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1. INTR ODUCTION

ABSTRA CT

We presert the laboratory results obtained with a non-corventional secondary
mirror that will be usedas corrector for the adaptive optics systemof the 6.5m
conversion of MMT. The designof the unit consistsof a 2mm-thick 642mm-
diameter corvex deformable mirror whose“gure is cortrolled by 336 electro-
magnetic force actuators, a thick shell used as position referenceand an alu-

minum shellasactuator support and cooling. The actuator forcesare controlled

using feed-forward and de-cernralized closedloop compensation thanks to the
40kHz feedbak signals from the 336 capacitive position sensors. The digital

real-time control and the unit monitoring is obtained using custom-madeon-
board electronicsbasedon 168DSPs. This paper will report on extensive static

and dynamical measuremets aimed at characterizing the mirror in terms of
electric and optical response.

In the presen generation of adaptive optics (AQ) systemsthe wavefront correction is usually performed by a
piezo-baseddeformable mirror (DM); the DM is part of an AO modulus placed at one of the telescoge foci.
This introducessomelimitations to the AO systemitself:

€ somerelay optics is neededto re-imagethe pupil image on the DM, introducing extra warm re’ections
that reducethe sensitivity of the scienceinstrument in the infrared;

€ becauseof the limited stroke of the piezosan extra fast steeringmirror is required for the tip-tilt correction;

€ the DM can sene only the focal station where the AO module is installed;

€ the piezo-basedDMs su er from hysteresis. This makes any open loop operation di cult and alsoforces
to monitor the position of the DM during operation.

The non-corventional useof and adaptive secondary(AS) mirror aswavefront corrector can solve the limitations
merntioned above. In fact the AS replacesone of the required passiwe optical surfaceswith an active onewithout
intro ducing extra warm surfacesin the scienceobject optical path. It useselectromagneticactuators that have
large stroke eliminating the needto have a separatetip-tilt corrector. It provides a feedbad on the current
position of the mirror thus eliminating the need for monitoring the active surface.Morewer the integration of
an AS unit in atelescope having a corventional AO systemcould be a solution toward multi-conjugate AO.

The possibility to use an AS mirror together with an analysis of a practical implementation based on
electromagnetic actuators and capacitive position sensorswas introduced in the literature by Salinari et al.
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Figure 1. Adaptiv e Secondaryunit for MMT together with someof the people involved in the project.

(1993). Since then seweral design reviews targeted to the MMT AO system (Lloyd-Hart et al., 2000; Del
Vecdio et al. 1995,1997,1998Brusa and Del Vecdio, 1998) and to the LBT (Del Vecdio and Gallieni, 2000;
Gallieni et al., 2000;Del Vecdio et al., 2001)appearedin the literature. Meanwhile the P30 and P36 prototypes
(30 and 36 actuators respectively) were successfullytested at the Ossenatorio di Arcetri (Italy) (Brusa et al.,
1998,1999a;Riccardi et al., 2000). Following the encouragingresults obtained until then CAAO (Steward
Obsenatory, USA) commissionedin 1999a 336-actuator AS mirror for the 6.5m corversion of the MMT.

The companiesMicrogate (ltaly), ADS International (Italy) and Media-Lario (Italy) did most of the “nal
designand production of the electronics, microcoding and mecdhanicswhile the optical elemers were fabricated
directly by the Mirror Lab-Steward Obsenatory (AZ, USA). The laboratory characterization and “nal electric
testing wereperformedby the Ossenatorio di Arcetri (Italy). The optical testing is still ongoingand is performed
in collaboration betweenthe Ossenatorio di Arcetri and Steward Obsenatory at the Mirror Lab facility.

The preliminary electronic test was performed in Italy and the acceptancetest was passedin July 2000.
The unit was then moved to Steward Obsenatory in the following Fall (seeFig. 1). After a detailed electronic
characterization of the AS, the unit hasbeenmoved in April 2001at Mirror Lab for the optical characterization.
MMT336 is still now at the Mirror Lab for the “nal stepsof the integration of the AS together with the other
parts of the MMT AO system. The optical loop will be closedin laboratory during the summer 2001 and the
systemwill be sendto the telescope for its “rst light at the beginning of 2001.

A brief description of MMT336 is reported in Sect. 2. Sect.3 and 4 reports the cortrol strategy of the unit
and related items. Sect. 5 and 6 show the results of the electronic test in terms of modal step responsesand
capability to track a turbulence induced signal, respectively. Finally, Sect. 7 shows the preliminary results of
the optical "attening of the mirror.

2. MMT336 AD APTIVE SECOND ARY UNIT

A detailed description of the MMT336 electronicsand medanicsis reported in Riccardi et al. (2000) and Brusa
et al. (1999a). In Fig. 2 the exploded view shows the main six componerts of the AS unit:

1. an intermediate "ange bolted to the M2-F/9 mobile hexapod of the telescope that provides a mechanical
interface to the unit;

2. three cooled boxesfor the electronics. Each box (seeFig. 3a) contains 14 DSP boardsof 4 DSPsead for the
cortrol and the diagnostics of the 336 electromagnetic actuators. Each crate has also a communication
board. The total amournt of DSPsis 168 for a total computation power of 6.6 GMAC/s. Each DSP
managestwo actuators. In “g 3b a DSP board with its cooling copper plate is shown;



Figure 2. Exploded view of the MMT Adaptiv e Secondary unit.
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Figure 3. (a) one of the three electronics box of the unit. (b) a DSP board, ead board contains 4 DSPs and controls
8 actuators. The copper cooling plate is shown on top. (c) one of the 336 actuators. The coil is at the bottom of the
cold “nger. The two contacts for the capacitive sensingare visible on the sides of the coil.

3. analuminum plate (cold plate) that providessupport and cooling for the actuators. This plate is connected
to the intermediate "ange via a “xed hexapod and it is made of two separatedaluminum disks glued
together with internal grooves for cooling distribution;

4. the 336 electromagneticactuators (seeFig. 3c). A coil is placed on the aluminum cold “nger tips that are
facedto the corresponding magnets bonded on the badk of the thin mirror. On the sidesof the coil the
contact usedto pick the signal from the capacitor armatures can be seen. The signal is conditioned and
ampli“ed by the analogelectronicsof the board placedin a hole of the aluminum cold-“nger. The analog
signalsare converted to digital at a 40 kHz rate on the DSP boards;

5. athick (50 mm) ULE glassplate (reference plate) with bored holes, attached to the cold plate through a
second‘xed hexapod and a certral shaft. This plate is usedasa position referencefor the thin deformable
mirror. The coil cold-“ngers, supported by the cold plate, passthrough the bored holeson the reference
plate to reach the deformable mirror. The position is sensedusing the capacitive sensors.The capacitor
armatures on the referenceplate side are shawvn in Fig. 4a;

6. adeformableZerodur corvex asphericalshell (thin mirr or) of 642 mm diameter and 2.0 mm thick (Martin
et al. 2000)with 336 magnetsglued to its badk surface,asshawvn in Fig. 4b. This shell hasa certral hole
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Figure 4. (a) portion of the front surface of referenceplate. The holes contain the actuators. Around ead hole there
is an armature of the corresponding capacitive sensor. (b) back surface view of the thin mirror (2mm thick, 642mm
diameter). The glued 336 magnets are visible

Figure 5. Stiness and resonancefrequency of the thin shell modes. The horizontal line corresponds to the equivalent
actuator stiness due to the local control.

of 55 mm to which a certral membrane is attached to provide lateral constraint. When the mirror is not
active its axial constraint is provided by the certral membrane and a set of stopslocated at the inner and
outer edgeof the mirror.

3. MMT336 CONTR OL STRA TEGY AND IMPLEMENT ATION

Since the actuators do not have any intrinsic stiness (as opposedto the piezos) the open loop resonar
frequenciesof the mirror are the ZnaturalZ frequenciesof the shell, in particular the “rst 270 modesare almost
uniformly distributed from O Hz (piston and tip-tilt) to 1 kHz (the target bandwidth of the unit). SeeFig. 5 for
a plot of the measurednatural frequenciesof the “rst 336 modes. In the absenceof damping the modeswhose
resonar frequenciesare within the corntrol bandwidth are intrinsically unstable. This instability is causedby
the 180degphasejumps that occur at the resonar frequency In the presenceof low damping a modal cortrol
could managethis condition, optimizing a di erent cortrol “lter for eact mode to be cortrolled. To perform
sudh kind of modal control, a certralized computing unit that collectsall the positions and performs the modal
“Itering is needed. This method su ers from time delay due to the limited bandwidth of the communication
between actuators and certralized unit. It also seriously limit the scalability of the AS technology with the
number of actuators (Biasi et al., 1998). To get rid of this fundamertal problem, we decidedto implement a fast
(40 kHz) local cortrol in which the loop of ead actuator is closedusing only the measuremen of the position



Figure 6. Measured modal (trefoil) transfer functions of the thin shell for air gap ranging from 37 um to 115 um (P30
data). The damping increaseswhen the air gap is reduced. For frequencieslarger then the resonart frequency the phase
margin (PM) increaseswhen the damping is increased.

Figure 7. Scheme of the control and FF loops.

given by the corresponding capacitive sensor,even if a mecanical coupling betweenthe actuators is presen due
to the thin shell. In order to avoid any extra phaselag, the control “lter doesnetcontain any integrative part, a
Proportional (P) or proportional-derivative (PD) “lter is used. The stability of the modes(i.e. the reduction of
the phaselag) within the control bandwidth is assuredby the introduction of damping due to the viscous”ow
of the air trapped in the gap betweenthe referenceplate and the thin mirror (seeBrusa et al., 1998). When
the damping is increased(i.e. the gap is reduced) the resonancepeak tends to be smoothed and the phaselag
tends to be lesssteepwith respect to frequency A more favorable gain and phasemargin is obtained, asit is
shown in Fig. 6 for data measuredwith the P30 prototype. A detailed explanation of the cortrol theory of AS
mirrors is reported in Brusa et. al (1999b). For MMT336 agaph 40 um is neededto obtain a bandwidth
of about 700Hz and a gain of 0.2 N/ um. The neededgap givesa limitation of the stroke, but larger stoke can
be obtained if the bandwidth is reduced,asin the casethe AS mirror is requestedto chop (the bandwidth is
proportional to hS3 as shawn in the previously cited paper).

The absenceof an integrativ e cortribution in the cortrol law allows to increasethe bandwidth, but it causes
a static error for those modesthat have a sti ness comparableto or larger then the proportional gain of the
loop (seeFig. 5). The static error is corrected adding a feed-forward (FF) force to the cortrol force. The FF
force is computed multiplying the measuredsti ness (or better FF) matrix by the command variation coming
from the wavefront computer. The FF force pattern correspondsto the forcesto apply in order to producethe
static deformation de“ned by the input commands. Fig. 7 shaws the diagram of the internal cortrol and FF
loops. The internal control loop runs at 40 kHz while the FF loop speedis driven by the sampling rate of the
external optical loop (max 625Hz for the “rst-ligh t MMT AO system).
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Figure 8. (a) measured feed-forward matrix. (b) signal-to-noise ratio (SNR) of the measuremen for ead matrix
elemert. The color bar is top limited to 100 for displaying purposes. The SNR is larger then 1000 for the certral white
lines

4. THE FEED-F ORWARD MA TRIX MEASUREMENT

The FF matrix F is measuredsetting the AS mirror in the nominal operative position and commanding in
closed-lop a few sets of 336 linearly independert deformation vectors ct'l! with respect to the nominal
position. The index {i} represerts the i-th measure.When the steady state is reached the corresponding actual
variation of position p{'} and force f{} vectorsis averaged( 1000samples)and recorded together with
the corresponding noiselevels. The relationship f{'} = F p{} betweenthe measuremets and the FF matrix
is not directly usedto “t F together with the error estimation of its matrix elemerns, becausethe feed-bak in
the closedloop correlatesthe noise betweenthe actual position and force. During the FF matrix measuremen
a pure proportional cortrol law isusedgiving (! = G ¢l § pli}  whereG is the loop gain. Using the
previous equations we obtain

_ 1 _
{} = ZF+ {i} 1
c G p 1)

where | represeits the identity matrix. Only pli} are noisy measuremets, then Eq. 1 is usedto “t the FF
matrix with a standard least square method.

When the FF matrix is measuredfor the “rst time the FF loop cannot be usedand the applied commands
are de“ned requiring to move a single actuator a time. After the “rst estimation of F, the FF loop can be used.
Moreover the obtained FF matrix allows to compute an estimation of the mirror static modes (simply modes
hereafter) that are usedas commandsfor a seconditeration of the FF matrix itself. This procedurebooststhe
signal to noise for each mode in the FF matrix, especially for the modesthat have a sti ness larger then the
sti ness of the local cortrol. Usually a couple of iterations are su cien t to obtain a stable FF matrix, requiring
a total time of about 40 minutes.

The FF matrix di ers from the stiness matrix becauseasa consequencef the measuringprocedure,the
“rst oneincludesthe e ects of the di erent calibration of the capacitive sensorscurrent driversand coil-magnet
e ciency . It meansthat the FF matrix must be measuredagainevery time an actuator or someelectronic board
is replaced. If none of the above major problems happen, we experiencedthat it is not neededto measurethe
FF matrix more frequertly than every few months, providing a good time stability of the system calibrations.

In Fig. 8 it is showvn a typical measuremen of the FF matrix together with the corresponding estimation of
the signal to noiseratio (SNR). The color bar in the SNR plot is limited to 100for display purposes,but it is
larger then 10000n the certral white lines.

5. DYNAMICAL RESPONSE TO STEP COMMANDS

Oncethe FF matrix is measuredand uploadedto the DSPs,the dynamical behavior of the systemincluding the
FF loop can be tested. The tests have beenperformed setting the thin mirror in the nominal working position
that will be usedat the telescope. The air gap betweenthe thin mirror and the referenceplate (determining the
maximum gain of the local cortrol loop) was 40 um. A pure proportional control law with the samegain G for
all the actuators hasbeenused. The value of G is upper-limited by the gain for which a self-oscillationis excited
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Figure 9. Step response of mode no.3 (astigmatism-lik €). (a) position, (b) force. The settling time is about 1.7 s.
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Figure 10. Step response of mode no.31 (high-order astigmatism). (a) position and command, (b) control and
feed-forward force. The settling time is about 1.7 s.

by the loop. When the gain is increasedto 0.3 N/ um the system starts to self-oscillate with a frequency of
about 900Hz. The self-oscillation has a spatial pattern like of an astigmatism with steeper edges.lt is localized
around the edgewhere the air damping is reduced by the presenceof the edgeitself and the higher density of
actuator holesin the referenceplate for the outer rings (seeFig. 4). We limited the gain to 0.2 N/ um for
the test. In Fig. 9 and 10 the step responsefor two modes are showvn. Both of them are excited during the
self-oscillation (in particular the “rst oneis the mainly excited mode), sothey are represenativ e of the worst
caseof dynamical responseof the system, becausethey are the modesthat are closestto the instability. In both
caseghe settling time is1.7ms . In the secondmodeit is visible the contribution of the FF current becauseits
sti ness (0.1 N/ um) is comparableto the gain of the local cortrol loop (0.2 N/ um). Moreover the contribution
of the local cortrol current in the steady state is almost zero (only the FF componert is working), showing the
good calibration of the FF matrix.

The settling time for the samemode of the P36 prototype was about 1.0 ms (Brusa et al., 1999a)with a
more damped behavior. The causeof the reduction of dynamical performancesis to be addressedagain to the
damping lossat the edgeof the MMT336 unit with respectto the P36 one, asit is shavn in Fig. 11. The choice
to have a larger density of actuators near to the edgewas driven by the necessiy to have a better cortrol on
the shape of the the edgeof the mirror that de“nes the telescope pupil..

6. DYNAMICAL RESPONSE FOR ATMOSPHERIC  TURBULENCE  SIGNALS

In order to test the MMT336 dynamical performancesduring the correction of an atmospheric disturbance,
we measuredthe responseof the unit when a sequenceof commandsreproducing a simulated turbulent wave-
front distortion is sert. The phase screenused to generatethe commands has been simulated considering
a Kolmogorov power spectrum with a Fried parameterro = 0.15m at = 0.55 pm (0.75 arcsecseeing).

We de“ne settling time as the elapsedtime from start of the command until the position starts to be stationary
within +10% of the command



Figure 11. Comparison between P36 (left)y and MMT336 (right) geometry of the actuators closeto the edge of the
mirror. In the P36 casethe outer ring of actuators is further away from the edgethen in the MMT336 case. This results
in a lower damping (i.e. bandwidth) for the MMT336 unit, but a better static control on the shape of the mirror edge
that de“nes the pupil of the telescope
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Figure 12. Turbulence correction test. The input wavefront (a) is shown and the corresponding correction residuals
(b). The residuals are computed using the capacitive sensorreadings. Seethe text for more details.

Assuming the Taylor hypothesis of frozenZ turbulence, the temporal ewolution of the wavefront disturbance
on the actuator locations has beensimulated shifting the phasescreenover the pupil with an equivalent wind
speedv = 6 m/s. The sampling and the length of the phasescreenallowed a set of turbulence framesat 1 kHz
for a total history time of 8 s. During the test the actual position of the shell (capacitive sensorreadings) is
downloaded every 1 ms and, at the sametime, a new command vector is sert to the AS unit. The di erence
betweenthe above two quartities represen the residualsof the correction on the actuator locations. In our test
the wave-front sensorand reconstructor are consideredas a zero-delyy sample-and-holddevice becausewe are
interested to the performancesof the AS unit by itself.

Fig. 12a and 12b show a typical realization of the wave-front and the corresponding residual correction
pattern, respectively. The low spatial modesare strongly attenuated. This is more clear by looking at Fig. ?7?
where the modal decomposition of rms related to the input wave-front (black line) and the residuals(gray line)
is reported. The modesare orderedfrom the leastto the moststi  mode. The rms is computing over the ertire
8 s time history. Only the “rst 200 sti est modes of the 336 available have been corrected. That becausewe
wanted to limit the forcesapplied by the actuators in order to keepthe systemtemperature inside the + 1.2C
limit with respect to the ambient. The reducednumber of modes doesnst represert a limitation for the MMT
“rst-ligh t AO system, becausethe wave-front sensoritself is limited to 108illuminated sub-apertures (McGuire
et al., 1999a). The peakin the residualsat the fourth mode is dueto the piston term and is not relevant in terms
of PSF degradation. The overall rms of the corrected modesis reducedfrom 2.3 pm to 45 nm. If we consider
all the 336 modesthe residual rms is 140 nm, that becomesl150 nm when the cortribution of the 336-actuator
“tting error is added (rescaledfrom Del Vecdio (1999)). The corresponding Strehl ratio attenuation ranges
from 0.57in J band to 0.83in K band.

The result of the test shows that the residual errors are dominated by the uncorrected modes. Moreover
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Figure 13. (a) Time history comparing the turbulence command and the correction residual at the location of an
actuator. (b)Mo dal rms over the 8 s time history of the turbulence input wavefront and the correction residuals. The
correction have been performed using 200 of the available 336 modes.

Figure 14. Preliminary interferometric measuremen of the spherical shell. The measuremen was taken at the
Shimulator after having run the procedure that "attens the shell. The rings in the certral portion of the mirror are
artifacts due to the holographic technique usedto measurethe convex shell.

the achieved dynamical performances(shown in the previous section) are good enoughto correct a typical
atmospheric disturbance at the MMT site. In the “rst-ligh t system, the number of modes and the sampling
time islimited by the wave-front sensor.A secondgenerationsensingunit could be faster and could have about
a double number of sub-apertures to contribute to the global residual error at the samelevel asthe AS unit.

7. FLATTENING OF THE MIRR OR

In order to characterizethe cornvex shell of the AS unit, the systemhasbeenmoved at the Shimulator (McGuire
et al., 1999b; Sarlot et. al, 1999): the Mirror Lab facility to optically test the AS unit and test MMT AO
system.

In Fig. 14 we shaw the very preliminary results of the shell "attening. The residual rms is 34 nm (surface
error) and it has beenobtained sendinga "attening command with the “rst 150 FF modes. The rings in the
certral area are artifacts introduced by the holographic technique usedto measurethe corvex surface of the
mirror shell.

The "attening procedurestarts measuringthe actual surface“gure with the interferometer. The surfaceerror
on the areacorresponding to the capacitive sensorarmature is computed. The resulting pattern is decomposed
on the FF mode basisand the corresponding compensating commandsare sert to the AS unit for a reduced
number of modes. After this step the mirror hasa better shape and the sensitivity on the high-order modesis
now better. The procedureis iterated increasingthe number of modesto correct. Moreover the iterations are



necessaryto compensatefor the miscalibration betweenthe capacitive sensorreadings and the interferometer
measuremets.

More detailed measuremeis will be performedon the “nal asphericshellthat will betested at the Shimulator
in the near future.

REFERENCES

Biasi R., Fini L., MantegazzaP.,Biliotti P., Gori F., and Gallieni D., *Control electronicsfor an adaptive
secondarymirror,Z SPIE Proc. 3353, pp. 1193...1201,998.

Brusa G., Riccardi A., Ragland S., Esposito S., Del Vecdio C., Fini L., Stefanini P., Biliotti V., RanfagniP.,
Salinari P., Gallieni D., Biasi R., MantegazzaP., Sciocco G., Noviello G., and Invernizzi S., Adaptiv e
secondaryP30 prototype: laboratory results,ZSPIE Proc. 3353, pp. 764...775,998.

Brusa G., Riccardi A., Biliotti V., Del Vecdio C., Salinari P., Stefanini P., MantegazzaP., Biasi R., An-
drighettoni M., Franchini C., and Gallieni D., *The adaptive secondarymirror for the 6.5m corversion of
the multiple mirror telescope: “rst laboratory testing results,Z SPIE Proc. 3762, pp. 38-49,1999a

Brusa G., Riccardi A., Accardo A., Biliotti V., Carbillet M., Del Vecdio C., Esposito S., FemersaB.,
FeeneyO., Fini L., Gennari S., Miglietta L., and Salinari P., « From adaptive secondarymirrors to extra-
thin extra-large adaptive primary mirrors,Z in Workshop on Extremely Large Telesopes Torben Ander-
son; Arne Ardelberg; Roberto Gilmozzi; Eds., ESO Proc. 57, p. 181...2011999b

Del Vecdio C., Gallieni W., Salinari P., and Gray P. M., *Preliminary medanical design of an adaptive
secondaryunit for the MMT-con version telescope,Z in Adaptive Optics, M. Cullum, ed., Proc OSA and
ESO 54, pp. 243...249,995.

Del Vecdio C., sSupporting a magnetically levitated, very thin meniscusfor an adaptive secondarymirror:
the optimization of the magnetic circuit,Z SPIE Proc 3126, pp. 605...613,997.

Del Vecdio C., Brusa G., Gallieni D., Lloyd-Hart M., and Davison W. B., ZStatic and dynamic responses
of an ultra-thin, adaptive secondarymirror,Z SPIE Proc. 3762, pp. 330-340,1999

Del Vecdio C., and Gallieni D., s\Numerical simulations of the LBT adaptive secondarymirror,Z SPIE Proc
4007, p.516,2000

Del Vecdio C., Gallieni D., Martin H.M., Riccardi A., Brusa G., and Biasi R., *Design improvemerts of the
LBT adaptive secondaryZ in the presentconference, 2001

Gallieni D., Del Vecdio C., Anaclerio E., and Lazzarini P. G, <LBT adaptive secondarypreliminary design,Z
SPIE Proc., 4007, p. 508,2000

Lloyd-Hart M., Wildi F., Martin H., McGuire P., Kenworthy M., JohnsonR., Fitz-P atrick B., Angeli G.,
Miller S., Angel R., *Adaptiv e Optics at the 6.5m MMT,Z SPIE Proc. 4007, pp. 167...172000

Martin H., Burge J., Del Vecdio C., Dettmann L., Miller S., Smith B. and Wildi F., «Optical fabrication of
the MMT adaptive secondarymirror,Z SPIE Proc. 4007, p.502,2000

McGuire P. C., Rhoadarmer T. A., Lloyd-Hart M., Shelton J. C., LesserM. P., Angel R., Angeli G.,
HughesJ.M., Fitz-P atrick B.C., Rademadier M.L., Scaller P., Kenworthy M.A., Wildi F., Capara J.G.,
Ouellette D.B., ZConstruction and testing of the wavefront sensorcamerafor the new MMT adaptive
optics system,ZSPIE Proc. 3762, pp. 269...282,999a

McGuire P.C., M. Lloyd-Hart, J.R.P. Angel, G.Z. Angeli, R.L. Johnson, B.C. Fitzpatric k, W.B. Davison,
R.J. Sarlot, C.J. Breslo, J.M. Hughes, S.M. Miller, P. Sdaller, F.P. Wildi, M.A. Kenworthy, R.M.
Cordova, M.L.Rademader, M.H. Rascon,J.H. Burge, B.L. Stamper, C.Zhao, P. Salinari, C.Del Vecdio,
A. Riccardi, G.Brusa, R. Biasi, M. Andrighettoni, D. Gallieni, C. Franchini, D.G. Sandler, T.K. Barrett,
ZFull-system laboratory testing of the F/15 deformablesecondarymirror for the new MMT adaptive optics
system,ZSPIE Proc. 3762, pp. 28...371999b

Riccardi A., Brusa G., Biliotti V., Del Vecdio C., Salinari P., Stefanini P., MantegazzaP., Biasi R., An-
drighettoni M., Franchini C., Gallieni D., Lloyd-Hart M., McGuire P. C., Miller S. M., and Martin H.,
*The adaptive secondarymirror for the 6.5m corversionof the multiple mirror telescoge: latest laboratory
test results of the P36 prototype,Z SPIE Proc 4007, p.524, 2000.

Salinari P., Del Vecdio C., and Biliotti V., *A study of an adaptive secondarymirror,Z in ICO 16 Satelite
Conference on Active and Adaptive Optics, F. Merkle, ed., ESO Proc. 48, pp. 247...253,993.

Sarlot R.J., Breslo C.J., Burge J.H., Fitz-P atrick B.C., McGuire P.C., Stamper B.L., Zhao C.Y., *Progress
report on the optical system for closed-lmp testing of the multiple mirror telescope adaptive secondary
mirror,Z SPIE Proc. 3779, pp. 110-117,1999

10



