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. ABSTRACT

We have Studied the properties of a system to
control the figure of a large telescope primary mirror
that is composed of many individual segments. The
geometry considered, employlng hexagonal mirrors, allows
a simple and economical control system. The system 1s
shown to be reliable and effective in continuocusly
maintaining the figure to the precision required for

optical aéfronomy;
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I. INTRODUCTION

The cost of large primary mirrors for astronomical
telescopes can be greatly reduced by using an assembly of
small mirror segments instead of one large solid r trror. The
cost of producing small mirrors is less and the risk of cata-
strophic breakage 1s virtually eliminatédd. The weight of the
total mirror can also be reduced, allowing a simplified and
less expenslve support structure. In addition fabrication and
handling equipment such as aluminizing tanks and cranes can be
substantially reduced in scale and cost.

The central problem with a segmented primary is to assemble
the small mirrors and maintaln their orientations and positions
so they form the figure of a single large optical quality mirror.
We describe here the study of a proposed control system for a
mirror composed of many hexagonal elements. Our analysis shows
that the deslign considered is both feasible to construct and
reliable. It is feasible to construct in the sense that wirror
sensors and mirror displacement actuators are capable of producing
images of good optical quality. It is reliable in the sense there
is sufficient redundancy that the continuous figure control oper-
ates even if some components should fail and the overall align-
ment and calibration of the system is not lost should there be a
power failure.

This analysis is part of a much larger project to design a
fully steerable ten meter telescope for the University of Calif-
ornia.l Several designs 1ncluding both segmented and monolithic
primary mirrors are being considered. The broader goals of the

design include: 1mage quality that is limited by atmospheric



aberrations; a wide angular. field:(about
_y'fbf?bbééfﬁations:from 0.3-t0 30 miérons;

f_kbﬁ@serécbnomy“infCOnstruction»andpoperatibn.

r designs ‘ahd’details of other aspects of the design con-

st ted here Willlbe described in other publications. These will

’iﬁéidaé'éﬁgbVeryféw of*the segmenfed design® and descriptions of
‘ﬁiffpr'segméntﬂfgprication;=thé=design, production, and testing
‘of mirror %ensofS‘and&uctuators; alignment procedures; and mirror
‘support.

The control system 1is used to monitor the figure of the

primdary mirror ‘(Conce -it is established) and to continuously pre-

“serve 1t ‘against distortions induced by wind, gravity loading,
‘and temperature ‘changes: In the past confrol systems using the
center of curvature for ‘interferometric sensing of the mirror
figure have been used-’»successfully.3 However, to limit the size
of the teélescope ‘structure we have avoided requiring access to
the center of curvature. - Systems employing starlight are also
feasible and sensiﬁg could ‘then be done at the focus.u However,
the desire to observe in daylight and a rather limited angular
field make this technique unattractive. Other techniques employing

“light beams refleéted from the mirror surface are possible, but

- $inceé mahy astronomical measurements require extremely low back~

- ground light lévels we félt 1t advantageous to avoid shining

* ‘ahy light on the mirror surface. As a consequence we have ex- .

e '*_fc_);rji'éfnt ation. and position, and 1t uses ,displéceniénﬁ




“‘sensors’ on:‘the back

" Secfion II we deseribe the geometry a
actuator characteristics. The %zlsO#i.thm for using the sensor-
_;Q;Qrmggigﬁ;po»qo@t@g%ﬁ;he(pr;ggpafion of the segments is def
_,sq:;be¢ 1n Section ITI. TUsing this élgorithm we then establish
the relationship bgtqgenl§ghsor_and actuator preclsion and lmage
quglity—(chtionsi§y;§gd V). The image quality is first sfﬁdied
with geometrical qptic§ﬁand then wlth diffraction theory to de-
seribe the image aé.awﬁgnctidn of wavelength. In Sectioh IV we
describe tests bf ﬁhe system's sensitivity to sensor fallures.
Sectlon VII briefly discusses the practical implementation of

a real time control system.' Flnally, 1n Section VIII we summarize

our results and discuss the general applicability of this method

to other segmented designs.




‘segments.

_;haVéfoiéa%%Sﬁﬁinimiﬁé'the number of surface shapes, the number

s o

and

_ #caﬁpiéiify%bfmcfﬁéfél elemients, and the number of different
‘ﬁf§bé§'pfiéomponeh€é;.'Thése'objectives'have led to the hexagonal
’dééigﬂféﬁéwﬁ'iniﬁiéﬁfe 1. The mirror consists of a central ref-
éreﬁcé mirror sdffbdﬁded by three "rings" of hexagonal segments
wifh a total of 54 ségments. Each segment has 0.70 meter edges
with'thé.érea of the assembly being . -al to that of a ten meter
diametér circular mirror. This deslgn requires oniy one shape
for the semgent mirror blanks. Other configurations such as
annular rihgé'of'"reétangular" segments offer other advantages.
However, as will be shown, hexagons have a natural "interlocking"
geometry which greatly simplifies the reguirements for the control
system. For this.study we have assumed the figure to be a para-
boloid with focal ratlo f£/1.5. (The exact figures of the primary
and secondary for the 10 meter telescope are still to be determined.)
This design employs 9 different off-axis paraboloidal
sections. Techniques for fabricating these off-axis surfaces are
being developed and tested.

| The control system needs to sense the location and orienta-
tion of the segmenfs~aﬁd move them to maintain the deslred surface.

Our general apppéach has been to keep the front surface free of

'obsﬁruCtions'byfpiacing the sensing and actuating control elements

‘oQ.the‘baCK»of thlvgegments. This preserves the large collecting

”éa,éndvavdids ac tional light sources and scattering surfaces.

fgaalfWaSAto produce images either limited by atmospheric




wFor wavelengths beyond 10 um we expect

_seeing or by, diffractic

diffraction effects to dominate the 1mage quality. The system
needs to provide rapid and continuous control in the presence of
variable 1oading due‘to;qind, gravity, etec. 1In addition it should
be insensitive to the effects of power failures and defective com-
ponents. 'Since it must operate all the time it must perform
reliably, be easily monitored, and be readily maintained.

Each mirror segment has six degrees of freedom. We character-
ize these as focus, rotation about two axes in the segment plane
of "£ilt", rotation about the normal to the segnent, and finally
radial and azimuthal motion of the segment_center in the surface
of the primary mirror. We assume in this study that only the first
three motions are in need of actlve control. The remalining three
motions will be constrained by inward compression on the entire
mirror assembly or by the rigidity of the support structure.

The orientation of each segment is controlled by three dis-
placement actuators arranged in a triangle on the back of the
segment (see Figure 2). In practice the three actuators are
attachedrto the segment through a 9 support point assembly. There
are a total of 162 actuators of identical construction. A possible
design for the‘actuator_employs a roller screw driven by a torque
motor. Details of dﬁs deslgn and tests of the roller screw per-
fprmanceeare described 1n reference 5. Initial estimates indicate
these:assemblies wili?be economical and willl provide rapid positive
control with a ncise;ieyei‘less than 0.05 um. Shaft encodersjwill
allcw‘precise”cnenges‘ef.the actuatof}length in response tovtne

Anformation from the sensors.




70vef1ap:fng7fhé:édéééﬁbf‘théﬁmifférs

éasures locally the differences in -

s'of ‘the two adjacent mirrors. By design

, sédégﬁééfgfﬁi 1,;é'éénsitiééZto'aisplacements normal to the

ﬁ?ﬁiégéfhgﬁf}aéé;‘éﬁﬁ‘éiﬁfemelj”insenéitiﬁé to displacements in the
plahé‘éf fhé mirférwéf to.any'rotation or tilt about the center
of the seasor. No direét tilt measurements of the segments are made. The "inter—
‘locking® charactéé’of the hexagonal geometry'allows the orienta-
.tioh (fhe thréé?dégreeé of freedom) of all segments to be determined
from fhese displacement measurements.

This interidéking character is illustrated in Figure 4 showing
a small sédtion 6f the inner ring of segments. The corner of the
ségmeht fitﬁing into the indentation in the central mirror allows
the measufement:of the segment's orientatlon with respect to that
of the cenﬁral mirror. The four measurements of the mirror surface
displaéements (Figure 4b) can be used to calculate that orientation.
In parﬁicular, tilt of the mirror is measured by using the seg-
ment's stiff lever arm to convert positional information to angular
informétibn. The complete geometry of Figure 1 shows that this
‘keystcne’effect allows the measurement of the slx segments which
have corners fitting into the central reference mirror. These

o T ’ o L N H
six segments are most directly coupled to the reference mirror and
3

v

Viﬁé;labelziﬁem type 1 (Figure 5). These six then in turn provide
" Indentations for the six segments remaining in the inner ring
l ;éhHVWékiéﬁelithégeffype 2. This same procedure is repeated to

‘.?aefiﬁés§ﬁééé§éiﬁéiyﬁéhe orientation of all segments. The degree

"ipectic¢upliﬁ‘:to,the reference decreases from mirror type to

ierriﬁype;Q:Thei 1ﬁél mirror type 7 1s the farthest removed-from




e
the central mirror and knowlege of its orilentation relies on the
many intervening sensofs}w

The speciflc sensors under consideration wlll measure the
relative heights of the two surfaces by a ratiometric capacltance
technique. Initial calculations assuming low thermal expansion
glass blocks for the capacitor plates and a bridge curcuit indi-
cate that displacement uncertainties of 0.05 um or better can be
achieved. Details of vihe design and prototype testing are de-
scribed in reference 5. The use of only one type of sensor and
the simplicity of its design are features giving reliability to
the system.

Since there are many more sensors than actuators the system
1s highly redundant. The three extra sensors per mirror provide
both increased precision and stability. The redundant sensors
also allow cross checks of sensor performance and the extra in-

formation needed so that individual failures do not disable the

system.




'changes, and changes in the gravity loading of the support. stluc—

v'ture with steering. EWe ‘emphasize here that the control system
: HbeS“hot_prOVide'théfinitdal~aligﬁment of the segments. A tech-
nique and the optiéal'elements required for it will be desecribed
in‘a future publication. In addition a technique for periodic
callbration of the ‘sensors and actuators using stellar images
will be described. For this paper we assume the alignment has
been'achieved‘andﬁthe-eOntrol‘System described here 1s used to
maintain that alignment. -

- For thetpurpbseS’of this study and without loss of
generality we aSSumé;thatiwhen the mirrors are correctly
oriented all of thefsensors read zero. (In practice one will
enalyge the difference between the measured value and the deslred
] one.) Perturbations then change the orientation of the segments
and-generate'non¥zerq sensor readings. In the geometrical optics .
1imit (zere wavelength) eaeh segment of the paraboloid will make
its own spot stellartimege and the final image will contain 55
individual.spots;/ Without perturbations or errors these will all

":superpose to form a single stellar 1mage. With perturbatlons and

'er ors a distribi‘ion of spots will be formed and the rms radius

of.this distyibutien is one measure of the image quality and con-

trol system. performance.




y andall .

nsor system is a complex coupled ar

- “sensors “¢ontribu e“some” Information” about fﬁéﬁo%ientation of ‘shen

’tﬁe acha¥

segment:’ Thus"the ‘caleulation of the desired motion of

tors relis n solving a 'set of coupled equations using all of the
sensor measuréments. : o

" We have used a chisquare minimization technique to optimally
use all of the information. Each sensor reading 1s linearly re-

lated to the lengths of the actuators on the adjacent mirrors.
sJ = & A,jm Pn 1.

where sJ is the expected sensor reading of the Jth sensor and
p, are the actuator lengths. The matrix Ajm is defined by the
geometry and for the 54 segment system of Figures 1-3 the matrix
has 288 x 162 elements. However, since each sensor measurement
depends only on the lengths of the six actuators on the two de-~
fining mirrors, most of the elements of the matrix are zero.

The chisquare is then defined

2 > 2
K - z :(m Ajmpm B sj) 5
J (UJ)2

where sJ are the measured sensor readings and UJ thelr errors.

The set Pp whichvminimizesj(? is the solution to these 162 coupled

linear equations. The exact solution is found by effectively in-

verting A and has the form

P = %;Bkm “m 3.




pletely defined by.the gggmgt;y aﬁd the
4 Qgg@éQp phé'sm.‘ In principle one finds the

anqﬁgJNJustkonqe for the system. Then for each

  ‘Aiya1ues generated by the perturbations (and noise)

A_;qg;yﬁgﬁe @aﬁ;;xUmu1tiplication of equation 3 1s needed to_calculate

yhe,des;req actuator movements. In the computer simulation of

the control system described below we have used the very efficlent

6

algorithm of Golub and Keinsch” to find the matrix B.

o




1v. SENSOR NOISE

Even without: perturbations of the segments the sensors will
have some: Intrinsic: nolse: which will cause the control program
to move the actuaﬁors and degrade the image from the 1deal.

Since the system is.linear the rms image size will be proportional
to the rms sensof error. Using the dimensions of Figures 1-3 and
an assumed sensor nolse level of 0.05 pum we expect the rms image
size to be roughly glven by 2(0.05 um)/(0.35 m) = 0.06 arc-
seconds, where the factor of 2 ard 0.35m account for the ratio of
the angular image motion to the angular mirror motion and the
effective keystone lever arm. For long wavelength ob-

servations or technlques such as speckle interferometry the correct
phasing (focus degree of freedom) as well as the tilt of the seg-
ments is important. FWe can expect the displacements of the segment
centers to be roughly on the scale of an average radius times the
average tilt angle = (2/3)(5 m)(0.03 arcseconds) = 0.5 u!.

Or course all segments are not allke in their contriZ&tions
to the image error. The Qrientations of the segments in the outer
rings are less precisely known since they are based on the large
number of sensorsvbetween that ring and the reference mirror.
Roughly speaking the effects of sensor noise may be expected to
.add 1n quadratgre since they are independent and uncorrelated. Thus
the contributiqné to the rms image size afe expected to increase
roughly . as the,;quare root of the m;rror type or "distance" from
the central mirror.

We have usedathgﬂcﬁntrol system program to study thésé effects

quantitatively. The segments were assumed to be in their ideal

orientation and random sensor noise was generated with a gaussian




dth* .= 0.05 um. The best fit for the actuators

d-the tmage formed by these actuator lengths was

-

“waéﬁﬁéiéﬁlaféa."’
;» éna1ysed; Fiﬁﬁfé?G’sﬁOWS‘a'typiCal,spot diagram. The.procedure

“Was repeated with™00 sets of random sensor errors to obtain smooth
‘distributions. The image distribution, a superposition of 100 spot
diagfams, is given by

P(6) 0 do d¢ = '—1_2 exp (~02/262) 0 a8 d¢ 4.
) 216

The parameter §, the one dimension gaussian width, is 1//2

times the rms radius of the two dimensional distribution.

For the dimensions of Flgures 1-3 we found the parameter to be

given by 8§ = 1.3 o, where § is 1iIn arcseconds and ¢ is in ym. Ppri-
mary mirrors composed of 1, 2, and % rings were also investigated
and the results are shown in Figure 7. The important and encouraging
feature is the slow rise in 6 as the number of rings increases. The
conclusion 1s that with the assumed sensor noise level it is possible
to build very large pfimary mirrors and still have the image quality
effectively undegraded by the sensor errors. Extrapolating to 16
rings givés a$ Bf 0.2 arc seconds. With segments of the size pro-
posed here 16 rings would make a mirror about 40 meters in diameter.

" The iméges formed by the segments of each type were also anal-
yzéd. ‘The rﬁs_image radius increased from type to type as expected
‘from:thé'decégasihg direct coupling to the central mirror. The
behavior of S as a function of mirror type and for the different
VTJSiEeﬂﬁfihafiés is shown in Figure 8. There i1s a small decrease in

VSJfgr.éiéiGen mifrof tyﬁé ds more rings are added since more sensors

mpose #daitional constraints.




, tion (equation L) the enclosed energy in :
a eircle:of radius 6 is given by l—exp(-e /262). .The image ;sdii
which contain 80% -and 90% of the energy are 6(80%) = 1.8 ;\6, and
8(90%) =.2.1 §. Thus a sensor noise level of 0.05 um gives an
image diu\ribution with 80% of the energy in a circle of radius
0.11 arcseconds.

A useful measure.of the correct average phasing of the mirrors
1s the rms surface error. We dgfine thls as the rms deviation of
the controlled surface from the ideal surface welghted Ly the area.
Its behavlor with mirror type and the number of rings is shown in
Figure 9. For a three ring primary the rms surface er'f-or is 0.3 ym. Con-
ceptually we can divide the contributions to the rms surface error
into two parts; one from the tilting of the segments and one from
the overall dlsplacement of the segment center. A comparison of
the surface errors»with those expected from pure tilting shows the
surface errors are primarily due to the overall displacement. The
surface errors Iincrease roughly llnearly with mirror type as 1s

expected from the square root behavior of the tilt angles.




ysis used géometridal optiecs assuming
light “be ‘negligible.  To understand the

'néfféCts,df:discr te-s€e§§’iﬁﬂﬁhe“surfaée the analysis was repeated

'hsing‘tﬁéaﬁi ”faéﬁidnfﬁheofy of sberiaiions {nef. 73. -The bést

£it ‘actuator §§iﬁfioh for each set of random sensor noise gives a
specific surface for the primary. This surface was uéed‘in a
Kirchoff-Freshel integral to calculate the image plane distribution
taking into account the interféring contributions from each differ4b
ential area of the mirrors. The final lmage distribution was
characterized by the radius containing 80% of the energy. The
calculation was based on the procedure described in Born and Wolf
and used the éxpression for_the diffraction pattern of a hexagonal
aperture of Shack (Ref. 8). The coma for the assumed paraboloidal
mirror was included and 1t increased the calculated image sizes

by about 8%. ASsuming again a sensor noise level of 0.05 um the
parameter 6(80%) was calculated and it 1s plotted -as a function of
wavelength in Figure 10.

For small wavelengths the 80% radius matches that expected
from geometric optics. As the wavelength increases each spot of
the spot diagram becomes a diffraction»pattern for an individual
segment and the 80% radius increases. As the wavelength becomes
much larger than the rms surface error the image approaches the

diffraction pattern of the whole primary.




V. ACTUATOR NOISE

”  F0116ﬁing‘a b?é@éduréﬁsimilar to that used for. the. sénsor
nolse we have caléulated the efféct of‘actuator noise on ‘the
image. The noise 1n a sensor effects more than one segment and
thus contributes in a coupled way to the final image quality.
Noise in an actuator however effects only one segment and thus
the effect on the image quality is more simply calculated. The
rms image radius 1s proportional to the rms actuator pesition
error and for the assumed deslgn we find & (arcseconds) = 0.68 x
Ap(microns). The rms surface error is given by the expression
dS(microns) = 0.94 Ap(microns). For actuator errors of 0.05
microns the rms image error is 0.034 arcseconds and the rms surface
error is 0.047 microns. The contributions from sensor nolse and
actuator nolse can be added in quadrature and for the design of

Figures 1-3 they give a total rms image radius of 0.072 arc seconds.




optics we have investigated the effects of

5 géﬁsbfﬁféilu5e¢ nge-the sensor designs being considereglare
{siﬁpie*inwconstr ,ﬁién and: expected to.be reliable, the number
lof sensonpfailpﬁéﬁvin}practice is expected to be quite small.

We have caiculated the lmage degradation when randomly
chosen sets of sensors are eliminated from the system. After
choosing the sensors to delete, one recaiculate§Athe B matrix and
perfprms the same aﬁalysis previously described. &Bé*dggradation

of the image increases slowly with the number of sensors eiiﬁing?ed
and for a system with 25 sensors slliminated the rms image size ig
increased by only lo'ﬁo 15%.

Eliminaving speciflc sensors instead of random ones also
showed the system to be remarkably stable. Removing six sensors
(out of 12) at the indented corners of the reference mirror pro-
duced only a 10% increase in the image radius. Even removing all
sensors between the inner ring and the central mirror except 6
adjacent ones degraded the image by only a factor of 4. We conclude
that the multiple ways the segments are related through the sensor
array and the large sensor redundancy combine to form a very stable
system of control.

In practice, defective sensors can be identified by monitoring
each sensor's contribution to x2. If a sensor's average contribu-
tion substantially exceeds 1ts expected value, it is labelled as
defective. The A matrix 1s then reconfigured without the suspect
sensor andfthe'B matrix 1s calculated. Thils reconfiguration will
probably take a lqhger time than the control cycle time of about

édjl §e¢onds.  Dufingfthis reconfiguration the sensor reading can




An alternative to reconfiguring the matrix may be, to simply

Y R

leave the sensor reading fixed at its average riormal value. ' The
redundancy of the system means that the error introduced will have
only a small effect on the overall performance. However, there

may oceur 1arge perturbations for which the average vaiue 1s serl-
ousiy in error. We have investigated this alternative approach to
sensor failure and:its.reSponse to large perturbations. We find
that the system requires several sensor-actuator cycles to recover
from a large perturbation when a sensor is fixed to read its average
value. Each cycle'however produces a factor of about 3 improvement
in the fit so the ndmber of cycles required to reconfigure the
mirror is not large. Because of this it appears practical to handle
defective sensors in an adequate fashion (until they an be repaired
or replaced) by simply replacing the actual sensor reading by its
nomlnal one. The virtde of this technique is that the relatively
time consuming process of generating a new B matrix can be avolded.
As discussed below 1t 1s expected the B matrlix generation will

require about 200 times as long as a normal correction cycle.




omy ns for the control system are of two types
'kégggesqribed above@ The 1onger process is the "inversion"
,ﬁ;grpso;ﬁing the coupled set of linear equations. This needs
;teﬂpe performed only occasionally wheﬁ, for example, a.eensor
fails. The number of mathematical operations for this 1hver—
sion scales as the nﬁmber of sensors times the number of
actuators squared ( 288(162)2). The calculations for this
paper were performed on a CDC 7600 computer which uses 140

ns of central processor time per multiplication. The inver-
sion required a total of 12.5 seconds.

Given the inversiqn, the actuator movements needed to
respond to a set of sensor readings are calculated with a
single matrix multiplication. For the 7600 this required
58 milliseconds. This is sufficiently short to respond to

the expected rate of perturbations of about 10 Hz.
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VILII. SUMMARY -

. Assfhe>§f2e'of'a"téfeﬁcoﬁé7pfimafy mirror is inereased: the-
mass of the mirror néeded to maintain a given image quality in-
creases enormously (as approximately the third power of the
diameter). To avoid this tremendous scaling of the mass (and
cost) of the mirror and its support structure mirror designs con-
sisting of an assembly of many small segments have been proposed.
The central challehge'of these designs 1s the creation of an
economical and reliable system to sense and control the orientations
of the segments. A specific design employing hexagonally packed
segments has been proposed for a new 1l0-meter telescope for the
University of California. The interlocking character of the
hexagonal geometry allows measurement of the mirror segment
orientations with simple capaclitive displacement sensors. Infor-
mation from these capacitive senczors is then used to control the
orientations of the segments and malntain the figure of the primary
in response to perturbatlions of wind, gravity loading, and tem-
perature changes.

We have made a computer analysis of such a control system.
The program that would be used to actuate movement of the segments
in response to the sensor information has been written. Using
this program we have quantitatively established the effects of
sensor and actuator nolse on the image quality. The image size
scales linearly with the rms errors in the sensors and actuators.
For assumed values of 0.05 microns for each of these thevresulting
image gaussian widths are 0.065 and 0.63” arc seconds. Coﬁbined
in quadrature these give a width of 0.0#2 arc seconds and thus

80% of the energy is contained in a circle of 0.13 arc second




hué. BéSed bn,iﬁiﬁial_estimates and tests of the sensors
_,a‘nd:sﬁacfcuatorg the .,agsqigg,d errors should be easily achieved. The
'résﬁlting‘image.s;géﬁis‘wéll within the design goals of *%e
10-meter telescope and'of coursgse less than the atmospheric;seeing
for visible light. .A diffraction analysis for the same aésumed
error levels shows the image will bhe diffraction limited at about
10 pm.

The program was also used to test the sensltivity of the
system to sensor fallures. For both random sets of failed sensors
and for spe:ific sets of sensors close to the reference mirro.s
we found the image size degrades only very slowly wlth the sensors
eliminated. This confirms our expectation that the sensor redun-
dancy makes the control very stable.

In addltion to 1lnvestigating the lmage quality for the
10-meter telescope we have also studied the lmage quality as more
segments are added. The size of image grows slowly enough that
we conclude that the images from primary mirrors of even larger

assemblies would not be degraded by sensor and actuator noise.
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The geométfy of the cehtfal rgfqrgnce'mipggp_gpg_gpg surrounding

three rihgs of 54,mirror segments. The area is equal to that

_Theﬂlqga@i nﬁgf?ﬁgmq}qg,ghQ:LSZ actuators shown .schematically

‘on the bédkS‘bf the mirror segments. The actuators control

the orienfation-of the segments.

The position of the 288 displacement sensors used for sensing

the relative orientations of the mirror segments.

Plan (a) and oblique (b) views of the central reference mirror

and one mirror segment 1llustrating the displacements measured

Mby~the sensors.

Definition of the mirror segment types labeled by thelr degree

of coupling through the sensors to the central reference mirror.

A typical image spot dlagram generated by 0.05 um of sensor

noise. Each'spot is the geometric image of a mirror segment.

The one dimenSional’gaussian width 6 (arc seconds) of the
image spot distribution as a function of the number of rings

of segments included in the primary mirror.

8"‘Tﬂ€‘une—éimeasional gaussian width &6 (arc seconds) of the

image spot distribution for the segments of various typeb.

Points fgr -mary mirrors consisting of 1, 2, 3,.and 4 rings

of segmen shown._,' - : e




primary ‘mirrors consisting of 1, 2, 3, and 4 rings

: oincident.

10. The resQips of aAQirf?gcgipn_qaicula@ign\of_gggmimagehresulting .

fromfo.OS»pm of sensdr noise. The radius (arc seconds) of a
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