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ABSTRACT

Implementing the capability to perform fast ignition experiments, as well as, radiography experiments on the National 
Ignition Facility (NIF) places stringent requirements on the control of each of the beam’s pointing, intra-beam phasing 
and overall wave-front quality. In this article experimental results are presented which were taken on an interferometric 
adaptive optics testbed that was designed and built to test the capabilities of such a system to control phasing, pointing 
and higher order beam aberrations. These measurements included quantification of the reduction in Strehl ratio incurred 
when using the MEMS device to correct for pointing errors in the system. The interferometric adaptive optics system 
achieved a Strehl ratio of 0.76 when correcting for a piston, tip/tilt error between two adjacent rectangular apertures, the 
geometry expected for the National ignition Facility. The interferometric adaptive optics system also achieved a Strehl 
ratio of 0.66 when used to correct for a phase plate aberration of similar magnitude as expected from simulations of the 
ARC beam line. All of these corrections included measuring both the upstream and downstream aberrations in the 
testbed and applying the sum of these two measurements in open-loop to the MEMS deformable mirror.
Keywords: Adaptive Optics, Short-Pulse Lasers, Wave-front sensing, Interferometry
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1. INTRODUCTION
Numerous laser systems currently employ, or have employed in the past, adaptive optics (AO) systems to correct their 
wave-front aberrations. These aberrations can be caused by many mechanisms which include thermal distortions in the 
amplifiers, temperature fluctuations, stress-induced birefringence, damage spots on and inherent aberrations in the 
optical components, nonlinear effects, vibrations and misalignment of optics. The laser systems with AO include the 
largest lasers currently being built, the National Ignition Facility1 and the Laser Megajoule, the NOVA petawatt laser2, 
the beamlet laser3, the LULI laser system4, the Vulcan petawatt laser5, to name a few. These lasers have exclusively used 
conventional Shack-Hartmann and shear-interferometer systems which measure the gradient in the wave-front and as 
such are unable to measure the piston error between multiple beams.

The National Ignition Facility (NIF) will become fully operational this calendar year and incorporates 192 400 mm 
aperture Nd:glass beam lines. A schematic of one of the beam lines of NIF is shown in Fig. 1. One quad of the 192 NIF 
beams is designated for x-ray backlighting and fast ignition experiments. Each of these four square NIF Beams is split 
into two rectangular beam lines. As such eight rectangular beams that can be independently pointed are formed from the 
original four square NIF beams. Each of these eight beams focuses to the target chamber center as an f/22 by f/44 beam. 
These beam lines will differ from the standard NIF beam line in several ways. A fiber-based short pulse will be added to 
the master oscillator to seed a quad of main amplifiers. The short pulse is stretched in pulse length before entering the 
preamplifer modules and then compressed to a 1-10 ps pulse with a vacuum compressor placed on the target area 
mezzanine. The eight 1.053 m short pulse laser beams will then be focused near target chamber center with an off-axis 
parabola to minimize B integral effects. Each of these eight beams will deliver a laser pulse to chamber center that is 
nominally 5 ps in pulse length and 995 J in energy, giving an overall energy of 7.96 kJ delivered to the target. The fast 
ignition experiments require that 4 kJ of the total 7.96 kJ of laser energy be deposited within a 40 m diameter circle. 
Each of the eight beams focuses to the target chamber center as an f/22 by f/44 beam such that the first lobe of the 
diffraction pattern represents a rectangular shape of ~ 46 by 93 m in the far-field. At the very least each of the two 
beams formed from a single NIF beam must be phased together to meet the enclosed energy requirement. The 
approximate pupil geometry of the eight beams is shown below in Fig 2a along with the far-field pattern, in Fig. 2b, 



generated by this pupil assuming that all of the beams are in phase and no phase aberrations are present. Fig. 2b also 
contains a 40 m diameter circle showing the spatial dimensions of the focused beams. If all the beams are phased and 
pointed together and fully corrected with a Strehl ratio, Sr, of 1, then they would deliver 5.6 kJ in a 40 m diameter 
circle, exceeding the requirements by 1.6 kJ. When each of the two beams formed from a single NIF beam are co-
phased, but with random piston errors between the four beam pairs, the encircled energy requirement of 4 kJ is exceeded 
90% of the time provided the Strehl ratio is greater than 0.72.6 This latter statement was determined by analyzing the 
results from a thousand simulations to evaluate the system performance with random piston errors, random tip/tilt errors 
and a random realization of a residual turbulence profile applied to the eight beams. The random realization of the 
residual turbulence profile consisted of a Von Karman turbulence profile with the Fried parameter ro=D/8 and the outer 
scale length set to D/2 with D representing the longest aperture dimension. In the case of tip/tilt errors, normally-
distributed pseudo-random numbers with a mean of zero and a standard deviation of 1 rad were assigned to both the tip 
and tilt components of the phase. The Von Karman turbulence parameters were chosen based upon residual wave-front 
measurements taken on one of the NIF beam lines after a low order deformable mirror was utilized to pre-correct for 
wave-front aberrations in the rod and disk amplifiers caused primarily by heat deposition from the flashlamps.6 A Von 
Karman turbulence profile is also expected from the gas turbulence inside the beam tubes due the natural truncation of 
the outer scalelength of the turbulence spectrum by the beam tubes enclosing the optics.

An interferometric wave-front sensor was chosen for the task of correcting these beam lines in part due to the fact 
that these systems measure the phase directly and as such can determine the piston difference between apertures. The 
ability to measure piston errors is one such advantage of an interferometric adaptive optics system over conventional 
adaptive optics systems such as Shack-Hartmann and curvature sensors which measure the first and second derivative of 
the phase, respectively.7 Interferometric adaptive optics systems have been proposed and implemented previously to 
correct for atmospheric aberrations8,9 and to function as extreme adaptive optics systems.10,11 A testbed was constructed 
to experimentally evaluate the ability of the interferometric wavefront sensor to correct the types of aberrations expected 
on the ARC beam lines as described in section 2. The types of aberrations expected on the ARC beam line were 
evaluated experimentally on the testbed as detailed in section 3 and these aberrations consisted of tip/tilt control of the 
beamlines, piston and tip/tilt errors between adjacent rectangular apertures and Von Karman turbulence profiles of the 
levels expected on the ARC beam lines. The measured Strehl ratios are compared with analytical expectations in section 
4 and discrepancies between the measured and theoretical Strehl ratios due to hardware limitations are discussed in the 
fifth section.

Fig. 1. Schematic of the major components of a National Ignition Facility (NIF) laser beam from injection to final focus. 



Fig. 2. Pupil layout for the advanced radiography capability on the National Ignition Facility is displayed in Fig.2a. The 
pupil represents four beam pairs with each of the beam pairs containing 1.99 kJ centered around 1.053 m in a 5 ps 

pulse. Fig. 2b shows the far-field pattern generated from this pupil assuming that all of the beams are pistoned correctly 
and have a perfect Strehl ratio.

2. TESTBED LAYOUT
A testbed was designed and built to examine the capabilities of the interferometric adaptive optics system to successfully 
correct the aberrations expected on the ARC diagnostic. The optical layout of the IR laboratory breadboard system is 
shown in Fig. 3. It consists of five main components; an interferometric wave-front sensor, a MEMS-based spatial-light-
modulator built by the Boston Micromachines Corporation (BMC), two tip/tilt mirrors, a 1053 nm Nd:YLF laser and 
computer hardware/software to analyze the wave-front and implement the phase correction. The deformable mirror can 
be run in either open or closed-loop operation but has thus far been run exclusively in open loop. The Nd:YLF laser is 
split into three separate beams using polarizing beamsplitters and has a nearly transform-limited pulse of 2 ns duration 
and a pulse energy of 35 J. The testbed is designed to evaluate the performance of both segmented and continuous 
phase sheet MEMS devices, however, a segmented MEMS has been used thus far. The segmented devices do not require 
a wave-front reconstruction, however, the continuous face sheet MEMS devices will require a phase-unwrapping wave-
front reconstruction to be performed in order to avoid 2 phase jumps being applied to the continuous surface.

Polarization components are utilized in the testbed to form the two interferograms with a /2 phase shift between the 
reference beams in these interferograms. The probe beam passes through a square aperture that is relay imaged onto the 
MEMS-based spatial light modulator in open-loop operation. The MEMS device is then relay imaged onto the partial 
reflector, APR, which is relay imaged onto the focal plane array. At the APR, in the upper right of Fig. 3, a percentage of 
the probe beam is reflected and travels back upstream to a beam splitter which sends part of the probe into the 
interferometric wave-front sensor, upper left of Fig. 3. The probe beam passes through a half wave plate that rotates its 
polarization by /4, producing equal amplitude horizontal and vertical components of the probe beam before it is 
combined with the reference beam. The reference beam passes through a thin film polarizer near the top of Fig. 3 and the 
resulting p-polarized beam passes through a quarter wave plate (QWP) at 45 degrees to vertical, which converts the 
linearly polarized light into circularly polarized light with a /2 phase shift between orthogonal polarizations. After the 
reference beam passes through the QWP, the reference and probe beams, in either the open or closed loop geometries, 
are combined using a non-polarizing 50/50 beamsplitter, in the center near the top of Fig. 3. The reference and probe 
beams then pass through a telescope shown in the upper left-hand side of Fig. 3. A Wollaston prism, at the focus of the 
first telescope lens, separates the two interferograms in angle. The two interferograms, having orthogonal polarizations, 
exit the Wollaston prism at an angle of approximately 1.93 degrees with respect to one another and are collimated by the 
two lenses placed directly after the Wollaston prism. The two spatially separated interferograms are then directed to the 
IR camera, which is in a conjugate plane to the spatial light modulator and to the entrance aperture of the system. Part of 
the probe beam passes through the APR and is relay imaged to the position of the MEMS device in closed-loop located 
near the center of Fig. 3. This plane is then relay imaged onto two subsequent tip/tilt mirrors, one used to simulate 
vibrations and the other to correct the simulated vibrations. The last tip/tilt mirror is then relay imaged to a plane where 
phase plates add turbulence onto the beam in the lower left-had side of Fig. 3. This is the location where the phase plate 
was situated for the measurements discussed below. This plane is relay imaged onto the focusing optic, a 1 m f.l. lens, 



which then focuses the probe beam onto the backlighter fiber shown in the bottom left-hand corner of Fig. 3. Tracking 
cameras are used to measure the Strehl ratio and the tip/tilt correction of the system and an additional tracking camera is 
placed in the interferometric wave-front sensor arm near the Wollaston prism to evaluate offloading of the tip/tilt 
correction with a CCD camera by tracking the spot motion.

The two interferogams provide the sine and cosine channels, however, there are three unknowns and additional 
information is required to unwrap the phase. The three unknowns are the reference beam electric field, the probe beam 
electric field and the phase. To provide additional information, the reference aperture is oversized relative to the probe 
beam. By measuring the spatial profile of the reference beam before the correction run and using the oversized region on 
the detector to scale the measured reference amplitude on each measurement, the detector effectively provides a 
measurement of the reference beam intensity on each shot as well. By setting the probe beam intensity much lower than 
the reference beam and neglecting this component in the interferograms, the phase can be uniquely determined.

Fig. 3. Laboratory breadboard setup used to test the performance of the phase conjugate engine in a controlled laboratory 
environment. The abbreviations stand for the following: BS, beam splitters; M, mirrors; L, lenses; S, shutters; A, 

apertures; TFP, thin film polarizers; /2 and  /4, half and quarter wave-plates, respectively. The dimensions primarily 
refer to the focal length of the lenses and mirrors.

The interferometric system would be implemented on the National Ignition Facility as shown in Fig. 4. The guide 
star for the adaptive optics system, in the case of x-ray backlighting, would come from optical fibers embedded in the 
backlighter target, which would consist of up to eight high atomic number (high Z) wires embedded in a low atomic 
number (low Z) material. The low Z material is used to tamp the expansion of the high Z material so that the 
backlighting x-rays produced in the laser-plasma interaction emanate from a small spatial extent. Fibers are placed next 
to the high Z wires to guide each of the eight ARC beams to their respective high Z wire. The laser backlighter is sent 
through each of the eight fibers and each of the eight beamlets then propagate back through their respective laser chain 
after being collimated by the off-axis parabola. A rotating quarter wave-plate chopper is used in the cavity spatial filter 
to allow the signal to back propagate through the cavity amplifier at hundreds to thousands of hertz. The plasma 
electrode pockel cell (PEPC) that resides in the cavity spatial filter only allows signals to pass through at 0.2 hz without 
this rotating wave-plate chopper, which would be insufficient to correct vibrational movement of the optical train. The 
signals would then back propagate to the preamplifier module where the interferometric wave-front sensor, tip/tilt mirror 
and deformable mirror would measure and correct the tip/tilt and higher order aberrations in the optical train, 
respectively. This correction would happen in the same manner as on the testbed shown in Fig. 3 and discussed in this 



article. The wave-front sensor would measure the aberrations in the optical train upstream of the sensor using the 
reflection from the partial reflector, APR, to interfere with the reference beam. The retro-reflector, RR, would be used to 
initially set the reference beam such that the optical axis of the laser coincided with that of the reference beam. The 
retro-reflector would then be blocked for the upstream measurement of the laser. The wave-front sensor would measure 
the downstream aberrations in the laser using the interference between the reference beam and fiber backlighters 
originating near the target chamber center. The path length of the reference laser must be changed between these 
measurements to allow the reference beam to interfere with the upstream and downstream probe pulses. The upstream 
and downstream aberrations would then be added together and applied to the deformable mirror along with open loop 
corrections.6,12 The open loop corrections include expected changes between the last measurement of the AO system and 
when the laser pulse is fired, as well as, accounting for the pointing offset and distance between the fiber backlighter and 
the desired focal spot at the end of the fast ignition cone in the case of fast ignition experiments. The latter open-loop 
correction involves placing a slight tip/tilt and focus term on each of the beams to steer them to the correct location 
before the laser shot. The tip/tilt system would run in closed-loop removing the pointing errors of the optical train 
components.

Fig. 4. Implementation of the interferometric adaptive optics system on the National Ignition Facility. The abbreviations 
stand for the following: BS, beam splitters; L, lenses; /2 and  /4, half and quarter wave-plates, respectively.

3. MEASUREMENTS ON THE TESTBED
The final stage of correction for the fast ignition capability on the ARC diagnostic involves placing a slight tip/tilt and 
focus term on each of the beams to steer the beams off of the fiber backlighter and correct the ~ 5x10-4 change in the 
focal length. The change in tip/tilt between the individual beams focusing on the targeting sphere and the end of the fast 
ignition cone is slight, (x/f.l.), where  is the angle of the guide star beam from the optical axis of the ARC pupil, f.l. 
is the focal length of the parabola and x is the distance between the fiber backlighter and the end of the fast ignition 
cone. For each of the beam pairs forming the ARC pupil this corresponds to an applied tilt of 18.8 rad or a peak-to-
valley phase tip/tilt of 6.9 m. The difference in the focal length imposed on the MEMS devices to make the required 
changes to the focus of the parabola is a peak-to-valley defocus of 0.66 m. The application of the tip/tilt phase on the 
MEMS device causes a slight reduction in the Strehl ratio and this reduction was studied on the testbed, as well as, 
analytically.  

In the “spirit” of adaptive optics, the Strehl ratio can be calculated from the phase variance, 2, using the Marechal 
approximation, Sr~exp(-2).13 For a given number of bits, n, the number of phase correction levels is given by 2n. Each 
level of correction covers a phase region of o=2/2n radians. The phase variance within each of the correction levels is 
given by
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Assuming a uniform distribution of phases, Eq. 1 can be approximated by
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Using the “extended Marechal approximation”, the Strehl ratio, Sr, can be expressed as Sr ~ exp{-(2/3)/22n}. A more 

formal derivation, yields the expression Sr = sinc2(/2n).14 For a linear phase profile, tip or tilt, applied across all 32 
MEMS rows, the number of  correction bits, 2n, is equal to the number of waves of tilt across the MEMS device, Amp, 
divided by the number of actuator rows, 32. The Strehl ratio can then be expressed as Sr ~ exp{-(2/3)(Amp/32)2}. 

The loss of Strehl ratio due to the application of tilt across the MEMS device was tested on the system by applying 
increasingly larger levels of tilt to the MEMS device and measuring the far-field patterns. The far-field patterns for four 
different levels of tip applied to the MEMS device are shown in Fig. 5a. For this measurement a small aperture, ~ 2 mm 
square, was placed in front of the MEMS device such that aberrations from both the MEMS device itself and the optics 
in the testbed would be minimized. This enabled high Strehl ratios, Sr ~0.95, to be achieved with no tilt applied to the 
MEMS deformable mirror. In Fig 5a the number of waves of tilt applied to the MEMS deformable mirror from left to 
right was 0, 4, 8 and 12 waves, respectively. As the tilt applied to MEMS deformable mirror increases, it becomes a 
phase grating putting energy into multiple orders as seen in Fig. 5a. As the number of waves of tilt applied to the MEMS 
deformable mirror reaches 16, the MEMS device becomes a phase grating with a 180 degree phase shift between 
adjacent rows of pixels and an efficiency in the +1 order is ~43%. Fig. 5b illustrates the Strehl ratio as a function of the 
waves of tilt applied across the MEMS device. The squares represent the derived Strehl ratios from the measured far-
field patterns shown in Fig. 5a. The solid black line represents the theoretical curve derived above and the solid grey 
curve is simply a vertical displacement of the analytical curve to account for the small level of aberrations present on the 
MEMS device and on the optical train of the testbed. The Strehl ratio was determined by comparing the peak of the 
measured far-field intensity distribution to simulated far-field patterns chosen to match the lobe pattern of the measured 
far-field distribution. For the expected amplitude of 6.9 microns of applied tilt required to move the beam from the fiber 
backlighter to the back of the fast ignition cone, the Strehl ratio would be degraded by ~0.13 which is a significant 
fraction of the error budget and so will be delegated to a separate tip/tilt mirror. The results of this study will be 
presented in an auxiliary paper.15

Fig. 5. Measurements examining the effects of applying tip/tilt to the MEMS device Fig. 3a represents the far-field 
intensity patterns at four separate values of tilt applied to the MEMS deformable mirror. Fig. 5b displays the Strehl ratio 
as a function of tilt amplitude applied to the MEMS deformable mirror. The squares represent the Strehl ratios derived 
from the measured far-field intensity patterns, the solid black line represents the theoretical Strehl ratio as a function of 

tilt and the solid grey line represents a vertical displacement of the solid black line.

A microscope slide was used to test the performance of the interferometric AO system to piston and tip/tilt 
differences between two apertures, represented as the upper and lower half of the MEMS device. The microscope slide 
was placed upstream of the wave-front sensor across half of the aperture. Initially the wrapped phase downstream of the 



wave-front sensor, including the aberrations present in the testbed optics, was measured. The wrapped phase upstream of 
the wave-front sensor, including both the microscope slide and the MEMS deformable mirror, was then measured by 
changing the fiber length in the reference beam line such that it would interfere with the light from the laser. The 
upstream and downstream phases were then summed, the inverse taken and then wrapped and next applied to the MEMS 
deformable mirror. The results from the measurement and correction of the phase plate are shown in Fig. 6. The 
unwrapped phase from the microscope slide and the MEMS deformable mirror measurement are shown in Fig. 6a where 
the microscope slide was placed across the lower half of the MEMS device. The wrapped phase was unwrapped using 
the path following algorithm developed by Goldstein.16,17,18 The microscope slide introduced both a piston phase 
difference between the upper and lower halves of the MEMS device, as well as a tip component of approximately 1 
wave. The far-field intensity pattern with the phase correction applied to the MEMS device is displayed in Fig. 6b. The 
far-field intensity pattern was analyzed to determine the Strehl ratio by comparing the measured intensity pattern to 
simulated intensity patterns using Fourier transforms of a square aperture. The Strehl ratio of the corrected far-field 
pattern was determined to be Sr =0.76.

Fig. 6. Measurements examining the effects of piston errors between two adjacent rectangular apertures. The piston error 
was introduced by placing a microscope slide across the lower half of the MEMS device. The microscope slide 

introduced both a piston and tilt across one half of the MEMS device. Fig. 6a represents the unwrapped phase measured 
with the microscope slide across the lower half of the MEMS. Fig. 6b represents the far-field intensity pattern  after the 

inverse phase was applied to the MEMS device.

A phase plate was used to test the performance of the interferometric AO system to a Kolmogorov turbulence profile. 
The phase plate was placed downstream of the wave-front sensor. Initially the wrapped phase upstream of the wave-
front sensor, including the MEMS device, was measured. The wrapped phase downstream of the wave-front sensor was 
then measured by changing the fiber length in the reference beam line such that it would interfere with the light from the 
fiber backlighter. The upstream and downstream phases were then summed, the inverse taken and then wrapped and next 
applied to the MEMS deformable mirror. The results from the measurement and correction of the phase plate are shown  
in Fig. 7. The wrapped and unwrapped phases from the phase plate measurement are displayed in Fig. 7a and 7b, 
respectively. The wrapped phase was unwrapped using the path following algorithm developed by Goldstein.16,17,18 The 
far-field intensity patterns without and with the phase correction applied to the MEMS device are displayed in Fig. 7c 
and 7d, respectively. Both of the far-field intensity patterns were analysed to determine the Strehl ratio by comparing the 
measured intensity pattern to simulated intensity patterns using Fourier transforms of a square aperture. The tip/tilt 
removed Strehl ratio of the uncorrected far-field pattern in Fig. 7c was determined to be Sr =0.087, while the Strehl ratio 
of the corrected far-field pattern was found to be Sr =0.66.



Fig. 7. Measurements examining the effects of Kolmogorov phase screen errors across the aperture. The wrapped and 
unwrapped phases are displayed in Fig. 7a and 7b, respectively. The far-field intensity patterns for the uncorrected and 

corrected far-field intensity measurements are shown in Fig. 7c and Fig. 7d, respectively.

The measured unwrapped phase profile in Fig. 7b can be analysed to determine the structure function, D(r), of the 
phase aberration. A Von Karman spectrum was fit to the structure function as shown in Fig. 8. Simulations of the ARC 
beam line have indicated that the Strehl ratio will be close to a value of, Sr ~0.09.19 This result was obtained via 
simulations of the ARC beamline using the PROP92 beam propagation code.20 The Von Karman turbulence profile fit to 
the structure function calculated from the measured phase profile in Fig. 7b consisted of a Fried parameter equal to 
ro=D/18 and the outer scale length equal to Lo=1.8D. This is consistent with the values expected on the ARC beam line 
and produce Strehl ratios close to the values expected from the ARC simulations. The Strehl ratio from the applied phase 
plate, as determined by analyzing Fig. 7c, was Sr =0.087.



Fig. 8. Structure function for the unwrapped phase profile corresponding to the applied phase plate. The solid black line 
represents the measured structure function and the dashed grey line is the analytical Von Karman structure function with 

the Fried parameter equal to ro=D/18 and the outer scale length equal to L0=1.8D.

Interferometric characterization of the pixilated MEMS deformable mirror indicated that the maximum corrected 
Strehl ratio of the entire 32x32 device, due to the surface profile of the MEMS device itself, is Sr = 0.88 at 1.053 m.6
This is due almost entirely to sharp gradients near the edges of the device arising from the polishing procedure used on 
the current MEMS device. The MEMS manufacturer has several methods to significantly reduce the phase gradients 
nears the edges of the MEMS mirrors and this will significantly reduce the reduction in Strehl ratio in future devices. On 
the current device, the reduction in Strehl ratio can be significantly reduced by using the inner 26x26 pixels.

4. PISTON-REMOVED PHASE VARIANCE
The piston-removed phase variance represents both the phase variance of the aberrated wave-front incident on a 
telescope with no adaptive optics system present and also the wave-front fitting error expected from an adaptive optics 
system with piston-only correction. These errors represent the reduction in the Strehl ratio resulting from the inability of 
a finite sized aperture to fully correct the turbulence spectrum with spatial wavelengths less than or on the order of the 
size of the aperture or sub-aperture in the case of the wave-front fitting error. For the piston-only MEMS device used for 
this article the fitting error is equivalent to the piston-removed phase variance. The intensity distribution in the focal 
plane is found by Fourier transforming the product of the phase screen and aperture or sub-aperture transfer functions. 
The Strehl ratio only requires the ratio of the intensity with the atmospheric transfer function and without along the 
optical axis. The atmospheric optical transfer function is related to the phase structure function, D(), through the 
relation OTF()=exp{-0.5*D()}.7 The phase structure function is calculated from an integral involving the spatial 
power spectrum of the turbulence expressed above. In particular, the phase structure function, D(), can be calculated 
from the spatial power spectrum using the equation21,22,23
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where F()VK = 2k2Ln nis the three-dimensional Von Karman spectrum of refractive index fluctuations, L is 
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where Cn
2 is the index of refraction constant and o = 2/Lo. Upon performing the integration, the phase structure 

function can be expressed as
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Assuming that (o)<<1 and expanding the first three most significant terms of the Bessel function, D() can be 
reduced to D()~6.88(/ro)5/3(1-0.8(o)1/3).23 In the limit that o(Lo) approaches zero(∞), this reduces to the phase 
structure function calculated using a Kolmogorov turbulence spectrum.

The piston-removed phase variance, and also the wave-front fitting error associated with a piston-only correction, for 
a square sub-aperture, can then be approximated as the integral of the product of the optical transfer function of the 
atmosphere and the input telescope, assuming a square aperture. This is expressed as
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where d is the length of one side of the square aperture for the piston-removed phase variance and the sub-aperture in 
the case of the wave-front fitting error. By converting to cylindrical coordinates, x = rcos( and y = rsin( and 
integrating over one octant of the aperture, the piston-removed phase variance for a square aperture can be expressed as
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where d is the length of one side of the square aperture. This integral may be evaluated by expanding the modified 
Bessel function of the second kind, contained in the structure function, into a power series representation and performing 
the integration. The resulting power series solution for Eq. 6 can be written as
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In the limit that o =0, this expression reduces to the result previously obtained for the piston-removed phase 
variance with a Kolmogorov turbulence spectrum, which also corresponds to the fitting error obtained with a piston-only 
MEMS device with square actuators.7

The phase plate was measured and determined to contain a Fried parameter equal to ro=D/18 and an outer scale 
length equal to Lo=1.8D, where o = 2/Lo. The phase variance should be approximately 2=1.31(d/ro)5/3(1-0.68(do)1/3) 
or 2=0.34 rad2. The maximum Strehl ratio achievable with this phase plate, using a piston only MEMS device, is then Sr
= 0.71 which agrees well with the measured Strehl ratio of Sr = 0.66.



5. STREHL RATIO IMPROVEMENTS
A couple of problems with the wave-front sensor camera were identified that lead to a reduction in the achievable Strehl 
ratio. One of these problems is that the charge is not zeroed out after the camera is read out. To quantify this behaviour 
the laser was triggered once and the camera was read out fifty times. The results of this study are shown below in Fig. 
9a. For this acquisition run the laser was triggered before the second camera read and should have been fully read out on 
camera read number 2. A negative residual charge, relative to the camera background, of approximately 12 digital 
numbers was measured on camera read 3 for an applied reference signal before the second read of approximately 1200 
digital numbers. On the fourth read the signal swings positive by approximately 2 counts and slowly decays to zero over 
the next 10 camera reads. This effect can be ameliorated by either incorporating this behaviour into the measurement, 
which requires accessing previous wave-front camera acquisitions to correctly determine the intensity due to the current 
acquisition, or by firing the laser once for every n number of camera reads and discarding the n-1 camera acquisitions 
which are simply used to remove all residual charge from the camera. This effect primarily influences the temporal 
behaviour of the system by retaining a partial signal that is due to previous measurements. A second peculiarity 
discovered was an inconsistency in the background subtraction which could be related to the persistence issue stated 
above. In this case the reference laser was triggered along with the camera and the camera was read out for 400 reads. A 
reference intensity was taken from a sub-region in the image for both the sine and cosine channels and used to scale an 
average reference image and subtract the scaled image from the current measurement. The results of these differences 
averaged over the respective channels should produce slight variations around zero counts with the sine and cosine 
channels correlated with one another. The results of this test are shown below in Fig. 9b. Although the sine and cosine 
channels are correlated over a small fraction of the acquisitions, there are a substantial number where the sine and cosine 
channels differ by as many as four digital numbers which limits the precision that the reference intensity can be 
subtracted from the interferogram and as a consequence in the overall achievable Strehl ratio. Numerical simulations 
have indicated that an error of 0.3% in the reference beam subtraction, 4 counts out of the roughly 1200 counts, will 
reduce the Strehl ratio by ~0.03.6,12

Fig. 9. Background subtraction and residual charge data from the Sensors Unlimited wave-front sensor camera. Fig. 9a 
represents the residual charge on the wave-front sensor camera as a function of camera reads. The laser  was applied to 

the focal plane array before the second camera read. Fig. 9b represents the residual charge on the wave-front sensor 
camera after the average intensity has been subtracted.

6. SUMMARY



In this article results were presented on a testbed used to evaluate the performance of an interferometric adaptive optics 
system. These measurements included quantification of the reduction in Strehl ratio incurred when using the MEMS 
device to correct for pointing errors in the system. Analytic calculations were performed to evaluate the reductions in 
Strehl ratio as a function of waves of tip/tilt applied across the MEMS device and shown to be in excellent agreement 
with the measured data when the analytic expression was adjusted for residual aberrations in the optical system. The 
interferometric adaptive optics system was shown to correct for a piston, tip/tilt error between adjacent rectangular 
apertures, the geometry expected for the National ignition Facility. In this case a Strehl ratio of 0.76 was achieved. The 
interferometric adaptive optics system was also used to correct for a phase plate aberration of similar magnitude as 
expected from simulations on the ARC beam line. The interferometric adaptive optics system achieved a Strehl ratio of 
0.66 which is very close to the theoretical Strehl ratio of 0.71. Several factors causing reductions in the achievable Strehl 
ratio were identified and will be eliminated or reduced before implementing the system on the National Ignition facility.
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