate but, which may not be necessary for a laboratory environment. Using method 2, we employed a high-
speed digital camera, capable of acquisition at greater than 40 kHz.

The basic experiment was to introduce step forcing functions to a few actuators in the DM and contour the entire
surface during its transient movement until it reached equilibrium. We demonstrated that either of two methods
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tested was capable of achieving this with A/20 resolution or better and at frequencies in excess of 40 kHz. Ex-
ample data are presented below. The experiments produced high-resolution three-dimensional contours of the
DM surface under various kinds of excitations, providing high temporal and spatial resolution during transients
of the DM surface.

Deformable
Mirror

Mirror (Piezo driven phase shift)
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Recording Camera

Method 1-Four-Bucket Algorithm: Pixe-
lated camera with stationary mirror.

Method 2-Three-Bucket Algorithm: Any
Digital camera with phase shift.

Figure 1. General configuration supporting Method 1: pixelated camera with a stationary mirror, four-
Bucket algorithm (4B); and Method 2: standard camera with a piezo-driven mirror, three-Bucket algo-
rithm (3B).

Figures 2-3 contain contours attained at 50, 200, 300 and 400 microseconds after initiation. The temporal resolu-
tion capability is in microseconds, the spatial resolution capability is typically about 10 um per square centime-
ter of surface, and the measurement resolution is better than A/20. This system is capable of precisely contouring
a DM surface with microsecond temporal resolution at any pre-selected time after surface actuation. Therefore,
if the DM surface movement is repeatable it can be characterized completely by repeated cycling with contour
measurements being made sequentially at different times after actuation. A DM would not be useful in adaptive
optics if it were not repeatable.

To verify repeatability and help interpret other observations, point by point, temporal measurements and repeat-
ability were assessed with an LDV [5] as a complementary measurement. The laser was shuttered by an
acousto-optic modulator (AOM) across a small aperture, providing a shuttering action that can provide light
pulses as short as one microsecond. The wave plates combined with the Polarization Beam Splitter (PBS) al-
lowed splitting and recombining the test and reference beams with no losses. The reference beam passes through
to the reference mirror, while the test beam strikes the DM. The two beams are recombined by the PBS and pass
on to the pixelated camera. The lens images the DM surface onto the camera, where the digital hologram is
formed.

The digital hologram provides surface contours of the DM, which can be compared with the reference mirror or
with each other at a later time. The laser shutter, recording camera shutter and the DM actuation are synchro-
nized with a control signal derived from the DM controller to initiate a time delay generator, which initiates the
camera and laser shutters after the appropriate time delay. The experiments demonstrated the ability and method
for evaluating the temporal response of a DM surface. The DM used in the study was a Boston Micromachines
Corporation BMC Multi-DM, 1.5 um stroke device with an aluminum coating [7].

2.1. Characterization Sequence

Figures 2-3 shows the transition of the surface contour of the DM from a “flat” condition to steady state after the
maximum voltage is applied equally to a 2x2 array of actuators at the center of the DM. The surface is flat to
better than /10 with an RMS deviation of 0.07XA. The first contour measurement is made 50 microseconds after
actuation (equivalent to 20 kHz). At this stage of transition, the surface is distorted by about 1.5 wavelengths
and is tilted with a surface wave progressing outward from the center. At 200 microseconds, the DM, still
slightly tilted has moved to about 3 wavelengths with a definite edge.
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Figure 2. DM surface contours at 50 and 200 microseconds after actuation. Actuator dimensions are 0.4
mm. A 2x2 group is actuated at the center.

Figure 3. DM surface contours at 300 and 400 microseconds after actuation. Vertical scale is in wave-
lengths, and here they rise 7 and 12 waves, respectively.

The LDV was aimed near the center of the DM to provide a continuous measurement of surface velocity. Fig-
ure 4 shows a typical signal from the LDV during a transient of the DM after the entire actuator array is excited
with a step input. The signal clearly shows the time required to approach equilibrium (from 0.5366 to 0.5376
seconds, i.e. about one millisecond) and the ringing that continues for another millisecond. The LDV also con-
firms the repeatability of the DM, which is also a requirement since a DM that is not repeatable us not useful for
correcting aero optical effects. The LDV proves to be an excellent complement to the instrument and should be
included as an optional tool to supplement the digital recordings of the entire surface. As is to be expected, the
DM reaches steady state faster at lower actuation voltage.

Figure 5 shows one of various excitation modes examined. In this case two adjacent segments were excited in
opposite directions.

2.2. Experiments with Method 2 using a High-Speed Digital Camera

Furlong et al. [3] have applied digital holography in the medical field, specifically in the study of the response of
the human ear drum using similar technology with high speed digital recording. Employing method 2 we made
high speed recordings of the DM surface under various actuations. These experiments demonstrated the
feasibility of this configuration also as a viable approach.

Figure 6 shows a 2x2 actuator pulse during its transient where the peak is approached after about 160

microseconds and 23 microseconds later where the peak has increased by 0.05 um. Figure 7 shows the surface
shortly after the voltage is removed and ringing is observed.
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Figure 4. With about ten percent maximum actuator voltage applied, steady state is reached in less than
one millisecond (from 0.6010 to 0.6017 seconds).
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Figure 5. Two 2x2 actuator arrays are pushed to the maximum displacement, just over 3 pm in opposite
directions.
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Figure 6. Dynamic recordings of a DM surface extracted from high speed video recordings. 160 microsec-
onds after initiation (Top) and 23 microseconds later (Bottom).
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Figure 7. Surface shortly after actuation voltage is removed and 500 microseconds later, showing ringing.
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3. Future Work

This research resulted in a number of possible designs for the ultimate tool for characterizing DMs for use in
aero optics. The designs were based in part on the needs of the user community and with the help of an expert
typical user.

Figure 8. 8 shows the prototype design, which supports use with either high-speed or low-speed digital cameras
using either methods 1 or 2.
( )

e e conmecions

delay )
,,,,, ’ - Camera; Diode
LY. Al see Note Laser

Deformable Mirror

N\

H- Signal

::.j)utput
object leg Lsrp_llﬂer | | '

x -

Figure 8. Prototype of real-time optical contouring system for characterizing DMs. Using a laser diode
and fiber optics results in a compact, robust, and inexpensive instrument.

Polarization components

4. Conclusions

The research established the feasibility of monitoring the transit of a deformable mirror by digital holographic
interferometry at frequencies as high as 40 kHz. Two methods were demonstrated, including one that employs
low cost, digital cameras.
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