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ABSTRACT 

~licro-Electro-~Iachined Systems (ME~IS) have been increasingly used as mirrors in place of conventional contin­
uous face sheet deformable mirrors (0l\1) in adaptive optics (AO) systems. Here we study the diffraction effects 
introduced into the optical path when a segmented MEMS OM is used to correct for the wavefront aberrations. 
Diffraction effects are monitored through the intermediate focus plane prior to the wavefront sensor. Low pass 
spatial filter is used at that plane in order to investigate how the masking of various diffraction orders affects 
the phase. Measured phase and focal image plane data for various turbulence conditions are presented and 
analyzed. 

Keywords: adaptive optics, MEMS, diffraction, spatial filtering, segmented DM 

1. INTRODUCTION 

Segmented deformable mirrors provide numerous advantages over continuous face sheet deformable mirrors when 
used in closed loop adaptive optics systems, such as compact size. decreased cost of fabrication. and simplicity 
of operation. However, while conventional deformable mirrors have been used in AO systems for decades, and 
thus have been extensively studied and analyzed, I l\IEl\IS mirrors are relatively new AO technology that needs 
to be further investigated.2- 4 A particular issue that we will investigate arises from the segmented nature of 
the mirror. Individual segments, along with the inter-segment spacing, create a periodic pattern that acts as a 
finite extent diffraction grating. The resulting multiple diffraction orders can create several potential problems 
for the robust performance of the AO systems, such as loosing some of the light to higher order diffraction terms, 
and creating additional phase errors in the wavefront sensor rWFS) plane. Since the phase in the WFS pupil 
plane is measured and subsequently used to reconstruct the wavefront, any errors in this phase lead directly to 
the degradation of the Strehl ratio of the AO system. ~Iuch of the AO research is focused on predicting and 
reducing phase errors resulting from various sources.s Any effects that are superimpused 011 the phase due tu the 
segmented nature of the OM would thus inevitably result in decreased closed loop AO performance. Theoretical 
and experimental demunstration of the system performance changes due to segmented nature of the 01\1 could 
provide insight into finding the best solution to eliminate such effects. Such theoretical work has been done 
previously for large astronomical telescopes with segmented primary mirrors, with \'irtually all the work done 
for the hexagonal shape segments in various configurations.G,7 This work is unique in that we are looking at the 
effects from an array of rectangular actuators, with inter-segment spacing varying due to actuator stroke during 
closed loop runs. In addition, the effects from atmospheric turbulence and changing the shape of the segmented 
D1\[ in a dosed loop AO fIIns couple with those of the segmentation-induced diffraction. In this paper we 8('t 
the stage for the series of experiments that would attempt to investigate the spatial frequency content of the 
wavefront phnse, both with and without atmosphere-induced aberrations. and try to use this information for 
removing the diffraction effects induced by the segmented nature of the l\IEl\IS D1\1. 

In the Air Force Research Lab(AFRL)'s ASALT lah, which is a purt of the Starfirc Optical Range (SOR) 
community, the MEMS deformable mirror device was initially integrated in 2008. It was noticed that the 
performance of the closed loop AO runs WflS not as good as expected, with Strehl ratios being lower than 



expected even at moderately high ro values with little scintillntion present. This led to the investigation of 
possible rensons for such behavior, nnd one of the proposed rensons wns the possibility of the segmentation­
induced diffraction effects negatively affecting the phnse at the WFS pupil plane. It wns immediately apparent 
that the existing optical path for the WFS from ~IEMS DM was implemented without considering diffraction 
effects at all. ~Ioreover, the path made intermediate focus plane prior to the pupil at the WFS unaccessible on 
the bench, and thus the studies of the proposed diffraction effects could not be conducted. It was proposed that 
a new design of the WFS optical path be modeled, and implemented, and changes be made in such a way as to 
minimize the segmentation induced diffraction where possible. 

This new optical path design wns initially modeled in a ray tracing software (Section 5), taking into con­
sideration physical and mechanical parameters on the bench coming from MEMS DM itself (modeled ns a 2D 
diffraction grating), intrinsic properties of the beam prior to reaching the ME~IS DM, the desired quality of the 
pupil, and parameters of the focal plane prior to the WFS. While ray tracing software provided useful insight 
on the proposed diffraction effects, it could not provide for accurate intensity distributions at the focal plane, 
which needed physical optics rather than a ray t.racing approach. St.andard diffraction theory was applied to the 
folded and reduced newly designed optical system (Section 3) to better model and estimate the intensity distri­
bution resulting from the MEMS DM without any atmospheric turbulence. In order to model the effects of the 
atmospheric turbulence at the focal plane, phase and amplitude data were taken for three different atmospheric 
turbulence sets for two different light paths - one that included ~IEMS DM in the pupil plane, and another one 
that completely by-pnssed it (Section 4). By comparing those two data sets, the segmentation-induced diffraction 
effects became apparent. Based on such the physical and geometrical models, along with the aforementioned 
data analysis. the first attempt of the new WFS path design was implemented: and a variable circular aperture 
field stop wns introduced into the focal plane prior to the WFS in order to begin the aforementioned investiga­
tions of spatial frequency content of the atmospheric turbulence, and its coupling with the segmentation-induced 
diffraction effects. 

2. SEGMENTED DM AND WFS SPECIFICS 

The segmented deformable mirror used in this experiment wns a Doston Micromachines MEMS device, with a 
square array of 32x32 actuators, baving a pixel pitch of 300Jlm and a fill factor of 98%. Actuator throw for this 
device is 1.5 Jlm, with the power consumption of 40W, and a total weight of less than 5kg. Only inner 30x30 
actuators, masked by a circular pupil size, were actively used in closed loop AO runs. 

The wavefront sensor used in conjunction with the MEMS Dl\·I was a Self-Referencing Interferometer, which 
measures the phase by tAking four intensity profile images, phase-shifted by a known amount by using a fiber 
phnse-shifter.8 The conjugate of the phase is then reconstructed on the Dl\I mirror by re-sizing and re-scaling 
measured phase to fit the array of the acth·e actuators. Figure 1 (a) shows the snap shot of the camera that 

MEMS device imago RcColIstrucrcrl Phl\8c 

(a) (b) 

Figure 1. Image of the MEMS device after being illuminated by the system's point source. 

looks at the segmented DM, without any turbulence present. The structure of the mirror is readily visible and 
apparent in the pupil plane. Figure 1 (b) shows a snap shot of the reconstructed phase, with the gridlines being 



visibly reconstructed. Such gridlines are obviously not present in the original beam and are the artifacts of the 
segmented nature of l\IEl\IS OM. The important point is that the SRI WFS in ASALT lab oversamples the 
pupil by the factor of 8, with each sub-aperture on the MEMS OM being mapped into 8x8 pixels on the WFS 
camera. This effectively allows for seeing higher frequency pupil structure associated with the segmentation of 
the OM, which, in most astronomical telescopes, would not be visible due to having only one WFS detector for 
each sub-aperture. Whether or not the gridlines are visible on the WFS, they unavoidably act as a diffraction 
grating, creating multiple diffraction orders that make it into the final pupil plane at the wavefront sensor, unless 
they are either vignetted by the system or intentionally removed. 

3. DIFFRACTION THEORY APPLIED TO MElVIS DM, NO TURBULENCE CASE 
Theoretical treatment of the diffraction produced by the MEMS device described in Section 2 is necessary prior 
to implementing the WFS path on the bench. With certain exceptions, deformable mirrors used for closed 
loop AO correction are located in collimated space, in the pupil plane. \Ve can thus assume that, without the 
atmosphere, the OM is illuminated by the plane wave with uniform amplitude. The pupil is then ultimately 
relayed into the wavefront sensor plane, with light coming to focus in between the two pupils. The unfolded 
optical path leading to this intermediate focal plane can be reduced to a single lens, with the pupil located a 
certain distance in front of it. 

The electric field distribution at the focal plane of a lens with a focal length f, for an object placed a distance 
d in front of the lens illuminated by a plane wave with wavelength>. can be found from Equation 1,9 where x 
and y are pupil coordinates in the starting plane. The integral in Equation 1 is the Fourier Transform of the 
pupil function, which, in our case, is a square array of actuators masked by a circular pupil size. The final light 
intensity at the focal plane is given as the square of the ahsolute value of thc clectric field (Equation 3). 

(1) 

(2) 

(3) 

The pupil transmission function is P(x, y) = C(x, y) x A(x, y), where A(x, y) represents the array of square 
actuators, and C(x,y) represents the circular beam, incident on the l\·IEMS OM, located in the pupil. The 
actuator array can be represented by Equation 4 as a sum of shifted reet functions of width d, where d is the 
size dimension of the actuator, and a is the spacing between the actuators. Note that the summation goes from 
1 to 16 to represent all 32 x 32 actuators. C(x,y), defined by Equation 5, is equal to one in the pupil, and 7.ero 
outside of it. The Fourier Transform of the P(x,y) is thus the convolution of the two separate Fourier Transforms, 
as shown in Equation 6. Combining Equations 3-6, the final intensity in the pupil plane is given by Equation 
7, where Somb(r) is a Sombrero function, defined as somb(r) = 2Jt!r.r) by Gaskill, JO where r = J({2 + 'P). 

lTr 

It produces a typical Airy pattern with DAiry = 2.44>.---L...-D ., which, in our case, is DAiry = 181.71J,lm. From 
pupal 

Equation 7, the width of the central diffraction peak of the focal plane intensity profile is determined by the 
pupil diameter itself, the separation between the peaks is determined by the actuator pitch, and the amount of 
light in each peak depends on the ratio between parameters d and a. The amount of light in higher order peaks 
is inversely proportional to the fill factor of the ~IEMS OM. The smaller the inter-actuator gap, the less light 
is being lost, and the less light is being dill'racted to higher orders. For the purpose of this paper we find the 
separation between the Dth and the pt order maxima. The first t('rm in the ('osin<' summation from Equation 
7 defines the maxima of the function. Maxima of the intensity peaks are taken from the cosine2 function with 
n=l: cos2 (21t'(n - 4){(a + d» = 1, (21t'(n - ~){(a + cl) = 1t'm; in our case (a + cl) = 300/Hn, { = .~)" with 
" = 1.5511m, and f = 432mm, which for the l"t order gives X = 2.234mm. System parameter values for the 
performed calculations come from the optical design outlined in Section 5. 



16 16 [1 1 
A( ) ~~ ct(x+(n- 2)(a+d») (X-(n- 2)(a+d»)] 

X, Y = L., L., re d + reet d x 
rn=I,,=1 

[ ( y + (m - ~)( a + d») (y - (m - ~)( a + d»)] 
reel d + reet d ~ (4) 

C(x,y) = cyl (V;2 +y2) 
Pup" 

(5) 

F{P(x,y)} = F{A(x,y) x C(x,y)} = F{A(x,y)} * *F{C(x,y)} (6) 

(7) 

Figure 2 shows ID (a) and 2D (b) int.ensity profiles given by Equation 7. Both plots show the logarithm 
of the intensity. Due to the very small size of the inter-actuator gap compared with the width of the actuator, 
initial pupil was sampled at Nyquist frequency in order to get accurate representation of the focal plane image. 
In cases where the array sizes become impracticable to sample directly, Grey pixel approximation algorithm 11 

can be USE-d, which allows for a simple technique to model the effects of the s('gmentation grid without excessive 
calculation time and overly large arrays. Note that the powers in each successive peak in Figure 2 are not 
necessarily lower than in preceding peaks, since this depends on the correlation of the grid function spectrum 
and the sub-aperture spectrum. 

Log of image plane intensity, 10 Log of image plane intensity, 20 

DlI 0 lCOJ CIlXl 

........ ~. -....- -000_" .... ""'. 

(a) (I.) 

Figure 2. Logarithm of intensity at the focal plane, for no turhulence case, as modeled with the standard diffraction 
theory. (a) ID profile: (b) 2D profile. 

Low pass filtering the beam involves applying a mask at the focal plane that would get rid of all higher order 
spaHal frcqucnci('s. With a circular diameter aperturc stop serving as a filter, the transmission function of the 
filter is given by Equation 8. The resulting electric field profile, given by Equation 9 for unit magnification, is the 
convolution of the original electric filed distribution at the ~IE:\IS DM pupil plane, with the Fourier Transform 



of the filter. Figure 3 (b) shows focal plane intensity with such filter applied. Images (c) and (d) fwm Figure 3 
show the pupil function before and after filtering. 

(r(X,y») 
Tfilter = cyi ....,D~.:....-~ 

lilt",· 
(8) 

7r 'I 

E(u, v) = P(u, v) * *4Djiltcrsomb(D/iltcrP) (9) 

Log of image plane intensity Log of image plane intensity. with filter applied 

(a) (b) 

Pupil planc at ~IEMS D~I Filter",1 Pupil planc 

(~ (~ 

Figure 3. 'lbp row: intensity profiles for no turbulence case for: (a) focal plane intensity, (b) focal plane intensity with 
low pass filter applied. Bottom row: Electric field distribution (a) pupil at ME~IS D~I, (b) filtered pupil. 

4. MODELING DIFFRACTION EFFECTS WITH TURBULENCE PRESENT 

While it is possible to analytically model the intensity distribution at the focal plane preceding the WFS with 
turbulence present, such distribution can also be reconstructed from SRI \VFS data. Since SRI ultimately 
returns the phase and the amplitude at the pupil, the focal plane intensity could be reconstructed as leX, Y) = 

IF{A(x,y)ei2lT 4>(x,Yl}1
2

, where A(x,y) and ¢(x,y) are amplitude and phase R.'5 calculated from SRI data. The 
optical path to the SRI sensor used for this data collection includes a kinematic mirror mount which allows the 
beam to by-pass the MEl\IS OM path completely, preserving the same beam size, and relaying the belun into the 
same pupil plane with correct magnification. The data was first taken with such mirror mount in place, followed 
by this mount being removed. This allowed for direct comparison of the spatial extent of the images reconstructed 
from SRI data with and without the MEl\IS OM grid present at the pupil. The no turbulence case intensity 
profiles are shown in Figure ·1, which is effectively a PSF of the system for each of the proposed cases. Periodic 
dot pattern in Figure 4, right, is the direct result of the ~IEMS 01\£ present in the path. This distribution is 
snbs('quelltly convolntect (in the final image plane) with tIl(> atmospheric ctistnrbance profile introduced into til(' 
system by atmospheric turbulence simulator. 

SRI WFS data for MEl\IS OM in and out of the path was taken for three atmospheric parameter sets. All 
three atmospheres chosen have a low Rytov parameter (under 0.1), and Greenwood frequency of 10=33.8 Hz. 



No turbulencc case. no ME"IS 0"1 in path No turbulence case. MEMS OM prescnt in the pupil .. ....-. ....., .. .., .. ........, 

(a) (b) 

Figure 4. Intensity distribution (logarithm of) in the image plane preceding the SRI WFS., as reconstructed from the 
amplitude and phase data. No turbulence present. (a) no MEMS OM in the light path; (b) MEMS OM present in the 
pupil. 

Three TO values (in 1.5 m space) chosen for this experiment were: 5.01 cm, 10.6 cm, 17.27cm. Figure 5 shows the 
intensit.y profiles for the three ro values chosen, where ro increases from the left to the right. Top row shows the 
intensity profiles for the kinematic mirror mount present in the path, and thus with no MBMS BM. Bottom row 
shows the intensity profiles with kinematic mirror taken out of the path, and thus having MEMS O~I in the pupil 
of the system. It is evident that low TO values manifest themselves into greater intensity FWHM values, which 
ultimately blend in with the diffraction effects. The lower the TO, the harder it is to de-couple the diffraction 
and turbulence from the focal plane intensity data. 

TO = 5.01cm. no "IEMS OM in path ro = lO.06cm. no MEMS OM in path TO = 17.12cm. no MEMS OM in path 
."~_"""_" •• "CI_ ............. --._p .. , •• _ ........... ....., ....... "._ 

(a) (b) (c) 

TO = 5.01cm. MEMS OM ill the path TO = 1O.06cm. MEMS OM in the path TO = 17.12cm. MEMS OM in the path 

(d) (0) (0 
Figure 5. Intcnsity distrihution (logarithm of), for three di/fcr<'nt TO values, for MEMS OM absent from the path (a, b, 
c)., and for MEMS OM in the pupil plane (d, e, f). Reconstructed from the amplitude and phase data as taken from SRI 
WFS. 

Figurc 6 shows 10 intcnsity profiles, taken directly from 20 intensity data shown in Figure 5 by smmning 
the arrays in one dimension. The data is plotted for each ro value separately, and it is evident how the higher 
order diffraction peaks bleed through the distribution due to the turbulence. In particular, for lower TO values, 
the FWIHI of the intensity distribution is greater. In this case, if the spatial filter is applied in such a way 



as to remove higher diffraction order peaks, sOllie phase information will be lost as well. The wavefront sensor 
will nE'vE'r dl'tE'ct it, and thus will not be able to reconstruct the phase properly. This effect would be morE' 
apparent for lower TO values, which have wider distribution in the intensity plane. Applying the spatial filter at 
this intermediate image plane for higher TO values is still a possibility. 'Ve note that while the data shown in 
Figures '. - 6 was taken from the open loop data, closing the loop will not change the rl'Sults significantly. The 
FWHl\1 of the intensity distribution from Figure 6 will tend to approach that of the no turbulence case. Lower 
TO values will form spots with higher FWH~I, which would limit the extent of the spatial filter, and ultimately 
will not allow to block the unwanted diffraction effects. 

TO = 5.01cm 
.... ,~"'JNlI:~ ... r • .-s.t1c:. 

',..r---------r::::::::::::::::;:::::::=.=='l 
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TO = lO.06cm 
...... , ....... _ c4,~~"",,,,,,,,-1I4C11 

,..r---------r::::::::~~~~~~~.'~, 
,j' -~~,,'JO.O\ 

" 

TO = 17.12cm 

w ~ W 
Figure 6. Intensity distribution (logarithm of), in 10, for three different TO values, MEMS OM absent from the path vs 
MEMS OM present in the pupil. Reconstructed from the amplitude and phase data as taken from SRI WFS. 

Low pass filtering of the intensity data shown in Figures 4-5 was done in software by applying a circular 
mask to the electric field distribution at the focal plane. The data was subsequently Fourier-Transformed 
back to give the electric field distribution at the pupil plane. The phase at the pupil plane was calculated as 

¢(u, v) = alan (ir;;:rt'~~~~N). Figure i shows measured (a) and filtered (b) phase for no turbulence case, where 

the filter diameter was set to pass just the central order diffraction peak. For such no turbulence phase profiles. 
low pass filtering seems to work well to remm'e the gridline effect from the phase. Figure 8 shows measured 
(top row) and filtered (bottom row) phase profiles for the three atmospheric pamllletcr sets choscn. It is evident 
that for lower TO values phase profiles exhibit smaller turbulence-induced features. When those smaller features 
combine with the artifacts resulting from MEMS OM being a segmented grid, it becomes harder to separate 
the two. Although filtering ill each case completely removes the gridlines from the resultillg phase, for lower TO 

values, some atmosphere-induced featurt.'s are also removed. 

MeMured (lhl"~c. no turbulence Filtered ph .... e, no turbulence 
........ ~fII ... M"..a. ...... ~ 

(a) <b) 

Figure i. Phase at the pupil plane, for no turbulence present. (a) measured at the WFS pupil plane by SRI WFS, (b) 
filtered by the low pass filter at the focal plane. 



Mea..ured phase, ro = Ii.01cm Measured phase, ro = 1O.06cm Mea.~ured phase. ro = 17.120'" 

w ~ W 
Filtered phase, ro = Ii.Olcm Filtered phase. ro = 1O.06cm Filtered phase. ro = 17.12cm 

~ w m 
Figure 8. Phase at the pupil plane for different TO values. Top row - phase measured by SRI WFS at the pupil plane; 
bottom row - phase filtered by low pass filter at the focal plane. 

5. OPTICAL DESIGN FOR SRI WFS PATH 

Physical optics models from Sections 3-4, combined with the ray tracing models, were used for the final design 
of the new SRI \VFS that would allow to investigate and correct for the diffraction effects resulting frOIll the 
segmentation of the MEMS DM. 

5.1 2D Grating Modeling of the MEMS DM in ray-tracing software 

Prior to considering the pupil relay WFS path optical design, it is critical to be able to model l\IEMS D~I in 
the ray tracing software program as a proper 2D diffraction grating reflecting the light into multiple diffraction 
orders. This will determine whether or not the diffracted light gets vignetted as it propagates through the 
optical elements, will set the desired spot separation at the focal plane, and will place constraints on the focal 
lengths of all powered optics used. An intuitive way to model the diffraction off the MEMS D1\1 in the ray 
tracing program is by assuming that this segmented de\'ice is a 2D diffraction grating. With this assumption, 
two different approaches were used to model MEMS OM as a grating in Zemax software. First, a 2D grating 
was directly modeled as a combination of two ID diffraction gratings, located in conjugate planes and rot.ated by 
90 degrees with respect to each other. Second, diffracted field angles were manually calculated and propagated 
through the system along with the zero field. The two models were found to give essentially the same result. 12 

The first method of modeling ~IEMS DM in Zemax was implemented by combining two ID gratings. Due 
to the fact that ZEl\'IAX allows to easily use ID physical optics gratings components, two gratings with 90 
degree angle between them were used in two conjugate pupil planes. A one-to-one pupil relay system of two 
lenses was inserted prior to original l\IEMS location, with x-grating in the first pupil plane, and y-grating in the 
relayed pupil plane. The lines per micron parameter for each grating was set to 0.0033, which corresponds to 
300/lm pitch hetween the segments of the ~IEMS device. The diffraction order of the original gratings was set to 
zero. ~lultiple diffraction orders were modeled in Multi-Configuration editor in ZEl\lAX, with each configuration 
having a designated diffraction order for each of the two gratings. Diffraction orders from -2 to 2 were investigated. 
corresponding to a total of 25 cOllluinations when putting together x- and y- fields (25 configurations). 



The secolld method of lllodcliug l\IEl\lS D~I ill a ray trueillg software was to first manually calculate the 
diffracted anglt>s by using a standarcl grating equation (Equal iOIl 10), with m=[-2:2], for both x- and y- clirections. 
Incident angle illuminating the ME~IS device is ",6°, with>. = 1550mn and d = 300Jlm. Table 1 shows the 
calculated diffraction angles, along with the field angles, which are the deviations of the higher orders from the 
Oth order beam. In order to model a 2D grating by using those angles, they need to be combined for x- and y­
fields, producing a total of 25 field angles, which were modeled in ).lulti-Configuration editor due to the Cact that 
the limit of the number of fields ill anyone configuration in Zcmax is 12. 

d(sin(O",} + sin((Ji» = m>. (10) 

The results from both methods of diffraction modeling were shown to he almost identical.,12 allowing for 
using the methods interchangeably. Due to the fact that the field angles method did not insert extra optical 
elements into the lens editor, field angles model was used for all the subsequent data shown. 

5.2 MEMS SRI Optical Path 

Physical optics models from Sections 3 and 4, along with the geometrical optics models of the ME~IS OM 
introduced earlier in the section, were used as a starting point for the WFS optical path design. Since both 
the segmented OM and the WFS camera plane must be in the pupil, the optical layout relaying the OM into 
the WFS must account for proper magnification, orientation and path length. In addition, for the proposed 
experiments the intermediate focus plane should be easily accessible and the spot separation should be sufficient 
enough to be able to resolve them with the camera and to mask them out. From the analysis in Section 3, the 
ratio between the full width of a central peak at the focal plane to the separation between the peaks will be 
fixed, and wi\l depend only on intrinsic system parameters such as the beam size on the MEMS OM, the spacing 
between the actuators, and the width of each actuator. The 20 folded layout of the MEMS SRI WFS path, 
shown in Figure 9 (a) gets its shape from getting around multiple other optical and mechanical components on 
Lhe bench (not shown). The final design, in addition to relay and beam directing optics, also includes an iris at 
the intermediate focus plane, a beam splitter that separates ME~IS SRI path from the main beam path, and 
another beam splitter for SRI reference beam to be injected. 3D shaded model, shown in Figure 9 (b) gives a 
three dimensional layout of the path. 

20 layout 3D layout --

Fi.gure 9. Layouts for l\lEl\IS SIll path. (a) 2D layout, viewed from the top; (b) 3D shaded model. 

Intcrmcdiate focus planc hctWl!CII the two sets of relay optics shows thc far field diffractioll pattcrn, which 
in Zemax geometrical model shows up as distinct spots. each one corresponding to a specific diffraction order. 



Figure 10 shows the intermediate focal plane with 12 diffraction unlet·s. The spot separation from this model 
can roughly approximate the real separation on the optical bench. Note that, since with MEl\·IS DM the PSF 
of the system is no longer the Airy pattern, but is gi"en by a scaled version of Equation 7, diffraction-induced 
spots at the focal plane would have certain F\VHM values, which could not be predicted in ray tracing software. 
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Figure 10. Spot diagram at the intermediate focus plane. Colors represent different diffraction orders. 

5.3 Masking out extra orders 

It was initially proposed that masking out the extra diffraction ordcrs by placing a field stop in the intermediate 
image plane would remove the grating effect altogether. Geometrically, only the central order would be allowed 
to pass through, with the extra fields created by the grating being eliminated. The simple illustration is shown 
in Figure 11, where the iris at the intermediate image plane masks out the unwanted portion of the beam. The 
pupil quality, according to the ray tracing software models, would improve dramatically by this simple measure. 
However, physically, placing the field stop at the proposed plane would effectively be equal to low pass filtering 
the beam; and while the effect from the square grid nature of a segmented DM will in fact be eliminated, 
the filter might also eliminate higher spatial frequcncies corresponding to atmospheric turbulence, and some 
corresponding to the vital parts of the image, in case objects other than stars are being viewed. Poyneer et 
0.11 13 proposed spatially filtering the beam prior the WFS plane to eliminate system aliasing. and suggested the 
bleed-through effect, by which lower spatial frequencies at higher powers would ultimately bleed into the higher 
spat.ial frequencies domain, based on the fundamentals of the field distribution at higher powers. 

Figure 11. Iris placed at the intermediate focal plane eliminates unwanted diffraction orders. Colors represent various 
diffraction ord!'rs. 

5.4 Advantages of the optical design implemented 
The main advantages of the new optical path over the original one are: the overall length of the path is longer 
and allows for easier access to various optical elemenls; the focal length of the first combination of powered 



optics (ru; well as' that of the sccond OIlC) is sigllilicalltly longer, providing for greater spot separation in the 
intermediate focal plane, which allows to {'asily mask off desired diffraction ord{'rs with conw'ntional field stops; 
intermediate focal plane is far away from any optical elements and can be easily imaged by a separate camera; 
the design places the WFS camera away from optical components, which removes the air flow from the camera's 
cooling fan away from the light path. The number one advantage is that the peak-ta-peak separation of the Oth 

and the pt order beams is about 2.24mm, which can be easily resolved by the camera and masked off by various 
means. 

6. INITIAL RESULTS 

The optical relay system proposed in Section 5 was implemented on the ASALT Lab's optical bench, as a part of 
an active AO wavetrain. The iris, with diameter varying from 0.5mm to 12mm, was placed at the intermediate 
image plane, and the intensity at that plane was monitored by Sensors Unlimited InGaAs camera. Figure 12, 
(a), shows the far field intensity profile that was obtained with a 1550 nm point source as a light source, with the 
beam diameter at the MEMS D~r being 9.00 111111. No atmospheric turbulence wru; used, and the Aat map was 
applied to the D~l, making the image at the focal plane close to PSF of this optical path. The foreshortening in 
the x- dimension is due to the fact that the camera was viewing the plane at an oblique angle. The spot separation 
data is in a very good agreement with the Zemax model: for the separation of the 1st order spots, Zemax model 
gave 2.24mm., while the same separation from the experiment was found to be 2.1744mm. Similarly the intensity 
distribution agreed with Matlab model: the spot separation from the model was found to be 2.234mm, while 
data shows it to be 2.1744mm, where the deviations between real and modeled data most likely came from the 
focus position error. Figure 13 (right) shows the logarithm of the final image plane intensity as modeled (see 
Section 3), and Figure 13 (left) shows the logarithm of the normalized sum in one direction calculated from 
Figure 12 data. The central peak in Figure 13, left, is a lot smaller than what is should have been, due to the 
central opening of the iris during the experiment. 

Real data Zein"" Inodeled data -lmm 

Recon.tructcd dnta 

(a) (b) (c) 

Figure 12. Far field diffraction profile, after reflecting off the segmented D:\I with the flat map on. (a) Real data taken 
by InGaAs camera, (b) Zemax modeled data, (c) Reconstructed data. 

Open loop focal plane intensit..Y profiles for three turbulence c:onait.ions descTibed in Section 4 are shown in 
Figure 14. These profiles were taking by physically inserting an imaging surface into the optical path. Note that 
for lower ro values, the data is in exact agreement with the reconstructed data shown in Section 4. Moreover, 
separate peaks are easily resolved with the available camera and could be masked out as shown in Figure 12 (a). 
The turbulence intensity profiles confirm the fact that diffraction effects couple with the atmospheric turbulence. 
and this effect is more apparent for low ro valU{,'S. For each turbulence case, the iris at the focal plane was 
stopped dow11 to 2.2 111111 ill diameter, to remove the effects of the diffraction grid. Corresponding phase profiles, 
measured by SRI WFS, are shown in Figure 15, where the top row shows SRI-measured phase with the iris fully 
open(unfiltered beam), and the bottom row shows the phase with the iris stopped down. ro increases from the 
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Figure 13. Intensity profiles at the image plane, measured vs modeled data 

lcft to the right. The gridlinc pattern resulting from ~IEMS O~I segmcntation is visibly present in thc unfiltcrcd 
beam at all turbulence conditions; and the pattern is completely eliminated in all cases where the iris has been 
stopped. However, by using the field stop of the diameter of 2.2mm in all the profiles from Figure 14, much of 
the turbulence information was also removed from the beam at lower 1"0 values. This suggests either a different 
Fourier filter that would selectively suppress specific frequency components, or a dynamic low pass filter concept. 

Focal planc intensity, ro = S.Olcm Focal plane intensity, ro = 10.06cm Focal plane intensity. ro = 17.12cm 

(a) (b) (c) 

Figure 14. Far field diffraction profile, after reflecting off the segmented D~I with the flat map on. (a) Real data taken 
by InGaAs camera, (b) Zemax modeled data, (c) Reconstructed data. 

The problem of undesircd climination of some of the atmospheric turbulence fcatures by low-pass filtering 
the beam in order to eliminate the errors caused by MEMS OM segments can be partially solved by having a 
dynamic low pass filter. The filter should be applied at the focal plane after the loop has been already closed. In 
this case, the intensity profile would change from a wider distribution of the open loop to a narrower distribution 
ult.imately approaching the ideal vacuum case. This would allow the AO system to effectively separate the 
diffraction and turbulence effects by itself. Applying the filer to the closed loop profile would eliminate the 
diffraction effects alone, without affecting the turbulence much. The concept is illustrated in Figure 16. It is 
important to note that while having a dynamic low pass filter would help to reduce diffraction effects, this is not 
the ideal solution. In particular, for severe atmospheric turbulence conditions, the AO system does not close the 
loop perfectly, and the focal plane light distribution might never approach that of the vacuum case. In such a 
case, turbulence and diffraction effects at the focal plane would never become separated sufficiently enough to 
be successfu1\y low pass filtered without ncgatively impacting the robustness of the AO system. 

7. CONCLUSION 

We demonstrated that diffraction effects frolll segmentcd nature of the l\'lEl\IS 01\[ show up clcarly at the 
intermediate focal plane prior to the WFS as higher spatial frequency terms distributed in a characteristic 
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Figure 15. Phase as measured with the new sru WFS. Top row - iris at the focal plane fully open, bottom row - iris at 
the focal plane stopped to remove the higher order diffraction effects. 
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Figure 16. Dynamic spatial fi\tC'r concC'pt illustration. 

symmetrical pattern. While it is easy to mask orr highl'r diffraction ordl'rs for no turbulence case, we have shown 
that for various atmospheric turbulence conditions the effects of the turbulence couple with the segmentation­
induced diffraction effects, and it becomes difficult to de-couple the two. In particular, at lower TO values the 
intensity distrihution at the focal plane become's sufficiently wide as to hide the effects of the se'gmentation 
induced pattern altogether. Removing higher order diffraction terms by low-pass filtering the beam at the focal 
plane prior to the WFS noticeably changes measured phase. The grid effect visible in the phase without filtering 
the beam cOlllpletely disappears with the propel' filter diameter. However, at lower TO values, some of the 
atmospheric turbulence induced phase features are also removerl by the low pass filter, making closed loop AD 
performance unstable. A better approach to removing the segmentation-induced effects from the phase would be 
to dynamically apply the filter, with stopping the field down after the loop has already been closed. In addition, 
a diU'erent Fourier filter could be used to selectively suppress just the spatial frequencies corresponding to the 
segmentation-induced errects. 

The new SRI WFS optical path provided the insight into both the physical nature of the problem and the 



future optical design modifications needed in order to have a better WFS that would both provide an excellent 
pupil quality and remove the segmentation-induced diffraction effects. Further experiments that investigate the 
dependence of the strength of the atmospheric turbulence on its spatial frequency content need to be done in 
order to come up with a better approach to get rid of the diffraction effects alone, taking care of not removing 
the essential turbulence-induced phase information from the beam. Closed loop AO runs with various turbulence 
conditions need to be compared for each of the methods of diffraction elimination used. In addition, while ASALT 
lab uses the monochromatic light, astronomical telescoped usually perform imaging in certain wavelength bands. 
This needs to be addressed, modeled, and compensated for in a better \VFS design in conjunction with the 
segmented DM. 
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